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Preface to ”Protective and Functional Coatings for

Metallic and Ceramic Substrates”

Coatings here provides a selection of 10 papers, published in 2019, from researchers and

institutions based in various countries around the world (nine European, one American, and one

Asian), allowing us to appreciate the variety and significance of ongoing research in the wide field of

protective and functional coatings.

The most noteworthy investigations conducted in the area of surface protection are currently

proceeding with an identically fast pace in the twofold direction of a deeper and increasingly reliable

knowledge of degradation and protection mechanisms, and of the technological optimization of new

materials selection and design, coatings deposition processes, and characterization methods.

A representative essay of the worldwide efforts toward more durable surfaces can be read

in this short collection. Both organic and inorganic coatings are included among the protection

strategies, from a large variety of deposition processes, with interesting examples of organic-inorganic

composites being proposed (such as PVC-ZnO nanocoposites or MoS2-sunflower oil combinations).

Major attention is devoted to protection from both electrochemical and chemical corrosion of different

metallic alloys (stainless steel, bronze, and aluminum) and to advanced SiC-SiC composites exposed

to the aggressive environments characteristic of gas turbines.

The delicate issues related to the modeling and experimental evaluation of mechanical properties

of coatings are comprehensively investigated in papers concerning cavitation erosion and sliding

wear resistance and stress-dependent elasticity of Ti–Al–N-based thin films.

A dedicated space was purposely devoted in the papers selection for examples of applicability

of an advanced characterization technique (attenuated total reflectance Fourier transform infrared

microscopy) for the evaluation of bituminous coatings from reclaimed asphalt, as representative of

the important ongoing efforts to achieve reliable and affordable characterization and classification

(and standardization) procedures of both newly conceived or combined materials.

Finally, as an example of the wide field of research on innovative functional coatings, a study is

presented of highly active Mo-based alloys deposited in the form of films as electrocatalytic material

for hydrogen evolution reaction.

A comprehensive review of directed energy deposition additive manufacturing of metallic

components completes the collection, highlighting the complex physico-chemical interactions

between matter and heat, which are at the basis of Additive Manufacturing (AM) production

processes, and whose knowledge and modeling capacity owes much to the experience acquired in

the study of high temperature coating deposition processes.

—Prof. Dr. Cecilia Bartuli

vii

University of Rome “La Sapienza”
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Effect of Synthesis Conditions on the Controlled
Growth of MgAl–LDH Corrosion Resistance Film:
Structure and Corrosion Resistance Properties
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Abstract: In this study, a series of MgAl–layered double hydroxide (LDH) thin films were synthesized
by a single step hydrothermal process at different synthetic conditions on AA6082, and the combined
effect of reaction temperatures and crystallization times on in situ growth MgAl–LDH structural
geometry, growth rate, and more importantly on the corresponding corrosive resistance properties
are briefly discussed. The synthesis of LDH was performed at reaction temperatures of 40, 60, 80,
and 100 ◦C, while the treatment time was varied at 12, 18, and 24 h. The as-prepared synthetic coatings
were characterized by scanning electron microscopy (SEM), energy dispersion spectroscopy (EDS),
X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR), while the corresponding
corrosion protection efficiency of the developed coating was studied through potentiodynamic
polarization studies and electrochemical impedance spectra. The findings demonstrated that extended
crystallization time and reaction temperature impart a significant effect on the oriented growth of
layered double hydroxide, the surface morphology, and on the film thickness, which had a remarkable
influence on the LDH corrosion resistance ability. The LDH coated specimen developed at 100 ◦C for
18 h reaction time showed a more compact and dense structure compared to the traditional platelet
structure obtained at 80 ◦C for 24 h crystallization time, and interestingly that compact structure
exhibited the lowest corrosion current density, up to five orders of magnitude lower than that of
bare AA6082.

Keywords: MgAl–layered double hydroxide; EIS; XRD; FT-IR; AA6082; corrosion protection

1. Introduction

Aluminum and its alloys are considered promising materials for a number of applications
due to their high strength to weight ratio and relatively high thermal and electrical conductivities,
along with their abundance and low price. In addition, aluminum forms a passive oxide layer on
its surface, which increases its corrosion resistance. On exposure to an acidic or alkaline medium,
especially chloride-incorporating media, the protective oxide layer is damaged and aluminum becomes
susceptive to corrosion. Various series of aluminum alloys have been developed to improve the
properties of aluminum with respect to their usage applications. AA6xxx is relatively a new class
of aluminum alloys which contain mainly additions of manganese, magnesium, silicon, and a small
amount of copper [1–4]. Although these alloys show relatively high general corrosion resistance,
they are susceptible to forms of localized corrosion, especially pitting and intergranular corrosion [5,6].
Therefore it has become indispensable to develop an efficient, environmentally friendly protective
coating on aluminum and its alloys.

Chromate-containing conversion coatings were employed for a long time to protect aluminum
alloys but since those coatings contain hexavalent chromate compounds, which have been proved

Coatings 2019, 9, 30; doi:10.3390/coatings9010030 www.mdpi.com/journal/coatings1
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toxic for the environment and hazardous to health [7,8], efforts have been made to develop suitable
alternatives. A number of approaches have been reported, including conversion coatings [9,10],
magnetron sputtering [11,12] anodizing [13,14], sol-gel synthesis [15,16], and self-assembly [17,18],
and polymer coatings [19,20] to develop non-chromate based corrosion resistance coatings.
Layered double hydroxide, a promising type of chemical conversion coatings and also known as
hydrotalcite-like compounds or anionic clays, have had prominent attention in the fields of biomedical
science, applied chemistry, and environmental purifications and recently as corrosion resistant coatings
for metals [21,22]. Generally, two different methods have been employed to fabricate layered double
hydroxide, the single step in situ approach [23,24] and the other a colloidal assembly technique [25,26].
Coatings fabricated using the two-step method improved the corrosion resistance of their substrates;
however, the poor adhesion of the film to the substrate was reported and also the fabrication process
itself appears slightly complicated [27]. Numerous works have been reported to fabricate different
types of layered double hydroxide to protect the light metals alloys [27–30]. The growth rate of crystals
and their size and distribution can be controlled by adjusting the crystallization time and the reaction
temperature. The properties and structural characteristics of MgAl–layered double hydroxide (LDH)
actively depend upon the fabrication method, operating parameters, and conditions used for the
fabrication [31–34]. Therefore, the optimization of the synthesis parameters plays an important role in
developing a suitable structure for numerous applications. In our previous work, we reported the effect
of different salt concentrations on LDH structural growth to obtain various distinct LDH morphologies
as well as their effect on corrosion resistance properties [35]. However, the combined effect of extended
reaction temperature and the aging time on in situ growth MgAl–LDH structural growth rate without
using any complexation agents (used to promote specific LDH structural growth) to further their
impact on their corresponding corrosive resistance behavior has not yet been thoroughly investigated.
In this work we succeeded to synthesize a series of MgAl–NO3 LDH film on the surface of AA6082 by
using magnesium salt only, and developed a range of balanced combinations of reaction temperature
and aging time, at constant initial cationic concentration (Mg2+) to investigate in detail the impact of the
above-mentioned parameters on LDH geometry, structural growth, morphology, and their effect on the
corresponding corrosion resistance properties. In particular, in this study, the one-step in situ growth
method was used to develop MgAl–LDH coatings on AA6082 at different combinations of extended
reaction temperature and crystallization time without using any surfactants or complexation reagents.
This was done in order to understand the effect of the mentioned parameters on the geometry of
LDH crystallites, film growth, and on the deposition rate to explain the relationship of LDH structural
variations with its anticorrosion behavior. This work provides insight into the corrosion resistance
properties of MgAl–LDH, and into the correlation between the electrochemical response of the coatings
and their structural properties.

2. Experimental

2.1. Materials

The AA6082 extruded bar was purchased from Metal Center (Trento, Italy), which mainly
consists of (0.60%–1.20%) magnesium, (0.50) iron, (0.70%–1.30%) silicon, (0.10%) copper, (0.40%–1.00%)
manganese and of a balance percentage of aluminum. The Mg(NO3)2·6H2O, (purity 98%), NH4NO3

(purity 95%)and NaOH (purity ≥98%) were purchased from Sigma-Aldrich Corporation (Saint Louis,
MO, USA).

2.2. Synthesis of Mg–Al Layered Double Hydroxide Film

The AA608 specimens were initially ground with silicon carbon paper, starting from 500 grit
paper to 1000, 2400, and 4000-grit respectively. The samples were cleaned with deionized water and
further ultrasonically in pure ethanol for 15 min. Lastly, the specimens were immersed in a 0.1 M
aqueous NaOH solution for one minute to etch the oxide layer on the surface of the alloy.
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A 0.05 M (Mg(NO3)2·6H2O) solution was prepared in 1000 mL deionized water and the pH of the
solution was adjusted to 10.0 by the dropwise addition of ammonium hydroxide solution. The solution
was poured into a four bottleneck heating flask (Sigma-Aldrich Glassware) and pretreated aluminum
samples (3.14 cm2) were immersed vertically in the solution. The experiments were performed at 40, 60,
80, and 100 ◦C reaction temperature, for 12, 18, and 24 h, under nitrogen bubbling. The samples were
washed with deionized water after the experiments completion and were dried at room temperature.
Figure 1 represents the general schematic diagram of the layered double hydroxide.

Figure 1. Schematic illustration of layered double hydroxides.

3. Characterization

A scanning electron microscopy (JEOL-IT300 microscope equipped with an EDS detector, JEOL
Ltd, Tokyo, Japan) was used to analyze the morphology and the microstructural features of MgAl-LDH,
while the elemental analysis of the thin film was studied through energy dispersive electron microscopy
(SEM-EDX) in planner mode. XRD patterns of the calcined and uncalcined LDH coated samples were
recorded by X-ray diffraction (XRD) (X’Pert High Score diffractometer, Rigaku, Tokyo, Japan) at
ambient conditions by using cobalt Kα (λ = 1.789 Å) emission source at 10 mA and 30 kV conditions.
The step size of 0.005◦ was adjusted in the 2θ range of 5◦–110◦. The peak reflections at the (003) planes
of layered double hydroxide were studied to measure the basal spacing and to define the full-width
half maximum (FWHM) for the measurement of crystallite size (D), by using the Scherrer formula.
The lattice parameters of Mg–Al layer double hydroxide were calculated by using Equation (1) [34],
where d is the lattice spacing calculated by Braggs law.

1
d2 =

4
3

(
h2 + hk +

k2

a2

)
+

l2

c2 (1)

Fourier transformed infrared spectra (FTIR), Varian 4100 FTIR Excalibur Series instrument (Varian,
Santa Clara, CA, USA), in the attenuated total reflectance (ATR) mode were recorded to analyze surface
functional groups and the chemical bonding of the samples, in the range of 550–4000 cm−1 with a
4 cm−1 resolution and at 32 scans, by using a diamond crystal as Internal Reflective element (IRE).
The electrochemical measurements were conducted (PAR Parstat 2273, Ametek, Berwyn, PA, USA)
0.1 M NaCl solution to understand the anti-corrosion properties performed at ambient conditions
under Faraday cage to minimize the external noise on the system. A relatively diluted electrolyte
(0.1 M) was employed in order to better highlight the differences between the investigated samples.
A traditional three electrode setup was used, where the platinum mesh was used as a counter electrode
while MgAl–LDH and Ag/AgCl/KCl (+210 mV vs. Standard Hydrogen Electrode (SHE)) were used
as working and reference electrode respectively. The MgAl–LDH was exposed to the electrochemical
solution for 30 min in 0.1 M NaCl solution before the measurement, for the system stabilization.
The polarization curves were obtained with a sweep rate of 2 mV/s. The impedance measurements
(EIS) were performed at the open circuit potential (OCP) over frequencies ranging from 100 kHz down
to 10 mHz at a 5 mV (rms) amplitude.

3
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4. Results and Discussion

4.1. XRD Analysis

Figure 2a,b shows the XRD pattern of MgAl–LDH thin film developed on the AA6082 at various
temperature and crystallization time periods. The XRD pattern of the MgAl layer double hydroxide at
40 ◦C–24 h and at 60, 80, 100 ◦C for 12, 18, and 24 h crystallization time, demonstrated the characteristic
peaks of layered double hydroxide structure, described in the literature [35], further the sharpness of
the peaks suggested an ordered structure of LDH layers. It can be seen that synthesis temperature
and crystallization time have an influential effect on characteristic peaks. The (003), (006), (009), (110),
and (113) characteristics peaks of crystal planes are related to the MgAl–NO3 LDH film. The intensity
and broadness of the reflection peaks vary with the increase of temperature and t also depend upon
crystallization aging time. When the samples were synthesized at 60 ◦C and lower aging time (12 and
18 h), the pattern exhibited low intensity and a broader peak which describe their low crystallinity.
At higher temperature range, for instance, 80 and 100 ◦C, the reflection peaks exhibited sharp and
high intense narrow peaks which describe well the crystalline and ordered structure. The intense
reflection peaks of (003) at low 2θ value exhibited an interlayer distance of ≈0.80 nm and the reflection
peak could further be used to calculate the cell parameter “c” by the correlation “c = 3d003”, while the
d110 interlayer thickness was used to calculate the cell parameter “a” by the correlation “a = 2d110”.
The basal spacing of MgAl LDH slightly shifted to lower angle with the effect of enhanced temperature
and crystallization aging time, indicating the strong intercalation of NO3

− ions. However due to the
formation of carbonate anions, small absorption peaks of d003 at 40 ◦C–24h, 60 ◦C–18 h were also
observed. Fourier transform-infrared spectroscopy (FT-IR) spectra further confirmed the presence of
CO3

2− nions. The interlayer thickness, lattice constants of “a” and “c”, and crystallite size for Mg–Al
LDHs thin film on AA6082 are listed in Table 1.

 

Figure 2. The XRD spectra of Mg-Al layered double hydroxide (LDH) film samples developed on
aluminum alloy AA6082 obtained at various reaction temperature and crystallization times.

4.2. Fourier Transform Infrared Spectroscopy (FTIR)

The selective samples, synthesized at various temperatures and crystallization times, were further
investigated by FTIR analysis. FTIR spectra in attenuated total reflection mode were recorded, as
shown in Figure 3. All the samples showed almost similar types of features. The broadbands displayed
in the range of 3370–3427 cm−1 were assigned to OH group stretching and the absorption band around,
1627–1633 cm-1 was caused due to the flexural oscillation peaks of interlayer water molecules [36].
Moreover, the absorption peaks around 1350 cm−1 were assigned to the asymmetric stretching bond
of intercalated NO3

− [37]. The small peak around 1520 cm−1 corresponded to the CO3
2− ions, which

shows the presence of a small number of carbonate ions in the LDH phase. The bond at 655, 751, and

4
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1202 cm−1 may be associated with Al–OH stretching [38]. The absorption peaks around 550–770 cm−1

correspond to the lattice vibration of metal–oxygen bonds (M–O) [39].

Table 1. Cell parameters and sizes of the coherent domains determined for the Mg−Al layered double
hydroxide (LDH) precursor powders from X-ray diffraction.

Sample
Cell Parameter,

a (nm)
Cell Parameter,

c (nm)

Interlayer
Distance, d003

(nm)

Interlayer
Distance, d110

(nm)

Crystallite
Size, D (nm)

40 ◦C–24 h 0.308 2.329 0.776 0.154 11.214
60 ◦C–12 h 0.306 2.296 0.765 0.153 12.908
60 ◦C–18 h 0.305 2.668 0.889 0.152 7.608
60 ◦C–24 h 0.305 2.294 0.765 0.152 11.657
80 ◦C–12 h 0.303 2.275 0.759 0.151 6.685
80 ◦C–18 h 0.306 2.461 0.820 0.153 6.987
80 ◦C–24 h 0.311 2.412 0.804 0.155 8.465

100 ◦C–12 h 0.311 2.691 0.897 0.155 5.929
100 ◦C–18 h 0.311 2.391 0.797 0.156 6.165
100 ◦C–24 h 0.311 2.463 0.821 0.157 6.411

 
Figure 3. ATR-FTIR spectra of Mg–Al LDH powder, scraped from as-prepared MgAl–LDH coated
samples fabricated at different reaction temperatures.

4.3. Scanning Electron Microscopy (SEM)

As revealed from the SEM observations, shown in Figure 4, a compact and uniform interviewed
LDH structure was obtained by the increase of reaction temperature and of aging time, moreover
distinct surface morphological variations were also observed. Initially, the LDH granules started to
originate and developed into distinct platelet structure with increase of reaction temperature and
crystallization time, while on further increase of the temperature and aging time, the nano-sheets of the
LDH structure fused to form a compact blade like LDH structure. For example at 80 ◦C temperature
and 24 h aging time, a fully groomed curved shaped platelet morphology was obtained which fused
on further increase in temperature and appeared as a compact needle-shaped structure. The atomic
composition of LDH, calculated by energy disperse spectroscopy (EDS) plane scanning, is listed in
Table 2. The EDS findings showed that the coated structure is mainly composed of Mg, Al, N, and
oxygen. A small amount of carbon is also evident in the EDS study, caused by contamination from

5
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air, which results in the formation of carbonate anions. The atomic ratio of Mg/Al varies with the
effect of temperature and crystallization time. Table 2 showed that with a higher reaction temperature
and crystallization time, a higher ratio of Mg/Al is obtained. The oxygen content also varied with the
influence of temperature and time. The atomic ratio of Mg:Al lies in the range of 2.5:1–3.87:1, which
provides a rough approximation of the MgAl LDH assembly. Note that the Mg:Al ratio increases
with the duration of the treatment regardless of the temperature. The duration of the treatment
seems therefore to affect the chemical composition of the LDHs which enrich with Mg during the
long immersion time. The possible formation of MgAl LDH on the AA6082 surface may start with
the dissolution of aluminum in the basic solution to release Al3+ ions (aluminum surface is partially
dissolved on contact with the high pH solution and generated aluminum oxides) [40], which react with
the water to form Al(OH)3 while the final step is related to the precipitation of Mg2+ and OH− on the
surface of the Al(OH)3 surface to form the pre-MgAl LDH hydroxide mixture. The ammonium nitrate
continuously hydrolyzed to form NO3

− in the system, along with the release of ammonium ions which
led to progressively keep the pH in the range of 10. Finally, the divalent Mg2+ ions in Mg(OH)2 were
substituted by the trivalent Al3+ ions, which result in the coexistence of Al(OH)3 and Mg(OH)2 to
form a stable hydrotalcite-like LDH structure. On the other hand, the hydroxyl ions present inside the
galleries were exchanged by NO3

− ions present in the solution and as the average atomic ratio of Mg
to Al is approximately around three, as shown in Table 2 (EDS analysis), it can be concluded that the
final film of Mg3Al(OH)2·xNO3·yH2O was formed on the substrate of AA6082 and formed stacking of
LDH layers one above another to form the LBL configuration (Figure 1). The obtained EDS findings
are in agreement with the XRD results.

 

Figure 4. SEM images of LDH films developed at various reaction temperatures and crystallization times.

6
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Table 2. EDS study of atomic percentage at various reaction temperature and crystallization times.

Sample Mg (at.%) Al (at.%) N (at.%) O (at.%) Mg/Al

40 ◦C–24 h 17.6 6.8 3.1 64.7 2.6
60 ◦C–12 h 18.1 7.2 3.0 60.7 2.5
60 ◦C–18 h 26.2 7.5 3.3 57.4 3.5
60 ◦C–24 h 27.5 7.5 4.2 57.0 3.7
80 ◦C–12 h 19.3 7.3 3.1 58.7 2.6
80 ◦C–18 h 27.2 7.6 4.1 53.8 3.6
80 ◦C–24 h 24.7 6.6 4.7 56.2 3.8
100◦C–12 h 24.5 7.6 4.2 53.9 3.2
100 ◦C–18 h 28.6 7.5 4.7 53.9 3.8
100 ◦C–24 h 28.7 7.4 4.3 63.1 3.9

The results from SEM (Figure 4) suggest that the synthesis conditions promote the formation of
uniform and quite ordered structures. As far as the appearance of the coatings is concerned, it seems
that on increasing the treatment temperature from 60 to 100 ◦C, the LDHs layer becomes more and
more compact and homogenous. Also the duration of the treatment plays a similar role: prolonged
immersion in the solution promotes the formation of homogeneous LDHs structures in which the
platelets are closely packed.

The effect on the film thickness of the synthesis parameters is reported in Figure 5, which shows
also the cross-sectional image of MgAl LDH at 80 ◦C and 18 h (reported as an example). The results
of the film thickness indicated that with the increase of reaction temperature and treatment time, the
film thickness of coating increased. The film thickness increased from about 20.8–73.5 μm with the
increase of the processing parameters. The high temperature and aging time in this study were shown
to promote the growth rate of LDH formation, confirmed also by XRD and SEM analysis. It was
observed that a rapid increase in film thickness was found for 100 ◦C temperature and 24 h treatment
time. However, with the increase of thickness, the interface of substrate and coating become blurred
and also caused an increase in defect density, which promoted loose interaction with the substrate. In
fact, some pores were observed at the interface of coating and substrate with the increase of coating
thickness. This fact is expected to negatively influence the corrosion protection ability of LDH.

Figure 5. MgAl LDH thickness of the film coated AA6082 estimated from the cross-sectional optical
microscopic images as a function of reaction temperature and treatment time, (for representation,
insight is the optical images of LDH at 80 ◦C and 18 h reaction conditions.).
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4.4. Electrochemical Study

The as-prepared MgAl–LDH anticorrosion behavior was investigated through electrochemical
studies. Figure 6 exhibits the potentiodynamic polarization curves of all the tested samples, while the
corrosion current density and corrosion potential are listed in Table 3. With the increase of synthetic
reaction temperature and crystallization time, the corrosion current density decreases, and also a
significant increase in the film is observed. The reduction of both the anodic and cathodic currents
suggests an increase in corrosion resistance. The polarization curves of MgAl LDH coating obtained
from the specimens developed at 60 ◦C–24 h, 80 ◦C–18 h, 80 ◦C–24 h, 100 ◦C–18 h and 100 ◦C–24 h
showed a noticeable decrease in corrosion of both anodic and cathodic current density compared to
the bare AA6082. The significant reduction of the current densities suggests that the MgAl LDH thin
films can help to decrease the corrosion rate of the substrate. All the developed films on AA6082
showed lower corrosion current density along with a shift of the corrosion potential to higher values
compared to bare AA6082. As one can see, for almost all the investigated samples a rise in the corrosion
potential was observed as the crystallization time increased. The MgAl LDH is believed to provide
corrosion protection due to the following two mechanisms: (1) the barrier effect, as they are dielectric
materials which protect the metal surface by avoiding interaction with the metal substrate; (2) by
entrapping Cl− ions and releasing nitrates [41]. In the case of the polarization curves, it is likely that
the main protection mechanism observed is the physical barrier effect provided by the LDH layer
which promotes a decrease in the flow of current.

 

Figure 6. Polarization curves of bare AA6082 and the coated AA6082 in 0.1 M NaCl aqueous solution.

Table 3. The electrochemical parameters estimated from the polarization data in Figure 6.

Specimens E (vs. Ag/AgCl) (V) I (μA/cm2)

AA6082 −0.879 0.46556
40 ◦C–12 h −0.679 0.33138
40 ◦C–18 h −0.721 0.07629
40 ◦C–24 h −0.564 0.28947
60 ◦C–12 h −0.683 0.40345
60 ◦C–18 h −0.519 0.07524
60 ◦C–24 h −0.254 0.05214
80 ◦C–12 h −0.623 0.03121
80 ◦C–18 h −0.243 0.00156
80 ◦C–24 h +0.016 0.00024

100 ◦C–12 h −0.099 0.03903
100 ◦C–18 h +0.241 0.00001
100 ◦C–24 h −0.122 0.00263

In order to further understand the corrosion resistance ability of MgAl LDH, EIS analysis was
performed. Figures 7 and 8 show the impedance modulus and phase plots, respectively. At low
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frequency (about 0.01 Hz), higher impedance modulus values (|Z|0.01) are a rough estimation of the
corrosion resistance properties [42]: It can be seen that the samples 100 ◦C–24 h and 100 ◦C–18 h exhibit
the highest value of |Z|0.01 among the investigated samples. Furthermore, it is clear that |Z| values
follow a general tendency of corrosion resistance, higher temperature, and crystallization time and
exhibit greater propensity of corrosion resistance, according to the higher thickness of the LDH layers.
These results are consistent with the results obtained from the potentiodynamic curves. The specimens
fabricated at 100 ◦C–24 h showed comparatively a lower corrosion resistance than 100 ◦C–18 h, which
may be due to their greater film thickness which causes more defects in the coating itself and/or pores
at the interface with the substrate. The impedance results suggest that the high temperature and aging
time lead to an increase in corrosion resistance, which is probably due to increased crystallization of the
layered double hydroxide and to a thickening of the layer as well. When the temperature conditions
and aging time are moderate, the enhancement in terms of corrosion resistance is less pronounced.
In addition, the |Z| values of the MgAl LDH film developed at different reaction conditions follow a
general tendency: the higher the hydrothermal reaction temperature, the higher is the corresponding
|Z| value obtained. The thickness of the film also plays a vital role in corrosion protection, and |Z|
values vary with the increment in film thickness. The sample (100 ◦C–18 h) showed around 33 μm film
thickness and also the highest corrosion resistance among all the processed samples.

Figure 7. EIS spectra (Bode plots of log(|Z|) vs. log(frequency) ) of bare AA6082 alloy and AA6082 alloy
coated with LDH film at various reaction temperatures and crystallization times in 0.1 M NaCl solution.

 
Figure 8. EIS spectra (Phase angle vs. log(frequency)) of bare AA6082 alloy and AA6082 alloy coated
with LDH film at various reaction temperatures and crystallization times in 0.1 M NaCl solution.
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Figure 9 shows the evolution with an immersion time of the impedance modulus of the most
representative samples among those investigated (data collected after 1, 3 and 7 days of immersion are
reported). All the samples show a quite relevant decay of the protection properties during the 7 days
of continuous immersion in the electrolyte. Regardless of the synthesis conditions, after one week
of immersion, the low-frequency impedance is in the 105–106 Ω cm2 range for all the investigated
samples. This value is in any case remarkably higher than the |Z|0.01 value of the bare substrate at
the beginning of the immersion in the electrolyte (|Z|0.01 ≈ 104 Ω cm2). The decrease in impedance
observed for the investigated coatings is likely to rely on the presence of porosity and defect in the
coating and at the metal/LDH layer interface. According to optical microscope observations of the
LDH layer and LDH/metal interface, thicker coatings (i.e., with synthesis conditions which promote
higher LDH growth rate) are more defective and porous. This would explain the evolution of the
impedance spectra with time: at the beginning, the LDH layers act as a barrier against electrolyte
permeation; as time elapses, the solution moves through the defects and pores thus reaching the
metal/coating interface. The latter process promotes a decrease in impedance over all the frequency
range since coating resistance is reduced and the Faradic process is promoted.

 

Figure 9. Bode plots of AA6082 samples, coated with MgAl–NO3 LDH thin film after immersion in
0.1 M NaCl: (a) 60 ◦C–24 h and 80 ◦C–18 h sample from 1 to 7 days immersion; (b) 80 ◦C–24 h and
100 ◦C–18 h 1 to 7 days immersion time.

The EIS spectra reported in Figure 9 were fitted in order to get some insight into the effect of the
different parameters on the corrosion protection properties of the investigated coatings. According to
Figure 8, all the samples show two relaxation processes, which are located in the middle–high or
middle–low frequency range. Notice that the thickness, as well as the defectiveness, of the coatings
strongly affect the electrochemical response of the diverse samples. For this reason, it is not surprising
to observe dispersion of the relaxation processes in the investigated frequency range. According to
the literature [43,44], the EIS response of the LDH covered samples can be analyzed employing a
Rs(CPELDH(RLDH(CPEdlRct))) electrical equivalent circuit. In this circuit, Rs stands for the resistance of
the electrolyte. The relaxation process at the higher frequencies is fitted employing a resistance, RLDH,
which indicates the pore resistance of the LDH layer and a constant phase element, CPELDH, which
represents the dielectric properties of the layered double hydroxide coatings. The relaxation process
at the lower frequencies is fitted employing a resistance, Rct, which is related to the superimposition
of the contribution of the charge-transfer process and of the aluminum oxide and a constant phase
element, CPEdl, which represents the double layer capacitance contribution, overlapped to that of the
dielectric properties of the aluminum oxide. According to the mathematical representation of a CPE,
(i.e. ZCPE = 1/(Q(ωj)α) the parameters Q and α were employed to describe the dielectric response of
the electrodes. Table 4 shows the fitting results for the investigated samples. Notice that the parameters
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αLDH and αdl are almost always far from unity. For this reason, it is not possible to attribute any precise
physical meaning to the pre-exponential factors QLDH and Qdl. As far as the RLDH and Rct parameters
are concerned, one can observe a certain scattering during immersion time for the samples 60 ◦C–24 h
and 80 ◦C–18 h, probably due to the porosity of the coatings and to the consequent localization of the
corrosion attack promoted by chlorides. On the other hand, the samples 80 ◦C–24 h and 100 ◦C–18 h
show a smoother decrease in the corrosion protection properties (described by RLDH and Rct) which
indicates that the coatings are more compact (as suggested by the relatively high values of RLDH) and
protective (as suggested by the relatively high values of Rct).

Table 4. Evolution with time of the fitting parameters RLDH, QLDH, αLDH, Rct, Qdl, and αdl.

Sample
Immersion

Time
RLDH (kΩ cm2) QLDH (Ω−1 cm−2 sα) αLDH Rct (kΩ cm2) Qdl (Ω−1 cm−2 sα) αdl

60 ◦C–24 h
1 day 13.0 4.2 × 10−7 0.51 420.0 1.4 × 10−6 0.72
3 days 96.30 1.7 × 10−6 0.31 828.7 1.1 × 10−6 0.71
7 days 98.3 1.1 ×10−5 0.85 0.5 7.8 × 10−6 0.46

80 ◦C–18 h
1 day 5705.0 5.1 × 10−6 0.91 0.9 7.2 × 10−5 0.46
3 days 50.1 7.2 × 10−6 0.51 270.2 9.9 × 10−6 0.65
7 days 118.1 1.7 × 10−5 0.85 2.2 7.9 × 10−5 0.19

80 ◦C–24 h
1 day 41.0 4.6 × 10−7 0.54 2095.0 8.1 × 10−8 0.77
3 days 11.2 2.0 × 10−6 0.43 372.9 1.8 × 10−6 0.69
7 days 7.8 2.5 × 10−5 0.71 354.8 1.0 × 10−5 0.93

100 ◦C–18 h
1 day 6135.0 2.0 × 10−8 0.69 18420 7.8 × 10−8 0.68
3 days 13.0 4.2 × 10−7 0.51 418.4 1.4 × 10−6 0.72
7 days 104.2 8.8 × 10−6 0.46 97.4 1.2 × 10−4 1.0

To better understand as to what extent the investigated LDH layers provide corrosion protection,
the numerical values of RLDH and Rct obtained by fitting the experimental curves were compared with
data from the literature. In Table 5, a comparison of the fitting parameters RLDH and Rct after about
1 day (or less) of immersion in a sodium chloride electrolyte is reported. The value of RLDH for the
coatings developed in this study is remarkably higher compared to the data reported in the literature.
However, one should consider that: (1) in this study the crystallization treatment was prolonged in
order to obtain relatively thick coatings, while in the literature very often only a thin conversion layer
of LDHs was investigated; (2) the electrolyte employed in this study is more dilute than 3.5 wt % NaCl
(0.1 M ≈ 0.58 wt %): for this reason, higher resistance values are expected. Also the parameter Rct for
the samples investigated in this study is one of the highest compared to other works reported in the
literature (except the LDH reported in [43], which contains vanadates based on corrosion inhibitors).
However, also in this case it has to be considered that the electrolyte employed is more dilute compared
to the NaCl concentration employed in the studies reported in [44–46].

Table 5. Comparison with literature data referring to LDH conversion layers/coatings on aluminum
alloys (n.p.: not provided).

LDH NaCl Concen. Time RLDH (kΩ cm2) Rct (kΩ cm2) Ref.

Li/Al 3.5 wt % 0 h 2.2 6.49 × 103 [43]
Mg/Al 3.5 wt % 1 day n.p. 5.88 [44]
Li/Al 3.5 wt % 1 day 0.8 0.18 × 103 [45]

Zn/Al (+VOx) 0.05 M 1 day 18.2 7.96 × 108 [46]
Mg/Al 80 ◦C–24 h

0.1 M 1 day 41.0 2.09 × 103
This workMg/Al 100 ◦C–18 h 6135.0 18.4 × 103

The EIS results seem also to be in accordance with the visual observation of the immersed samples
as shown in Figure 10: optical microscope photos were taken after the 7 days of immersion in 0.1 M
NaCl solution. The bare aluminum sample was badly corroded after the immersion and was covered
with a thick layer of corrosion products. Notice that cracks and blister are observed on the LDH layers,
in accordance with the remarkable decrease in RLDH and Rct.
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Figure 10. The specimens after 7 days of immersion in a solution of 0.1 M NaCl: (a) bare aluminum
surface; (b) coated sample at 60 ◦C–24 h; (c) 80 ◦C–18 h; (d) 80 ◦C–24 h; and (e) 100 ◦C–18 h.

The surface morphologies of the MgAl–LDH after 7 days immersion in 0.1 M NaCl solution
are shown in Figure 11. It can be seen that no serious collapse of platelet structure is observed after
7 days immersion and most of the structure remained almost intact and was shown to be similar to
the as-prepared original structure (Figure 11a,b). However, due to the longtime contact, dissolution
of some platelets of MgAl–LDH structure was observed at some points Strong Cl− signals in EDS
analysis (inset of Figure 11b) were observed after contact with chloride solution, so we can say that the
MgAl–LDH film exhibited anion exchange capability by absorbing Cl− while the XRD analysis also
showed that the interlayer of the MgAl–LDH was able to retain Cl− inside the structure. The LDH film
anion-exchange behavior on the aluminum alloy in the chloride solution can be generally expressed as
follows [27]:

LDH-NO3
− + 2Cl− → LDH-2Cl− + NO3

− (2)

Figure 11. SEM images of (a) original MgAl LDH coating, 60 ◦C–24 h sample and (b) an immersed
sample soaked in 0.1 M NaCl solution for 7 days (Insets are the corresponding EDS spectra).

5. Conclusions

The finding demonstrated that the reaction temperature and crystallization times have an
influential effect on the growth mechanism of layered double hydroxide which ultimately has a
strong impact on its corrosion resistance behavior. Well-grown uniformed structures were obtained
at 80 and 100 ◦C with crystallization times of 18 and 24 h while the thickness of the obtained films
lay in the range of 24–74 μm, which also imparted a significant influence on the corrosion resistance
properties. The results from polarization curves confirmed that MgAl LDH stands as an improved
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corrosion protection thin film, which demonstrates significantly high impedance and low corrosion
current density as compared to the substrate. The thicker coatings (>30 μm, obtained on treating the
substrate at 100 ◦C for 18 and 24 h) showed a remarkable decrease of the corrosion current (3–4 orders
of magnitude) and a remarkable increase in low-frequency impedance (|Z|0.01) compared to the bare
substrate. However, the long-term durability of the investigated coating is still an issue as after about
one week of immersion in the 0.1 M NaCl solution, the impedance in the low-frequency range showed
a decrease of a few orders of magnitude. Compared to the bare substrate the investigated coatings
were revealed to be in any case quite protective compared to the bare AA6082 substrate.
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Abstract: The corrosion protection of coatings can be reinforced by the addition of entrapped
corrosion inhibitors. β-cyclodextrin (β-CD) can form inclusion complexes with small inhibiting
organic molecules that, when entrapped in coatings, allow the inhibitor release and adsorption at
corrosion initiation sites. In this paper, several Nuclear Magnetic Resonance (NMR)-based experiments
(e.g., Complexation-Induced Shifts (CIS), NMR titration, Diffusion-Ordered Spectroscopy (DOSY))
were performed to study the stability and geometry of a complex formed by β-cyclodextrin with
5-mercapto-1-phenyl-tetrazole (MPT). The complex was also detected by Electrospray Ionization (ESI)
mass spectrometry and characterized by Fourier Transform Infrared (FTIR) spectra. Its influence
on the protectiveness of a silane coating against bronze corrosion was evaluated in plain (AR) and
concentrated (ARX10) synthetic acid rain, under different exposure conditions. In particular, the time
evolution of the polarization resistance values during 20 days in ARX10 and the polarization curves
recorded at the end of the immersions evidenced a higher protectiveness of the coating with the
β-CD–MPT complex in comparison to that containing only MPT or only β-CD. The cyclic AR spray
test carried out on coated bronze coupons with cross-cut scratches evidenced the absence of underfilm
corrosion starting from the scratches only in the complex-containing coating.

Keywords: corrosion protection; smart coatings; inclusion complex; complex stability; bronze

1. Introduction

The corrosion protection of an organic coating depends largely on the intrinsic barrier properties of
the polymeric film towards oxygen, water, and aggressive species, but can be reinforced by entrapped
corrosion inhibitors [1–3]. In the case of bronze artworks exposed outdoors, commercial coatings
such as Incralac® and Soter® contain benzotriazole (BTA) that operates in the dual functions of an
inhibitor of bronze corrosion and an anti-UV additive [4]. In these coatings, the inhibitor dissolves in
the electrolyte (in the rain) and penetrates through the coating, so producing an inhibited solution
that exerts a protective action at the coating/metal interface. In general, the positive influence of direct
inhibitor addition in coatings may be limited by solubility problems, by a decrease in barrier properties
and adherence to the substrate, and by the rapid leaching of small inhibitor molecules induced by
rainfalls, so determining a fast drop of the overall protection performance [5].

In recent years, great efforts were devoted to overcoming these problems and increasing the
coating durability by encapsulating corrosion inhibitors in coatings through the adoption of suitable
carriers, which make them more compatible with the coating network [6,7]. Different carrier types were
investigated, such as inhibitor-filled porous particles, or nanocapsules, coated by polyelectrolytes [8–10]
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or layered anion-exchange particles containing intercalated corrosion inhibiting anionic species [11].
The former polyelectrolyte-coated carriers can release inhibitor molecules due to local variations of
solution pH linked to the onset of corrosion phenomena, while the latter carriers with intercalated
inhibiting anionic species limit the access of aggressive anions, such as chlorides, to the metal substrate
and release corrosion inhibiting species by ion-exchange phenomena.

Beside these carriers, cyclodextrins (CD) were also used to host corrosion inhibitors due to
their complexing capability towards small organic molecules with corrosion inhibition properties.
Cyclodextrins (CDs) [12] are water-soluble macrocyclic oligosaccharides consisting of at least six
α -D-glucopyranose units linked via α (1–4) glycosidic bonds. The most common ones contain 6, 7 and
8 glucopyranose residues and are known as α-, β-, and γ-CD, respectively. CDs are among the most
widely used host molecules thanks to their unique and specific structure that creates an internal cavity
that is less hydrophilic than the external aqueous environment and therefore able to accommodate a
large variety of hydrophobic molecules inside it [13]. The strong propensity of CDs to form inclusion
complexes has been exploited not only for the production of smart coatings for corrosion protection,
but also in many other fields of science, for example, as drug transport systems, [14], to increase the
solubility of some chemical species [15], in separation technology [16], and in other areas [17].

Addition of complexes of α- and β-CDs with dibenzylthiourea (DBT) in acid solutions improved
the corrosion resistance of carbon steel due to the enhanced solubility of the complexes in comparison
to that of DBT alone [18]. The controlled release of BTA from β-CD–BTA complexes was investigated
in order to achieve effective bronze corrosion protection in chloride solutions. The use of the complex
instead of pure BTA was intended to reduce the toxicity of the additives used for corrosion protection [19].
Moreover, complexes of β-CD and γ-CD with mercaptobenzothiazole (MBT), mercaptobenzimidazole
(MBI), mercaptobenzimidazole sulfonate, and thiosalicylic acid [20–23] were incorporated in coatings
and improved the corrosion resistance of Al alloys and zinc. In fact, these complexes represent a reservoir
of corrosion inhibitor molecules that, at the onset of corrosion phenomena and in correspondence
of regions of coating delamination, tend to adsorb on the metal surfaces, shifting the complexation
equilibrium towards the release of further inhibitor molecules.

In this research, the effective formation and the stability of a complex between β-CD
and 5-mercapto-1-phenyl-tetrazole (MPT) (Figure 1) were assessed. Among non-toxic corrosion
inhibitors [24–26], MPT was chosen because of its outstanding inhibiting properties towards copper
and bronze corrosion [27–29]. Its complex with β-CD was incorporated in a 3-mercapto-propyl-
trimethoxy-silane (PropS-SH) coating, and the protectiveness of the obtained coating was assessed
on bronze during both immersions in concentrated acid rain and exposures to alternated acid rain
spray. These tests were also performed on plain silane coating and coatings with only β-CD or only
MPT additions. For the continuous immersion tests, thin sub-micrometric silane films prepared
by the dip coating method were used, in order to better differentiate their protectiveness. During
the alternated acid rain spray test, the self-healing properties were assessed on thicker coatings
(about 5 μm) produced by spraying after introduction of cross cut scratches. Spraying and brushing
are the application methods most commonly adopted by restorers [30] and produce coatings more
representative of those actually applied in the field.

It is important to stress that according to occupational hazard tests, the silane formulations here
investigated were less toxic to restorers than Incralac® (as both pure product and ready to use 30%
solution in nitro diluent) [31].
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(a) (b) 

Figure 1. Molecular structure of (a) 5-mercapto-1-phenyl-tetrazole (MPT) and (b) β-cyclodextrin
(β–CD). β–CD is a CD type constituted by 7 glucopyranoside units linked by 1,4 glycosydic bonds.

2. Materials and Methods

2.1. Chemicals, Aggressive Environment and Alloy

All reagents and solvents used in this study were purchased from commercial sources. In particular,
the chemicals used for the inhibitor complex and the coating production were β-cyclodextrin (β-CD,≥ 97%
purity), 5-mercapto-1-phenyl-tetrazole (MPT, 98% purity), and 3-mercapto-propyl-trimethoxy-silane
(PropS-SH, purity 95%), all purchased from Sigma-Aldrich (Darmstadt, Germany).

The coating protectiveness was tested on as-cast bronze with composition 91.9 Cu, 2.4 Sn, 1.0 Pb,
Zn 2.9, 0.8 Sb, wt.%, and a microstructure reproducing those of Renaissance bronze artefacts with
cored dendrites of Cu-solid solution characterized by Sn and Sb local enrichment and also including
Pb globules in the interdendritic spaces, as reported in previous papers [29,31–33].

Concerning the environments where the coating protectiveness was assessed, the cyclic acid rain
(AR) spray test was performed using a synthetic AR, prepared with Sigma-Aldrich ACS reagents,
according to the recipe reported in [34] and containing the following ion concentrations: SO4

2−
1.90 mg· L−1, Cl− 1.27 mg· L−1, NO3

− 4.62 mg· L−1, CH3COO− 0.23 mg· L−1, HCOO− 0.05 mg· L−1,
NH4

+ 1.05 mg· L−1, Ca2+ 0.34 mg· L−1, Na+ 0.53 mg· L−1, and pH 4.35. During the electrochemical tests,
accelerated corrosion conditions were obtained by using tenfold concentrated AR (ARX10, pH = 3.3)
at 30 ◦C.

2.2. [β-CD–MPT] Complex Stability Analysis

2.2.1. Nuclear Magnetic Resonance (NMR) Measurements

The NMR spectra were recorded in D2O solution using 5 mm tubes, at 296 K, with a Varian Mercury
Plus 400 (Palo Alto, CA, USA), operating at 400 (1H) and 100 MHz (13C), respectively. The chemical
shifts were referenced to the DOH signal: δ (H) 4.65 ppm. The 1D-Rotating frame Overhauser effect
spectroscopy (ROESY) NMR spectra were acquired using standard pulse sequences from the Varian
library. The relaxation delay between successive pulse cycles was 1.0 s.

The Diffusion-Ordered Spectroscopy (DOSY) experiments were performed using the Dosy Bipolar
Pulsed Pair STimulated Echo (DBPPSTE) pulse sequence [35] from the Varian library, using 15 different
gradient values varying from 2% to 95% of the maximum gradient strength. A 500 ms diffusion time
was chosen, and the gradient length was set to 2.0 ms. The analysis of all NMR spectra was performed
with MestreNova (by Mestrelab Research, S.L., Santiago de Compostela, Spain), version: 6.0.2–5475 and
for the DOSY analysis, the Baysian DOSY transform from MestreNova, version: 6.0.2–5475 was used.
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2.2.2. H NMR Titration

The following two solutions were prepared in D2O: Solution A: 2.8 mM MPT. Solution B: 2.8 mM
MPT and 12.0 mM β-CD. A 0.8 mL aliquot of solution A was placed in a 5 mm NMR tube. A measured
amount of solution B was added, changing the molar fraction of the host to about 0, 0.39, 0.71, 0.98,
1.21, 1.68, 2.02 and 2.29. Spectra were recorded after each addition. The chemical shift variation of the
guest signals was collected, and the binding constants β (as log K) were calculated by the curve fitting
method [36] using the commercial HypNMR2008 [37] program (details are given in the Supplementary
Information (SI) file).

2.2.3. Electrospray Ionization (ESI) Mass Spectra

ESI mass spectra were obtained using an LCQ Duo (ThermoQuest, San Jose, CA, USA) in
negative-ion mode. Instrumental parameters: capillary voltage –10 V, spray voltage 4.50 kV, mass
scan range was from m/z 100 to 2000 amu, for 30,000 ms scan time; N2 was used as the sheath gas.
The samples were injected into the spectrometer through a syringe pump at a constant flow rate
of 8 mL/min.

2.2.4. Fourier Transform Infra-Red (FTIR) Analysis

Diffuse reflectance FTIR spectra were recorded on β-CD–MPT complex powder and on MPT and
β-CD powders, as references. The instrument used was a Thermo-Scientific Nicolet iS50 spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA), operating in dry CO2-free air flow generated by a
Balston 75-52 unit. It was equipped by a deuterated triglycine sulfate (DTGS) detector, which allowed
for the investigation of the 4000–400 cm−1 wavenumber region with a resolution of 4 cm−1.

2.3. Silane Coating Production

Silane hydrolysis was carried out by dissolving PropS-SH in a hydroalcoholic solution (90/5/5 v/v
ethanol/water/PropS-SH), acidified to pH 4 by the addition of some drops of diluted sulphuric acid
solution, according to the methodology refined in previous research works [29,38–40].

Plain PropS-SH coatings were directly produced from this solution after 24 h room-temperature
ageing. The coating additives were introduced in the aged silane hydroalcoholic solution; in particular,
3 mL aqueous solutions of either 5.94 mM MPT or 5.94 mM β-CD or 5.94 mM β-CD + 5.94 mM MPT
were added to 30 mL of silane solution, so that the final molar concentration of the additives in the
coating formulations was 0.54 mM. These solutions were sonicated for 3 min and then applied to
the substrate either by dip coating (1 h immersion and then fast withdrawal, reaching a final coating
thickness of about 300 nm; for accelerated electrochemical tests) or by spraying (to reach a final constant
coating specific weight of 6 ± 1 g·m−2 and thickness of 5 ± 1 μm; for cyclic AR spray tests). Finally,
the coatings were cured for 24 h at 50 ◦C. This low temperature curing was compatible with the
requirements for cultural heritage bronze artworks.

2.4. Silane Coating Protectiveness

Electrochemical tests were performed under accelerated corrosion conditions, that is in ARX10
(pH 3.3) at 30 ◦C, on thin dip-coated bronze electrodes. As a reference, tests were also carried out on
bare bronze electrodes.

The evolution of corrosion conditions was monitored over 20 days of immersion by Electrochemical
Impedance Spectroscopy (EIS, performed by a PARTSTAT 2273, from Ametek, Berwyn, PA, USA)
tests performed at intervals, under the following experimental conditions: corrosion potential (Ecor) ±
10 mV rms, 10 kHz–1 mHz frequency range and 10 frequencies/decade. Polarization resistance (Rp)
values were estimated from the spectra in the Nyquist form, as the difference between the limit of
the real part of the impedance at frequency tending to 0 (Rp’) and the solution resistance (Rs) value
(Rp = Rp’ – Rs) [40]. Rp values are inversely proportional to the corrosion currents (icor), as indicated
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by the Stern and Geary relationship [41]: Rp = B
icor

, with B a constant depending on the Tafel slopes of
the anodic and cathodic polarization curves. The time evolutions of average Rp and Ecor values were
obtained from triplicate experiments.

Ohmic drop-compensated polarization curves were collected at the end of the 20 day immersion
period. Separate anodic and cathodic potential scans, always starting from Ecor, were carried out at a
rate of 0.1667 mV·s−1. These tests were performed in triplicate and representative curves were reported.

The self-healing capability of PropS-SH coatings was assessed by exposing coated coupons with
cross cut scratches to a cyclic AR spray test at 35 ◦C for 4 weeks. Each cycle consisted in 8 h spraying
and 16 h waiting. During the test, the coupons were supported with an angle of 30◦ from the vertical.
Micrographs documented the extent of the final corrosion attack.

3. Results

3.1. NMR Studies

To verify the effective formation of a host–guest complex between β-CD and MPT we mainly
employed the NMR spectroscopy, already widely used to study inclusion complexes of CD [42–44].

The 1H NMR spectrum in D2O of a sample containing an equimolar amount of β-CD and MPT
showed induced chemical shifts (Δδ) for all the protons of the host as well as for most of the guest
protons (Figure 2). The complexation-induced shifts (CIS) observed for the internal protons of β-CD
(H3, H5) were remarkably larger than those displayed by the external ones (H-1, H-2, and H-4) (Table 1),
thus indicating that the guest likely interacts with the inner cavity of β-CD.

Figure 2. The 1H NMR spectra in D2O for solutions of (a) β-CD; (b) MPT; (c) equimolar amount of
β-CD and MPT.

Table 1. The 1H-NMR chemical shifts (δ, ppm) for H protons of β-CD alone, MPT alone, and complexation
induced shifts (CIS = δcomplex – δfree) of equimolar amounts of them in D2O at 23 ◦C.

β-CD Protons H-1 H-2 H-3 H-4 H-5 H-6

δ alone 4.90 3.48 3.80 3.42 3.71 3.69
CIS −0.06 −0.06 −0.15 −0.04 −0.09 −1.1

MPT Protons H-o a H-m a,b H-p a,b

δ alone 7.54 7.48 7.48
CIS 0.04 0.01 0.01

a The center of the multiplet was taken into account; b overlapping signals.
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The small CIS observed for the ortho-protons of the phenyl moiety of MPT (0.04 ppm, Table 1)
was also particularly significant, indicating that a part of the phenyl ring of MPT entered into the cavity
of β-CD. It is worthy of note that no new peaks appeared in the spectrum, signifying that the inclusion
of MPT in β-CD is a fast exchange process that takes place on the NMR timescale.

In order to gather information on the sites of binding we carried out a series of monodimensional
ROESY-1D experiments [45] that provided only a small nuclear Overhauser effect (NOE) on the inner
H3 proton of β-CD when ortho-H phenyl protons of MPT were irradiated.

The experimental observations collected up to this point were compatible with the inclusion
structure of Figure 3, which was in rapid equilibrium with the two separate molecules. In fact, the large
CIS exhibited by inner protons H3 and H5 of β-CD upon the addition of MPT clearly indicated a
deep insertion of the host into the hydrophobic cavity of the β-CD. However, the lack of dipolar
interactions between the ortho- and meta-protons of the aromatic ring of MPT and the H5 proton of
β-CD excluded the complete insertion of the phenyl moiety into the β-CD cavity. On the other hand,
the weak rotating-frame Overhauser effect (ROE) existing between the ortho-protons of MPT and the
H3 proton of β-CD suggested that a partial insertion of the phenyl moiety of MPT occurred at the wide
rim of β-CD. Finally, the upfield shift of the H-6 protons of the β-CD (see Table 1) could be justified by
the partial protrusion of the guest (tetrazole moiety) from the narrow rim of the β-CD (Figure 3) [46].

 
Figure 3. Proposed geometry for the inclusion of MPT into β-CD as deduced from the CIS and
ROESY-1D experiments.

To investigate the strength of complexation we carried out a 1H NMR titration of MPT with
β-CD [36]. The procedure adopted in the titration allowed us to operate with a constant guest
concentration ([MPT] = constant) during the whole experiment.

The binding isotherm relative to the ortho-protons of the phenyl moiety of MPT is depicted in
Figure 4. The value of the stability constant β as log Ka of the β-CD–MPT inclusion complex was
calculated by the curve fitting method [36], using the commercial HypNMR2008 [37] program (details
are given in SI) and was found to be equal to 2.93 M−1 (Ka = 851 M−1).

The 1:1 stoichiometry of the complexation adequately described the binding data obtained from the
NMR titration and, on the other hand, the physically unrealistic binding parameters (some negative Ks)
when the 1:2 or 2:1 models were applied to the NMR titration. This confirmed that the 1:1 stoichiometry
was dominating in the investigated concentration range. The 1:1 stoichiometry of the complex was
further confirmed by ESI-Mass Spectrometry (ESI-MS).

DOSY spectroscopy [37,42–47] experiments were also carried out to confirm, qualitatively and
quantitatively, the intermolecular interactions between MPT andβ-CD in solution. The DOSY technique
allowed for the determination of the individual self-diffusion coefficients (D) in multicomponent
systems that directly reflected the association behavior of the interacting species [48].
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Figure 4. The 1H NMR titration of MPT with β-CD: (a) Chemical shift change of the ortho-protons of
the phenyl moiety of MPT with increasing β-CD concentration. Positive values mean downfield shifts.
The small complexation induced shift (CIS) observed for the ortho-protons of the phenyl moiety of
MPT (0.04 ppm, see Table 1) was particularly significant, indicating that a part of the phenyl ring of
MPT entered into the cavity of β-CD. (b) Curve-fitting analysis by the HypNMR2008 program.

The principle on which DOSY is based is very simple and can be summarized as follows: when
the host and the guest are in the free state, they have their own diffusion coefficient that depends
on their molecular weight and their shape. However, when they interact tightly together to form
a complex, they behave as a single molecular entity and therefore should have the same diffusion
coefficient [48,49].

Taking into account the fact that we are studying a rapid equilibrium on the NMR time scale
between bound and free guest molecules, the observed (measured) diffusion coefficient (Dobs) is the
weighted average of the free and bound diffusion coefficients (Dfree and Dbound, respectively) and can
therefore be used to calculate the bound fraction p by using the following Equation (1):

Dobs = p·Dbound + (1− p)·D f ree (1)

which can be rearranged to yield:

p =
D f ree −Dobs

D f ree −Dbound
(2)

where p is the fraction of complexed substrate molecules.
After binding of a small guest molecule (MPT) to a large host molecule (β-CD) the diffusion

coefficient of the host is not greatly perturbed, therefore, the diffusion coefficient of the host–guest
complex can be assumed to be the same as that of the non-complexed host molecule [50].

Pseudo 2D DOSY spectra are shown in Figure 5. The f1 dimension represents the self-diffusion
coefficient (D) and the f2 dimension reports the chemical shift. The f1 is specific for each molecule,
so the protons belonging to the same molecule appear in the same f1 row. The diffusion coefficients (D)
and the fraction of complexed MPT molecules (p) measured at 23 ◦C in D2O are reported in Table 2.

As expected, the D value of encapsulated MPT (4.87·10−6 cm2·s−1) was lower than that of free
MPT (6.205·10−6 cm2·s−1) (Table 2, Figure 5) thus proving that MPT is included in the β-CD cavity and
diffuses more slowly. Recalling that the association constant, Ka, for a 1:1 host–guest equilibrium of the
type H + G� HG is defined by:

Ka =
[HG]

[H][G]
(3)
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where [H], [G], and [HG] are the equilibrium concentrations of the free host, free guest, and complex,
respectively, Equation (3) can be rewritten as a function of the molar fraction [48] as:

Ka =
p

(1− p)([H]0 − p[G]0)
(4)

where [H0] and [G0] are the total concentrations of the host and guest, respectively.
Lastly, inserting the value of the molar fraction just obtained from the DOSY experiments in the

above Equation (4) we can calculate Ka by using the single-point procedure [51,52]. The association
constant measured in this way was 654 M−1 at 23 ◦C (Table 2), and although the value obtained by the
single-point approximation method results in large uncertainty, it is consistent with the corresponding
value of 851 M−1 estimated via NMR titration.

 
(a) (b) 

Figure 5. Pseudo 2D DOSY spectra of MPT (a) 1.5 mM; (b) in the presence of β-CD 1.4 mM in D2O,
at 23 ◦C. (See Supplementary Information, SI, for details).

Table 2. Diffusion coefficients (D, 10−6 cm2·s−1) related to the itemized protons of MPTfree (MPT
alone 1.5 mM), MPT(+ β-CD) (MPT 1.5 mM with β-CD 1.4 mM), and β-CD(+MPT) (MPT 1.5 mM with
β-CD 1.4 mM), fraction of complexed MPT and β-CD molecules (p) and association constant for the
β-CD–MPT complex (Ka).

Chemical Species Proton (ppm) Da,b Daverage pbound Ka (M−1)

MPT(free)
Ho (7.59) 6.22 6.205 0 −

Hm/Hp (7.51) c 6.19 − − −
MPT(+ β -CD)

Ho (7.62) 4.88 4.87 0.36 654
Hm/Hp (7.52) c 4.86 − − −

β-CD (+MPT)

Hm/Hp (7.52) c 2.256 2.56 0.36 −
H3/H5/H6 (3.67) c 2.57 − − −

H2/H4 (3.43) c 2.55 − − −
a in D2O at 23 ◦C; b estimated errors <5%; c overlapped signals.

3.2. ESI Mass Spectra

In order to provide further confirmation of the formation of the β-CD–MPT inclusion complex,
some ESI-MS experiments were conducted in aqueous solutions containing MPT and β-CD in the ratio
1:1, 1:2, and 2:1. In all cases, a base peak at m/z 1311 corresponding to a 1:1 host–guest complex was
detected (Figure 6).
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Figure 6. Electrospray negative-ion mass spectrum (ESI-MS) of a 1:1 β-CD–MPT aqueous solution that
revealed a base peak corresponding to the 1:1 host–guest complex at m/z 1311 and a peak at m/z 1133
(50%) relative to uncomplexed β-CD.

3.3. FTIR Spectra

The diffuse reflectance FTIR spectrum of the solidβ-CD–MPT complex precipitated from equimolar
β-CD and MPT aqueous solutions was recorded and compared to those obtained on pure MPT and
β-CD. Figure 7 clearly shows that the spectrum of the complex almost completely overlapped that of
β-CD, but two extra peaks at 1492 cm−1 and 1593 cm−1 occurred (as evidenced in the enlarged inset),
which corresponded to intense bands of the MPT molecule and did not appear in the β-CD spectrum.
According to X.R. Ye et al. [53], both peaks were connected to the C–C stretching of the phenyl ring
in MPT and the former also corresponded to N–H bending. These spectra further confirmed the
complex formation.

Figure 7. FTIR spectra of solid β-CD–MPT, MPT, and β-CD.
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3.4. Electrochemical Tests

These tests were performed on dip coated bronze electrodes in ARX10, because the association of
the obtained thin coatings and the higher aggressiveness of the concentrated solution allowed for the
differentiation of the coating protectiveness within the 20 day immersion period.

Figure 8 collects the time evolution of Rp and Ecor values in this environment at 30 ◦C. For bare
electrodes, high initial Rp values (9.1 kohm·cm2) were obtained, which decreased quickly to about
1 kohm·cm2 for immersions longer than 1 h and then increased again up to 4.6 kohm·cm2 towards
the end of the immersion period (Figure 8a). PropS-SH coatings showed much higher initial Rp

values (almost 700 kohm·cm2), which decreased by about 1 order of magnitude during the 20 days
of immersion due to the slow penetration of the aggressive solution through the silane network.
The addition of MPT to the silane solution determined rather low and constant Rp values, close to
20 kohm·cm2. This behavior was not investigated but it is plausible that MPT interfered with the
coating reticulation and/or a surface competitive adsorption between free MPT molecules on one side
and the silanol and thiol groups of silane coatings on the other occurred, so impairing the coating
adherence and performance. Instead, some improvements were achieved with the addition of β-CD,
which due to its hydroxyl groups was likely capable of reacting with the silanol groups, so contributing
to the silane network formation. Finally, a clear progression was observed after β-CD–MPT complex
addition with high and rather constant Rp values (around 1 Mohm·cm2). This suggests that beside
the positive effect of β-CD, the release of MPT molecules from the β-CD cavity could also play an
important role in corrosion inhibition.
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Figure 8. Polarization resistance (Rp) (a) and corrosion potentials (Ecor) values (b) measured during
20 days of immersion of bare and coated bronze electrodes in concentrated acid rain (ARX10) at 30 ◦C.

The Ecor values on bare electrodes evolved from −0.100 VSCE after 1 h immersion to about
+0.043 VSCE after 20 days (Figure 8b). From previous research [54], it was found that this trend was
the consequence of the degradation of the protective surface air-formed oxide film during the first
half of the immersion period, which stimulated the cathodic reaction, with a consequent Ecor shift
towards nobler values. Then, in the second half of the immersion, the progressive accumulation of
surface corrosion products induced a slight inhibition of the anodic process and further consequent
Ecor ennoblement. No significant Ecor differences were detected in the presence of the coatings. In all
cases, Ecor increased to a certain extent during the initial 2 or 3 days of immersion, likely due to
the evolution in the coating reticulation [39]. Then, they reached values in the range from 0.011 to
0.030 VSCE, independently of the corresponding Rp values.
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The polarization curves recorded at the end of the 20 days of immersion on bare and coated
electrodes are shown in Figure 9, while Table 3 reports the electrochemical parameters derived from
these curves.

 
Figure 9. Polarization curves recorded on bare and silane (PropS-SH)-coated bronze specimens in the
absence and in the presence of β-CD, MPT, or β-CD–MPT complex, after 20 days of immersion in
ARX10 at 30 ◦C.

Table 3. Corrosion potentials (Ecor), corrosion current densities (icor), and anodic Tafel slopes (ba)
obtained on bare and coated bronze specimens after 20 days of immersion in ARX10 solution. Protection
efficiencies (η) of silane coatings are also reported.

Coating Type Ecor/VSCE icor/μA·cm−2 ba/V η/%

- 0.055 8.3 0.090 −
PropS-SH 0.024 1.3 0.092 84

PropS-SH + β-CD 0.030 0.70 0.088 92
PropS-SH +MPT 0.008 2.8 0.093 66

PropS-SH + β-CD-MPT 0.029 0.15 0.101 98

In particular, Table 3 collects the Ecor and corrosion current (icor) values, the anodic Tafel slopes,
ba, and the protection efficiency (η) of the coatings, evaluated by the formula:

η =
icor,b − icor,c

icor,b
× 100 (5)

where icor,b and icor,c are the corrosion currents evaluated on bare and coated electrodes, respectively.
The cathodic Tafel slopes, bc, which were not reported in Table 3, were generally much higher than ba

and close to infinity.
Figure 9 and Table 3 evidence that the coatings protect the underlying alloy from corrosion at

different degrees. The plain PropS-SH coating mainly hindered the cathodic reaction, so determining
a slight reactivation of Ecor in comparison to those of the bare electrodes, and afforded a final η of
about 84%. In agreement with the Rp results, the addition of MPT to PropS-SH was detrimental to the
coating protectiveness because it stimulated both the anodic and the cathodic reactions, suggesting a
lower barrier effect of the coating and/or a lower surface adherence. In this case, the coating η value
decreased down to 66% (Table 3). Conversely, the addition of β-CD or, even more, the β-CD–MPT
complex in the coatings determined a decrease in the anodic and cathodic currents and induced η

values of 92% and 98%, respectively. In contrast with MPT, the complex proved to be beneficial to the
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coating performances, likely due to a higher compatibility of the external β-CD surface with the silane
network and to the specific inhibition afforded by released inhibitor molecules as evidenced by the
following test.

3.5. Cyclic AR Spray Test

The self-healing capability of the silane coatings connected to the inhibitor release and adsorption
at corrosion sites was evaluated during four weeks of exposure of the coated specimens with cross cut
scratches to cyclic AR spray.

At the end of the test (Figure 10), the bronze coupons evidenced that the PropS-SH coating was
rather protective at a distance from the scratches, but obviously did not avoid the substrate corrosion in
scratched areas from which in fact the underfilm corrosion propagated. This corrosion form and coating
delamination were less evident in the presence of β-CD, suggesting that this substance also increased
the coating adherence, so improving the overall coating protectiveness. However, again, it did not
prevent corrosion in the scratches. The addition of MPT in PropS-SH could not avoid the spread of
corrosion attacks from the scratches and induced a significant surface color change (a brightening).
Only β-CD–MPT complex addition significantly enhanced the substrate corrosion resistance and
completely suppressed corrosion in the scratches and underfilm. This behavior suggested a self-healing
capability of this coating type in the case of coating defects and mechanical damages, so prolonging
the coating effectiveness.

Figure 10. Surface aspect of cross-cut coupons at the end of a 4 week exposure to a cyclic acid rain (AR)
spray test; only the PropS-SH coating containing the β-CD–MPT complex prevented the development
of a corrosion attack starting from the scratches.

4. Conclusions

• The stability and the molecular structure of the host–guest β-CD–MPT complex was assessed by
NMR, FTIR, and MS techniques.

• The analysis of the Complexation Induced Shifts suggested an inclusion structure of the complex,
with partial insertion of the phenyl moiety of MPT at the wide rim of the hydrophobic β-CD
cavity and partial protrusion of the tetrazole moiety of the inhibitor from the narrow rim of the
host cavity.

• According to the DOSY experiments, the stability constant of the β-CD–MPT complex was 654 M−1,
in good agreement with the value of 851 M−1 obtained by curve fitting the NMR binding isotherm.
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• The PropS-SH coating with entrapped β-CD–MPT complex exhibited an improved protectiveness
(η = 98%) against bronze corrosion in comparison to plain PropS-SH (η = 84%) or PropS-SH
containing only MPT (η = 66%) or β-CD (η = 92%).

• The PropS-SH coating with entrapped β-CD–MPT complex exhibited self-healing properties on
bronze during exposures to cyclic AR spray at 35 ◦C.

Supplementary Materials: Supplementary materials are available online at http://www.mdpi.com/2079-6412/9/
8/508/s1, Table S1: Parameters related to the titration, Figure S1: Variations of a portion of 1H NMR spectrum
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alone. MPT signal decays according to the gradients (G) together with the corresponding graphical analysis of the
data. The diffusion coefficients are indicated with the letter F, Figure S3. Stacked plot and computational analysis
of the DOSY experiment of a sample containing MPT + β-CD. MPT signal decays according to the gradients
(G) together with the corresponding graphical analysis of the data. The diffusion coefficients are indicated with
the letter F, Figure S4: Stacked plot and computational analysis of the DOSY experiment of a sample containing
MPT + β-CD. β-CD signal decays according to the gradients (G) together with the corresponding graphical
analysis of the data.
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Abstract: This paper reports the use of the electrospinning technique for the synthesis of
nanocomposite micro/nanofibers by combining a polymeric precursor with hydrophobic behavior
like polyvinyl chloride (PVC) with nanoparticles of a corrosion inhibitor like ZnO. These electrospun
fibers were deposited on substrates of the aluminum alloy 6061T6 until forming a coating around
100 μm. The effect of varying the different electrospinning deposition parameters (mostly applied
voltage and flow-rate) was exhaustively analyzed in order to optimize the coating properties.
Several microscopy and analysis techniques have been employed, including optical microscopy
(OM), field emission scanning electron microscopy (FE-SEM), atomic force microscopy (AFM),
thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). Water contact angle
(WCA) measurements have been carried out in order to corroborate the coating hydrophobicity.
Finally, their corrosion behavior has been evaluated by electrochemical tests (Tafel curves and pitting
potential measurements), showing a relevant improvement in the resultant corrosion resistance of the
coated aluminum alloys.

Keywords: electrospinning; corrosion; superhydrophobic; PVC-ZnO; nanocomposite coating

1. Introduction

Aluminum alloys are widely used in many industrial areas such as automotive, aerospace, and
construction, due to their physical and mechanical properties: Low density, good mechanical properties
at low temperatures, good corrosion resistance, and excellent thermal and electrical conductivities [1].
While aluminum is a very reactive metal with a high affinity for oxygen, the metal shows a high
corrosion resistance in most environments. This is due to the thin layer of aluminum oxide (Al2O3)
that is formed on the surface of the metal. This passive layer, of around 5 to 10 nanometers thick,
shows an inert and protective character and acts as a barrier between the metal and the surrounding
medium. However, in spite of this passive layer, Al and its alloys can still suffer corrosion when they
are exposed to aggressive corrosive media like those containing chloride ions [2]. In order to extend
the range of applications of these alloys, it is necessary to extend their corrosion resistance by means of
surface treatments or coatings with the aim to reduce the economic impact of corrosion [3].

A widely used anti-corrosion practice for metals is the implementation of barrier coatings, which
consists of covering the metallic surface with a protective film that acts as a barrier and avoids the
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direct interaction between the metal and the environment. Traditional coatings containing Cr and
Pb have been banned in many countries because they are a threat for human health. This is why the
development of ecofriendly polymeric coatings has gained special interest nowadays [4]. In particular,
a technique that is increasing in popularity in the last few years is electrospinning due to its relative
ease of use and because it allows the deposition ultrafine polymeric fibers over a metallic surface that
can act as an effective barrier coating and reduce the corrosion rate of the metal.

Recently, superhydrophobic (SH) coatings with water contact angle (WCA) higher than 150◦

have gained special interest due to their excellent water repellency properties. These SH coatings can
be used to improve the corrosion resistance of Al and Al alloys as they minimize the contact area
between the metallic surface and the corrosive electrolyte. SH surfaces can be produced by increasing
the roughness of the surface for the target material [5–7]. Electrospinning is a powerful technique for
developing SH coatings because the electrospun micro/nanofibers form a film that presents a surface
roughness high enough to provide hydrophobic or even superhydrophobic behavior [8,9]. In addition,
electrospun coatings can be obtained in a short period of time by using only one step and the diameter
thickness of the resultant fibers can be perfectly controlled from nanometric to micrometric scale by
changing the fabrication parameters (applied voltage, flow rate, and distance collector) as well as the
resultant viscosity of the precursor, respectively

Corrosion resistance can be further enhanced by the addition of a corrosion inhibitor, either organic
or inorganic. Many researchers have focused on blending a polymer with inorganic nanoparticles,
such as Al2O3, ZrO2, SiO2, TiO2, Fe3O4, CdS, and ZnO, among others [10–19]. The presence of these
nanoparticles between the interstices of the fibers can increase the surface roughness and the air
entrapment, improving the hydrophobic character of the coating and thus reducing the corrosion rate.

In this work, polyvinyl chloride (PVC) was the polymer chosen for the development of
anticorrosion electrospun coatings because it is a polymer with hydrophobic behavior by nature,
and zinc oxide (ZnO) nanoparticles were used as the corrosion inhibitor because the corrosion behavior
of electrospun PVC-ZnO, to the best of our knowledge, has not been addressed previously. PVC-ZnO
nanofibers were successfully deposited onto aluminum 6061T6 substrates by electrospinning and the
corrosion behavior of the nanocomposite film was exhaustively analyzed.

2. Experimental Procedure

2.1. Reagents and Materials

Polyvinyl chloride (PVC, (C2H3Cl)n, Mw = 80,000 g/mol), dimethylformamide (DMF) and
tetrahydrofuran (THF) were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Zinc oxide
(ZnO) nanoparticles in colloidal dispersion (50% in H2O) with average particle size of 50 nm were
purchased from Alfa Aesar (Haverhill, MA, USA). All reagents used without further purification.
The coatings have been performed onto aluminum substrates of the alloy AA6061T6.

2.2. Deposition of PVC-ZnO Nanocomposite Coatings

PVC was dissolved in a 1:1 solvents mixture of THF and DMF, thus obtaining a homogeneous
PVC solution with polymer concentration 15 wt %, respectively. The viscosity of the solvents was
0.92 mPa·s for DMF and 0.55 mPa·s for THF, respectively. An important aspect to remark is that
the final solution viscosity depends on the polymer concentration and the volume ratio between
the solvents [20,21]. The solution was prepared under vigorous stirring (600 rpm) for 12 h at room
temperature by using a magnetic stirrer. Separately, 0.64 g of the zinc oxide colloidal dispersion was
added to a mixture of 1 mL of THF and 1 mL of DMF (same 1:1 solvent volume ratio as the polymer
solution). This ZnO mixture was produced and dispersed applying stirring (200 rpm) for 12 h at
room temperature. Afterwards, the dispersed ZnO mixture was added to the PVC solution, and then
vigorous stirring (600 rpm) was applied for 2 h in order to allow for an adequate mixing.

The PVC-ZnO solution was then electrospun using ND-ES 11/7 Lab Electrospinning Unit
(Nadetech Innovations S.L., Navarre, Spain). A horizontal configuration with fixed collector was
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used, and the capillary tip was located 15 cm away from the aluminum electrode that was used as
the collector. A 20-gauge needle with an inner diameter specific of 0.6 mm has been used for all the
experiments. Electrospinning experiments were conducted at various pump speeds and direct current
(DC) voltages in order to optimize the values of flow rate and applied voltage that allow for the
fabrication of very thin fibers with maximum water repellency. Finally, in all the experiments the
electrospinning process was conducted at room temperature (20 ◦C) at 40% relative humidity and the
deposition time was fixed for a period of time of 10 min, respectively.

2.3. Characterization Techniques

Optical microscopy (OM, BX60M, Olympus, Tokyo, Japan) was used for a first observation of
fiber morphology and for estimating the average fiber diameter. Field emission scanning electron
microscopy (FE-SEM, S4800, Hitachi, Tokyo, Japan) and atomic force microscopy (AFM, Veeco Innova
AFM, Veeco Instruments, Plainview, NY, USA) were employed for a more exhaustive analysis of the
fiber size, morphology and surface roughness.

Water contact angle (WCA) measurements were conducted on a CAM 100 contact angle
goniometer (CAM 100, KSV Instruments, Burlington, VT, USA) using distilled water. The static
water contact angle was measured 5 times at different sites and the representative samples were chosen
to present the result.

The composition of the films was controlled by thermal gravimetric analysis (TGA, Q500,
TA Instruments, New Castle, DE, USA), and differential scanning calorimetry (DSC, DSC25,
TA Instruments, New Castle, DE, USA) was used for studying the thermal properties of the coatings.
DSC tests were performed starting from an equilibrium temperature of −80 ◦C and raising 10 ◦C
per minute up to a final temperature of 200 ◦C. In addition, the adhesion of the coating has been
determined by applying a pressure-sensitive adhesive tape onto a grid of small squares previously
formed. The fraction of coating removed from the grid when the adhesive tape is removed is compared
with standard ratings.

Electrochemical measurements including Tafel polarization curves and pitting corrosion tests were
carried out on an Autolab Potentiostat/Galvanostat PGSTAT302N (Metrohm, Herisau, Switzerland).
All corrosion tests were performed at room temperature in 3.5 wt % NaCl aqueous solutions, using
a conventional three electrode cell consisting of a working electrode (bare or coated Al sample), a silver
chloride Ag-AgCl reference electrode and a platinum counter electrode. Before conducting all the
experiments, the samples were immersed in the 3.5 wt % NaCl electrolyte for 30 min to make sure that
the system is in steady state. Tafel polarization measurements were obtained by scanning the electrode
potential automatically from −150 to +150 mV at a scan rate of 1.5 mV·s−1. The corrosion protection
efficiency from Tafel polarization curves was calculated by the following formula [22,23]:

η =
icorr − icorr(C)

icorr
× 100% (1)

In this equation, icorr and icorr(C) correspond to the corrosion current densities of bare aluminum
and coated aluminum, respectively.

For the pitting corrosion tests the measurements were obtained by scanning the electrode potential
from 0 to +2 V at a scan rate of 0.15 mV·s−1, and reversing the scan direction once the current reaches
a cutoff value of 2.5 mA.

3. Results and Discussion

3.1. Morphologies and Wettability

The first step was the optimization of the electrospinning parameters, mainly applied voltage
(E) and flow rate. These two are the processing parameters that have a bigger impact on the
final morphology of the resultant fibers. Several samples of PVC were electrospun under different
electrospinning conditions, varying these two parameters. Firstly, the lower and upper limit values of

35



Coatings 2019, 9, 216

the electric potential that can be applied for a successful deposition need to be determined. Voltage
values of 6 kV and lower showed to be too low and no fibers were deposited. There is also an upper
limit for E above which the Taylor cone is no longer formed and the fiber jet is ejected from within
the needle, which is associated with an increase in fiber defects [24]. The Taylor cone was observed
to be formed in the range of 8–14 kV. These values were chosen to be the lower and upper limits of
the applied voltage for the set of experiments of the parameter optimization process. In Figure 1a
it can be seen that fiber diameter of PVC electrospun fibers decreases when increasing the applied
voltage, which goes in accordance with the results obtained by Lee et al. [25]. This may be explained
by an increase in the electrostatic repulsive force on the charged jet narrowing the fiber diameter.
In addition, Figure 1b shows that the resultant fiber diameter gets bigger when increasing the flow rate,
as expected, which is in concordance with literature [24,26]. Other aspects to remark is that, despite the
variation of fiber diameter, no remarkable differences in morphology were observed when applying
different voltages and flow rates.

 
Figure 1. (a) Evolution of the resultant fiber diameter as a function of the applied voltage with a specific
fixed flow rate of 0.8 mL·h−1; and (b) evolution of the fiber diameter as a function of the flow rate with
a specific fixed applied voltage of 12 kV.

Once it has been evaluated the effect of the experimental parameters on the resultant fiber diameter,
the PVC-ZnO fibers in this work have been electrospun under 14 kV and a flow rate of 0.6 mL·h−1

because there are scientific studies which indicate that there is an increase in the hydrophobicity caused
by a reduction in diameter among bead-free fibers [27]. Figure 2 shows SEM micrographs revealing
the morphology of PVC-ZnO nanocomposite fibers with different image amplifications. It can be
clearly seen that the resultant electrospun nanofibers present relatively uniform fibers whose average
diameter was measured to be around 720 nm.

In order to corroborate the presence of zinc oxide into the electrospun nanofibers, the composition
of the nanocomposite fibers (PVC-ZnO) has also been analyzed by using a thermal gravimetric
analysis (TGA), as it can be appreciated in Figure 3. First of all, the TGA thermogram obtained
from blank films (only PVC without ZnO) showed two consecutive weight losses (solid line) around
345 and 490 ◦C, whereas no further weight loss has been observed for higher values of temperature.
However, the sample composed of PVC-ZnO nanoparticles showed a third weight loss around 530 ◦C
(dash-dotted line), which corresponds to the amount of ZnO nanoparticles (1.34% in weight) into the
electrospun PVC fibers.

The surface wettability of the PVC-ZnO nanocomposite coating was assessed performing water
contact angle (WCA) measurements. In Figure 4, representative optical images of water droplets
deposited onto both PVC and PVC-ZnO electrospun fiber mats are shown. It is worthy to mention that
similar contact angle values in the range of 145◦–155◦ have been measured over both samples, so no
significant differences in the wettability have been observed between the samples composed of ZnO
nanoparticles in comparison with only PVC samples.
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Figure 2. SEM images of the electrospun PVC-ZnO nanocomposite fiber at different scale bar of 10 μm
(a) and 20 μm (b), respectively.

 

Figure 3. Thermal gravimetric analysis (TGA) of both only PVC fibers (solid line) and PVC fibers
containing ZnO nanoparticles (dash-dotted line).

 

Figure 4. Optical images of the water contact angle values on the PVC sample with a value of
151.73◦ (a), PVC-ZnO sample 146.39◦ (b) image of a water drop deposited on a surface coated with
electrospun fibers where the high water repellency can be observed and (c) aspect of the droplet onto
electrospun coating.

Low adhesive forces were noticed between the PVC-ZnO nanocomposite substrate and water
droplets, which may be attributed to the high surface roughness of the fibrous mat. Initially, the wetting
of rough surfaces was explained by the Wenzel [28], or the Cassie-Baxter or models [29]. This later
model states that surface superhydrophobicity is caused by the air entrapment underneath the liquid
inside the grooves. In the Cassie-Baxter state, the contact angle of a water droplet on a hydrophobic
surface (θc) is related to the contact angle on a smooth surface (θ) by the following equation:

cos(θc) = f1 cos(θ)− f2 (2)

In this equation f1 and f2 are proportions of solid surface and air in contact with liquid,
respectively. In addition, f1 + f2 = 1.
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More recently, both, the Wenzel and the Cassie-Baxter models have been revised and, in some
extent, highly criticized [30,31]. In most of published papers about wettability of electrospun coatings,
authors employ the Cassie-Baxter model to explain the main features [32], although mixed states and
transitions between both phases have been reported [33,34]. In particular, the effects of fiber diameter,
fiber density and liquid surface tension are taken in account. In general, the air trapped between fibers
keeps the wetting behavior in the Cassie-Baxter regime, but transitions to the Wenzel state are reported
for liquids with surface tension below 58 mN·m−1, which is not the case in water [35].

Assuming a fair validity of the Cassie-Baxter model, as the contact angle value of the PVC-ZnO
nanocomposite coating was found to be θc = 147◦, their equation provides a value for f2 of,
approximately, 0.84. This means that about 84% of the water drop is in contact with air, and only 16%
is in contact with the solid surface. Such hydrophobic behavior is desired in an anticorrosion coating
because, if there is small contact area between the electrolyte and the metal, a less amount of aggressive
ions will attack the metallic surface.

Atomic force microscopy was used in order to examine the morphology and to determine
the surface roughness of the prepared electrospun nanocomposite coatings. In Figure 5 is shown
in 2-dimensional (2D) and 3-dimensional (3D) AFM images the PVC-ZnO nanocomposite coating
electrospun at 14 kV and a flow rate of 0.6 mL·h−1. In addition, the surface roughness was investigated
with AFM by measuring 3 evaluation lines which are presented in Figure 6. It was observed that the
average roughness Ra of the PVC-ZnO coating is 427.5 nm.

 
(a) (b) 

Figure 5. AFM images of PVC-ZnO sample in 2-D (a) and 3-D (b). Image dimensions: 30 μm × 30 μm.

 
 

(a) (b) 

Figure 6. (a): 2D AFM image of the PVC-ZnO sample. Image dimensions: 60 μm × 60 μm; (b): roughness
profiles corresponding to the three evaluation lines indicated (a).
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3.2. Effect of Heat Treatment on Hydrophobicity

In this work the behaviour of the coatings after a thermal treatment was studied. The main
limitation found for the electrospun coatings is their low adherence to the substrate. This can be
an obstacle for the implementation of this technique in industrial applications. One effective way
to increase the adherence of the fiber mat onto the substrate is to perform a thermal treatment.
Homaeigohar et al. found that heating of electrospun polyethersulfone fibers (PES) improves adhesion
between the electrospun fibers and the underlying substrate [36]. Furthermore, several studies
have shown that heat treatment is able to increase the mechanical strength of the electrospun mat.
The reason for this may be that heat treatment encourages fusion at the contact points between fibers,
providing a strengthening effect [37]. In this work, a crosshatch test has been also performed in order
to corroborate this increase in the resultant adhesion onto the underlying substrate after thermal
treatment. Firstly, on one hand, when the cutting tool was applied onto the non-heat treated coating,
the electrospun fiber mat was heavily damaged, being impossible to perform the crosshatch test.
However, on the other hand, when the electrospun coating has been thermally treated, the resultant
fiber film has been not been destroyed when performing the crosshatch test. In addition, the electrospun
coating still showed a low adhesion onto the aluminum substrate because more than 65% of the area
was removed when pulling off the tape.

Heat treatment is usually carried out between the glass transition temperature (Tg) and the melting
temperature (Tm) of the material [38]. The application of a heat treatment to the PVC electrospun
coating was performed with two different goals: (1) Increasing the adhesion between the fibers and the
underlying substrate and (2) checking the hypothesis that heating the sample above Tg would improve
the ZnO nanoparticles distribution be to an improvement in tween the fibers due to the movement
and vibrations of the polymer chains, thus leading the corrosion resistance of the coating. The glass
transition temperature of PVC was determined using differential scanning calorimetry (DSC). Figure 7
shows the DSC plots of the PVC electrospun samples with and without ZnO nanoparticles inclusions.
Results showed that the addition of ZnO nanoparticles produced an increment in the amount of heat
required to increase the temperature of the electrospun samples, but the shape of the graphs (heat flow
versus temperature) remained almost equal. This means that the presence of ZnO nanoparticles in
between the fiber mat does not produce a relevant change in the thermal behaviour of PVC fibers.
The glass transition temperature of PVC and PVC-ZnO was found to be 82.27 and 82.36 ◦C respectively.
An aspect to remark is that glass transitions can sometimes be confused with an endothermic transition
due to the occurrence of molecular relaxation processes in the material. In Figure 7, DSC curves
exhibited these molecular relaxation processes related to the glass transition.

 
Figure 7. Differential Scanning Calorimetry analysis of both PVC fibers with no corrosion inhibitor
(black line) and PVC fibers containing ZnO nanoparticles (red line) with the assignment of the
exothermic and endothermic transitions, respectively.
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The effects of heat treatment on the WCA values of electrospun PVC fibers at 60, 70, 80, 90, 100,
110 and 120 ◦C were studied. All heat treatments were performed in an industrial oven during 1 h.
In Table 1, the WCA values of PVC fibers obtained at the different temperatures is presented.

Table 1. Effect of heat treatment on the water contact angles values of PVC fiber films.

Contact Angle Values at Different Temperatures

Temperature (◦C) 60 70 80 90 100 110 120
WCA 147 149 147 139 138 135 120

The contact angle values of PVC fibers started to decrease after surpassing the glass transition
temperature of the polymer (i.e., 80 ◦C) reaching a minimum WCA value of 120◦ after the final
heat treatment at 120 ◦C. Representative images of this behaviour can be observed in Figure 8.
The experimental results are in accordance with the ones obtained by Asmatulu et al. [39]. The change
in the contact angle values may be related to the rearrangement of the fiber structures in the film at the
glass transition temperature. Below Tg polyvinyl chloride is a glassy solid and the polymer chains
are rigid and cannot move. Above Tg the polymer chains start moving and vibrating, and the film
becomes softer and rubbery, which may produce this decrease in the water contact angle values.

Figure 8. Evolution of the contact angle of the PVC film with increasing temperature. (a) heated to
60 ◦C, (b) heated to 80 ◦C, (c) heated to 100 ◦C and (d) heated to 120 ◦C. The reduction of the WCA
when heating over the glass transition temperature of PVC (i.e., 80 ◦C) can be clearly seen.

3.3. Anticorrosion Performance of PVC-ZnO Nanostructures

The main objective of this work was the electrospinning of polymer coatings with the aim of
improving the corrosion resistance of aluminum substrates. In order to check if the electrospun PVC
and PVC-ZnO nanocomposite films successfully enhance this corrosion resistance, Tafel polarization
and pitting corrosion tests were held. Firstly, corrosion tests were performed over the bare aluminum
6061T6 without any coating. Results are shown in Figure 9. The Tafel analysis showed that the
corrosion current density (icorr) for the bare aluminum substrate was 1.107 μA·cm−2 at a corrosion
potential (Ecorr) of −0.856 V, and the cathodic (βc) and anodic (βa) Tafel constants were found to be
150 and 56 mV/decade, respectively. The pitting corrosion curve provides information about the bare
aluminum behaviour against localized (pitting) corrosion. Scully et al. defined the pitting potential (Ep)

40



Coatings 2019, 9, 216

as the potential above which the rising current permanently exceeded 10 μA [40]. Therefore following
that definition the pitting potential of the bare aluminum sample was found to be −0.656 V.

 
(a) (b) 

Figure 9. Tafel plot (a) and pitting corrosion curve (b) for the aluminum bare substrate in 3.5 wt %
NaCl aqueous solution.

After corrosion tests were successfully conducted over the reference bare Al sample, the corrosion
behaviour of aluminum coated with the electrospun polymer films was studied in order to see if
there was an improvement in the corrosion resistance of the metallic substrate with the use of these
nanocomposite coatings. For testing the corrosion resistance of electrospun PVC films in the presence
and absence of ZnO nanoparticles inclusions, corrosion tests were performed over samples after being
heated up to the glass transition temperature (Tg) due to the improved adherence of the fiber mat with
the metallic substrate, and also over samples heated 20 ◦C over this temperature (Tg + 20) in order
to check the hypothesis that a better distribution of ZnO nanoparticles caused by the movement of
the polymer chains above Tg could compensate the contact angle decrease and improve the corrosion
resistance of the coating. The Tafel plots are displayed in Figure 10 and results are summarized in
Table 2, respectively.

Figure 10. Tafel plots corresponding to the Al bare substrate and the four Al samples coated with
electrospun PVC and PVC-ZnO nanocomposite fibers, tested in 3.5 wt % NaCl aqueous solution.

The results show that all electrospun coatings reduced the corrosion current density of aluminum
in two orders of magnitude. This corrosion resistance was lowered significantly from 1.107 μA·cm−2

in the case of bare Al to a minimum of 0.009 μA·cm−2 in case of Al/PVC-ZnO after being heat treated
to 100 ◦C (Tg + 20). The corrosion potential was displaced towards less negative values, attaining
a maximum of −0.793 V in the case Al/PVC-ZnO (Tg + 20) again. The protection efficiency (η) in
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the case of pure PVC after being heat-treated to 80 ◦C (Tg) was found to be 99.01%. When the pure
PVC coating was heated to 100 ◦C the efficiency was reduced to 97.38%, which can be explained
by the decrease in the water contact angle when surpassing the glass transition temperature of the
polymer. The composite coating of PVC-ZnO presented lower efficiency than the other samples when
heated to Tg, but it was found that when this composite coating was heated 20◦ higher than Tg the
protection efficiency reached a maximum of 99.19%, which may be related to a better distribution of
zinc oxide nanoparticles.

Table 2. Tafel analysis for uncoated Al substrate, pure PVC and PVC-ZnO nanocomposite coatings
after being heat-treated, tested in 3.5 wt % NaCl aqueous solution.

Sample βa (mV/dec) βc (mV/dec) icorr (μA/cm2) Ecorr (V) η (%)

Al substrate 56 150 1.107 −0.856 –
PVC (Tg) 155 143 0.011 −0.833 99.01

PVC (Tg + 20) 197 172 0.029 −0.827 97.38
PVC-ZnO (Tg) 140 96 0.054 −0.826 95.12

PVC-ZnO (Tg + 20) 175 159 0.009 −0.793 99.19

As the composite coating of PVC-ZnO heat-treated to 100 ◦C presented the best anti-corrosion
properties in the Tafel polarization tests, its behaviour against pitting corrosion was also tested.
Figure 11 shows that the pitting corrosion resistance was clearly enhanced by the nanocomposite
electrospun coating. Its pitting potential (i.e., the potential above which the rising current permanently
exceeded 10 μA [40]) was found to be −0.341 V, which is closer to positive values than the pitting
potential of bare Al which was −0.656 V. This means that higher electric potential is needed in order
for pitting corrosion to appear in the composite coating. Furthermore, once pitting starts it grows
with a slower rate. The current cutoff of 2.5 mA was reached under a potential of 0.015 V in the
case of the PVC-ZnO coating, while it was reached at −0.538 V in the case of the bare Al substrate.
The pitting current increase rate can be estimated as the slope of the polarization curve between the
pitting potential (Ep) and the electric potential at the 2.5 mA current cutoff point (Ecutoff). This can be
approximated using the following equation:

icorr =
2.5 − 10 × 10−3

Ecuto f f − Ep
(mA/V) (3)

Figure 11. Pitting test plots for the bare Al substrate and the composite PVC-ZnO coating, tested in
3.5 wt % NaCl aqueous solution.

Finally, the pitting test results are summarized in Table 3 where it can be clearly observed that the
electrospun nanocomposite coatings has proved to improve significantly the corrosion resistance of
the aluminum alloy against the pitting corrosion.
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Table 3. Pitting test results for the bare Al substrate and the composite PVC-ZnO coating, tested in
3.5 wt % NaCl aqueous solution.

Sample Ep (V) Ecutoff (V) icorr (mA/V)

Al substrate −0.656 −0.538 21.10
PVC-ZnO (Tg + 20) −0.341 0.015 6.99

4. Conclusions

In summary, it has been demonstrated that electrospun nanocomposite coatings of PVC improve
the corrosion resistance of the aluminum alloy 6061T6 due to the high hydrophobic character
(even superhydrophobic) of the resulting surfaces, which may be explained by the roughness and
fibrous topography of these coatings, which seems to produce a water-coating contact corresponding
to the Cassie-Baxter state.

Nanocomposite films of PVC containing ZnO nanoparticles were successfully prepared using
one-step electrospinning technique and the corrosion electrochemical tests revealed that heating the
nanocomposite PVC-ZnO structures 20◦ higher than Tg of the polymer allows obtaining an excellent
and better anti-corrosion behaviour. This may be explained by a better distribution of the ZnO
nanoparticles due to the movement of the polymer chains above Tg, which compensates for the decrease
in the hydrophobic behaviour of the fibers at such high temperatures. Finally, Tafel polarization tests
have shown that the corrosion current density could be reduced in two orders of magnitude with the
use of these electrospun coatings and pitting corrosion tests also demonstrated that the nanocomposite
surfaces enhance the resistance of aluminum against localized corrosion.

Finally, it is worth to notice that real life conditions can be far different from those of static
laboratory tests. In particular water condensation or the impact of water drops can lead to a Wenzel-like
state that can limit the employment of these coatings in automotive or aeronautical applications.
The dynamic test should be necessary to guarantee the good behavior of these coatings in real
life applications.
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Abstract: This study discusses a new coating method to protect 316L stainless steel (SS) from pitting
corrosion in high chloride environments. The SS surface was coated using a simple, eco-friendly method,
and sunflower oil (SunFO) was used as a base coating and binder for molybdenum disulfide (MoS2).
The coated surface was observed using scanning electron microscopy (SEM) with an energy dispersive
spectrometer (EDS) and X-ray diffraction (XRD). Corrosion behavior was examined by open-circuit
potential (OCP) measurement and electrochemical impedance spectroscopy (EIS) in an 3.5% NaCl
solution. The SunFO coating with MoS2 showed the highest corrosion resistance and coating durability
during the immersion time relative to the SunFO coating and bare 316L SS. The increased corrosion
resistance is thought to be because of the interactions with the aggregations of the SunFO lamellar
structure and MoS2 in the coating film, which acted as a high order layer barrier providing protection
from the metals to electrolytes.

Keywords: stainless steel; sunflower oil; molybdenum disulfide (MoS2); organic coating; corrosion
resistance; electrochemical impedance spectroscopy (EIS)

1. Introduction

Austenitic stainless steel (SS) has excellent corrosion resistance in various environments, so they
are used as materials in multiple applications such as pipelines, pumps, and structural steels in many
industries [1]. Among them, 316L SS has good mechanical and welding properties with high corrosion
resistance; therefore, it is regarded as one of the most effective materials in the field of corrosion [2,3].
The high corrosion resistance of 316L SS comes from a thin chromium oxide film which has high
stability against corrosion [4]. In marine atmospheric environments, however, it often suffers from
pitting-type corrosion due to exposure to stagnant seawater and through the deposition of airborne
sea salts, which have high humidity and high chloride concentration [5]. When pitting corrosion is
initiated, the pit propagates aggressively because the pH within the pit inside turns acidic due to the
generation of CrCl3, which is called the autocatalytic mechanism [6]. Moreover, the pitting corrosion
of SS could cause stress corrosion cracking (SCC) which results in unpredictable, brittle fracture [7].
For these reasons, corrosion protection of stainless steel in high chloride environments is a major
concern in many industries. As such, several corrosion mitigation methods are being studied and
developed in various fields.

Alkyd coatings are extensively used for the surface coatings as binders and adhesives. This class
of coating is generated from polyols, dibasic and fatty acids or oils by condensation polymerization [8].
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Alkyds have attracted significant attention among coating materials because they are lower cost and
incur fewer film defects during applications. Recently, vegetable oils have been highlighted as a new
effective organic coating that are nontoxic, nondepletable, domestically abundant, nonvolatile and
a biodegradable resource [9]. The vegetable oils are triacylglycerols of fatty acids with high degrees of
unsaturated sites which can have the ability to polymerize via cross-linking under certain conditions [10].
Polar molecules present in the oils can be absorbed on metal surfaces and form the corresponding
metal oxides, which will enhance the stability of passivation and promote adhesion [9]. Sunflower
oil (SunFO) coating is reported to be an effective inhibitor of corrosion for carbon steel, which is
likely due to the lamellar-like layered structures of the organic film [9,11]. However, there are few
studies surrounding the corrosion inhibition mechanism of the SunFO coating for SS and methods for
synthesizing the SunFO coating using other effective materials. Therefore, in this study, the sunflower
oil is selected as a base coating and binder for 316L SS.

The two-dimensional (2D) materials have been extensively researched within the context of
several applications as coating materials because of their interesting, atomically thin, physical,
chemical and electrical properties [12,13]. Among 2D materials, molybdenum disulfide (MoS2) has
been widely applied as a lubrication and thin film protection coating materials because of its tribological
and corrosion resistance properties [14,15]. Moreover, MoS2 remains stable in various solvents and
oxygenated environments, and it can also withstand high temperatures and pressures [16,17]. Currently,
however, many surface modifications, such as chemical vapor deposition (CVD), water transfer are
being phased out due to their high cost, lengthy processing time, low output and harmful effects
on environments. This has motivated current research, which is being conducted to improve the
stability and corrosion resistance with a mixture consisting of MoS2 particles and several organic
coating materials without imparting the toxic effects [18].

This study discusses a new coating method to protect 316L SS from the pitting corrosion when
exposed to a 3.5% NaCl solution. Scanning electron microscopy (SEM) with energy dispersive spectrometry
(EDS) was used to observe the dispersion of MoS2 on the SS surface and cross section. In addition,
X-ray diffraction (XRD) measurements were performed to evaluate the coating materials on SS. After that,
the electrochemical properties of organic coatings according to MoS2 were evaluated by using open-circuit
potential (OCP) measurement and electrochemical impedance spectroscopy (EIS) tests.

2. Materials and Methods

2.1. Specimens and Solution Preparation

The chemical composition of the 316L SS is given in Table 1. For the electrochemical tests and the
coating procedure, the surface of the specimen was polished with 2000-grit silicon carbide (SiC) paper,
rinsed with ethanol and then dried with N2 gas.

Table 1. Chemical Composition of 316L stainless steel (wt.%).

Elements Composition

Fe Balance
C 0.03 Max.
Cr 16–18
Ni 10–14
Mo 2–3
S 0.03 Max.
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Figure 1 shows a schematic diagram of the experimental procedures and expected coating structure.
A 1 mg amount of MoS2 particles (commercially purchased, Sigma-Aldrich, St. Louis, MI, USA) was
mixed with 10 mL of sunflower oil (commercially purchased) in 20 mL beakers. The mixture was
sonicated and then stirred at 1000 rpm at room temperature for 3 h. Then, 100 μL of the mixture was
dropped on the SS substrate and heated at 275 ◦C for 10 min on a hot plate and slowly cooled. At this
temperature, the triglycerides which is a main composition of sunflower oil undergo polymerization
through oxidation [10]. The SunFO with MoS2 coatings were presumed to have a layered oil structure
which contained evenly distributed MoS2 particles.

Figure 1. Schematic diagram of the experimental procedures and expected coating structure.

To observe the cross section of the coated specimens, the cross section was polished with 2000-grit
silicon carbide (SiC) paper. All electrochemical experiments were conducted in a 3.5% NaCl solution at
ambient temperature.

2.2. Surface Analysis

The surface morphology and the cross-sectional image of the specimens were observed using
SEM/EDS (JSM-7600F, Jeol Ltd., Tokyo, Japan) to verify the dispersion of MoS2 in organic coating.
X-ray diffraction (XRD, D8 Advance, Bruker Co., Karlsruhe, Germany) measurements were performed
on the specimens to identify the effective bonding within the organic coating, MoS2 and 316L SS.
The XRD analysis of the coated specimens was conducted to confirm the crystalline properties of the
coating film using Cu Kα radiation (λ = 1.54178 Å) in the 2θ range 0–60◦ at a scan rate of 0.017◦ 2θ.

2.3. Electrochemical Investigation Method

All electrochemical experiments were performed using a three-electrode system in a 1000 mL
Pyrex glass corrosion cells connected to an electrochemical apparatus (VSP 300, Bio-Logic SAS,
Seyssinet-Pariset, France). The test specimens were connected to a working electrode, graphite rods
were used as the counter electrode and a saturated calomel electrode (SCE) was used as the reference
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electrode. The exposed area of the test specimen to the electrolyte was 0.25 cm2 (0.5 cm × 0.5 cm).
An initial open-circuit potential (OCP) was established within 3 h to carry out the entire electrochemical
test. The electrochemical impedance spectroscopy (EIS, VSP 300, Bio-Logic SAS, Seyssinet-Pariset,
France) was carried out with an amplitude of 20 mV in a frequency range from 100 kHz to 10 mHz.
The EIS tests were performed at 3, 12, 36 and 63 h to investigate variations of the coating durability
in corrosive media. The impedance plots were interpreted on the basis of equivalent circuits using
a suitable fitting procedure through the ZSimpWin software (ZsimpWin 3.20).

3. Results

3.1. Surface Analysis

The SEM/EDS analysis is used to probe the morphologies of the SunFO coated SS. The addition of
the pristine MoS2 in the SunFO significantly impacted the surface morphology. As shown in Figure 2,
the SunFO with the MoS2 coating film shows the presence of a large number of MoS2 flakes which
averaged an even layer 1–3 μm thick on the entire surface (Figure 2a–d). The EDS data indicated that
the surface consisted of Mo, S, Cr, Ni, and Fe corresponding to particles of MoS2 and the surface of the
SS (Figure 2e).

Figure 2. Surface morphology of sunflower oil (SunFO) with molybdenum disulfide (MoS2) coating on
the stainless steel (SS) observed by SEM and EDS: (a) 1000×; (b) 3000×; (c) 5000×; (d) 10000×; (e) EDS
results on the red spot.

Figure 3 shows cross-sectional images of SunFO with the MoS2 coating specimen. The thickness of the
coating was verified at about 3–4 μm and shows uniform and dense surface features. According to the EDS
mapping results (Figure 3b,c), it was revealed that the MoS2 particle existed in the SunFO coating layer.
However, it was difficult to observe the layered structure of the oil, so the SEM analysis was re-conducted
on an unpolished condition. In Figure 4, a layered structure was observed, and it was demonstrated that the
coating structure of the specimen corresponded to the expectation outlined in Figure 1.

The XRD patterns in Figure 5 show the crystalline nature of the MoS2 and substrate. In previous
reports, the diffraction pattern of bulk MoS2 has strong and sharp peaks which correspond to (100),
(002), (100), (103), (105), and (110) planes [19]. After SunFO with MoS2 coating, the MoS2 peaks were
only detected via the (002) peak corresponding to the angle of 15◦ because the MoS2 was oriented to
a layered structure on the SS. The additional diffraction peaks at 44.5◦ and 19.6◦ indicate crystalline
iron in the SS substrate and SunFO.
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Figure 3. Cross sectional images of SunFO with MoS2 coating on the SS observed by SEM and EDS:
(a) 10000× (Cross-section of the specimen); (b) Fe observed by EDS mapping; (c) Mo observed by EDS
mapping; (d) S observed by EDS mapping.

Figure 4. SEM images of unpolished SunFO with MoS2 coating on the SS observed by SEM: (a) 1000×;
(b) 3000×; (c) 5000×.

Figure 5. XRD results of (a) Bare SS; (b) SunFO coated SS; (c) SunFO with MoS2 coated SS.

3.2. Electrochemical Analysis (EIS Tests)

The impedance spectra were obtained in the form of Nyquist plots of the data from the
three-electrode system as shown in Figure 6. The tests were conducted with the following specimens,
bare, SunFO coating and SunFO with a MoS2 coating at room temperature. The specimens were tested
in a 3.5% NaCl solution for a total of 63 h. The Nyquist plot consisted of a depressed capacitive loop at
high frequency values [20,21]. As shown in Figure 6a, the capacitive loop of bare SS increased as time
progresses, because the passive film on the surface goes to stable in the solution [22–24]. While, in case
of the SunFO coated SS, the loops decreased with immersion time, which was caused by a deterioration
of oil coating (Figure 6b) [25,26]. The capacitive loop of SunFO coating with MoS2 on SS had little
change during the test period, so it was regarded as a non-time-dependent effect in the solution as
shown in Figure 6c.
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Figure 6. Electrochemical impedance spectroscopy (EIS) results in the form of Nyquist plot in 3.5%
NaCl solution; (a) Bare SS; (b) SunFO coated SS; (c) SunFO +MoS2 coated SS.

In Figure 7a, the capacitive loop of bare SS was the smallest initially, however it displayed a reversed
trend compared with the plot of the SunFO coated SS at the final time (Figure 7b). The SunFO coating
with MoS2 on the surface maintained the loop tendency during the entire immersion time. It can be
also verified in the OCP graph seen in Figure 8. The SunFO with MoS2 coating SS revealed very stable
potential, which obviously differed from the bare and SunFO coated SS. Moreover, the potential of
SunFO coated SS continuously decreased and reversed compared with the potential of bare specimen
after about 28 h, which was the same tendency observed in the time-dependent variation of the
Nyquist plot.

Figure 7. Time-dependent EIS results in the form of Nyquist plot in 3.5% NaCl solution: (a) initial stage
(3 h); (b) final stage (63 h).
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Figure 8. Open-circuit potential of specimens during the immersion time.

Figure 9 presents the EIS results in the form of Bode phase plots during immersion for 63 h.
The Bode phase plot provided more clear description of the electrochemical frequency-dependent
behavior than did the Nyquist plot, where the frequency values are implicit [27]. The high frequency
spectra detects local surface defects, whereas the low frequency spectra detects the processes within
the film and at the metal/film interface, respectively [28,29]. As shown in Figure 9a, in case of the bare
SS, the phase angle maximum is slightly increased, and the width of the graph is wider in the low
frequency region according to the test time. It means the passive film on the surface goes to more
uniform and thicker [30–33]. In the case of SunFO coated SS, there was evidence of variations in
surface conditions (Figure 9b). The initial stage of the specimen had two-time constants, but it changed
to one-time constant at the final stage [34]. In addition, the Bode plot of SunFO coated SS has a low
phase angle maximum and narrow shoulder width. This indicated that the SunFO coating had a poor
protective property and has many defects [35–38]. The specimen coated with SunFO and MoS2 did not
exhibit strong time-dependent behavior in the graphs, however it had a very wide frequency area as
shown in Figure 9c. This is thought to be due the maintenance of a thick and uniform film throughout
the entire test period.

Figure 10a shows the equivalent electrical circuits for bare SS, which had a passive film, and was
used to analyze the results of the EIS tests (one-time constant circuit) [27]. In this figure, Rs is the
solution resistance, CPE1 is the dielectric strength of the film and water absorbed by the film, and Rfilm

is the electrical resistance resulting from the formation of an ionic conduction path through the pores in
the film. The capacitance generated by the metal dissolution reaction and by the electric double layer at
the electrolyte/substrate interface is designated by CPE2, and Rct is the resistance caused by the metal
dissolution reaction. In the case of SunFO coated specimens, however, more circuit parameters should
be added because the oil coating generates a new layer which forms a two-layered film (two-time
constant circuit) [39]. As shown in Figure 10b, Rcoating is the SunFO coating resistance and CPE3
is the dielectric strength of the SunFO coating. The ZSimpWin program of the defined equivalent
circuits was used to fit the EIS data to determine the optimized values for the resistance parameters,
which are presented in Table 2. The Rfilm and Rct of bare SS increased according to the immersion
time. These values indicated an increase of the passive film’s stability, which was the same tendency
identified in the Nyquist and Bode plot. The film and coating capacitance (Cfilm, Ccoating) is described
by the expression [20,40]:

C =
εA′

d
(1)

where A′ is the surface area of specimen, ε is the dielectric constant, and d is thickness of the passive
film in solution. This equation suggests that a decrease of Cdl is related to an increase of passive film’s
thickness. The Cfilm of bare SS decreased with time, therefore this indicated that the passive film on
the surface becomes thicker at final stage. In the case of the SunFO coated specimen, there were too
many error values when it was applied to a two-time constant circuit after the initial stage. As shown
in the Bode plot, two-time constants were displayed only at the initial stage and one-time constant
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was shown after that. In other words, the SunFO coating on the SS surface became degraded prior to
12 h. For this reason, the simulation was conducted to the point of one-time constant after the initial
stage. According to the data shown in Table 2, Rfilm and Rct decreased according to immersion time,
which meant the film had deteriorated. Especially, the Rfilm and Cfilm rapidly decreased after 36 h which
indicates that a thick and porous non-protective layer was generated on the surface [41–43]. The SunFO
with MoS2 coated SS showed an obvious two-time constant, which fit well with the two-time circuit.
Both values, Rcoating and Rct, increased according to the test period, and the Rcoating value at 63 h was
markedly greater than the Rfilm of bare SS at the same time, which indicated excellent protective film
properties. Moreover, the Rfilm value remained very small relative to that of bare SS. It is presumed
that the SunFO coating with the MoS2 blocks the electrolyte and oxygen so that the passive film could
not form.

Figure 9. EIS results in the form of Bode plot in 3.5% NaCl solution: (a) Bare SS; (b) SunFO coated SS;
(c) SunFO +MoS2 coated SS.

Figure 10. An equivalent circuit used to fit the results of the EIS tests: (a) one-time constant circuit;
(b) two-time constant circuit.
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Table 2. EIS results of specimens according to the coating materials.

Specimen Time Rs (Ω cm2)
CPE1
(Cfilm)

(F/cm2)
n1 Rfilm (Ω cm2)

CPE2 (Cdl)
(F/cm2)

n2 Rct (Ω cm2) n3

CPE3
(Ccoating)

(F/cm2)

Rcoating (Ω cm2)

Bare

3 118.9 1.37 × 10−5 0.92 9.85 × 104 2.06 × 10−6 0.37 1.01 × 106 − − −
12 118.2 1.37 × 10−5 0.91 5.65 × 105 1.88 × 10−6 0.61 1.83 × 106 − − −
36 119.5 1.34 × 10−7 0.91 3.91 × 106 3.74 × 10−6 0.80 2.14 × 106 − − −
63 120.1 4.73 × 10−6 0.91 2.12 × 107 7.61 × 10−6 0.83 2.12 × 107 − − −

SunFO

3 120.4 7.72 × 10−7 0.93 1.22 × 104 1.88 × 10−6 0.83 6.33 × 107 0.80 2.31 × 10−4 4.38 × 10−6

12 127.6 2.39 × 10−6 0.88 3.19 × 104 3.61 × 10−6 0.77 4.88 × 105 − − −
36 134.1 4.55 × 10−7 0.86 181.5 7.39 × 10−6 0.91 1.58 × 106 − − −
63 126.9 7.66 × 10−8 0.81 427.7 4.80 × 10−6 0.94 9.05 × 105 − − −

SunFO +
MoS2

3 135.7 4.80 × 10−5 0.56 223.5 6.20 × 10−7 0.97 1.01 × 104 0.90 5.12 × 10−6 2.836 × 109

12 135.1 5.05 × 10−5 0.56 238.5 4.65 × 10−7 1 1.48 × 104 0.90 5.29 × 10−6 3.05 × 1010

36 141.4 3.76 × 10−5 0.63 6742 4.50 × 10−5 0.77 3.48 × 107 0.89 4.96 × 10−6 1.34 × 1014

63 140.1 4.52 × 10−5 0.60 6855 2.69 × 10−5 0.98 1.24 × 109 0.89 5.07 × 10−6 1.19 × 1016

The SunFO is a complex mixture of triacylglycerol consisting of tri-esters of glycerol and fatty
acid [44,45]. At high temperature, the unsaturated fatty acid of SunFO undergoes oxidation reactions
and cross links with the SS. According to the XRD results (Figure 5), the SunFO layer has crystalline
peaks at 19.6◦ which means the liquid states of the fat were crystallized on the SS. According to the
expected coating structure (Figure 1), the SunFO coating, which has fatty acid hydrocarbon chains,
makes lamellar structures as identified by the subcell concept [9,11]. However, the lamellar structures
of the SunFO are aggregated structures that have a number of defects. In the SunFO with MoS2 coating
film, the MoS2 has layered structures that, during the coating process on SS, are well layered [8,9,11,46].
The interactions with aggregations of the SunFO lamellar structure and layered MoS2 in coating the
films acts as a high ordered layer barrier for the protection of the metals from electrolytes. The defects
of both materials act as active centers for molecular adsorption and functionalization, therefore the
combination of both layered materials could reduce the defects and build denser film [47]. Additionally,
previous studies have reported that MoS2 particles impart a negative effect on the corrosion because of
their cathodic partial reactions during the corrosion process which leads to the destruction of the surface
film [48]. Moreover, the electrochemical potential of MoS2 particle is higher than the 316L stainless
steel, so it could generate galvanic cell between steel and MoS2 which accelerates corrosion reaction
on the steel surface [49]. However, in case of the MoS2 with the SunFO film, the lamellar structure of
the oil acted as an electrical insulating barrier between MoS2 and steel surface, which prevents the
galvanic corrosion and improves the corrosion resistance.

4. Conclusions

This study evaluated the reinforcement effect of MoS2 in organic coatings on 316L SS in 3.5% NaCl
solution. Firstly, SEM with EDS and XRD methods were performed to verify the MoS2 distribution on
the SS surface. Through the experiments, the following results were drawn:

• The SEM images of SunFO with MoS2 coating film showed the presence of a large number of
MoS2 flakes which averaged 1–3 μm evenly on the entire surface. The XRD results showed that
the crystalline nature and orientation of the MoS2 have strong and sharp peaks, which are the
(002) peak corresponding to the angle of 15◦.

• In the EIS results, the bare SS showed stable passive film generation during the test time. The SunFO
with the MoS2 coating on the SS surface showed the largest coating resistance and durability
throughout the immersion time compared to SunFO coating and bare specimen. This is because
the interaction with the aggregations of the SunFO lamellar structure and MoS2 in coating film
acted as a high order layer barrier to protect the metals against electrolytes.

Consequently, the incorporating MoS2 in organic coatings could considerably improve the
localized corrosion resistance of stainless steel in high chloride environment.
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Abstract: The oxidation and corrosion behavior at elevated temperatures of a SiCF/SiC(N) composite
with two plasma-sprayed environmental barrier coating (EBC) systems were studied. After both
processes, the formation of a silica-based thermally grown oxide (TGO) layer was observed.
The formation of this TGO caused two principal failure mechanisms of the EBC. Firstly, spallation
of the EBC induced by stresses from volume expansion and phase transformation to crystalline
SiO2 was observed. Water vapor corrosion of the TGO with gap formation in the top region of the
TGO was found to be a second failure mechanism. After a burner rig test of the Al2O3-YAG EBC
system, this corrosion process was observed at the TGO surface and in the volume of the Al2O3

bond coat. In the case of the second system, Si-Yb2Si2O7/SiC-Yb2SiO5, the formation of the TGO
could be delayed by introducing an additional intermediate layer based on Yb2Si2O7 filled with SiC
particles. The SiC particles in the intermediate layer were oxidized and served as getter to reduce the
permeation of oxidants (O2, H2O) into the material. In this way, the formation of the TGO and the
failure mechanisms caused by their formation and growth could be delayed.

Keywords: environmental barrier coatings; non-oxide ceramic matrix composites; oxidation; water
vapor corrosion; thermally grown oxide; damage mechanisms

1. Introduction

Silicon carbide fiber-based ceramic matrix composites (CMCs) offer a high potential for applications
as structural components in advanced gas turbines. In comparison to metallic super alloys, used in the
state of the art, the main advantages of these materials were found to be their low specific weight in
combination with a superior potential at elevated temperatures up to 1400 ◦C. Furthermore, among
ceramic materials, CMCs are characterized by a damage-tolerant fracture behavior, suggesting them as
promising candidates for gas turbine applications as well. During recent years, significant progress
has been achieved in material development and processing. However, there are still considerable
deficits at present, especially in the long-term behavior of the composites in hot gas atmosphere.
Corrosion processes were observed, caused by the high water vapor pressure in combination with
high temperatures and gas velocities. The resulting microstructural and mechanical degradation of the
composites and the damage mechanisms of these processes have been described in several studies [1–6].
Volatilization of the protective silica-based surface layer by the formation and evaporation of silicon
hydroxides (Si(OH)4) was found to be the main process leading to considerable material loss with
recession rates in the range of 1 μm/h (Equation (1)). Additional material degradation as a consequence
of oxidation processes inside the composite was observed.

SiO2 + 2H2O(g) = Si(OH)4(g). (1)
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Environmental barrier coatings (EBCs) have been the solution to prevent the surface corrosion
of the ceramic materials in gas turbine atmospheres [7,8]. During the last few years, different EBC
systems have been introduced [8–10]. As a consequence of the complex conditions during operation
at elevated temperatures in a hot gas atmosphere, multilayer coatings with special functions were
proposed. In this way, several features required to guarantee the long-term stability of the EBC system
in hot gas conditions could be realized.

Beside their stability against erosion, interaction with Ca-Mg-Al-silicates (CMAS), or foreign object
damage, the top layer of the system must primarily exhibit a superior water vapor corrosion stability.
During recent years, several oxide systems with superior corrosion stability have been suggested to
protect non-oxide ceramics or CMCs based on Si3N4 or SiC against water vapor corrosion [11,12].
Among these oxide systems, rare-earth (RE) silicates have been identified as promising EBC candidates
for top layer materials. While the RE-monosilicates are mostly stable in a hot gas environment, the
disilicates were found to be partially volatilized with the formation of silicon hydroxide and the more
stable monosilicate (Equation (2)) [8,12–17].

RE2Si2O7 + 2H2O(g) = RE2SiO5 + Si(OH)4(g) (2)

This corrosion process led consequently to the formation of a stable monosilicate layer, influencing
the corrosion behavior of the EBC system during long-term application.

Currently, a layer based on metallic silicon is used as a very effective bond coat in several
EBC systems [18,19]. With a melting point of about 1410 ◦C, silicon bond coats are limited in their
temperature potential. For use at lower temperatures, however, they are characterized by several
benefits. First, the coatings agree well with the coefficient of thermal expansion (CTE) of the non-oxide
CMC substrate material. The second point is the getter function of the silicon against the permeation
of oxidizing compounds (O2, H2O) and prevention of oxidation processes inside the CMC component.

Various multilayer EBC systems with Si bond coats and RE-top coats were demonstrated to
be quite effective in the protection of SiCF/SiC CMC [10,16,17,20,21]. However, during operation
at elevated temperatures in hot gas atmosphere, several processes led to degradation of the whole
system. A summary of possible failure modes was reported by Lee [19]. Processes like the formation of
stresses during thermal cycling, foreign objects, phase transformation, or sintering processes resulted
in cracking, delamination, and spallation of the EBC system. Additional chemical processes like
water vapor or CMAS corrosion limit the stability and functionality of the protecting system. During
long-term use, oxidation processes were found to be an additional critical factor for the stability of the
EBC. Diffusion of oxygen and, especially, the permeation of H2O through the different EBC layers are
responsible for the formation of a thermally grown oxide (TGO) layer of mainly silica at the upper
side of the Si bond coat. With growing thickness of the SiO2 TGO layer, crystallization and phase
transition processes (cristobalite) were observed, finally leading to stresses in the EBC system with the
consequence of cracking and spallation of the EBC [10,16,22].

In real conditions, the formation of the TGO layer cannot be avoided. There will always be
permeation of oxygen and water into the material, finally leading to oxidation processes inside.
However, there are strategies to minimize the rate of TGO layer formation and their following
influences. First, the transport of the oxidants (O2 and H2O) through the EBC system should be
considered. There is still a considerable lack of data about the permeation properties (diffusion
coefficient, oxidant solubility) of the various materials used in the EBC layer system. Furthermore, the
morphology of the different layers, like layer thickness, porosity, crystallinity, and grain boundary
structure, has to be studied regarding their influence on their permeation properties. Recently, an
example in this direction was introduced by Lee [19]. The TGO growth rate in an EBC system with the
Si bond coat and Yb2Si2O7 was found to be significantly reduced by modifying the Yb2Si2O7 layer with
various oxides (Al2O3, mullite, Y3Al5O12). As a conclusion of these results, he suggested a modification
of the SiO2 network structure of the TGO by incorporating Al3+- and Yb3+-ions, consequently leading
to lower permeation rates of oxidants (H2O) through the TGO layer.
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A defined control of the oxidation and corrosion processes itself was found to be a second strategy.
This can be performed by modification of the oxidation mechanism, e.g., defined reaction products
or the location where the oxidation takes place. An example for such a strategy was reported for
monolithic Si3N4 with SiC or MoSi2 additions [12,23]. During oxidation of these composites, a changed
oxidation mechanism with the formation of Si2ON2 in the top region of the bulk material was observed,
leading finally to less defect formation caused by the oxidation processes in the microstructure of the
material. The focus of this study was placed in a similar direction, namely, to avoid the formation of a
TGO as a reaction layer at, e.g., the silicon bond coat, by a defined reaction of the permeating oxidants
at other regions.

2. Materials and Methods

The base CMC material was fabricated by winding technology with polycrystalline SiC fibers,
Tyranno SA3 (UBE Industries, Tokyo, Japan). Prior to winding, the desized SiC tows were infiltrated
with an aqueous slurry composed of SiC powder, Sintec 15 (Saint Gobain, Courbevoie, France), and
20 vol.% sintering additives with Al2O3, AKP 50 (Sumitomo Chemical, Tokyo, Japan); Y2O3, Grade
C (H.C. Stark, Goslar, Germany); and SiO2, Aerosil Ox 50 (Evonic Industries, Essen, Germany). The
wound cylinder (85◦ winding angle) was cut and pressed, opening into a flat sheet. Matrix formation
was performed in five steps of precursor infiltration and pyrolysis (PIP) with commercially available
polysilazane Si-C-N precursor, HTT 1800 (Clariant Advanced Materials GmbH, Muttenz, Switzerland).
Afterward, the composite was sintered at 1400 ◦C in nitrogen atmosphere. Finally, a SiCF/SiC(N)
composite with a fiber volume content between 40% and 50% and an open porosity of about 10% was
obtained. Further details about the CMC fabrication are described in [24]. Bars with dimensions of
3 × 10 × 36 mm3 were used as test samples.

The first EBC system was a bond coat from Al2O3 with a top coat of yttrium aluminum garnet
(Y3Al5O12, YAG). Both layers were fabricated by atmospheric plasma spraying. The second system
was a three-layer coating system with a Si bond coat, an intermediate layer consisting of a mixture
of Yb2Si2O7/SiC and Yb2SiO5 as the top coat. While the Si bond coat was fabricated by atmospheric
plasma spraying (APS), the two rare-earth-containing layers were fabricated by suspension plasma
spraying (SPPS). An overview of the coatings fabricated is given in Table 1:

Table 1. Average coating thickness of the layers in the two EBC systems.

Thickness/μm Fabrication

Al2O3-YAG

Al2O3 50 to 70 APS
YAG 80 to 120 APS

Si-Yb2Si2O7/SiC-Yb2SiO5

Si 30 to 50 APS
Yb2Si2O7/SiC 100 to 150 SPPS

Yb2SiO5 100 to 150 SPPS

Both EBC systems were tested regarding their oxidation resistance at 1200 ◦C for 100 h in furnace air.
Additionally, hot gas corrosion tests were conducted in a high-temperature burner rig at atmospheric
pressure [11]. The coated test samples were blown directly by the hot gas in a reactor tube of solid-state
sintered SiC with an inner diameter of 30 mm. The hot gas was composed of the combustion products
of natural gas in air and additional water vapor. The conditions of the corrosion tests are summarized
in Table 2. Further details regarding the burner rig test are described in [11].
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Table 2. Burner rig test performed.

Temperature/◦C Flow Speed/m/s Water Vapor Pressure/bar Testing Time/h

1200 100 0.2 100

After both tests, the microstructure of the samples was characterized by means of polished
cross-sections with field-emission scanning electron microscopy (Ultra 55, Zeiss, Oberkochen, Germany).
Information about the composition of the different layers after oxidation and corrosion was obtained
by using energy-dispersive X-ray spectroscopy (EDX; ISIS Si (Li) detector).

3. Results

A summary of the weight changes of the two coating systems in comparison to the base CMC
substrate without coating observed during oxidation and the burner rig test is summarized in Table 3.
A weight gain was observed for all materials investigated after both tests.

Table 3. Weight change after oxidation and burner rig test, 1200 ◦C, 100 h. Comparison of EBC-coated
systems with base ceramic matrix composites (CMC) material without EBC coating.

Material/EBC
Oxidation Burner Rig Test

m/g m/m/g/g m/g m/m/g/g

CMC 0.027 0.009 0.094 0.046
Al2O3-YAG 0.048 0.016 0.19 0.064

Si-Yb2Si2O7/SiC-Yb2SiO5 0.009 0.003 0.045 0.016

The values are the average of the three samples each. In connection with the interpretation of
these results, some inaccuracies as a consequence of inhomogeneous EBC layers (thickness, pores,
or cracks) should be considered. Furthermore, during the burner rig test, both processes, weight
gain and weight loss, were observed. These results cannot be correlated directly with the TGO scale
thickness obtained after the tests; however, some general tendencies can be followed as described in
the microstructural discussion of the material investigated.

The main results were obtained by comparison of the microstructure of the CMC with different
EBCs after oxidation and hot gas corrosion tests both at 1200 ◦C and 100 h. After oxidation, a weight
gain was observed. During the test, oxygen diffused through the EBC layer and finally reacted at the
first non-oxide surface in the system (base SiCF-SiC(N) composite or Si bond coat). Usually, a TGO
layer was formed. In the case of the hot gas corrosion test, a second reaction has to be considered
as well. Water vapor penetrated through the EBC layer, reacted with the SiO2 of the TGO layer, and
formed volatile Si(OH)4. As a consequence of the high gas speed, the equilibrium of the corrosion
reaction in Equation (1) was strongly shifted to the formation of Si(OH)4. In this way, the water vapor
corrosion of the TGO became more dominant, resulting in material loss and a gap formation between
the silica TGO and the EBC top layer.

This behavior is described in Figure 1 showing the comparison of polished cross-sections of the
microstructure after oxidation and corrosion of a model EBC system consisting of a Si bond coat and an
Yb2SiO5 top coat. While a TGO was formed (A) after oxidation, corrosion processes with the formation
of gaps at the Yb2SiO5-Si interface (B) were observed.
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Figure 1. Polished cross-section of TGO in Si-Y2SiO5 EBC system after (A) 100 h oxidation at 1200 ◦C
in air and (B) 100 h hot gas corrosion at 1200 ◦C.

3.1. CMC Substrate Material

The results of the high-temperature tests of the base CMC without EBC were characterized by
investigation of the microstructure of the surface region. After both tests, oxidation and the burner rig,
a weight gain was observed. During oxidation, a protective layer of mainly SiO2 was formed at the
surface of the material, limiting the diffusion of oxygen into the material (Figure 2A). This behavior
was comparable to dense monolithic SiC. Both oxidation (weight gain) and corrosion (weight loss)
were observed during the burner rig test. Caused by the water vapor corrosion of the protecting SiO2

surface layer, oxygen and water vapor were able to diffuse deeper into the material and oxidized the
matrix and the fibers too (Figure 2B). As a consequence of these oxidation processes inside of the
material, a higher weight gain was found after the burner rig test.

 

Figure 2. Microstructure of polished cross-sections of the base CMC after thermal treatment. (A) 100 h
oxidation at 1200 ◦C; (B) 100 h burner rig test at 1200 ◦C.

3.2. Al2O3–YAG EBC Coating System

In the case of the material coated with Al2O3-YAG, a weight gain was observed after both tests.
The values were found to be higher in comparison to the base CMC. Two effects are assumed to be
the reason; first, a low protective ability caused by the inhomogeneity of the double layer with a high
amount of cracks and porosity, and second, the TGO as the rate controlling factor for oxidation based
on an alumosilicate glass with a significantly higher diffusion ability in comparison to the surface
oxidation layer formed during oxidation of the base CMC [25].

The microstructure of the Al2O3-YAG EBC coating on the SiCF-SiC(N) composite in the coated
condition is illustrated in Figure 3.
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Figure 3. Microstructure of EBC consisting of Al2O3 bond coat and YAG top coat.

In principle, both processes, as described above, were observed after oxidation and the hot gas
test. A comparison of polished cross-sections with the Al2O3/YAG coating is shown in Figure 4 after
oxidation in air (A) and the burner rig test (B) at 1200 ◦C and 100 h.

 
Figure 4. Comparison of microstructure in polished cross-sections of SiCF/SiC(N) composite coated
with Al2O3-YAG. (A) TGO formation and Al2O3-SiO2 glass in and under the alumina layer after 100 h
oxidation at 1200 ◦C. (B) Corrosion of TGO and grain boundary in the volume of Al2O3 layer after
burner rig test 100 h and 1200 ◦C.

During the oxidation test, oxygen diffused through the YAG/Al2O3 layer and oxidized the SiC
fibers and SiC(N)-matrix to SiO2. Consequently, a TGO layer at the interface of the CMC base material
and the Al2O3 bond coat was formed. Furthermore, a part of the oxidation product was found in
the grain boundaries and triple junctions of the Al2O3 bond coat. The composition of the oxidation
products in both the TGO and Al2O3 layer was a glassy alumosilicate (Figure 4A).

As described above, corrosion processes were observed additionally after the burner rig test
(Figure 4B). The alumosilicate glass in both the TGO and the grain boundaries and triple junctions
were found to be corroded, forming small pores and voids in the Al2O3 bond coat and gaps between
the top of the TGO and the bond coat. With increasing time, both corrosion processes will damage the
EBC system. Especially, the corrosion of the TGO will form large defects, finally leading to failure of
the EBC. The smaller pores and voids in the alumina bond coat, however, are much more stable from a
mechanical point of view.

Notwithstanding other damage mechanisms, this behavior opens an idea to the enhance
high-temperature stability of the EBC in principle. By the shifting of the oxidation processes from the
interface of the TGO into the volume of the bond coat, it should be possible to decelerate the TGO
formation. Furthermore, the damage mechanism in the TGO (crystallization processes and corrosion)
could be avoided, and only smaller corrosion defects in the bond coat should be observed.
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3.3. Si–Yb2Si2O7/SiC–Yb2SiO5 EBC Coating System

This mechanism described above was considered in the design of a three-layer coating system
investigated next with a silicon bond coat, an intermediate layer consisting of Yb2Si2O7 with SiC
particles, and Yb2SiO5 as the top coat featured by a superior hot gas stability. The microstructure
of this EBC is demonstrated in Figure 5. Few microcracks were observed in the Yb2SiO5 top layer,
probably as a consequence of the CTE mismatch between the top and intermediate layer (CTE Yb2Si2O7

4.2 × 10−6 K−1; CTE Yb2SiO5 6.8 × 10−6 K−1).

 
Figure 5. Polished cross-section of EBC layer system with Si bond coat, Yb2Si2O7/SiC, and
Yb2SiO5 layer fabricated by atmospheric plasma spaying (Si) and suspension plasma spraying
(Yb2Si2O7/SiC, Yb2SiO5).

In comparison to the other materials investigated, only a small weight gain was measured after
both tests at elevated temperatures. This should be caused by a protecting function, especially of
the Yb2Si2O7/SiC layer. Oxygen diffusion through the EBC layers and the oxidation reaction in the
Yb2Si2O7/SiC layer were found to be the main processes observed after the oxidation test. The SiC
particles in the intermediate layer were oxidized, consequently leading to the formation of a SiO2 scale
on the SiC particles. The diffusion of oxygen through this SiO2-based layer controlled the oxidation
process of the whole system during the testing time performed. A typical example for the mechanism
is demonstrated in Figure 6A, presenting a polished cross-section at the interface of the Yb2SiO5 top
coat and the Yb2Si2O7/SiC intermediate layer.

 
Figure 6. Polished cross-section of Si–Yb2Si2O7/SiC–Yb2SiO5 EBC coating system. SiC particle in
Yb2Si2O7 layer at interfaces (A) Yb2SiO5–Yb2Si2O7/SiC and (B) Yb2Si2O7/SiC–Si after oxidation for
100 h and 1200 ◦C.

The SiC particles in this layer operated as a getter for the diffusion of oxygen, preventing
further oxygen at diffusing deeper into the material. This effect is illustrated in Figure 6B with the
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microstructure at the interface between the Si bond coat and the Yb2Si2O7/SiC intermediate layer.
As the diffusion of oxygen reacted with SiC particles in the upper region of this layer, no oxidation
processes were observed in this area. The SiC grains did not show an oxidation layer. Furthermore, the
formation of a TGO was not observed. Similar results on the graded oxidation of SiC-particles have
been reported in context of the mechanical self-healing ability of Yb2Si2O7/SiC composites [26,27].

In Figure 7, the microstructure of this EBC system is shown after the 100 h hot gas corrosion test at
1200 ◦C. Although some additional cracks formed, the EBC coating is still intact, protecting the CMC
from the direct hot gas corrosion attack (Figure 7A).

 

Figure 7. Polished cross-section of SiCF/SiC(N) composite with three-layer EBC
(Si–Yb2Si2O2/SiC–Yb2SiO5) after 100 h hot gas test (A) at 1200 ◦C, overview; (B) at the interface to the
Yb2SiO5 top coat and the Yb2Si2O7/SiC interlayer, and (C) at the interface between the Yb2Si2O7/SiC
interlayer and the Si bond coat; energy-dispersive X-ray spectroscopy (EDX) analysis of different phases
in the microstructure, analysis locations demonstrated in (D).

In comparison to the oxidation test, stronger oxidation processes were observed in the Yb2Si2O7/SiC
layer after the test in hot gas conditions. A higher amount of oxidants reached and oxidized the SiC
particles in the intermediate layer of the EBC coating system as a consequence of additional water vapor
permeation. In agreement to the literature [28,29], water vapor was found to be the dominant oxidant
caused by the significantly higher solubility of H2O in SiO2. A second reasonable possibility is the
formation of interconnected open splat boundaries in the Yb-silicate layer [26]. Further investigation
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has to be performed in this field. The SiC particles were found to be oxidized to SiO2 up to the bottom
of the Yb2Si2O7/SiC layer. As a part of the oxidant reached the Si-bond coat the TGO layer started
to grow (Figure 7C). Results of EDX analysis of microstructural details of this part are presented
in Figure 7.

Additional processes were observed in the top region of the Yb2Si2O7/SiC layer. Some of the SiO2

areas formed by the oxidation of the SiC particles were found to be corroded by water vapor, finally
leading to the formation of pores in the top region of the intermediate layer (Figure 7B).

4. Discussion

As already mentioned above, the penetration of oxidants into the EBC system and the following
formation of a TGO cannot be prevented completely. However, with purposeful design of the EBC
layer system, the transport processes and the following oxidation processes can be influenced. The first
possibility should be the reduction of the transport processes for O2 and H2O. Coatings with a lower
oxygen diffusion coefficient and water vapor solubility are reasonable trends for material development.

In the present study, the following oxidation and corrosion processes were modified. With the
introduction of oxidable particles into an intermediate layer, it was possible to shift the oxidation
processes from the interface between the Si bond coat and the Yb-silicate top coat to a volume in
the intermediate layer. The processes occurring during oxidation and corrosion are schematically
described in Figure 8.

 
Figure 8. Schematic diagram of the oxidation and corrosion mechanism of SiCF/SiC(N) composite with
three-layer EBC system.

Independent of the thermal treatment, oxidation, or hot gas corrosion, the transport of oxidants
and the following oxidation processes in the EBC system were found to be the first processes in the
system. The penetrated O2 and H2O reacted with the SiC, resulting in the formation of a SiO2-based
shell surrounding the SiC particles. In this way, the SiC particles served as a getter for the further
transport of oxidants into deeper regions of the whole system. As the oxidants could not reach the Si
bond coat, the formation of the TGO was prevented. In a hot gas atmosphere with increased water
vapor pressure and high gas velocity, corrosion processes were observed. The water vapor penetrated
this region and reacted with the SiO2 at the surface of the SiC particles and formed Si(OH)4. A Si(OH)4

gradient developed as a consequence of the high hot gas velocity outside, which was a driving force of
the outward transport and evaporation of the Si(OH)4. Small pores were found to be the result of the
corrosion process.

The beneficial gettering function of the SiC particulate will be a temporary effect only. After
longer oxidation time or at higher temperatures, the SiC particles will be consumed and oxygen will
reach the silicon bond coat to form the TGO. However, with the incorporation of the SiC particles, to
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be oxidized during operation in hot gas atmosphere, the EBC system could be temporary stabilized.
With the delayed formation of the TGO, their resulting damage mechanisms, cracking as a result of
stresses by crystallization and phase transition processes and the gap formation caused by corrosion
material loss, started at later application times. A very beneficial effect in terms of long-term stability
and lifetime can only be achieved by simultaneous improvement of the oxygen and H2O permeation
behavior of the whole EBC layer system. The lower the transport of the oxidants into the material, the
longer the gettering function of the SiC particles can be used. Further studies have to be performed to
optimize the EBC system regarding composition and microstructure with special focus on the transport
mechanisms during service in hot gas environments.
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Abstract: The resistance to cavitation erosion and sliding wear of stainless steel grade AISI 304
can be improved by using physical vapor deposited (PVD) coatings. The aim of this study was
to investigate the cavitation erosion and sliding wear mechanisms of magnetron-sputtered AlTiN
and TiAlN films deposited with different contents of chemical elements onto a stainless steel SS304
substrate. The surface morphology and structure of samples were examined by optical profilometry,
light optical microscopy (LOM) and scanning electron microscopy (SEM-EDS). Mechanical properties
(hardness, elastic modulus) were tested using a nanoindentation tester. Adhesion of the deposited
coatings was determined by the scratch test and Rockwell adhesion tests. Cavitation erosion tests
were performed according to ASTM G32 (vibratory apparatus) in compliance with the stationary
specimen procedure. Sliding wear tests were conducted with the use of a nano-tribo tester, i.e.,
ball-on-disc apparatus. Results demonstrate that the cavitation erosion mechanism of the TiAlN
and AlTiN coatings rely on embrittlement, which can be attributed to fatigue processes causing film
rupture and internal decohesion in flake spallation, and thus leading to coating detachment and
substrate exposition. At moderate loads, the sliding wear of thin films takes the form of grooving,
micro-scratching, micro-ploughing and smearing of the columnar grain top hills. Compared to the SS
reference sample, the PVD films exhibit superior resistance to sliding wear and cavitation erosion.

Keywords: cavitation erosion; sliding wear; thin film; AlTiN; TiAlN; mechanical properties; stainless
steel; magnetron sputtering; wear mechanism

1. Introduction

Stainless steel grade AISI 304 (SS) is one of the most widely used modern structural materials due
to its high corrosion resistance, satisfactory mechanical properties, sufficient weldability and good
formidability [1–6]. However, its sliding wear and cavitation erosion resistance (CER) is limited. The
wear resistance of SS can be improved by depositing different systems of hard coatings, such as TiN,
CrN, TiAlN, AlTiN or AlCrN, or even by depositing stainless steel coatings enriched with silver [3,7–10].
Modern types of TiAlN or AlTiN hard films are widely used for manufacturing machining tools or
machine components to reduce their tribochemical and adhesive wear, or to make them resistant to
severe thermal conditions. In other words, the use of AlTiN and TiAlN coatings (with different ratios
of Al/(Ti + Al)) can be an effective way of increasing the wear resistance of stainless steel components
exposed to severe wear processes [9–15]. Moreover, universal ternary coating systems such as TiAlN
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or AlTiN can not only improve the tribological properties of a substrate, but can also be used to create a
protective layer on steel components subjected to cavitation erosion, and thus enhance their cavitation
erosion resistance.

A survey of the literature on the cavitation erosion (CE) of binary coating systems demonstrates
that hard thin films such as TiN, CrN have a higher CER than the SS304 substrate [7,16]. In turn,
ternary film systems usually exhibit superior mechanical properties to binary coating systems. Also, it
is stated in the literature [7,17] that, besides film properties, mechanical properties of the substrate
are crucial for CER and physical vapor deposited (PVD) coatings too. In addition, there are studies
investigating the CE of aluminum alloy coated with a thin TiAlN film [17]. However, there are no
studies on the cavitation erosion mechanism of TiAlN or AlTiN in relation to the properties of the
SS304 substrate. Also, there is a limited number of studies comparing the properties of TiAlN or AlTiN
coatings in relation to their cavitation erosion resistance and investigating their CE wear mechanisms.
Additionally, it is worth investigating the cavitation wear resistance of TiAlN and AlTiN in order to
determine whether the chemical composition differences (i.e., Al/(Ti + Al) ratio) have any effect on
their CER.

The nanoindentation results (i.e., hardness and elastic modulus) reported in the literature primarily
concern samples before cavitation testing [7,17]. In this work, the relationship between the evolution
of mechanical properties of a coating and CE testing is investigated to estimate the cavitation erosion
wear mechanism of the magnetron-sputtered films. This is a quite novel approach to film cavitation
erosion evaluation.

TiAlN and AlTiN films can easily be applied on various substrates, and are widely used in machine
building for preventing from tribological wear. These coatings are known to operate well under high
load conditions [9–14]. However, their sliding wear mechanism under moderate load conditions has
not been sufficiently reported in the literature.

The aim of this work is to investigate the cavitation erosion and sliding wear under moderate load
of magnetron-sputtered AlTiN and TiAlN coatings deposited on a stainless steel substrate. The paper
is an introduction to the CER testing of films deposited on various metal alloy substrates and attempt
at quantitative determination of their CER. It is proposed that thin films such as TiAlN or AlTiN be
applied in fluid machinery, precise mechanics and engine manufacturing as a method for preventing
cavitation wear.

2. Materials and Methods

AlTiN and TiAlN films were deposited with different contents of chemical elements on a stainless
steel substrate (grade AISI 304) by using DC magnetron sputtering to obtain approx. 3 μm thick
layers. The substrate roughness was lower than Sa = 0.2 μm. After deposition, several properties
were identified. Thickness of the coatings was examined with a Calotester (surface testing), and
metallographic examination on the sample sections was performed by light optical microscopy (LOM,
Nikon MA200, Nikon Corporation) (Tokyo, Japan), Scanning electron microscopy (SEM, Quanta,
Thermo Fisher Scientific—FEI, and Phenom World ProX, BSE, topographic modes and EDS, Phenom
World) (Waltham, MA, USA) and an optical profiler (ContourGT-X 3D Optical Profiler, Bruker
Corporation, Billerica, MA, USA) were employed to examine structure, surface morphology, chemical
composition and roughness of the coatings. The deposited nitride films and mechanical properties of
the substrate were tested on the top sample surfaces using an Ultra Nanoindentation Tester (Anton
Paar GmbH, Ostfildern, Germany), in compliance with the procedures described in [18]. Hardness
H and elastic modulus E were calculated from the indentation load-displacement data by the Oliver
Pharr method [19,20]. In accordance with the literature of the subject [14,21–23], the indentation depth
was maintained below 10% of the coating thickness. It should be noted that, out of approx. Out of
80 indentations made, only approx. 80%–90% of the results were considered to estimate mechanical
properties of the films. Adhesion of the deposited coatings was determined by scratch testing and
Rockwell adhesion tests. The scratch tests were performed on a Micro Combi Tester (Anton Paar
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GmbH, Ostfildern, Germany) [24] while the Rockwell adhesion tests [15,25] were conducted according
to the VDI 3198 procedure.

Cavitation erosion and sliding wear tests were conducted on bare stainless steel grade SS304
(SS) and SS samples coated with PVD films. Cavitation erosion tests were performed according to
ASTM G32 [26] (vibratory apparatus), in compliance with the stationary specimen procedure. The test
procedure was described in previous work [27], while a schematic design of the apparatus is shown in
Figure 1. The specimen is mounted in the holder and submerged in distilled water. Horn tip vibrations
generate a cavitation field that causes erosion of the specimen surface (Figure 1). In the present study, a
sonotrode tip with a 15.9 mm diameter was used. Damaged samples were examined by weighing with
a 0.1 mg accuracy balance. Worn surface roughness was measured with an optical profilometer and
examined by the SEM-EDS method and optical microscopy (OM, stereoscope microscope Nikon SMZ
1500) (Tokyo, Japan). The cavitation-worn area was measured with the ImagePro computer image
analysis software (Media Cybernetics, Inc., Rockville, MD, USA) and captured as OM images [28].
During 4.5 h of cavitation, normalized cavitation erosion resistance was calculated by dividing the
estimated indicators of SS304 by estimated indicators of the AlTiN and TiAlN films, based on the
results of sample weighing (mass loss), computer image analysis of worn surfaces (% of the damaged
area) and surface roughness (roughness parameter Sa). Additionally, a new concept for describing
the CE effect on the deposited films was proposed, i.e., nanoindentation measurement of the H and E
parameters of the sample surface before and after cavitation erosion testing. In this way, the observed
changes in the film properties could be used for CER mechanism description.

To simulate moderate friction conditions describing mostly limited sliding loads in fluid machinery,
the nano-tribo tests were performed with the use of the NTR2 nano-tribometer from Anton Paar
GmbH [29,30]. A WC ball with a 0.5 mm diameter was used as the counterpart. A load of 0.8 N,
a sliding distance of 90 m and a sliding radius of 5 mm were applied to the ball. As a result, the
friction coefficient μ of individual samples could be determined. Next, the wear trace of individual
samples was measured using the Taylor Hobson Form Talysurf Intra profile measurement gauge. The
measurements provided profilograms enabling determination of the wear factor K, see [31]. In addition,
obtained wear traces were analyzed with SEM to identify the mechanism of wear.

Figure 1. Design of a vibratory apparatus for cavitation tests.

3. Results and Discussion

3.1. Description of Film Properties in Relation to Stainless Steel Substrate

The wear resistance of thin films should be discussed in relation to the structure and properties
of the film and substrate alike. In the present work, the thickness of the magnetron-sputtered films
measured with a Calotester agrees with the findings of cross-section metallographic examination,
amounting to ≈2.7 μm for TiAlN and ≈3.8 μm for AlTiN. The coatings show a dense compact structure
(Figure 2) characterized by columnar growth which according to Kalss [32]—is typical of the sputtering
technique. The coatings’ roughness measured with a profilometer was lower than 0.2 μm, which
corresponds to surface preparation of the stainless steel substrate.

73



Coatings 2019, 9, 340

This preliminary study investigates the influence of differences in the chemical composition of
AlTiN and TiAlN films on the films wear behavior. Chemical compositions of the films are compared
in Table 1, showing that the AlTiN film contains more aluminum and nitrogen than the TiAlN film.
Both the Al content and Al/(Ti + Al) ratio play an important role in increasing film mechanical
properties [9,14]. Therefore, the higher average film-to-SS substrate adhesion of AlTiN (Table 2) can be
explained by a higher Al content. It can be claimed that the differences in the chemical composition
of AlTiN and TiAlN affect the mechanical properties of these films, as well as the substrate–to-film
performance and, finally, functional properties such as wear resistance.

Moreover, a statistical analysis of the Lc2 values and scratch trace (Figures 3 and 4) reveals a
satisfactory degree of adhesion for both films. In Figure 3 conformal cracking, cohesive failure and
microcracks are visible, while from Figure 4 it can be concluded that the main adhesive failure modes
are cohesive failure, spallation and tensile micro-cracking followed by chipping failure of the AlTiN
and TiAlN films, which agrees with the results reported for films deposited on SS substrate [12].
Additionally, Figure 4 shows finer cracking of the TiAlN film than the AlTiN, which may result from
variations in the coating’s elasticity modulus, film adhesion and cohesion.

(a) (b)

AlTiNTiAlN

Figure 2. Surface of the PVD coatings: (a) TiAlN; (b) AlTiN, SEM.

Table 1. Results of SEM-EDS surface chemical composition spot analysis.

Film Spot
Chemical Element

Ti (wt%) Al (wt%) N (wt%) Ti (at%) Al (at%) N (at%) Al/(Ti + Al)

TiAlN

1 52.93 30.63 16.43 32.39 33.25 34.36 0.507
2 52.27 30.07 17.67 31.49 32.14 36.38 0.505
3 50.20 31.10 18.70 29.66 32.59 37.75 0.524

Average 51.80 30.60 17.60 31.16 32.66 36.18 0.512

AlTiN

1 41.93 35.63 22.43 23.06 34.77 42.17 0.601
2 43.30 35.10 21.60 24.14 34.71 41.15 0.590
3 44.97 35.47 19.57 25.73 36.00 38.27 0.583

Average 43.40 35.40 21.20 24.29 35.15 40.55 0.591

Table 2. Film critical loads estimated by scratch test (Figure 3): Lc1—first symptoms of cohesive failure
(angular or parallel cracking), Lc2— beginning of adhesive failure (buckling, chipping, spalling, etc.),
Lc3—total failure of the coating or massive exposure of the substrate (mean ± SD).

Film Lc1 [N] Lc2 [N] Lc3 [N]

TiAlN 0.91 ± 0.54 7.23 ± 1.19 15.38 ± 3.43
AlTiN 0.91 ± 0.61 8.87 ± 2.40 18.93 ± 4.76
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(a) (b)

TiAlN AlTiN

Figure 3. Scratch traces: (a) TiAlN; (b) AlTiN and enlarged characteristic areas of Lc1, Lc2 and Lc3.
(total scratch trace 3 mm), scratch direction marked by an arrow.
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(a) (b)

TiAlN AlTiN

Figure 4. Comparison of the films at the end of the scratch trace, scratch direction marked by an arrow.
(a) TiAlN; (b) AlTiN, magnif. 1500×, SEM.

In Figure 5, it is clearly visible that the AlTiN and TiAlN coatings have comparable elastic modulus
and hardness, in the range of standard deviation. The H and E values are within the result range
reported in the literature [9,15,18,24]. Nevertheless, AlTiN exhibits higher H/E and H3/E2 ratios than
TiAlN, which can be attributed to its higher Al content. Furthermore, the E and H of both films exceed
those estimated for the SS substrate.

(a) (b)

Figure 5. Elastic modulus and hardness of coated and bare SS304 samples. (a) elastic modulus;
(b) hardness.

3.2. Cavitaiton Erosion Resitance (CER)

Quantitative results of the reference stainless steel (SS304) and the magnetron-sputtered AlTiN and
TiAlN films deposited on the SS304 substrate are given in Figure 6, whereas a qualitative description of
the erosion mechanism is discussed on the basis of Figures 7 and 8 Finally, Figure 9 and Table 3 present
the effects of CE on the nanoindentation results, which is an original approach to CER evaluation.

The tested films exhibit higher CERs than the reference SS. The results indicate that the highest
CER is achieved by the AlTiN coating, see Figure 6. These results strongly depend on the coating
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thickness, its mechanical properties and adhesion to the substrate. TiAlN has lower values of thickness,
hardness and Lc2. Therefore, it can be deduced that these factors affect quantitative CE results. Also,
the H/E and H3/E2 coefficients increase and in turn, correlate well with the CER of the TiAlN and
AlTiN coatings, which is a new approach to CER evaluation in ternary coating systems. It should
be mentioned that a fairly good correlation between the above properties and CER in binary coating
systems, i.e., TiN or CrN films, was also shown in the works of Krella [7,33], yet ternary element
coatings have not been investigated previously.

Figure 6. Cavitation erosion resistance (CER) calculated in reference to SS304 based on mass loss (mg),
worn area percentage (%) and roughness parameter Sa (μm), 4.5 h of cavitation test.

3.2.1. Mechanism of Cavitation Erosion Damage

A survey of the literature reveals that there are few studies that compare the properties of TiAlN or
AlTiN coatings in relation to their CER, and investigate the CE wear mechanism of magnetron-sputtered
films with reference to an SS substrate. Figure 7a shows a macroscopic view of surface pitting and
Figure 7b compares the surface morphology of TiAlN, AlTiN and SS304 surfaces worn by cavitation
erosion. The SEM photographs in Figure 8 provide details into cavitation erosion of the tested materials.

In general, the comparison of the worn surfaces agrees with the quantitative data presented in
Figure 6. As a result of cavitation, the sample surfaces are randomly degraded due to the impact
of micro-jets or shock pressure waves [28,34,35]. The TiAlN coating is severely more damaged and
shows the presence of more pits in its structure than the AlTiN film (Figure 7a). In addition, the
observed surface non-uniformities such as “scratches”, resulting from substrate preparation, act as
surface notches accelerating substrate-perpendicular cracking of the film and its rupture. Nevertheless,
both films are less eroded than the reference sample. The roughness parameter Sa estimated for the
damaged surfaces of TiAlN, AlTiN and SS304 is 1.5 μm, 1.4 μm and 2.3 μm, respectively (Figure 7b).

Measurable film mass losses were obtained after 4.5 h of testing. Thus, the incubation period of CE
is approximately three times longer in the case of the hard films than that observed for the bare SS304
samples. This seems promising for increasing the operation time of real stainless steel components
coated with magnetron-sputtered TiAlN or AlTiN films.

Generally, the CE mechanism of both AlTiN and AlTiN coatings is brittle by nature and depends
on fatigue processes causing coating rupture and flake spallation (Figure 8). However, the deposited
TiAlN and AlTiN coatings are much tougher (Figure 5) and brittle than the metal alloy substrate.
The fatigue-dependent nature of the CE process causes steel substrate deformation, decreased film
adhesion. Films cannot follow substrate deformation. The coating is first spalled and detached in
random areas, which is followed by fatigue-induced decohesion of the film, see Figure 8. Once the
coating is detached, the density of cavitation pits in the bare surface increases, and the film-deprived
areas allow the erosion process to continue into the SS substrate. This CE degradation mechanism
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observed for TiAlN and AlTiN is in agreement with the findings reported by Krella [7,16] for TiN films
(deposited by the cathodic arc technique).

TiAlN 

 

(a) (b) 

AlTiN 

SS304 

Figure 7. Macroscopic view of cavitation erosion-worn surface, stereoscopic microscope (a) and
roughness profile of tested surfaces (b), after 4.5 h of cavitation testing.

The comparison between the cavitation-worn TiAlN and AlTiN films in pit areas, Figure 8, reveals
that the degree of fragmentation is higher in TiAlN than AlTiN. This means that the removal of the
fragmented TiAlN coating material is easier, which accelerates its mass loss. In both investigated
films, the observed cracks usually propagate along the columnar grain packing, and the dominant CE
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mechanism is layer flake spallation of the film material. The above are novel findings in the field of CE
mechanisms of magnetron-sputtered TiAlN and AlTiN films.

The erosion of the reference stainless steel sample surface is more extensive than that of the
coatings, Figure 8. In contrast to the sputtered films, the SS304 surface shows developed damage
combining deformation and uniform surface erosion, which is comparable with the results reported in
the literature [34–36].

(a) (b) (c)

AlTiNTiAlN SS304

Figure 8. Comparison of cavitation-eroded thin films and stainless steel, after 4.5 h of testing: column
(a) TiAlN; (b) AlTiN; (c) SS304; SEM, 1000×, 3000× and 5000×.

3.2.2. Effect of Cavitation Erosion on Nanoindentation Results

Nanoindentation measurements are a promising method of both CE wear mode identification and
CER evaluation. Figure 9 and Table 3 give the results of nanoindentation measurements made before
and after cavitation tests, which is a new approach to cavitation erosion testing of thin films. In contrast
to the reference SS304 sample, AlTiN and TiAlN show a decrease in the hardness H and the elastic
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modulus E after the cavitation erosion tests (Table 3). This finding is in agreement with the results
obtained for the SS304 sample, in which one of the first CE effects is usually an increase in surface
hardness resulting from work hardening and/or cavitation load-induced phase transformation [34–37].
In the case of the films, however, there occurs fatigue-induced film decohesion occurs followed by the
loss of film-substrate adhesion due to cavitation.

A promising method for the ternary films CER identification is to analyze mechanical properties,
especially the E/H and H3/E2 ratios estimated before cavitation (Table 3). According to the
literature [38–42], the susceptibility of a material to elastic strain to failure is expressed by the
H/E quotient as well as its resistance to plastic deformation defined by the H3/E2 ratio. Higher H/E
and H3/E2 ratios mean that the films exhibit highly elastic behavior and high resistance to plastic
deformation [38–41]. The high value of the H3/E2 coefficient is primarily attributed to fracture toughness
of thin films. The AlTiN film has a higher H3/E2 ratio than the TiAlN film. In other words, the AlTiN
coatings are considered to be more resistant than TiAlN, and hence much more resistant to cavitation
erosion. This observation is in accordance with the normalized CER results, Figure 6.

Figure 9. Loading-unloading nanoindentation curves estimated on the films and reference SS304
surface, before and after (marked as “cav”) cavitation erosion tests.

Table 3. Results of hardness (H) and elastic modulus (E) measured on the surface of samples before
and after (marked as “cav”) cavitation tests.

Parameter
Before Cavitation Test After Cavitation Test

SS304 TiAlN AlTiN SS304_cav TiAlN_cav AlTiN_cav

H [GPa] 6.2 ± 1.0 31.0 ± 4.9 35.8 ± 6.6 6.7 ± 0.3 30.0 ± 6.6 25.4 ± 5.0
E [GPa] 212.4 ± 22.7 564.1 ± 100.9 523.3 ± 77.9 232.8 ± 10.2 452.1 ± 76.9 365.4 ± 57.7

H/E 0.029 0.059 0.068 0.029 0.066 0.070
H3/E2 4.012 × 10−6 6.067 × 10−6 8.944 × 10−6 3.558 × 10−6 9.740 × 10−6 1.322 × 10−5

3.3. Sliding Wear Behaviour (Ball-on-disc Test)

The ball-on-disc test employed in this study simulates real-life performance under low friction
conditions. Quantitative results of the sliding wear test are given in Table 4 and Figure 10. The study
has shown that both films present superior sliding wear results (the parameters K and μ, see Table 4) to
the reference stainless steel sample. In general, in most engineering applications, the higher the H/E
and H3/E2 coefficients are, the higher the wear resistance of the coating should be [18,42,43]. However,
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in this study, the differences were also noted between the H/E and H3/E2 coefficients of the films,
although the resistance to sliding wear of AlTiN and TiAlN is similar (in the SD range, see Table 4).
This observation can be explained by low load conditions of the hard films, which affects the relatively
shallow wear trace plotted for both coatings, see Figure 10, resulting in a high measuring error of wear.

Furthermore, a qualitative analysis indicates that the SS304 sample undergoes severe sliding
wear (see Figures 10a and 11) in comparison to the samples with the deposited TiAlN (Figure 12) and
AlTiN (Figure 13). The stainless steel sample shows the presence of adhesive sliding wear and plastic
deformation, ploughing with smearing, wear debris oxidation and grooving. Also, due to repeated
upsetting and deformation of the material, flake shape delamination with debris transfer resulting
from low-cycle fatigue are clearly visible, see Figure 11.

Since the AlTiN and TiAlN films have higher mechanical properties (Figure 5) and resistance to
oxidation than the SS sample, their wear mechanism can be classified as grooving and microscratching
with the presence of long scratches (Figures 12 and 13). Additionally, microploughing can be observed
at the edges of the wear traces of both films. These scratches, groves and ploughs are especially
visible in Figure 10b, in the form of non-symmetrical wear profiles. Moreover, the results of debris
transfer through the sliding wear trace are visible, and—contrary to the SS sample—no oxidation can
be observed in the film wear trace. It can be deduced from the film structures (Figure 2) with the
wear trace observed at a higher magnification, see Figure 14, that the sliding wear mechanism consists
in smearing the top hills of columnar grains. Generally, after the nano-tribo test conducted under
moderate load, the films are pressed toward the SS substrate, and no nitride films delamination can be
observed. To sum up, the TiAlN and AlTiN films have similar sliding wear mechanisms.

Table 4. Sliding wear results of the films and reference SS304 sample (mean ± SD).

Sample Wear Factor, K (mm3·N−1·m−1) Coefficient of Friction, μ (−)

TiAlN 1.35 × 10−5 ± 4.36 × 10−6 0.319 ± 0.037
AlTiN 2.09 × 10−5 ± 3.49 × 10−6 0.340 ± 0.031
SS304 50.17 × 10−5 ± 61.52 × 10−6 0.628 ± 0.088
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Figure 10. Sliding wear profiles: (a) films and stainless steel sample; (b) enlarged selected area of the
TiAlN and AlTiN wear traces from (a).
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(a) (b)

Figure 11. Wear trace on the SS304 sample: (a) SEM-BSD and (b) SEM-topo, 1000× and 2500×.

(a) (b)

Figure 12. Wear trace on the TiAlN film: (a) SEM-BSD and (b) SEM-topo, 2500×.
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(a) (b)

Figure 13. Wear trace on the AlTiN film: (a) SEM-BSD and (b) SEM-topo, 1000× and 2500×.

(a) (b)

Figure 14. Sliding wear trace: (a) TiAlN; SEM, 15000×. and (b) AlTiN; SEM, 17000×.

4. Conclusions

Stainless steel is used for manufacturing different components and considered to be a structural
metal with moderate resistance to cavitation erosion. The application of PVD coatings is proposed as a
promising solution, easy to implement in industrial practice, for preventing the wear of stainless steel
parts. In the present work, the cavitation erosion and sliding wear mechanism of magnetron-sputtered
AlTiN and TiAlN coatings deposited on SS304 stainless steel (SS) were investigated. The following
conclusions have been drawn:

1. The properties of the films demonstrate that they have a satisfactory structure, i.e., they exhibit a
typical columnar morphology comparable to the roughness of the SS substrate, however it varies
in thickness, amounting to ≈2.7 μm for TiAlN and ≈3.8 μm for AlTiN. Also, the Rockwell and
scratch test results of the films indicate their satisfactory adhesion to the SS substrate, even though
a higher force of the Lc2 parameters for AlTiN than TiAlN suggests that AlTiN adheres more
strongly to the substrate. The AlTiN film exhibits highly elastic behavior and high resistance to
plastic deformation, i.e., its H/E and H3/E2 coefficients are higher than those of TiAlN, which can
be attributed to its chemical composition, i.e., a higher Al/(Ti + Al) ratio of the AlTiN film.
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2. The cavitation erosion resistance of AlTiN is almost one third higher than that of the TiAlN film
and almost ten times higher than that of the SS304 sample. The effect of the chemical composition
and mechanical properties of the films on their cavitation erosion resistance have been confirmed.
The higher Al content, adhesion and H/E and H3/E2 coefficients are beneficial for the CER of a
film, and can thus serve as a basis for predicting the CER of AlTiN and AlTiN coatings.

3. The cavitation erosion mechanism of both AlTiN and AlTiN coatings is brittle in nature, and
depends on fatigue processes that cause rupture and spallation of the coating. However, a
comparison of the cavitation-worn TiAlN and AlTiN films reveals a higher degree of fragmentation
of the TiAlN film, which ultimately accelerates the wear of the TiAlN film. Additionally, the
nanoindentation results (H and E) of the films measured before and after cavitation testing indicate
the presence of film material decohesion due to the fatigue-dependent nature of cavitation impact.
The film wear mechanism consists in fatigue-induced flake spallation.

4. The sliding wear of the uncoated SS304 sample is higher than that of the sample after PVD
coating. The sliding wear resistance of AlTiN and TiAlN is similar yet it is more than 24 times
higher than that of the stainless steel sample. Additionally, the application of PVD films onto
stainless steel substrates leads to an almost twofold decrease in the friction coefficient. The sliding
wear mechanism of the AlTiN and TiAlN films takes the form of grooving, micro-scratching,
micro-ploughing and smearing of the columnar grain top hills.

5. The results confirm that cavitation erosion of various fluid machinery components made of
austenitic stainless steel can be prevented by depositing AlTiN and TiAlN films.
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Abstract: We investigate the effect of continuous vs. periodically interrupted plasma exposure during
cathodic arc evaporation on the elastic modulus as well as the residual stress state of metastable cubic
TiAlN coatings. Nanoindentation reveals that the elastic modulus of TiAlN grown at floating potential
with continuous plasma exposure is 7%–11% larger than for coatings grown with periodically
interrupted plasma exposure due to substrate rotation. In combination with X-ray stress analysis,
it is evident that the elastic modulus is governed by the residual stress state. The experimental
dependence of the elastic modulus on the stress state is in excellent agreement with ab initio
predictions. The macroparticle surface coverage exhibits a strong angular dependence as both
density and size of incorporated macroparticles are significantly lower during continuous plasma
exposure. Scanning transmission electron microscopy in combination with energy dispersive X-ray
spectroscopy reveals the formation of underdense boundary regions between the matrix and TiN-rich
macroparticles. The estimated porosity is on the order of 1% and a porosity-induced elastic modulus
reduction of 5%–9% may be expected based on effective medium theory. It appears reasonable to
assume that these underdense boundary regions enable stress relaxation causing the experimentally
determined reduction in elastic modulus as the population of macroparticles is increased.

Keywords: physical vapor deposition; metastable materials; TiAlN; elastic properties; residual stress;
density functional theory

1. Introduction

Metastable cubic transition metal aluminum nitrides such as TiAlN (space group Fm3m, NaCl
prototype) have been well known as hard protective coatings for more than 30 years [1], and are still
used nowadays as state-of-the-art materials for cutting and forming applications. However, there
is no “the” TiAlN, since materials design enables to tailor the desired properties, such as enhanced
thermal stability [2,3]. With respect to a material’s bond strength, the elastic modulus connects as
design parameter density functional theory-based predictions at the atomic scale with mechanical

Coatings 2019, 9, 24; doi:10.3390/coatings9010024 www.mdpi.com/journal/coatings87



Coatings 2019, 9, 24

testing techniques such as nanoindentation. Recently, it has been demonstrated for Cr0.8Al0.2N that a
compressive stress state of −4 GPa results in an elastic modulus increase of 150 GPa, when compared
to the stress-free material [4]. In addition, compressive residual stresses are utilized to stabilize the
metastable cubic phase of MAlN (M = Ti, V, Cr) [5,6].

Protective coatings are usually fabricated by physical vapor deposition (PVD) techniques, such as
(high power pulsed) magnetron sputtering or cathodic arc evaporation, and the latter technique is
characterized by an almost fully ionized plasma. These techniques are line-of-sight methods, but not
limited to materials synthesis on a stationary substrate. Very often, rotating substrates are assembled in
industrial batch production plants in order to coat as many substrates as possible in a single deposition
process. In such a deposition geometry, the growing coating surface is periodically moved in and
out of regions of high plasma density characterized by large fluxes of film-forming species. Recently,
we have demonstrated for TiAlON that substrate rotation induces chemical composition modulations,
which can be understood by variations in plasma density and fluxes of film-forming species [7]. Going
beyond the substrate rotation-induced chemical composition, it appears reasonable that the deposition
geometry affects the material performance. Therefore, in the present work we establish the relationship
between deposition geometry and mechanical coating properties by means of elasticity, as well as the
residual stress state of TiAlN.

2. Materials and Methods

TiAlN coatings were synthesized by cathodic arc evaporation in an industrial-scale Oerlikon
Balzers Ingenia P3e™ platform (Balzers, Liechtenstein). Sapphire with (0001) orientation, as well as
cemented carbide substrates, were assembled on the substrate holder. Electrically insulating substrates
were chosen for comparison to represent ceramic inserts, which can be based on c-BN, Al2O3 or Si3N4.
These ceramic inserts are used for machining of hardened steel, difficult-to-cut materials or cast iron
and are frequently coated using PVD techniques in order to reduce tribochemical or adhesive wear.

The deposition system was heated to 450 ◦C, and the plasma was ignited when the base pressure
of the heated system was <3 × 10−3 Pa. Reactive synthesis was carried out with nitrogen gas at the
deposition pressure of 3.2 Pa. Three alloyed Ti0.50Al0.50 targets were employed, and the minimum
target-to-substrate distance was 16 cm. The substrate bias potential was either floating or −15 V.
Coatings were synthesized utilizing a two-fold substrate rotation (periodically interrupted plasma
exposure) and a stationary deposition geometry without rotation (continuous plasma exposure).
The measured substrate temperatures were 470 and 520 ◦C, respectively, and the stationary deposition
setup exhibited an almost factor 10 higher deposition rate compared to the rotation setup.

Additionally, a hybrid setup was employed; substrates were positioned in front of the arc sources
and pneumatically controlled shutters were opened and closed periodically according to the effective
deposition time in a rotational setup (where the growing coating surface moves periodically from
regions of low plasma density/small fluxes of film-forming species in regions with high plasma
density/large fluxes of film-forming species). Hence, the hybrid setup is characterized by a face-to-face
geometry as in the stationary deposition setup, while variations in plasma density and fluxes
of film-forming species (interrupted plasma exposure), as in the rotational setup, are realized by
employing shutters.

Furthermore, Fe foil substrates (99.5% purity) were coated with and without substrate rotation
in order to obtain powdered coatings. The Fe foil substrates were etched with a nitric acid in a
HNO3/deionized H2O volume ratio of 1/5 and, subsequently, the coating flakes were milled into a
powder. Coatings in powder form were used to determine the linear coefficient of thermal expansion
as a function of temperature.
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The microstructure of coating cross-sections was characterized in scanning transmission electron
microscopy (STEM) mode utilizing a FEI HELIOS Nanolab 660 dual-beam focused ion beam (FIB)
microscope (Hillsboro, OR, USA) with a STEM III detector at acceleration voltage and current of 30 kV
and 50 pA, respectively. Thin lamellae were extracted in growth direction, synthesized by the rotation,
stationary and hybrid setup, utilizing Ga ions with an acceleration voltage of 30 kV. First, a 1-μm-thick
Pt protection layer was applied with 80 pA current, followed by trench milling, extraction of the
lamella with a manipulation needle and application of the lamella on a Cu Omniprobe. Final lamellae
thicknesses in the order of 100 nm were realized by sequential thinning utilizing currents of 0.79 and
0.43 nA.

Depth-resolved chemical composition analysis was done by using time-of-flight energy elastic
recoil detection analysis (ToF E-ERDA) with 36 MeV 127I8+ primary projectiles at the tandem accelerator
laboratory of Uppsala University. The measurement geometry of a 45◦ angle between primary ions and
detector telescope and a 22.5◦ angle between specimen and detector telescope was used. Time-energy
coincidence spectra were acquired by combination of a ToF setup based on thin carbon foils [8,9]
and utilizing a gas ionization detection system [10]. The obtained spectra were evaluated using the
CONTES software package [11]. Homogeneous depth profiles were obtained for Ti, Al and N, while O
(<2 at.%) and H (<0.5 at.%) impurities were also detected. Systematic uncertainties were on the order
of ±10% (relative deviation), while statistic uncertainties were on the order ±5% (relative deviation).
In addition, spatially resolved chemical composition analysis of TiAlN, grown with substrate rotation,
was performed utilizing a JEOL JSM-2200FS field emission transmission electron microscope (Tokyo,
Japan) at an acceleration voltage of 200 kV. While a high-angle annular dark field (HAADF) detector
was employed for morphological characterization, the chemical composition was measured by energy
dispersive X-ray spectroscopy (STEM-EDX) with a 30 mm2 JEOL Si drift detector.

Deposition geometry-dependent roughness values Ra of the coating surfaces were evaluated
with a Keyence VK-9700 laser optical microscope (Osaka, Japan). The evolution of roughness data
was in good agreement with macroparticle surface coverage values which can be obtained from
scanning electron micrographs [12]. Hence, the surface roughness represents an indirect measure of
the macroparticle surface coverage.

The resistivity of TiAlN coatings was determined by a Van der Pauw setup [13] using a Keithley
2611B System SourceMeter (Solon, OH, USA) with a current of 5 mA. The measured value for a
high power pulsed magnetron sputtered TiN sample was 0.4 μΩ m and in accordance with available
literature data in the range of 0.3 [14] to 1.1 μΩ m [15]. All resistivity measurements were done at
room temperature and ambient atmosphere.

Elastic properties were investigated by nanoindentation and 100 load-displacement curves were
acquired per sample, utilizing a Hysitron TI-900 TriboIndenter (Minneapolis, MN, USA). A Berkovich
diamond tip with 100 nm radius was used with a maximum load of 10 mN and the indentation modulus
was obtained from the unloading part of load-displacement curves according to the method of Oliver
and Pharr [16]. The elastic modulus was calculated from the measured indentation modulus with the
Poisson’s ratio of ν = 0.214 [17]. Reduction in surface roughness (Ra < 50 nm) was realized prior to the
nanoindentation tests by mechanical grinding with SiC disks and polishing with diamond suspension.

The phase formation, preferred orientation, and crystallite size were investigated by X-ray
diffraction (XRD) using a Siemens D5000 system (Munich, Germany). X-ray source and detector
were coupled in θ–2θ scans from 30◦ to 80◦ with a step size of 0.04◦ and a scan time of 4 s per step.
The crystallite size was estimated from the (200) peak employing the Scherrer equation [18].

The residual stress state was characterized by XRD stress analysis within a Bruker D8 Discover
General Area Diffraction Detection System (Billerica, MA, USA) employing the sin2Ψ method and
assuming a biaxial stress state [19]. The Cu X-ray source was operated with 40 kV voltage and 40 mA
current and the d spacing of the (200) peak was investigated in Bragg-Brentano geometry [20] for
tilting angles of Ψ = 0, 18.43◦, 26.57◦, 33.21◦ and 39.23◦ (corresponding to sin2Ψ = 0, 0.1, 0.2, 0.3 and
0.4) with respect to the specimen normal. The residual stress was obtained from the slope of the strain

89



Coatings 2019, 9, 24

ε plotted as a function of sin2Ψ and using elastic modulus values E from nanoindentation experiments
according to:

ε =
d − d0

d0
= σ

1 + ν

E
sin2 Ψ (1)

Interpolation served to determine the stress-free lattice spacing d0 at Ψ0 with:

Ψ0 = sin−1
√

2ν

1 + ν
(2)

For Poisson’s ratio, a constant value of ν = 0.214 was assumed [17]. Stress gradients along the
layer thickness as well as deviations from the assumed biaxial stress state affect the accuracy of the
calculated stress values.

In situ high-energy XRD measurements on the powdered coatings were performed in transmission
geometry at Deutsches Elektronen Synchrotron (DESY) in Hamburg, Germany. Stress-free lattice
parameters a0 were determined from the TiAlN (200) peak and linear coefficients of thermal expansion
(CTE) α were calculated according to:

α =
1
a0

∂a0

∂T
(3)

Powders grown with substrate rotation and the stationary deposition setup were ground and
put into a quartz capillary with a wall thickness of 20 μm and a diameter of 1 mm. The specimens
were heated to 600 ◦C using a Linkam THMS 600 stage (Surrey, UK) in a continuous measurement
setup. The stage was constantly purged with Ar to prevent oxidation and powders were illuminated
with a monochromatic photon beam (λ = 0.0207 nm). Two-dimensional high energy XRD patterns
were acquired every 12 s with a Perkin Elmer 1621 plate detector (Waltham, MA, USA) at a
sample-to-detector distance of 771 mm. Data analysis was carried out using the software package
FIT2D by integration of the two-dimensional high-energy XRD patterns in q space and conversion
to the total structure factor S(q) [21]. Corrections for absorption, fluorescence and inelastic Compton
scattering were made.

Density functional theory [22] calculations were carried out utilizing the Vienna ab initio
simulation package. Projector augmented wave potentials were used with the general gradient
approximation [23] and the ground state was determined by full structural relaxation with convergence
criterion of 10−3 eV, 500 eV energy cut-off and Blöchl corrections [24]. Total energy minimization
was realized as a function of volume with the Birch-Murnaghan equation of states [25] and a
6 × 6 × 3 k-point mesh was used for reciprocal space integration [26]. 2 × 2 × 4 supercells of
Ti0.50Al0.50N (128 atoms) were employed and three different configurations were studied: (a) minimum
number of Ti-Al bonds (named C#3 in the original work [27]); (b) alternating Ti–N and Al–N layers;
and (c) random distribution of Ti and Al.

To obtain the equilibrium volume and bulk modulus as a function of temperature and stress
state (configuration with minimum number of Ti-Al bonds), the Debye-Grüneisen model [28,29] was
employed, providing the Helmholtz free energy as a function of volume and temperature. By fitting
the Helmholtz free energy vs. volume data to the Birch-Murnagham equation of states [25] at each
temperature, as well as a volume offset to account for a different stress state, equilibrium volume and
bulk modulus were acquired. From these data, elastic modulus, assuming Poisson’s ratio of 0.214 [17],
and linear coefficient of thermal expansion were extracted.

3. Results and Discussion

The chemical composition of TiAlN coatings with 5 μm thickness, synthesized on sapphire
substrates with periodically interrupted (rotation and hybrid deposition geometry) and continuous
plasma exposure (stationary deposition geometry), was identified as 27 ± 2 at.% Ti, 24 ± 2 at.% Al,
48 ± 2 at.% N and <1 at.% O, and the geometry-induced differences were in the range of the statistical
uncertainty of ERDA. Hence, the deposition geometry/type of plasma exposure does not influence
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the chemical composition, while the coating microstructure appears to be significantly different,
as demonstrated by the STEM micrographs presented in Figure 1. Large columns with widths of
up to 500 nm are formed in the case of rotation, see Figure 1a, while finer columns with <100 nm
width are observed for the stationary and hybrid deposition geometry, see Figure 1b,c, respectively.
Furthermore, scanning electron micrographs of the coating surface (not shown) provide evidence for a
strong angular dependence of the macroparticle surface coverage. These findings are consistent with
previous reports, see, for example, [30]. The density and size of macroparticles incorporated into the
growing coating surface are significantly lower in case of continuous plasma exposure compared to
the substrate rotation deposition geometry.

   

Figure 1. STEM micrographs of TiAlN cross-sections, synthesized with (a) substrate rotation,
(b) stationary, and (c) hybrid deposition geometry. All coatings were grown at floating potential
and the scale bar in (c) is valid for all micrographs.

Diffractograms of TiAlN coatings synthesized with the rotation and stationary setup on cemented
carbide substrates (10 μm thickness) are presented in Figure 2, providing evidence for single phase
formation of a cubic solid solution structure (NaCl prototype) independent of the deposition geometry.
Furthermore, it is evident that the stationary setup results in a stronger (200) preferred orientation
compared to the rotation, since the intensity ratios I(200)/I(111) are 4.1 and 13.4, respectively. Crystallite
sizes of 35 and 24 nm are estimated for substrate rotation and stationary deposition, respectively.
Recently, it has been demonstrated that the extent of cubic and wurtzite TiAlN phase stability regions
is predominated by the crystallite size [31]. Based on the present crystallite size data, it is expected
that higher critical Al solubilities x in cubic Ti1−xAlxN can be realized by employing substrate rotation,
which results in a larger crystallite size than the stationary deposition geometry.

Figure 2. X-ray diffractograms of TiAlN, synthesized with substrate rotation and stationary deposition
geometry on cemented carbide substrates (10 μm thickness).
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Elastic modulus values of TiAlN are presented as a function of the residual stress state in
Figure 3a. Independent of the substrate or coating thickness, 7%–11% higher elastic modulus values are
obtained for TiAlN grown with the stationary deposition geometry in comparison to the rotation setup.
All samples were grown at floating potential. Depending on the substrate and thickness, residual stress
states are in the range of −0.1 ± 0.1 to 1.0 ± 0.1 GPa and −2.3 ± 0.9 to −4.3 ± 1.5 GPa for the rotation
and stationary deposition geometry, respectively. The formation of more compressive stress states in
case of the stationary setup can be rationalized based on intense fluxes of film-forming species to the
growing coating surface due to the almost factor 10 higher deposition rate compared to the rotation
setup. It is well known that chemical composition [32], chemical configuration [27], temperature [33],
preferred orientation [34] and grain size [35] affect the mechanical properties. However, in the present
study, the change in elastic modulus of stationary grown TiAlN as a consequence of composition
variations (<1 at.% oxygen incorporation [32]) or chemical configuration (454–457 GPa elastic modulus
for the three different configurations) is estimated to be < 1%. Possible effects of growth temperature,
preferred orientation and grain size would result in a decrease of elastic modulus when comparing
the rotation to the stationary setup, and this is in contrast to the identified increase in elastic modulus.
Hence, these factors cannot serve as an explanation for the 7%–11% difference in elasticity obtained by
comparing stationary and rotation deposition geometry.

 
Figure 3. Stress-dependent elasticity of TiAlN, comparing (a) the rotation and stationary deposition
geometry for different substrate material and film thicknesses, (b) DFT predictions (configuration
with minimum number of Ti-Al bonds at room temperature) and experimental data, (c) the rotation,
stationary and hybrid deposition geometry for a thickness of 5 μm on sapphire, and (d) the rotation
and stationary deposition geometry for different substrate materials at a substrate bias voltage of −15 V.
All coatings displayed in (a–c) were grown at floating potential.
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The experimental and theoretical data depicted in Figure 3b clearly illustrate that the elastic
modulus is stress-dependent, and that the slope of the predicted data at room temperature is similar to
that for the experimental data. The relative deviations of the absolute elastic modulus values are in the
order of 9%. This very good agreement between theory and experiment emphasizes that the elastic
modulus of metastable cubic TiAlN, grown at floating potential, can be predicted from the residual
stress state. The data presented here underline that the deposition geometry affects the residual stress
state and, thereby, the elastic properties.

The hybrid deposition geometry can be utilized to compare the interrupted plasma exposure
during rotation to the interrupted plasma exposure in the stationary setup. Since both geometries allow
for relaxation due to the periodically interrupted plasma exposure, the effect of deposition geometry
can be understood. This hybrid setup is characterized by a face-to-face geometry identical to the
stationary deposition setup, while shutters enable an interrupted plasma exposure as experienced by
the growing film surface during substrate rotation. The stress-dependent elastic modulus data of the
stationary and hybrid deposition geometry, presented in Figure 3c, are identical within the error bars.
However, compared to the sample grown during rotation, a significant stress-dependent difference in
elastic modulus of 7%–8% was obtained. Hence, the constantly high plasma density and intense fluxes
of film-forming species during the shutter opening times cause the formation of compressive residual
stresses for the hybrid deposition geometry as in the stationary deposition setup, where the plasma
exposure is continuous. Therefore, it can be learned that the exposure time of the substrate to the
plasma does not influence the residual stress state significantly, since the stress data from the hybrid
geometry (with shutter) is within the error bars identical to the stationary geometry (without shutter).

Experimentally, it has been shown that the elastic modulus is stress-dependent for TiAlN and
TiAlVN, synthesized by cathodic arc at negative substrate bias voltages ≤−40 V [36–38]. The associated
atomic scale mechanisms have recently been addressed by predictions and experimental verification of
Cr0.8Al0.2N taking ion bombardment explicitly into account [4]. To assess the floating potential that is
established during continuous vs. periodically interrupted plasma exposure, flat probe measurements
were conducted in front of the intense plasma and at the backside of the substrate holder where the
substrate is blocked from the plasma due to the holder, see Figure 4a. The substrate position-dependent
floating potential is presented in Figure 4b and reveals that the stationary deposition geometry is
characterized by a floating potential of −10 to −12 V, while the floating potential during the rotation
setup should increase to −4 V, when the substrate is positioned in a region of low plasma density
and small fluxes of film-forming species. Therefore, it may be speculated that the constantly “high”
floating potential in the stationary deposition geometry explains the 7%–11% higher elastic modulus
values compared to the rotation which is characterized not only by variations in the plasma density
and fluxes of film-forming species, but also by variations in the floating potential.

This hypothesis was critically appraised by growth experiments utilizing continuous and
periodically interrupted plasma exposure with a constant substrate bias potential of −15 V. Provided
that the variation in floating potential (during rotation) causes the measured differences in residual
stress state and elasticity between coatings produced with rotation and stationary deposition geometry,
these differences should be balanced by applying a constant substrate bias potential of −15 V during
rotation to mimic the ion bombardment during stationary deposition. Elastic modulus data are
presented as a function of residual stress state in Figure 3d for −15 V substrate bias potential and
the elasticity of the coatings grown with the stationary deposition geometry is still 10%–17% higher
compared to the substrate rotation. Hence, the significant difference in elastic modulus between
the two deposition geometries at floating potential cannot be explained by variations in the floating
potential during interrupted plasma exposure.

Another well-known contribution to the residual stress state are thermal stresses which are caused
by differences in linear coefficient of thermal expansion of film material and substrate at temperatures
different from the deposition temperature. The average linear coefficient of thermal expansion (CTE)
was calculated from stress-free lattice parameter data, obtained by in situ high-energy XRD. CTE
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values are with 8.3 ± 0.4 × 10−6 K−1 (rotation) and 8.0 ± 0.4 × 10−6 K−1 (stationary) in agreement
with both published data [39–41] and the predicted value of 7.3 × 10−6 K−1. Therefore, TiAlN exhibits
a significantly higher linear CTE than the sapphire substrate of 5.0 × 10−6 K−1 (in-plane, provided by
substrate manufacturer). When cooling the TiAlN coating from the deposition temperature to room
temperature, tensile thermal stresses can be expected, as the coating exhibits larger shrinkage than the
substrate. The thermal stress contribution (a comprehensive overview of residual stress contributions
is provided in [33]) can be estimated according to:

σthermal(T) =
ETiAlN

1 − νTiAlN

(
αsapphire − αTiAlN

)(
T − Tdeposition

)
(4)

Based on this estimation, and taking into account the deposition temperatures of 470 and
520 ◦C, the thermal residual stress contribution of TiAlN during cooling down from the deposition
temperature should be 0.9 and 1.0 GPa for the rotation and stationary deposition geometry, respectively.
Interestingly, this estimation is in partial agreement with the measured tensile residual stress values
of 0.4 ± 0.1 to 1.0 ± 0.1 GPa in case of the rotation deposition geometry at floating substrate bias
potential, but in contrast to the values of stationary grown TiAlN with −4.3 ± 1.5 to −2.7 ± 0.6 GPa,
see Figure 3a.

The residual stress state is displayed in Figure 5a as a function of the average surface roughness,
which is an indirect measure of the macroparticle surface coverage and thus macroparticle density.
It is evident that there are two regions of tensile/slightly compressive residual stress (>−1 GPa) and
strongly compressive residual stress (<−1 GPa). Hence, TiAlN coatings grown at floating potential with
periodically interrupted plasma exposure during substrate rotation exhibit the largest macroparticle
surface coverage and therefore high roughness values. This can be rationalized by considering that the
majority of macroparticles are ejected at an angle >10◦ with respect to the cathode normal [30].

 

Figure 4. (a) Deposition setup scheme indicating the positions for the time-resolved floating potential
measurements in (b).

To identify the relationship between macroparticle incorporation and the elastic modulus, as well
as residual stress state, the cross-sectional morphology and composition of the TiAlN coating with
the highest macroparticle surface coverage, highlighted by a circle in Figure 5a, was investigated by
TEM and STEM-EDX. From Figure 5b–e, it is evident that underdense (dark) boundary regions are
formed between the TiN-rich macroparticles and the TiAlN matrix and an average porosity in the
order of 1% was determined from transmission electron micrographs. Based on Knudsen [42], the
porosity-dependent elastic modulus can be estimated by:

E = E0e−bP (5)
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wherein E and P represent elastic modulus and porosity, respectively. b is an empirical constant and
usually assumed to be in the range of b = 5 to 9 [42]. Hence, a porosity-induced elastic modulus
reduction of 5%–9% has to be expected. The significance of the macroparticle incorporation-induced
porosity is also reflected by the coating resistivity which increases by almost factor 2 from 5.3 to
10.4 μΩ m, comparing TiAlN grown with the stationary and rotation deposition geometry (10 μm
thickness), respectively. It appears reasonable that such underdense boundary regions act as sites
for stress relaxation. Therefore, it is reasonable to assume that the lower elastic modulus and less
compressive/tensile residual stress of TiAlN grown with substrate rotation at floating potential
originate from a significantly higher macroparticle surface coverage which induces the formation of
underdense boundary regions.

 

Figure 5. (a) Residual stress state as a function of the surface roughness (Ra), which represents an
indirect measure of the macroparticle surface coverage. The data point highlighted with a circle
indicates the selected coating for (b) microstructural and (c–e) spatially resolved chemical composition
characterization (STEM-EDX).

4. Conclusions

We have investigated the effect of continuous vs. periodically interrupted plasma exposure during
cathodic arc evaporation on the elastic modulus as well as the residual stress state of metastable cubic
TiAlN coatings. The elastic modulus of TiAlN grown at floating potential with continuous plasma
exposure is 7%–11% larger than for coatings grown with periodically interrupted plasma exposure due
to substrate rotation. Excellent agreement between the experimental and predicted stress-dependent
elastic modulus data was obtained. Growth experiments with periodically interrupted plasma
exposure due to shutters allowed to infer that the exposure time of the substrate to the plasma
is not decisive for the residual stress state. The macroparticle surface coverage exhibits a strong angular
dependence, since both density and size of incorporated macroparticles are significantly lower due to
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continuous plasma exposure. Employing scanning transmission electron microscopy in combination
with energy dispersive X-ray spectroscopy, it was revealed that underdense boundary regions are
formed between the matrix and TiN-rich macroparticles and the estimated porosity is in the order
of 1%. Hence, based on effective medium theory an elastic modulus reduction of 5%–9% has to be
expected. It appears reasonable to assume that these underdense boundary regions enable stress
relaxation causing the experimentally determined reduction in elastic modulus as the population of
macroparticles is increased.
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Abstract: The utilization of Reclaimed Asphalt (RA) in the road construction sector induces considerable
economic and ecological benefits. The blending of the recycled material with new components is believed
to be of great importance for the mixture’s properties. An extensive knowledge of the blending of the
materials is crucial in optimizing the use of RA, especially at higher recycling rates. In this paper,
the applicability of Fourier transform infrared (FTIR) microscopy in attenuated total reflectance
(ATR) mode to study the bituminous coating of RA granulates is investigated. This method is a
promising alternative to trace heterogeneous areas within the coating compared to methods that
require extraction and recovery of bitumen. A method for sample preparation and FTIR spectra
analysis is proposed. Four different samples were analyzed: a reference RA granulate, two types of
RA granulates mixed with neat bitumen, and a RA granulate with rejuvenator. The results show that
the use of ATR-FTIR microscope allows the tracing of different components, indications of blending,
as well as proof of rejuvenation of the aged bituminous area.

Keywords: reclaimed asphalt; asphalt recycling; ATR-FTIR microscopy; chemical imaging; ageing;
bituminous blending; rejuvenator

1. Introduction

When asphalt pavements reach their end-of-life point, their layers must be renewed. The material
removed from these layers is known as Reclaimed Asphalt (RA) (EN 13108-8:2016, [1]). RA is in
fact an asphalt mixture consisting of aggregates and bitumen. The removed material is typically
crushed in agglomerations of different sizes. Asphalt recycling is not only economically viable, since
a considerable amount of bitumen can be replaced by the RA bitumen in the new asphalt mixture,
but also environmentally friendly [2]. Previous research has shown the potential benefits of using
RA on the mechanical performance of bituminous mixtures [3] and also provided recommendations
concerning the proper exploitation of the material [4].

When a new bituminous mixture with the incorporation of RA is designed, in most design
procedures, the assumption of full blending between the aged RA bitumen and the new bitumen is
still being used. The mobilization or activation of RA bitumen is, till today, a “black box” for the
asphalt sector; the actual degree of blending between new and aged bitumen is under research. Many
studies question this practice and have demonstrated cases of partial blending [5,6] or zones where
the phenomenon of “black rock” is present, meaning that part of the bitumen in the RA is inactive [7].
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This gap in the scientific knowledge is of great importance, since overestimating the degree of blending
can lead to mixtures with less active bitumen, which could significantly influence the mechanical
performance of bituminous mixtures [8].

Previous studies have approached this problem in different ways. The first approach is by
investigating the diffusion between two bituminous layers and studying the response of the blend by
means of Dynamic Shear Rheometer (DSR) [9,10]. Other studies have modelled the activated bitumen
modulus response by using the stiffness modulus of the corresponding mixture [11]. Researchers have
also performed staged extractions to RA granulates in order to assess the properties of the recovered
bitumen layer by layer in terms of shear modulus and infrared spectra analysis [12–14]. The latter
approach contains some risks for interpretation of the results, as it is still unclear whether the solvents
influence the bitumen structure and what their impact is on the properties of the recovered binder [15].

The past years, increasing attempts have demonstrated the ability of non-destructive tests to
evaluate this problem. Attenuated total reflectance (ATR) spectra obtained by Fourier transform
infrared (FTIR) spectroscopy is a widely utilized non-destructive test to study bitumen and especially
to trace ageing evolution [16–18], to evaluate rejuvenation [19,20] or to evaluate the modification of
bitumen [21,22]. ATR-FTIR spectroscopy is suitable to evaluate homogeneous individual components
but not a heterogeneous composite material (such as an asphalt mixture), since it can only be applied
in a single spot averaging the measuring spectra. For that purpose, more and more researchers draw
attention to FTIR microscopy techniques.

ATR-FTIR imaging has been used on asphalt concrete samples with RA in order to demonstrate a
method to evaluate the different components highlighting that sample imperfections strongly effect
the quality of the measurements [23]. Besides ATR-FTIR imaging, X-ray fluorescence and infrared
microscopy have been used in an additional study. The analysis was applied on the bitumen level using
markers to track the mobilization of artificially aged bitumen. The conclusion was that ATR imaging
was the most successful technique [24]. Other studies have evaluated the blending of asphalt concrete
enriched with titanium dioxide (TiO2) as a tracer using Computer Tomography (CT), in macro- and
micro-scale [25], and using environmental scanning electron microscopy (ESEM) [7,25]. A scanning
electron microscope/energy dispersive spectrometer (SEM/EDS) evaluated the degree of blending
of mixtures, with various RA quantities, again using TiO2 as a tracer [26]. Research has also been
conducted using atomic force microscopy (AFM) on bitumen levels [26,27]. Another attempt at
investigating the blending between two different bituminous binders was by nano-CT scanning images
and nano-indentation tests, which did not provide clear and direct conclusions [28].

In order to study the blending process between aged and new bituminous layers, previous
research simulated the ageing state of the RA bitumen with artificially aged bitumen in the laboratory;
it has been demonstrated that long-term laboratory ageing techniques do not always correspond to
field ageing [29,30]. On the other hand, several studies have used actual RA but with the addition
of tracers to mark the mobilization, such as the TiO2. The question that might arise here is to
what extent markers can influence the mobilization. Furthermore, earlier studies considered the
mobilization of only bitumen or focused only on the diffusion process between two bituminous
binders. The aforementioned procedures highlight the need of evaluating field-aged asphalt materials
and focus on the actual blending conditions as it will happen in the bituminous coating of an RA
granulate. In reality, the stones in the asphalt mixture are bonded not by pure bitumen but by the
bituminous mortar (Figure 1). For clarification purposes, the following definitions are given: asphalt
mortar is a combination of bitumen and fine particles (filler and sand smaller than 0.5 mm) and asphalt
mastic is a combination of bitumen and filler.

In this study, actual RA granulates are used without the addition of foreign tracers and provide
the opportunity to study the spatial distribution of neat bitumen within the mortar scale by means
of ATR-FTIR microscopic measurements. This research aims firstly to assess the application of FTIR
microscopy directly on actual RA granulates, secondly to fingerprint the different zones of components,
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and thirdly to trace rejuvenating agents and mobilization of neat bitumen within the coating of
the granulates.

Figure 1. Asphalt mixture bonded by asphalt mortar.

2. Materials and Methods

For the purpose of achieving the aims of this research, an FTIR microscope (LUMOS by
Bruker, Billerica, MA, USA) in ATR-mode was used to evaluate the coating of various RA samples.
Characteristic absorbance bands were selected, which were typical for the components that form
the final sample, i.e., bitumen, fines, rejuvenator, and resin (see Section 2.3). After the definition
of the spectra, which is a graphical visualization of the infrared light absorbance as a function of
the wavelength in the mid-infrared region of 4000—600 cm−1, data concerning the integration of
the characteristic areas were analyzed and formed into a chemical imaging of the area studied (see
Section 2.3). The integrated areas were further analyzed to inspect the numerical distribution of
carbonyl levels within the bituminous zone (Section 3.2).

2.1. Sample Preparation

Four types of RA granulate samples were studied in this study. Among the samples, one is an
untreated RA granulate (sample name: GRA) and three are treated RA granulates (sample names:
GRAB, MRAB, and GRAR). A summary of the samples and their treatment is presented in Table 1.
The RA used in this study consists of granite and limestone aggregates (inspected visually), and the
bitumen after extraction and recovery has a penetration of 24 1/10 mm. The treated RA granulates
were fabricated following three different procedures. First, sample GRAB was prepared by mixing
the RA granulates with neat bitumen. Second, sample MRAB is an RA granulate that was derived
from an actual asphalt concrete mixture (type AC14, see Table 2). Third, the GRAR sample was
sprayed with rejuvenator. The preparation of the treated samples is more elaborately described in the
following paragraphs.

Table 1. Samples and treatment description.

Sample Name RA Granulate Neat Bitumen Rejuvenator Treatment Description

GRA � – – Untreated RA granulates (fraction
10/12 mm)

GRAB � � – RA granulates covered with neat
bitumen (fraction 10/12 mm)

MRAB � � –
RA granulates, covered with neat

bitumen, obtained from mixed
AC-14 with GRA

GRAR � – � Rejuvenated RA granulates
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Table 2. Composition of the AC14 mixture.

Component Percentage

RA aggregates 0/14 55.7%
Limestone 4/8 18.4%

Limestone 2/6.3 6.4%
Limestone 0/2 18.5%
Limestone filler 1.0%

RA bitumen 3.0%
Neat bitumen (168 1/10 mm) 1.3%

The GRAB samples were fabricated following the procedure described in § 5.2 of EN 12697-11:2012 [31].
In this standard, a method is described to create a uniform bituminous coating on mineral aggregates.
An adequate amount of RA granulates (600 g) was preheated at 110 ◦C. In order to avoid excessive
ageing of the RA binder, the preheating time was limited to two hours. The preheated granulates were
then manually mixed together with 3% of 35/50 penetration grade neat bitumen (by RA granulates
mass). The mixing conditions were a maximum of 2 min at 150 ◦C. Afterwards, the covered stones
were spread and separated on silicone paper (Figure 2b). Visually traced agglomerations were rejected.

 
Figure 2. Original, untreated Reclaimed Asphalt (RA) granulates (a); RA granulates mixed with neat
bitumen (b); RA granulates sprayed with rejuvenator (c).

The MRAB samples were obtained from an actually mixed AC14 mix with 55.7% of RA in the
mixture. The composition of the mixture was designed in such way that the only source of coarser
aggregates (larger than 8 mm) was the RA granulates. The mix composition is presented in Table 2.
The production of the mixture was done according to EN 12697-35:2016 [32]. In contrast to the GRAB
samples, the mixing took place for 5 min at a temperature of 180 ◦C instead of maximum 2 min at
150 ◦C. After mixing, only the larger stones (>8 mm) were selected for MRAB in order to assure only
covered GRA was sampled.

Finally, the GRAR samples were prepared by spraying a crude tall oil-based rejuvenator on the
samples. Six (6) RA granulates were sprayed with 2% rejuvenator on the RA mass (Figure 2c). Both
RA and rejuvenator were at room temperature. In order to accelerate the diffusion of rejuvenator [33],
the sprayed stones were placed for 45 min in an oven at 110 ◦C. This temperature is according to the
heating limits of RA proposed in § 6.3 of EN 12697-35:2016 [32]. The amount of rejuvenator added can
be considered as rather high when compared to other studies [34]. The purpose here is to make sure
there is a traceable amount of rejuvenator.

A necessary step for the utilization of the FTIR microscope is the existence of a flat and even
sample surface. In order to fulfil this requirement, the RA granulates were embedded in epoxy resin.
For the preparation of the stone-resin samples, the following steps were followed: First, the samples
were embedded in a plastic mold with resin (Figure 3a). The height of the stone-resin sample is
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25 mm and the diameter 30 mm. The samples were then cured at room temperature for one day.
Afterwards, the cured samples were demolded and polished with a mechanical grinding/polishing
machine (Struers TegraForce 5) (Figure 3b). The polishing was done in two steps. During the first step,
a 220 grit size sandpaper removed the larger part. During this step, the plateau is rinsed by cool water,
which keeps the temperature low during the polishing. The second step uses a high friction paper
together with a diamond paste (9 μm), providing an even final surface.

 
Figure 3. Plastic mold for preparation of the stone-resin samples (a) and the polishing machine (b).

2.2. FTIR Instrumentation

In this study, an FTIR Microscope (Lumos by Bruker, Billerica, MA, USA) was used. The infrared
analyses were performed using a germanium ATR crystal with a high refractive index (nGe = 4), which
permits the analysis of dark samples. The instrument is able to generate a chemical map by integrating
the infrared spectra over a specified area. The integration methods used for this study are presented in
Section 2.3. The stone-resin samples were placed on a mounting holder called the Micro-Vice Holder
(Figure 4). Each spectrum was compiled from 32 scans with a resolution of 4.0 cm−1 in a range of
4000–600 cm−1. To avoid damaging the crystal, the applied contact pressure was limited to “low
pressure”.

 
Figure 4. Stone-resin sample mounted in the holder during spectra collection.

2.3. Methodology

For the investigation of the RA granulates’ coating, a procedure was set (Figure 5). First, the area to
be measured is selected. Second, the grid of the points to be measured is defined. Third, the measured
spectra are preprocessed. Fourth, the integrated typical bands are visualized. The intensity
visualization of the bands on the microscopic image is defined as chemical imaging. The processing of
the spectra and evaluation of the derived data was done using the Bruker OPUS™ software (v. 7.5).
Each sample was analyzed following the proposed steps.
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Figure 6 shows the polished surface of the samples and the areas selected to be analyzed (Areas 1
to 5). This figure shows only the exposed surface of the granulate without the resin. For illustrative
purposes, the resin was removed graphically in Figure 6 to provide a clear view of the samples and
their bituminous coating. The areas were selected with the purpose of observing potential traces of
partially or non-blended aged bitumen and to track the presence of other components such as resin or
fine particles. The focus was mainly on the interface of mortar and resin (Areas 2 and 4), and also on
areas starting from the resin towards the stone, creating a profile (Areas 3 and 5). Area 1 is a single
case where the analysis was performed in a significantly larger area. On average, the spatial resolution
applied for each point of the analysis was 30 × 30 μm2.

 
Figure 5. Procedure for determination of the chemical imaging.

 
Figure 6. Samples and selected areas for analysis: Area 1 in GRA sample, Areas 2 and 3 in GRAB
sample, Area 4 in MRAB sample, and Area 5 in GRAR sample.

The solidity of the studied samples does not allow probe penetration into the sample, which
has a direct effect on the intensity of the absorbance signal. The software provides the solution of
atmospheric compensation, which allows the correction of the signal. This step uses “physical models
to estimate the amount of atmospheric gases in the single-channel spectra and therefore compensates
disturbing H2O and/or CO2” [35]. The compensated areas are from 3600 to 4000 cm−1 for H2O
compensation and from 2300 to 2400 cm−1 for CO2 compensation [35]. This step only affects the
aforementioned bands, and it is suitable for the current research since those areas are free of absorption
bands related to the RA samples (see Table 3).

The spectra were normalized using the min-max normalization method [35]. This method was
applied by selecting the C–H stretching band (2990–2820 cm−1) as the band to be maximized. The result
is that the absorbance of the most intense peak (at 2920 cm−1) is scaled to 2. A normalization step is
required in order to avoid intensity problems caused by varying contact between the sample and the
crystal. The C–H stretching band is the most appropriate since it is not affected by bitumen ageing [16]
and it is present for both bituminous and resin zones.
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For the visualization of the chemical images, specific bands were selected to be integrated.
The integration method was used to quantitatively measure the area under the spectrum graph,
which represents the intensity of a certain functional group, using wavelength limits as a baseline.
The characteristic bands used in this study for each component are presented in Table 3. The tracing of
the carbonyl group was the main focus since the presence of carbonyls indicates ageing of bitumen [17].
The carbonate group was used as a marker of the mastic/mortar area and the carboxylic acids group
was used for the rejuvenator. Finally, the resin can be distinguished by the ring vibration of the epoxides
bond. Figure 7 demonstrates the integration method of the characteristic infrared bands, integrated in
spectra derived from different materials by means of FTIR-ATR spectroscopy. The chemical images can
then be formed on the sample microscopic image, providing the opportunity to trace spatial intensity
of the integrated functional groups.

Table 3. Distinctive bands of the individual components.

Bond & Functional Group Peak Point (cm−1) Baseline Limits (cm−1) Presence in Material

C–H stretch (alkyl bonds) 2920, 2848 2990–2820 Bitumen & Resin
C=O stretch area (carboxylic acids) 1741 1760–1720 Rejuvenator

C=O stretch area (carbonyl) 1700 1720–1665 Aged bitumen
C–O vibration (carbonate) 875 890–850 Limestone

C–O–C (ring vibration of epoxides) 829 858–785 Resin

 
Figure 7. Carbonyl of RA bitumen (red) and neat bitumen (light grey) (a); carboxylic acids of
rejuvenated bitumen (blue) and non-rejuvenated bitumen (red) (b); epoxides of resin (dark grey)
and of bitumen (blue) (c); carbonate of bitumen with limestone filler (magenta) and bitumen without
filler (light grey) (d).

3. Results and Discussion

Five surface areas of RA granulates were analyzed using FTIR microscopy in ATR mode. Using
the infrared spectra derived, chemical images were formed by integrating the typical bands for each
area separately. In Section 3.1 the spatial distribution of typical bands is presented, and in Section 3.2,
the numerical distribution of carbonyl levels is exhibited only for the bituminous area.

3.1. Chemical Imaging

The selected areas (Areas 1 to 5) cover three basic situations: (i) original ageing state of RA
bitumen, (ii) interaction between neat bitumen and RA, and (iii) rejuvenation of RA. In order to have
comparable chemical imaging, the color plot scaling is the same between chemical maps of the same
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band, except for the carbonate group, since larger variations in absorbance are noticed here compared
to other areas.

Figure 8 shows the results of the chemical imaging analysis of the GRA sample. The spatial
resolution of the area studied is 9800 × 5400 μm2. In Figure 8a, the integration of carbonyls is
demonstrated, while Figure 8b,c show the carbonate and the epoxides, respectively. Here, it is
noticeable that the resin area is distinguishable by the chemical imaging of the epoxide (level above
60). The level of carbonyl varies here between 0 and 5.5. In Figure 8b, larger aggregate particles (white
areas) and also mortar areas can be seen from the integration of the carbonate.

 
Figure 8. Chemical imaging of the GRA sample (Area 1): carbonyl group (a); carbonate group (b);
epoxides (c); spectral visualization of the selected points marked by colored dots in Figure 8c (d).

The chemical imaging analysis of Area 2 of the GRAB sample is presented in Figure 9. The spatial
resolution of Area 2 is 390 × 2450 μm2. Figure 9a shows that the carbonyl level is lower compared
to sample GRA (Figure 8a) and that the main part of Area 2 is resin free, except from a minor area
at the upper side (Figure 9c). According to Figure 7a, the absence of carbonyls is an indication of
unaged bituminous areas. Based on that observation and by detecting the carbonyl level of Area 2,
the presence of a blend between aged and neat bitumen can be assumed in this area.

 
Figure 9. Chemical imaging of the GRAB sample (Area 2): carbonyl group (a); carbonate group (b);
epoxides (c); spectral visualization of the selected points marked by colored dots in Figure 9b (d).
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The third area is illustrated in Figure 10. A profile area of the bituminous coating of sample GRAB
is presented here with the aim to track the mobilization in full depth towards the stone. The spatial
resolution of Area 3 is 2800 × 610 μm2. Similar levels of carbonyls can be observed between Areas 1
and 3 (Figures 8a and 10a). On the other hand, the levels in this area (Figure 10a) differ from the levels
in Area 2 (Figure 9a). A possible hypothesis is that a lower mixing temperature and less mixing time
can lead to ineffective mixing between the neat bitumen and the RA mortar. Findings in literature
support this hypothesis [36]. Another observation that strengthens this hypothesis is the presence
of lower levels of carbonyls and the absence of high carbonate groups in Area 2 compared to area 3
(Figure 9a, Figure 10a, Figure 9b, and Figure 10b, correspondingly) which is an indication of a low
degree of blending. The chemical imaging of alkyl levels of Area 3 is demonstrated in Figure 10c,
which shows that Area 3 is a bituminous zone.

 
Figure 10. Chemical imaging of the GRAB sample (Area 3): carbonyl group (a); carbonate group (b);
alkyl group (c); spectral visualization of the selected points marked by colored dots in Figure 10b (d).

The findings of the last two samples, MRAB and GRAR, are presented in Figures 11 and 12,
respectively. The spatial resolution of the studied areas are 1000 × 340 μm2 and 1580 × 1360 μm2,
accordingly. Concerning the carbonyl level of Area 4, a stable concentration in an order of magnitude of
2 (Figure 11a) can be observed. Since the fabrication conditions of that sample are different compared
to GRAB sample, i.e., mixed at a higher temperature for a longer period of time, one can assume a
higher degree of blending, as well as a more homogenized dispersion of the carbonyls within the
analyzed area. Figure 12 provides information regarding the chemical imaging of the GRAR sample
where a rejuvenation agent was sprayed on the RA sample. The carbonyl levels of Area 5 range from 0
to 3 (Figure 12a), which are lower compared to the concentration of carbonyl of the GRA reference
sample (Figure 8a). The presence of rejuvenator can be verified by the chemical imaging in Figure 12c,
where the carboxylic acids show values between 6 and 16, and also the absence of the same band in
non-rejuvenated samples such as the MRAB sample (Figure 11c), where the absorption is below 0.
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Figure 11. Chemical imaging of the MRAB sample (Area 4): carbonyl group (a); carbonate group
(b); carboxylic acids (c); spectral visualization of the selected points marked by colored dots in
Figure 11b,c (d).

 
Figure 12. Chemical imaging of the GRAR sample (Area 5): carbonyl group (a); carbonate group
(b); carboxylic acids (c); spectral visualization of the selected points marked by colored dots in
Figure 12b,c (d).

3.2. Carbonyl Distribution as Indicator of Mobilization

The carbonyl level can be used as an indicator for ageing of the bituminous zones and therefore
also as an indication of blending. The quantified carbonyl is not always a band that belongs in a
bituminous zone. For that reason, by focusing on the carbonyl levels deduced only from bituminous
areas, it is possible to better understand the extent of the ageing or the rejuvenation effect on those
areas. Based on the integration of typical bands, a bituminous coating can be defined as the area where
the following conditions are simultaneously met:

• Epoxides lower than 0; values higher than 0 indicate a resin area.
• Alkyl group higher than 0; indication of bituminous area.
• Carbonyl higher than 0.

Based on those requirements, the distribution of the carbonyl for all the areas is plotted in
Figure 13a and the percentiles are presented in Table 4. Because of the large difference between the
maximum level of carbonyl (27.94) and the level at the 97.5 percentile (7.16), values above the 97.5%
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limit can be considered as extreme measurements. Based on that observation, the carbonyl level, which
can be considered as valid within a bituminous zone, for this research is between 0 and 7.16.

Table 4. Carbonyl levels at different percentiles of the distribution.

Percentage Percentiles Carbonyl Level

100.0% maximum 27.94
97.5% 97.5 percentile 7.16
75.0% third quartile 2.00
50.0% second quartile (median) 1.34
25.0% first quartile 0.67
2.5% 2.5 percentile 0.09
0.0% minimum 0.01

In Figure 13b–f, the carbonyl distributions of the individual studied zones are shown. Considering
the GRA sample as the reference sample (Figure 13b), a shift can be observed towards lower carbonyl
levels for the other 4 areas, which is an indication of blending. When comparing Areas 2 and 3 of the
same GRAB sample (see Figure 13c,d), the probability of a carbonyl level between 0 and 1 is higher
for Area 2 (66% vs. 50%), but on the other hand, some dispersed higher carbonyl levels (between 3
and 8) are present in Area 3 but not in Area 2. Those results are in line with the chemical imaging
and indicate the presence of an outer zone with low carbonyl, which can possibly be interpreted as
an area of a lower degree of blending consisting mostly of neat bitumen. On the other hand, Area 3
shows similar probability, for carbonyl levels higher than 1, compared to Area 1 of the GRA sample but
higher probability for the lowest carbonyl levels between 0 and 1 (Figure 13b,d, respectively). Here,
we can assume that an area of partial blending is present, as well as an inactive RA bituminous zone.
Therefore, the assumption of full blending is not valid for these samples.

The MRAB sample exhibits a high probability of carbonyl levels between 1 and 2. This is an
indication of a higher degree of blending, since lower and higher carbonyl levels are limited. The GRAR
sample shows similar probabilities as Area 3 of the GRAB sample.

 
Figure 13. Probability of carbonyl levels in the bituminous zone: among all samples (a); GRA (b);
GRAB Area 2 (c); GRAB Area 3 (d); MRAB (e); GRAR (f).

109



Coatings 2019, 9, 240

3.3. Bituminous Mortar Coating of the RA Granulates

Previous studies have discussed the mobilization of pure bitumen or mastic (bitumen and filler).
Figure 14 shows part of the coating of sample MRAB. This particular sample was obtained from an
actual mixture, and, as demonstrated before, for this sample, a higher degree of blending has been
achieved. Therefore, it can be considered as the most appropriate representation of the result of an
actual mixing procedure and thus a realistic bituminous coating of RA granulates. As can be seen
in Figure 14, the surrounding coating also consists of visible fine particles larger than 63 μm (filler
threshold) and smaller than 500 μm. This bituminous zone should be considered as the bituminous
mortar area. Moreover, this statement is in line with the definition given for asphalt mortar in [16].
For that reason, the mobilization of mortar should be considered as a more realistic phenomenon when
adding RA in bituminous mixtures rather than the mobilization of bitumen or mastic.

Figure 14. Bituminous mortar as coating of a RA granulate.

4. Conclusions

In this study, the application of FTIR microscopy in ATR mode on RA granulates was evaluated.
A specific methodology for the preparation and the analysis of coated granulates was proposed.
The samples engineered for this research were suitable for microscopic analysis, and by utilizing
characteristic infrared bands, it was possible to trace zones of different composition and intensity.

The conclusions of this research are as follows:

• It is possible to trace carbonyls as an ageing indicator on actual RA granulates.
• The blending between RA mortar and neat bitumen can be characterized as only partial.
• Shorter mixing times and lower temperatures (2 min and 150 ◦C) can lead to large inactive RA

mortar areas and a lower degree of blending.
• Higher temperature and longer mixing (5 min and 180 ◦C) may provide a higher degree

of blending.
• Rejuvenation of bituminous coating can be traced based on the proposed method.
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• The ageing index (carbonyls) for the rejuvenated area is lower than the sample areas covered with
neat bitumen.

It should be noted that the described method requires an adequate amount of time for the
collection of the spectra. Since this study is at a demonstrative stage, the number of samples was rather
limited. Based on these results, the application of this technique is promising for future research to
quantitatively evaluate the impact of different fabrication methods (mixing time and temperature) in
the degree of blending, as well as its application on different and actual asphalt mixture samples.
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Abstract: The given research was driven by prospects to design Mo-rich coatings with iron group
metals electrodeposited from a highly saturated ammonium acetate bath. The obtained coatings
could be employed as prominent electrodes for the hydrogen evolution reaction (HER). It was found
that the Mo content in Ni–Mo alloys can be tuned from 30 to 78 at.% by decreasing the molar ratio
[Ni(II)]:[Mo(VI)] in the electrolyte from 1.0 to 0.25 and increasing the cathodic current density from 30
to 100 mA/cm2. However, dense cracks and pits are formed due to hydrogen evolution at high current
densities and that diminishes the catalytic activity of the coating for HER. Accordingly, smoother and
crack-free Ni–54 at.% Mo, Co–52 at.% Mo and Fe–54 at.% Mo alloys have been prepared at 30 mA/cm2.
Their catalytic behavior for HER has been investigated in a 30 wt.% NaOH solution at temperatures
ranging from 25 to 65 ◦C. A significant improvement of electrocatalytic activity with increasing
bath temperature was noticed. The results showed that the sequence of electrocatalytic activity in
alkaline media decreases in the following order: Co–52 at.% Mo > Ni–54 at.% Mo > Fe–54 at.% Mo.
These peculiarities might be linked with different catalytic behavior of formed intermetallics (and
active sites) in electrodeposited alloys. The designed electrodeposited Mo-rich alloys have a higher
catalytic activity than Mo and Pt cast metals.

Keywords: Ni–Mo; Co–Mo; Fe–Mo alloys; electrodeposition; hydrogen evolution reaction;
electrocatalysis

1. Introduction

Hydrogen is a clean fuel and an energy carrier that can be used for energy conversion and storage
and is considered as a possible substitute for fossil fuels [1]. Electrocatalytic water splitting offers an
ideal approach for highly pure hydrogen production. However, despite the multitude of on-going
research, the development of an optimized, cost-effective and sustainable catalyst, which possesses
a high catalytic activity for hydrogen evolution reaction (HER) is still rather appealing. Commonly,
the ability of a given metal to catalyze the HER is estimated based on the exchange current density
(ECD), i.e., the current density in the absence of net electrolysis at zero overpotential (at formal
equilibrium potential for hydrogen evolution reaction in the particular solution). It is known, that the
higher the ECD, the lower the overvoltage that must be applied to create a significant current flow.
Hence, elaborated electrocatalysts should manifest exchange current densities equivalent or analogous
to the ECD of polycrystalline platinum (~1 × 10−3 A/cm2 in alkaline electrolytes) [2].

A considerable part of research on the design of effective cathode materials for HER has been
focused on Mo alloys with iron group metals (Ni, Co, Fe) due to their superior catalytic performance
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in alkaline media [3–5], stability at elevated temperatures [6] and reasonable corrosion and oxidation
resistance [7–10]. These characteristics, combined with good electrical conductivity, easy usage and
reasonable price, are attractive parameters for selecting the cathode material for water electrolysis.
It was revealed that the activity of the Ni–x at.% Mo (12 ≤ x ≤ 29) alloy for HER is much higher than
that of separate metallic nickel and molybdenum electrodes [11–15]. This phenomenon is attributed
to the synergistic effect of Mo dispersed in the Ni matrix, which increases the real surface area of the
electrode [12,16]. In addition, the enhancement of the catalytic activity for the HER of the Ni–15 at.%
Mo alloy was ascribed to the modification of electron density in d-orbitals upon alloying nickel with
molybdenum [17]. In other words, this model implies that some of the electrons of the iron group
metal (Ni, Fe, Co) with more filled d-bands are shared with Mo having less-filled d-orbitals. This leads
to maximal bond strength and stability of the intermetallic alloy phases [18,19].

Commonly, Mo alloys with iron group metals (Ni, Co, Fe) can be synthesized by applying
mechanical alloying [3,20–22], powder metallurgy [11,23,24], spraying [25] and laser cladding
techniques [26]. However, fabrication processes in aqueous media are often considered as simpler,
cheaper and more environmentally friendly fabrication methods than those requiring sophisticated
apparatus, volatile and corrosive chemicals and extra energy that must be incurred to keep the system
in a liquid state. Thus, molybdenum can be successfully co-electrodeposited in the presence of
iron group metal ions (Ni(II), Co(II), Fe(II)) and appropriate complexing agents from an aqueous
electrolyte. It is assumed that the molybdate ions are reduced to molybdenum oxide or hydroxide,
which in the presence of iron group metal (Ni, Fe or Co) species allows the formation of the
corresponding binary alloy deposits. The effective Mo alloys electrodeposition with iron group metals
were carried out from citrate [3,5,7,27], citrate–ammonia [10,12], citrate-gluconate [28], ammonia [29]
and pyrophosphate [30,31] aqueous electrolytes.

Moreover, it was claimed that Ni–Mo electrodes show higher electrocatalytic activity than
other Ni-based binary alloys such as Ni–Co, Ni–Fe, Ni–Zn and Ni–Cr [5,29]. For a given reason,
the fabrication of Ni–Mo alloys possessing the highest activity for effective hydrogen production
was the target for the vast research in the last decades. There are numerous reports certifying
that the catalytic activity for hydrogen evolution is qualitatively proportional to the Mo content
in Mo-based alloys [11,13,17]. Therefore, researchers’ efforts were directed to optimize the plating bath
vs. deposition conditions in order to obtain Mo-rich alloys as effective catalysts for the HER. It was
shown that electrodeposition from ammonia based aqueous solutions produces Mo alloys with up to
~41 at.% of Mo [32–36]. Coatings containing more than 40 at.% Mo have been electrodeposited from
ammonium-citrate solution in the presence of imidazolium-based ionic liquids as an additive [37].
Ammonia is frequently added to improve the cathode current efficiency, however, there is also some
data about its effect on decreasing the Mo content in bimetallic Mo system with iron group metal (Ni,
Co, Fe) [34]. Thus, despite the reduced current efficiency, typically ammonia-free electrolytes are used
for the preparation of Mo-rich coatings, e.g., the Fe–Mo electrodes containing up to 59 at.% of Mo have
been prepared from a pyrophosphate bath [38,39]. Binary Fe–Mo alloys with 49 at.% of Mo have been
electrochemically formed from an aqueous trisodium nitrilotriacetate bath [40]. A considerable increase
in Mo content, i.e., up to 70 at.%, can be caused by the addition of Mo powder to the electrolyte [41].
In addition, it has been noted that Mo content in alloys composition can be increased by carrying out
the electrodeposition under the pulse current mode [42]. The highest Mo content, 74 at.%, achieved so
far by induced electrodeposition in aqueous citrate electrolyte was reported for a Ni–Mo alloy [43].

Therefore, based on the mentioned above, the given research was focused on the electrodeposition
of Ni-, Co- and Fe- Mo-rich alloys from a highly saturated ammonium acetate bath. The electrolyte’s
composition given in Reference [44] was adapted for the electrodeposition of binary Mo-containing
alloys. In order to determine the influence of the nature of the iron group metal on the catalytic
activity of target coatings (Ni-, Co- and Fe- Mo-rich alloys) the electrochemical conditions were tuned
in such way to ensure deposition of alloys with similar content of Mo. The catalytic activity of the
electrochemically fabricated Mo-based alloy electrodes for the HER was explored in a 30 wt.% NaOH

116



Coatings 2019, 9, 85

solution. In order to compare the electrochemical activity with other typical electrode materials,
experiments were also performed using bare platinum electrode (same geometrical area) under the
same conditions.

2. Materials and Methods

2.1. Mo-Rich Alloys Electrodeposition

Mo-rich alloys, namely Ni–Mo, Co–Mo and Fe–Mo, were prepared from highly saturated
ammonium acetate electrolytes (Table 1) based on bath composition proposed in Reference [44] for
Mo films deposition. All solutions were prepared from chemicals of analytical grade (A.R.) dissolved
in demineralized water. The electrodeposition of coatings was carried out at 30 ◦C in order to lower
the viscosity of the concentrated solutions and to avoid salt precipitation. Cu rod (surface area of
1 cm2), platinum sheet (3 × 7 cm2) and a saturated Ag/AgCl electrode were used as a working,
counter and reference electrodes, respectively. Prior to the electrodeposition, Cu rods were washed and
cleaned in an ultrasonic bath for 6–7 min and etched in an HNO3:CH3COOH:H3PO4 (1:1:1) solution at
60 ◦C. The thickness of the prepared Mo alloy coatings with iron group metals was calculated from
gravimetric and elemental analysis data. Further, the electrocatalytic activity for the HER in 30 wt.%
NaOH of fabricated cathodes has been investigated.

Table 1. Composition of electrolytes for Ni–Mo (Baths No. 1–3), Co–Mo (Bath No. 4) and Fe–Mo (Bath
No. 5) coatings electrodeposition.

Bath CH3CO2K CH3CO2NH4 (NH4)2MoO4 NiSO4·7H2O CoSO4·7H2O FeSO4·7H2O pH

1

10.2 M 10.4 M 0.004 M

0.001 M
– – 8.22 0.002 M

3 0.004 M
4 – 0.002 M

8.35 – 0.002 M

2.2. Morphological and Structural Study

The surface morphology and chemical composition of the prepared Mo-based deposits were
examined with the scanning electron microscope (SEM, Hitachi TM3000, Tokyo, Japan) equipped with
an INCA energy dispersive X-ray spectroscopy detector (EDS, Oxford Instruments, Buckinghamshire,
UK) at an accelerating voltage of 20 kV, respectively. Based on the chemical composition of the obtained
alloys, the current efficiency (CE) was calculated according to the Faradays’ law:

CE (%) =
Fm
It

[
xini
Mi

+
xMo·nMo

MMo

]
× 100% (1)

where F is Faradays constant (96485 C); m is the weight of the electrodeposit (g); I is an applied
current (A); t is the time of electrodeposition (s); xi, ni, Mi is the content (wt.%), electrons transferred
per ion, and molecular weight (g/mol) of Ni, Co or Fe, respectively; xMo, nMo, MMo is the content,
wt.%, electrons transferred per particular ion, respectively; molecular weight of Mo.

The structure of the electrodeposited alloys was investigated by X-ray diffraction (XRD) methods
(Rigaku MiniFlex II, Tokyo, Japan). XRD patterns were produced with Cu Kα radiation (1.5406 Å) in
2θ scanning mode from 20 to 100◦ with a step of 0.01◦.
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2.3. Electrochemical Measurements

The voltammetric measurements for the evaluation of the kinetic parameters of Mo-rich alloys
for the HER were performed in a 30 wt.% NaOH solution at several temperatures (25–65 ◦C, with
the increment of 10 ◦C) in a thermostatic cell. A platinum wire was used as an auxiliary electrode
and a saturated Ag/AgCl electrode was used as the reference electrode. All potentials are given with
respect to the Ag/AgCl reference electrode. Potentiodynamic polarization hydrogen evolution curves
were recorded at the sweep rate of 2 mV/s. The cathode potential was scanned from its open circuit
potential (OCP) up to −1 V. Voltammetric curves were recorded using a potentiostat/galvanostat
AUTOLAB equipped with GPES software (version 4.9). Extrapolation of the polarization curves
obtained at different temperatures, in the coordinates lgi − η to value η = 0 give the possibility to
determine the ECD (i0). The overvoltage, η, was calculated from the following equation:

η = E − Er (2)

Er = −
(

2.3RT
F

)
pH (3)

where η is an overpotential of the HER (V), E is an experimental potential value at which the reaction
takes place (V); Er is the reversible potential value calculated from the Nernst equation (V), R is
the universal gas constant (8.314472 J/K mol); T is the temperature (K); F is the Faraday constant
(96,485 J/mol).

For the calculation of overpotentials at temperatures other than 25 ◦C, the tabulated data [45] of
the temperature dependence of the potential of the saturated Ag/AgCl electrode vs. the hydrogen
electrode, were used.

3. Results and Discussion

3.1. Design of Mo-Rich Alloys Coatings

The high percentage of molybdenum in Mo-based alloy electrodeposits leads commonly to
the growth of the ECD value but also has a positive influence on their corrosion resistance and
microhardness [10]. On the other hand, the electrodeposition of coatings having a very high
molybdenum content (>38 at.% of Mo) is more sensitive to side reactions, namely the evolution
of hydrogen, which can lead to the appearance of a dense net of cracks, bumps and small pits that
diminish practical application of such coatings for the HER. Thus, the first step of the given research
was dedicated to the selection of the optimum electrochemical conditions (bath chemistry, applied
current density) in order to obtain high-quality Mo-rich alloys with a reasonable deposition rate.
The first investigated system was Ni–Mo (Table 1, Baths 1–3) since a high amount of publications have
reported [15,46,47] that the Ni–Mo alloy is the most promising non-noble catalysts for the HER among
other refractory metal-based electrodes.

Previously, it was shown that if the ratio [Ni(II)]:[Mo(VI)] is approaching 10, the amount of Mo in
the Ni–Mo deposit decreases dramatically from 65 to 20 at.% [48]. Therefore, in order to obtain Mo-rich
alloys, the ratio was kept at 0.25, 0.5, 1.0. Another parameter, which influences the refractory metal
content in the alloys is the applied current density. Based on a preliminary study, two cathodic current
densities, namely 30 and 100 mA/cm2, have been chosen for electrodeposition of Mo-rich alloys.

Taking these parameters into account, the dependence of Mo content on the [Ni(II)]:[Mo(VI)] ratio
and the cathodic current density was evaluated (Table 2). Namely, as it was anticipated, the amount
of Mo in the alloys decreases from ~85 to 36 at.% as the Ni(II) increased in the bath. Here it should
be mentioned, that only the content of the metallic phase was taken into account for the evaluation
regardless of the ambiguous values of oxygen and other light elements detected by the EDS analysis.
The highest content of molybdenum in the Ni–Mo deposits, around 85 at.%, was achieved at a
[Ni(II)]/[Mo(VI)] ratio equal to 0.25 in the plating bath. This Mo amount is significantly higher
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in comparison with previous works reported for Ni–Mo alloys obtained from aqueous electrolytes
and is close to that found for Ni–Mo alloys prepared by metallurgical [11] or mechanical alloying
techniques [49]. In order to reveal the interdependencies between bath chemistry and applied current
densities, partial current densities (PSD) for NiPCD, MoPCD reduction and hydrogen evolution were
also evaluated based on Faraday’s law (Table 2).

Table 2. Dependence of composition, morphology and partial current densities of electrodeposited
Ni–Mo alloys on the [Ni(II)]:[Mo(VI)] ratio and applied cathodic current density. Molybdenum at.%
content is specified on the SEM images.

[Ni(II)]:
[Mo(VI)]

Ratio

Applied Cathodic j, 30 mA/cm2 Applied Cathodic j, 100 mA/cm2

SEM
Partial Cathodic

j, mA/cm2 SEM
Partial Cathodic

j, mA/cm2

1

 

jNi = 0.6

 

jNi = 1.3
jMo = 1.3 jMo = 2.2
jH2 = 28.1 jH2 = 96.5

0.5

 

jNi = 0.3

 

jNi = 0.6
jMo = 1.2 jMo = 2.1
jH2 = 28.5 jH2 = 97.3

0.25

 

 

jNi = 0.02

 

 

jNi = 0.2
jMo = 0.27 jMo = 2.3
jH2 = 29.71 jH2 = 97.5

Namely, the increase of the [Ni(II)]:[Mo(VI)] ratio increases the NiPCD and consequently Ni
content in the deposit the higher applied current density (overpotential) accelerates the reduction of
Ni(II) rather than Mo(VI) compounds. The side reaction is accelerated by a higher Mo content in the
alloy that leads to the propagation of large micro-cracks, especially for Ni–Mo alloys deposited at a
[Ni(II)]/[Mo(VI)] ratio ≤ 0.5 and having more than 50 at.% of Mo. Our results are in a good agreement
with Reference [50], where it was shown that the cracks in the Ni–Mo alloys deposited from a citrate
solution have been tracked at a Mo content higher than ~30 at.% but from an ammonium-citrate
electrolyte [3] they appear even at lower Mo content (~21 at.%).

Hence, in order to obtain Mo-rich alloys without visible defects, the applied current density of
30 mA/cm2 and a [Ni(II)]:[Mo(VI)] ratio of 0.5 should be viewed as the optimum conditions. This ratio
allows for a four times increase in the MoPCD in comparison with the ratio of 0.25. It suggests that the
electroactive complex should contain both molybdenum and nickel species. At the higher ratio (higher
Ni(II) concentration), the MoPCD does not change significantly but the Mo content in the alloy decreases
(from 54 to 40 at.%). Notably, at a current density of 100 mA/cm2, the MoPCD is practically the same for
all investigated [Ni(II)]:[Mo(VI)] ratios, suggesting that electroactive Mo-containing species under such
conditions reaches saturation and has no significant effect on alloy electrodeposition. Furthermore,
at a higher applied current density, an additional roughening due to the pronounced nodular structure
of the coatings is obtained, that can be interconnected with abundant hydrogen evolution, which leads
to cracks and holes on the surface (Table 2). On the one hand, in Reference [51], it was shown that the
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cracked surfaces are characterized by higher HER activity and ascribed to an increased surface area
of the active centers due to the microcracks but on the other hand, a certain amount of the hydrogen
enters the open pores (cracks) of the deposit and it starts peeling off around the pores. Hence, it is
obvious that the application of such coatings in the industrial processes is not recommendable [30].
Moreover, due to high PCDs for hydrogen reduction, the current efficiency in all investigated cases
is rather low (<10%). This is a common characteristic for Ni–Mo co-deposition [52] that is associated
with the formation of a mixed Mo oxides layer in the presence of an excess of Mo(VI) ions in the bath,
which hinders the further reduction.

Accordingly, based on the experimental results obtained for Ni–Mo alloys, the following optimal
conditions were adapted for electrodeposition of Co–Mo and Fe–Mo alloys: cathodic current density
30 mA/cm2 and [Me(II)/Mo(VI)] = 0.5. This allowed for the electrodeposition of Mo-rich coatings
(Co–52 at.% Mo and Fe–54 at.% Mo) coupled with suitable morphology (crack-free coatings with a less
rough globular surface) and to evaluate the influence of iron group metal on the catalytic activity for
HER in alkaline media. The obtained morphology of Mo-rich alloys was quite similar regardless of the
iron group metal (Figure 1).

   

Figure 1. SEM images of electrodeposited at 30 mA/cm2 and [Me(II)]/[MoO4
2−] = 0.5 coatings: Ni–Mo

(a), Co–Mo (b) and Fe–Mo (c). The time of electrolysis was 1 h and the thickness of all deposits was
~10 μm.

The structure and crystallite size was evaluated by XRD analysis. A characteristic broad peak
at 2θ = 43◦–44◦ was obtained for Ni–54 at.% Mo and is depicted in Figure 2a. According to the
thermodynamic equilibrium data, the solubility limit of Mo in the fcc Ni structure at room temperature
is ~17 at.%. When the Mo content exceeds this limit, an amorphous microstructure can be noticed
and the formation of intermetallic Ni4Mo, Ni3Mo, NiMo compounds becomes possible for Ni–Mo
alloys having >25 at.% of Mo [31,53]; a line with a solid solution of Ni in Mo. It is also known that the
broadening of the XRD peak is related to the refinement of crystallite size that typically occurs with an
increasing Mo content [31]. According to the literature, the mean crystallite size of Ni–Mo coatings
can decrease from 50 to 2 nm by increasing the Mo content from 1 to 38 at.%, respectively [35,37,54].
This corresponds to a crystallite size of the investigated Ni–Mo coatings as small as ~2 nm. Notably,
Ni–Mo deposits consisting of such small crystallites can have a lower overpotential for hydrogen
evolution due to the larger concentration of crystal lattice defects and dislocations, which are considered
as active centers for HER [12,19].
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Figure 2. XRD pattern for: (a) Ni–54 Mo, (b) Fe–54 Mo and (c) Co–52 Mo electrodeposits (composition
is given in at.%).

The XRD patterns for Fe–54 at.% Mo and Co–52 at.% Mo alloys showed the analogous crystalline
structure to the Ni–54 at.% Mo coating (Figure 2b,c). Since the presence of one broad peak in the
X-ray diffraction patterns makes it difficult to interpret the results, it can be only proposed that a
mixture of Mo solid solution in the iron group metal and corresponding intermetallic compounds were
formed. For the Fe–Mo (also Fe–W) system, the Mössbauer spectroscopy supports this presumption
and suggests that deposits having more than 17 at.% of refractory metal consists of a mixture of
molybdenum solid solution in α-Fe and intermetallic phases, e.g., Fe3Mo, Fe2Mo [55,56]. In the case
of the Co–Mo alloy, some of the studies reported that a Mo solid solution in cobalt and intermetallic
Co3Mo is formed [36,57].

The different intermetallic phases should have an impact on their activity for the HER. It was
emphasized that the maximum electrocatalytic activity could be achieved for intermetallic phases
of highest symmetry and minimal entropy, such as Laves phases or A3B types (Co3Mo, Ni3Mo,
Fe3Mo) and the Brewer theory for intermetallic bonding predicts as the most stable systems [58]. Thus,
it was reported that films consisting of a Co3Mo phase (for Co–x at.% Mo, 18 ≤ x ≤ 28) have the
best electrocatalytic properties among other Co–Mo alloys having lower molybdenum contents [59].
Furthermore, in Reference [60], it was concluded that Co3Mo intermetallic compounds are more stable
in a hot alkaline solution than other Co–Mo phases. Similarly, in the case of the Fe–Mo alloy system,
the lowest overvoltage for hydrogen evolution at a current density of 200 mA/cm2 has been observed
for the Fe–47 at.% Mo sample with a predominant Fe3Mo intermetallic compound phase [38].

3.2. Catalytic Behavior

The electrocatalytic activity for hydrogen evolution in 30 wt.% NaOH of Ni–Mo, Co–Mo and
Fe–Mo samples containing ~52–54 at.% of Mo in their composition was evaluated using a linear scan
voltammetry method that allows for the determination of the apparent exchange current densities.
Polarization curves and semi-logarithmic coordinates of all chosen systems obtained at 25 ◦C are
presented in Figure 3. In order to compare the catalytic behavior of Mo-rich Ni-, Co-, Fe-Mo coatings,
the cast Mo and Pt electrodes were used. Table 3 summarizes the calculated apparent exchange current
densities (i0), the overpotentials at a selected current density of 200 mA/cm2 (η0.2) and the current
densities obtained at an overpotential of 0.3 V (i0.3); calculated Tafel slopes (bc).
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Figure 3. Cathodic polarization curves of (a) Mo-rich electrodeposits in 30 wt.% KOH at 25◦C and
(b) plots in semi-logarithmic coordinates. The scan rate was 2 mV/s (composition is given in at.%).

Table 3. Calculated apparent exchange current densities (i0), Tafel slopes (bc), overpotentials (ηi) at
i = 0.3 A/cm2 and current densities (iη) at η = −0.3 V for hydrogen evolution different electrodes
(composition is given in at.%).

Parameter
Electrode

Ni–54 Mo Co–52 Mo Fe–54 Mo Mo Pt

io (mA/cm2) 0.62 1.90 0.23 2.90 × 10−5 2.63
bc (mV/dec) 128 132 152 231 122

ηi (V) 0.46 0.43 0.54 0.67 0.48
iη (A/cm2) 9.1 × 10−2 1.8 × 10−1 9.3 × 10−2 5.4 × 10−4 8.2 × 10−2

Binary Mo alloy cathodes possess 105 times higher apparent exchange current densities than
cast Mo, thus are more active for the HER. However, all alloys demonstrated lower apparent
exchange current densities for the HER at 25 ◦C in comparison with a bare Pt electrode. However, the
overpotentials required to obtain current densities of 300 mA/cm2 and current densities at −0.3 V
for active bimetallic Mo alloys ware similar to those determined for Pt, making them competitive
electrodes for hydrogen production. Notably, as it was mentioned above, the nature of the iron group
metal affects the catalytic activity for the HER and the cathodic current density for the Co–52 at.%
Mo coating is higher in comparison to that of Ni–54 at.% and Fe–54 at.% Mo, thus indicating the best
catalytic performance among the synthesized electrodes, which is consistent with the lowest η0.2 and
i0.3 values.

It is well known that the lower Tafel slope implies a lower electrochemical electrode polarization
during the HER process, particularly at a high current density. The values of the Tafel slope for
Ni–54 at.% Mo and Co–52 at.% Mo deposits under high polarization conditions are 128 mV/s and
132 mV/dec, respectively. Meanwhile, the Tafel slope for Fe–54 at.% Mo under these conditions shifted
to more positive values, i.e., increased up to 152 mV/dec and it can be related to the higher iron
affinity to the air and the presence of a thin oxide film on the surface that is characterized by a lower
conductivity that impedes the electron transfer rate [15].

An improvement of catalytic activity for the HER with the operation temperature, as is desired
for practical industrial alkaline electrolysis has been reported [36,42]. Accordingly, in the present
study, the electrodeposited alloy electrodes were tested at temperatures ranging from 25 to 65 ◦C by
applying 10 ◦C increments. A general comparison of the performance of electrodeposited Ni–54 at.%
Mo, Fe–54 at.% Mo, Co–52 at.% Mo and cast separate metals in the temperature range 25–65 ◦C is
given in Figure 4. The apparent exchange current densities were calculated from the linear region
at low overpotential values and are presented in Table 4. As it was expected, the electrocatalytic
activity of Ni–54 at.% Mo, Fe–54 at.% Mo and Co–52 at.% Mo is significantly higher than cast Mo in
the whole tested temperature range. Moreover, the results suggest that at an elevated temperature
(>35 ◦C) Mo-rich alloys have a more prominent HER outperformance than Pt investigated in our
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laboratory. Although the HER activity, namely i0, was found to increase with temperature, the Tafel
slopes for the Mo-based alloys remained almost constant and varied in the range of 120–150 mV/dec.
This phenomenon has been discussed in terms of the entropic contribution towards free energy of
activation [61]. Among all investigated systems, the Co–52 at.% Mo electrode demonstrates the
best performance towards the HER, particularly at temperatures higher than 45 ◦C. These results
correspond well with findings published in Reference [62] where it was confirmed that Co–Mo
co-deposits are characterized by a higher catalytic activity and stability in alkaline water electrolysis
than Ni–Mo, Co–W and Ni–W alloy electrodes. Moreover, in Reference [63], it was shown that catalytic
activity depends on the metal-hydrogen bond strength and absorption sites in the alloy available to
hydrogen and thus the electrochemically charged H content decreases in the series of Co–Mo > Co–W
> Ni–Mo. Furthermore, comparing Co–Mo, Co–W and Ni–Mo electrodeposits, the thermal desorption
of hydrogen occurs at the lowest temperature on Co–Mo showing a faster recombination step of H
atoms possible on this alloy, thus improving its electrocatalytic performance [63].
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Figure 4. Effect of temperature on cathodic polarization curves at Ni–54 Mo (a), Fe–54 Mo (c), Co–52 Mo
(e) electrodeposits in 30 wt.% KOH at different temperatures and plots in semi-logarithmic coordinates
for Ni–54 Mo (b), Fe–54 Mo (d), Co–52 Mo (f) electrodes. The scan rate was 2 mV/s (composition is
given in at.%).
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Table 4. Experimental values of the apparent exchange current (i0, in mA/cm2) and Tafel slopes
(bc, in mV/dec) for Ni–54 Mo, Co–52 Mo and Fe–54 Mo alloy electrodes at different temperatures
(composition is given in at.%).

Sample
Measurement temperature (◦C)

25 35 45 55 65

i0 bc i0 bc i0 bc i0 bc i0 bc

Ni–54 Mo 0.62 128 3.21 128 7.32 119 1.47 116 25.4 123

Fe–54 Mo 0.23 152 0.99 148 4.33 142 5.83 139 14.6 145

Co–52 Mo 1.90 132 9.53 130 17.1 128 32.0 121 46.2 119

Mo 2.9 × 10−2 231 8.3 × 10−2 220 1.9 × 10−1 220 2.1 × 10−1 215 2.3 × 10−1 221

Pt 2.63 122 3.68 129 6.51 120 2.63 125 11.5 125

In many previous publications the Ni–Mo alloy coatings are characterized by a lower overpotential
value, as compared to the Co–Mo [14]. Though, there is also some information suggesting that Co–Mo
coatings have a better catalytic activity for the HER compared to Ni–Mo deposits [62,64]. At the first
glance, these controversial results could be attributed to the different alloy preparation techniques that
are capable of yielding an uneven composition, morphology and structure of the prepared samples
and thus, directly influence the catalytic properties of the samples. However, the clear tendency
between the nature of the iron group metal effect during alloying with Mo and catalytic behavior
also cannot be easily defined even for the Ni–Mo, Co–Mo and Fe–Mo cathodes fabricated using
the same electrodeposition technique (Table 5). As it can be seen, the exchange current densities,
even for alloys having a similar chemical composition, vary depending on the selected alkaline media
and temperature.

In general, the present study shows the catalytic activity for the Ni–Mo alloy is comparable to
previously reported samples under similar experimental conditions (Figure 5). Moreover, in the case
of the Co–Mo and Fe–Mo system, the apparent exchange current density calculated in our work is
significantly higher than it was expected from other authors observations (the corresponding columns
are not given in the figure due to a significantly lower value). This could be attributed to the more
concentrated alkaline media and higher temperature used in the present study.
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Figure 5. The comparison of apparent exchange current densities (i0) towards the HER on Mo alloys
with iron group metals determined in this study (*) with the published data. The experiments were
performed in NaOH at 60–65 ◦C. The composition of alloys is given in at.%.

Notably, the Fe–Mo coating demonstrates lower exchange current densities for the HER in an
alkaline environment among other electrodes investigated in this study. This may be related to the
higher iron affinity to the air by forming an oxide, hydroxide, or mixed film that physically separates
the metal surface from the electrolyte.
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Table 5. Comparison of the HER apparent exchange current density values, i0, extracted from the
published data for electrodeposited Ni–Mo, Co–Mo and Fe–Mo alloy electrodes.

Sample Mo content (at.%) Media i0 (mA/cm2) Reference

Ni–Mo

26 8.25 M NaOH, 85 ◦C 44.4 [4]

20 6 M KOH; 80 ◦C 18.62 [5]

33.8 7 M KOH, 25 ◦C 2.8 [19]

– 7 M KOH, 80 ◦C 55.24 [29]

25 2 M NaOH, 30 ◦C 3.1 × 10−2 [32]

20.8 11 M NaOH; 80 ◦C 42.4 [42]

29.8 1 M NaOH, 30 ◦C 11.1 [65]

27.5 1 M KOH 3.18 × 10−3 [66]

7.5 6 M KOH; 70 ◦C 7.3 [67]

NiMo-modified Ni foam 2.5 0.1 M NaOH, 25 ◦C 4.1 × 10−2 [28]

Ni + Mo composite 44 5 M KOH; 25 ◦C 1.0 [68]

Ni–Mo–rGO 30.8 1 M KOH; 25 ◦C 4.31 × 10−3 [69]

Ni–Mo 10.4
7 M KOH, 25 ◦C

2.6 × 10−2
[62]

Co–Mo 21.4 2.3 × 10−2

Co–Mo

40.9 1 M NaOH 1.5 [33]

32 0.5 M NaOH; 60 ◦C 6.9 × 10−3 [36]

25 1 M NaOH, 25 ◦C 0.13 [59]

19 1 M KOH, 25 ◦C 0.36 [70]

33 1 M NaOH, 30 ◦C 5.0 × 10−2 [71]

Fe–Mo 59.3 1 M NaOH, 25 ◦C 2.4 × 10−3 [39]

In order to obtain a more complete picture of electrocatalytic behavior for the HER,
the corresponding Ea values for all tested systems have been calculated considering the linear
dependence lg(i0) = f (1/T) using Arrhenius equation:

Ea = −2.303R
∂(lgi0)
∂(1/T)

(4)

where Ea is the activation energy (J/mol), i0—apparent exchange current density, T—temperature (K).
Figure 6 shows the Arrhenius plots for the as-deposited Ni–54 at.% Mo, Co–52 at.% Mo and

Fe–54 at.% Mo electrodes. From the slope of these plots Ea values of 36.6, 32.5 and 27.9 kJ/mol for
Fe–Mo, Ni–Mo and Co–Mo electrodes were determined, respectively. It is known that the lower the
Ea value is, the lower the energy requirements for hydrogen production. Thus, it is obvious that the
charge transfer rate is favored by Co–52 at.% Mo alloys electrodeposition, since this electrode showed
slightly lower activation energy than that of the Ni–54 at.% Mo and Fe–54 at.% Mo coatings.
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Figure 6. Arrhenius plots for Ni–54 Mo, Co–52 Mo and Fe–54 Mo electrocatalysts (composition is given
in at.%).

125



Coatings 2019, 9, 85

4. Conclusions

• The electrodeposition of Mo-rich (36–82 at.%) alloys with iron group metals (Ni, Co, Fe) from
highly saturated ammonium acetate aqueous electrolytes is reported. The composition was
affected by the [Ni(II)]/[Mo(VI)] ratio in the plating bath and cathodic current density.

• The electro-catalytic activity towards cathodic hydrogen evolution in 30 wt.% NaOH solution
in the temperature range of 25–65 ◦C on the electrodeposited Ni–54 at.% Mo, Co–52 at.% Mo,
Fe–54 at.% Mo and Co–52 at.% Mo alloy coatings characterized by amorphous-like structure has
been investigated.

• Bimetallic Mo-based alloys are considered as more active for the HER in comparison with the
cast Mo and Pt since they demonstrate higher apparent exchange current densities in the tested
temperature range. The apparent exchange current density of hydrogen for Co–52 at.% Mo
deposits were considerably higher than those for Ni–54 at.% Mo and Fe–54 at.% Mo alloy coatings
and this can be attributed to the formation of stable intermetallic Co3Mo phase which ensures
optimal Co and Mo distribution over the surface and produces larger active sites for the HER.

• The calculated activation energy values suggest that the Mo alloy coating with iron group metals
shows promising electrocatalytic activity for the HER and among all investigated samples, the
Co–52 at.% Mo electrode is characterized by a lower activation energy (27.9 kJ/mol) than the
Ni–54 at.% Mo (32.5 kJ/mol) and Fe–54 at.% Mo (36.6 kJ/mol) coatings.
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Abstract: Additive manufacturing (AM) is a new paradigm for the design and production
of high-performance components for aerospace, medical, energy, and automotive applications.
This review will exclusively cover directed energy deposition (DED)-AM, with a focus on the
deposition of powder-feed based metal and alloy systems. This paper provides a comprehensive
review on the classification of DED systems, process variables, process physics, modelling efforts,
common defects, mechanical properties of DED parts, and quality control methods. To provide a
practical framework to print different materials using DED, a process map using the linear heat input
and powder feed rate as variables is constructed. Based on the process map, three different areas that
are not optimized for DED are identified. These areas correspond to the formation of a lack of fusion,
keyholing, and mixed mode porosity in the printed parts. In the final part of the paper, emerging
applications of DED from repairing damaged parts to bulk combinatorial alloys design are discussed.
This paper concludes with recommendations for future research in order to transform the technology
from “form” to “function,” which can provide significant potential benefits to different industries.

Keywords: additive manufacturing; directed energy deposition; process maps; laser engineered net
shaping; dilution; solidification cooling rate; process-microstructure relationship

1. Introduction

Additive manufacturing (AM), also popularly known as 3D printing, is at the frontier of
development for manufacturing diverse parts and has also been referred to as the third industrial
revolution [1–3]. AM has an advantage over other conventional manufacturing techniques, making it
possible to print complex shapes without the need for several conventional processing steps, such as
expensive tooling, dies, or casting molds [3–5]. There are several reviews on AM covering different
aspects from process dynamics to post-processing [6–10]. This paper focuses on one such type of
AM process, popularly known as directed energy deposition (DED), (also more specifically as laser
engineered net shaping (LENS™), blown powder additive manufacturing, laser metal deposition
system, and directed laser deposition), which has attracted significant attention due to its ability to
print metals and potentially any metal-alloy system, notably functionally gradient materials [11,12].
Another important application utilizing DED is the remanufacturing or repairing of a component to
increase its lifespan and hence reduce environmental impact [12,13].

DED systems have a concentrated energy source and a stream of raw material, both intersecting at
a common focal point, generally in the presence of an inert shield gas. The energy density generated at
a particular point melts the raw materials in and around that spot, giving rise to melt pool formation.
There are various types of DED systems, which include (but are not limited to): Powder-feed and
wire-feed based DED (on the basis of the type of feedstock), melt based DED, and kinetic energy based
DED (on the basis of the type of energy source). Melt based DED could be further subclassified as laser
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based DED, electron-beam based DED, plasma based DED, and electric arc based DED. The powder
based DED system has been studied extensively in the literature and is the most commonly used metal
DED technique. It predominantly uses a laser beam as the heat source. Wire based DED processes
provide a lower resolution as compared to laser-beam powder based processes, but have a higher
deposition rate and the ability to build larger structures [14,15]. They generally use an electron-beam,
plasma, or electric arc as the heat source. Electron-beam based AM (EBAM), which has a high energy
focused electron beam in vacuum, can fuse almost any metal. EBAM is commercialized by Sciaky, Inc.
and it is mainly used for manufacturing near net shape parts [16]. Plasma based AM uses a controlled
plasma source to melt the metal particles. This is a relatively new AM technology and is commercially
being used by Norsk Titanium to build mainly titanium parts [17]. Electric arc based DED melts the
wire feed to deposit the layers. Emerging technology, like metal big area additive manufacturing
(mBAAM) [14], takes advantage of the principle of electric arc welding to print big parts. Kinetic energy
based DED systems, often referred to as Cold Spray, use a converging-diverging nozzle to accelerate
micron sized particles to supersonic velocities [18]. Beyond a critical impact velocity, micron sized
particles adhesively bond to the substrate and build up material in the form of a coating as well free
standing bulk components [19]. Figure 1 summarizes the different DED categories in the form of
a flowchart.

 
Figure 1. Classification of Directed Energy Deposition (DED) systems.

This paper will focus on the powder based DED systems in detail. It covers sections on
metal and alloy systems, emphasizing the potential of DED, modelling efforts and process variables
(surface tension, Marangoni effect, dimensionless numbers, energy distribution in a DED process,
process-microstructure relationships, dilution), common defects (porosity, solute segregation and
changes in chemical compositions, printability of alloys), mechanical properties (tensile strength,
hardness, fatigue, residual stress), DED process control and monitoring, determination of optimal
processing parameters by establishing process maps and the regions where high amount of defects
are expected, application, and emerging technologies (DED of metal parts in biomedical applications,
welding and cladding, repair, bulk combinatorial alloy design, construction materials, and hybrid AM).
The paper will conclude with an overview of possible future perspectives of the field.

Metal and Alloy Systems

DED has been used to print mainly functionally graded materials, metal-matrix composites,
and coatings. Each system was developed for a targeted application (e.g., enhancing biocompatibility,
improving oxidation resistance, mechanical, and tribological properties, interfacial strength, etc.).
Table 1 summarizes selected material systems with an emphasis on the potential applications.
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Table 1. Selected studies showing DED as an emerging method to print complex metal and alloy systems.

Material System
Reported Functionality or Application or Process

Optimization as Applicable *
References

Ni coated TiC on Inconel 625 Improved mechanical properties [20]

Invar + TiC Invar has a very low coefficient of thermal expansion
which was used to make parts with low thermal stresses [21]

Ti–48Al–2Cr–2Nb + TiC
Used to study optimum process parameters, high

temperature structural applications and it exhibited twice
the hardness of Ti-6Al-4V

[22]

TiC/Ti Combines the high temperature and wear resistance of
ceramics with good mechanical properties of metals [23]

VC on SS304 Ultrahigh temperature coating on stainless steel to
improve high temperature performance [24]

Ti-6Al-4V-Al2O3

Conventionally processed ceramics requires
post-processing (e.g., high temperature sintering), but this

compositionally graded ceramic deposit on Ti-6Al-4V
(having compositions, like pure Ti-6Al-4V, Ti-6Al-4V +

Al2O3, and pure Al2O3) can be achieved in one step using
computer aided manufacturing, thereby reducing the need

for post-processing

[25]

Ti-TiO2
TiO2 on the surface of porous Ti increases surface

wettability and biocompatibility [26]

Compositionally graded
alumina on SS303

Better interfacial properties of coating due to growth of
Al2O3 coarse columnar microstructure in the direction of

deposition
[27]

CoCrMo on porous Ti-6Al-4V
Porous implant that can eliminate stress shielding issue

associated with fully dense implants and CoCrMo coting
can improve the biocompatibility

[28]

Ti + SiC Good electrochemical and tribological properties,
non-toxic for biological implants [29,30]

Calcium phosphate on Ti Load bearing implants with high hardness and wear
resistance [31]

CNT (carbon nanotubes) +
calcium phosphate + Ti-6Al-4V

Tribo-film formation improved wear resistance for
Ti-6Al-4V, CNT facilitated in-situ carbide formation

enhancing hardness
[32]

Ti-Zr-BN
Demonstrated superior mechanical properties with respect

to pure Ti; could be used to improve surface and bulk
properties.

[33]

Hydroxyapatite (HA) coating on
Ti-6Al-4V

Deposition of Ti/HA interfacial layer on Ti-6Al-4V using
LENS™, followed by plasma spraying of HA, to improve
bond strength and increase osteoconductivity of metallic

implants

[34]

Ni-18Al-11Cr-9C and
Ni-14Al-8Cr-29C Improved wear resistance [35]

YSZ (yttria stabilized zirconia)
on Ni based superalloy

Good thermal barrier protection and good thermal cycling
resistance [36]

ZTA (zirconia toughened
alumina)

ZTA is tougher than pure alumina, making it useful in
many industries, but it exhibits poor surface quality and

therefore was post-processed using rotary ultrasonic
machining, which combines both grinding and ultrasonic

machining processes

[37]
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Table 1. Cont.

Material System
Reported Functionality or Application or Process

Optimization as Applicable *
References

Inconel and ceramic powders

Optimized the process parameters with the help of mode
FRONTIER® software that helped minimize energy

consumption and material wastes, and maximizes powder
melting

[38]

Ti-Si-N coatings on Ti
Higher hardness and wear resistant coatings on Ti (with
varying ratios of Ti-Si, higher Ti content lead to higher

hardness)
[39]

Lead zirconate titanate (PZT)
Reasonable dielectric properties achieved with DED

without post-processing, can be used potentially in the PZT
embedded sensors and transducers on structural materials

[40]

Alumina (Al2O3)
Easier manufacturing of refractory materials by DED

compared to expensive and difficult traditional processing
techniques

[41–45]

Al2O3 + YAG (yttrium
aluminum garnet)

This eutectic ceramic with water-cooled substrate showed
a 10% increase in microhardness and a fracture toughness
increase of 8.5%, compared to non-water cooled substrate

[46]

Tri calcium phosphate (TCP)
ceramic

Good biocompatibility with cell differentiation ability for
load bearing bone implants [47]

Al2O3 + ZrO2
DED with ultrasonic vibrations helped in achieving crack

free parts and good mechanical properties [48,49]

Al2O3-ZrO2 (Y2O3) eutectic
ceramic structures

Direct fabrication by DED without binders, having
acceptable mechanical performance [50]

Ni-Ti
Influence of laser power on the properties of DED

fabricated equi-atomic Ni-Ti composition and the effect of
laser power on corrosion resistance

[51]

SS316L Greater resistance to corrosion after heat treatment [52]

Nb-Ti-Si-Cr High temperature structural strength and oxidation
resistance [53]

Fe-Cr-Ni-Mo-W-B
Optimized volume of hard precipitates using CALPHAD,
achieved crack free deposition on carbon steel substrate

when it was preheated to 400 ◦C
[54]

* This table shows potential for printing diverse combinations of materials with DED, rather than looking at all
applications or functionalities in great detail.

2. DED Process Variables and Modelling Efforts

2.1. Overview of Powder-Fed DED Process Physics and Thermal History

DED is a non-equilibrium processing technique, which has very fast cooling rates, often on the
order of 103 to 105 K/s [55,56] for laser and electron beam energy sources. Major process parameters for
laser based DED include: Laser power, laser beam spot size, powder or wire feed rate, scanning speed,
carrier gas flow rate, clad angle, feedstock properties, and layer dimensions. Therefore, a diverse set of
processing parameters coupled with the complex transport phenomena, including conduction of heat
into the substrate, convection due to Marangoni effects, and radiation accompanied by the shield gas,
lead to a difficulty in understanding the effect of these individual process parameters on the overall
DED process. Figure 2 schematically shows the complex thermal history during the multi-layer DED
process, and the trend of an increasing peak temperature with an increasing layer number due to the
accumulation of heat in the system [57].

Modelling efforts are beneficial to complement experimental data. The model should be close to
the real DED system, taking into account the transient temperature and heat flow, complex transport
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phenomena, heating and cooling cycles, solidification rate, etc. These in turn give important information
about the microstructure, defects, texture, and mechanical properties [57]. Table 2 summarizes some
important modelling efforts of the DED process in the literature.

Figure 2. Schematic showing the thermal cycles for three consecutive layers during DED, and the
corresponding peak temperatures for each layer.

Table 2. Selected studies on the modelling efforts of various DED processes.

Model Explanation Reference

Powder stream mass and
temperature of the melt pool

Mass flow model taking into account powder flow into
the melt pool using negative enthalpy method

(subtracting the mass out of the model compared to the
one considering no mass).

[58]

Powder flow trajectory
simulations

The powder catchment efficiency was dependent on the
carrier gas flow rate, with a higher flow rate giving more
catchment; bigger powders had a smaller velocity due to

inertia, leading to less catchment efficiency.
Smaller powders also had less catchment efficiency.

[59]

Forced convection events

This model takes into account forced convection effects
due to inert gas flow inside the chamber, and also the

powder flow along with the inert gas, to reduce errors in
simulations.

[60]

Powder nozzle physics
Numerical simulations to study the powder flow and

determine the contribution of nozzle geometry in
affecting the powder flow.

[61]

Columnar to equiaxed transition Thermal modelling and computational thermodynamics
to study microstructure heterogeneity during AM. [62]

Phase transformations in
Ti-6Al-4V

Large scale phase field modelling approach to predict the
localized phase transformations in Ti-6Al-4V. [63]

Heat transfer and cooling rates
during DED

Modelling of melt pool temperatures, velocities, cyclic
thermal cooling behavior, and peak temperatures. [64–68]

Residual stress evolution Simulations of localized residual stresses using finite
element analysis, and assuming quasi-static models. [69,70]
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2.2. Surface Tension and Marangoni Effect

The Marangoni effect is a convective heat transfer phenomenon, which affects the melt pool flow
dynamics and indirectly contributes towards porosity, which is a major concern in DED processed
materials. In 1982, Heiple and Roper [71] postulated the theory that Marangoni forces generated due
to the differences in surface tension and temperatures along the melt pool lead to more spattering and
circulation of the liquid melt pool. The movement is mainly from regions of high surface tension to low
surface tension (γ), finally leading to variable melt pool penetration. The strength of the Marangoni
flow for any DED process can be determined through the dimensionless Marangoni number (Ma) [72],
as provided in Equation (1):

Ma =
dγ
dT

dT
dx

L2

ηα
(1)

where γ is the surface tension, dT/dx is the temperature gradient, α is the thermal diffusivity, L is the
characteristic length, and η is the viscosity of the melt pool. The surface tension gradient (the slope
of the graph) qualitatively governs the melt pool movement. Figure 3 schematically shows how the
variation of the surface tension with temperature affects the melt pool geometry. Figure 3a shows how
the melt pool length is small due to a negative surface tension gradient and signifies bulk turbulence
flow in the melt pool. Figure 3b shows how the melt pool depth increases with a positive gradient
of surface tension and surface turbulence occurs in the melt pool, which could also potentially trap
undesired oxides in the bulk. Figure 3c shows the transition from a positive to negative surface tension
gradient at a certain temperature, To. This transition also indicates a melt pool flow transition from
surface turbulence to bulk turbulence. The surface tension and therefore the internal melt pool flow
could be controlled, to a certain extent, using surface active elements. For example, in an Fe system,
changes in the concentration of the surface-active elements, like sulphur and oxygen, were shown to
modify the internal melt pool flow [72,73].

Figure 3. Schematic of Marangoni effect using the Heiple–Roper theory of weld pool geometry,
depending on the surface tension and temperature of the melt pool, as applicable for DED systems.
(a) Melt pool geometry when the surface tension gradient is negative, (b) melt pool geometry when
the surface tension gradient is positive, and (c) melt pool geometry when the surface tension gradient
shifts from positive to negative.
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Besides the Marangoni flow force, other forces, like aerodynamic drag (outward drag forces
caused by the plume formed above the melt pool), buoyancy (upward movements of the melt pool due
to density changes caused by thermal gradients inside the melt pool), electromagnetic, and Lorentz
forces (forces due to electric and magnetic fields generated by the source), may also be present during
the DED process [72].

2.3. Dimensionless Numbers

Other than the Marangoni number, there are several other dimensionless numbers which enable
capturing of the accumulative effect of various process parameters [74]. While these dimensionless
numbers are not specifically developed for DED, they can capture the DED process variable relationships
very well. Table 3 summarizes three such dimensionless numbers for laser based DED systems (these
can be extended to other heat sources as well).

Table 3. Dimensionless numbers and their definitions.

Name Formula * Definition Literature Reported

Non-dimensional
Heat Input

Q∗ = P/V
Pr/Vr

where P is the laser
power, V is the scanning speed, Pr is
the reference laser power, and Vr is
the reference scanning speed (Pr and
Vr provide the lowest heat input per

unit length of deposited material)

Energy per unit length of
material used to
deposit layers

[74]

Peclet Number

Pe = UL
α where U is the

characteristic velocity, α is the
thermal diffusivity of the alloy,

and L is the characteristic length.

The relative strength of
convection to conduction

in the system
[75]

Fourier Number

F0 = α
L2 where α is the thermal

diffusivity, τ is the characteristic
time scale, and L is the

characteristic length

Gives relative value
between heat dissipation

and heat storage rates
[76]

* Characteristic length refers to either the thickness of the layers, the melt pool width or depth, and the laser beam
spot size; characteristic velocity is considered to be the maximum velocity of the molten metal; characteristic time is
defined as the length of the melt pool divided by the scanning speed.

2.4. Energy Distribution in a DED System

During DED, there should be conservation of mass, momentum, and energy, like any other
physical system. Therefore, keeping track of how the initial heat source energy is distributed during
the process will be beneficial in further improving the DED process to reduce energy loss and maximize
energy for melting powders. Calorimetric measurements of the energy absorbed by the substrate
(QABS), energy absorbed by the powder (QDEP), energy reflected by the substrate (QREF), and energy
lost by the powder (QLOST) due to evaporation and lack of fusion for DED of Ti-6Al-4V and Inconel
were performed in the literature [77]. The important parameter is the bulk absorption coefficient (β),
which gives the ratio of the energy for a particular component of energy (QABS, QDEP, QREF, or QLOST)
with respect to the total energy supplied to the system (QIN). The energy balance equation is shown in
Equation (2) and the corresponding bulk absorption coefficient, β, is presented in Equation (3) [77]:

QIN = QABS + QDEP + QREF + QLOST (2)

βABS + βDEP + βREF + βLOST = 1 (3)

where βABS refers to the bulk absorption coefficient due to QABS, βDEP refers to the bulk absorption
coefficient due to QDEP, βREF refers to the bulk absorption coefficient due to QREF, and βLOST refers to
the bulk absorption coefficient due to QLOST. From this study, it was experimentally proven that about
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60% of the total initial energy was lost when using a laser as heat source, due to reflection by powders
and also by powders not absorbing enough energy to melt.

2.5. Process–Microstructure Relationship

The energy source used during DED can be approximated as the Rosenthal solution of a moving
heat source (laser, electron beam, plasma, or arc) on an infinite substrate. The microstructures obtained
through DED can be predicted using the two important parameters: Thermal gradient, G (K/cm),
and solidification front velocity (or interfacial velocity), R (cm/s). The relationship between G and
R gives the thermal process maps [78,79]. Figure 4 shows graphs describing relationships between
parameters, like G, R, arc length, undercooling, and supercooling. The mathematical relationships for
the cooling rate, thermal gradient, and solidification front velocity are as follows (the reader could
refer to [56] for a derivation of these equations):

Cooling rate :
∂T
∂t

(4)

Thermal Gradient : G = |∇T| (5)

Solidification front velocity : R =
1
G
∂T
∂t

(6)

where T is the temperature and t is the time. The melt pool circumference (MPC) length used in
Figure 4 is the length of the circumference of the melt pool, and measurement starts from the bottom to
the top of the melt pool in this study.

Figure 4. The relationships explaining the process maps for G vs. R, derived from [80]; (a) graph of
undercooling/constitutional supercooling versus melt pool circumference (MPC) length showing the
transition from low nucleation to high nucleation (columnar to equiaxed transition), (b) trend of the
columnar to equiaxed transition from the graph of G versus R, (c) variation of the G/R ratio with respect
to the MPC length, and (d) the MPC length as defined from the bottom to the top.
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Some of the important trends derived from solidification front velocity and thermal gradient
studies are:

• Cooling rates as high as 13,000 K/s were recorded in the literature during in-situ process monitoring
of Ti-6Al-4V with laser based DED [81]. The initial cooling rates and microstructures changed
with an increase in the number of deposited layers. This may be due to the accumulation of
thermal energy in the part as more layers are deposited. This is proven in a study of Ti-6Al-4V
printed with laser based DED, wherein a martensite microstructure formed in the first layers
slowly convert to a Widmanstaten microstructure as the layers build up [82].

• According to the literature, the microstructure of laser based DED processed Ti-6Al-4V was
columnar near the substrate (smaller MPC length) and equiaxed away from the substrate (higher
MPC length) (due to differences in cooling rates), and there was a superheated melt pool during
the process (almost 40%–50%) [81]. Figure 4a shows the relationship between undercooling and
constitutional supercooling with respect to the MPC length.

• Heterogeneous nucleation varies with respect to the scanning speed, powder feed rate, and heat
source power as shown in Figure 4b. Increases in the scanning speed and powder feed rate or
decreasing the heat source power decreases the thermal gradient, G. That leads to an increase in R
and a higher amount of equiaxed structure in the part.

• The ratio of G/R is an important parameter. G/R > 1 means a low rate of nucleation, due to a
thermal gradient that is greater than the solidification front velocity, and G/R < 1 means a high
rate of nucleation, due to a thermal gradient that is smaller than the solidification front velocity,
as shown in Figure 4c.

• Figure 4d shows the MPC length, and increases in the value from the bottom to the top of the
melt pool.

To conclude, as the MPC length increases, there is an increasing trend of undercooling and
constitutional supercooling, leading to more columnar-to-equiaxed transition (CET), till the G/R ratio
reaches 1. Therefore, CET is dictated by the thermal history and can be engineered according to
requirements [80].

2.6. Dilution

DED involves the printing of subsequent layers of material to build a final part. There is heat
accumulation due to multi-track and multi-layer deposition, and that will change the microstructure
and final properties of the printed parts. A minimum level of metallurgical bonding is required
between subsequent layers, which can be quantified using a dimensionless parameter called dilution.
Dilution can be defined as:

D =
d

h + d
(7)

where d is the depth of the melt pool below the substrate level, and h is the height of the material
deposited above the substrate level. A high value of h correlates to a higher powder flow rate or lower
energy input (corresponding to low dilution and lack of fusion between different layers), whereas
a high value of d is due to a lower powder feed rate or higher energy input (corresponding to high
dilution and keyholing phenomenon). There is an optimum value for dilution, which results in a good
metallurgical bonding [83]. Figure 5b shows the optimal dilution level in a metal-substrate system
generally between 10% and 30%, which is the standard value adopted by several researchers [84],
and Figure 5a,c shows the extreme cases of dilution (<10% and >30%, respectively).
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Figure 5. (a) Zero penetration (d = 0) or low penetration, meaning a lack of fusion with the substrate;
(b) optimal level of dilution (generally between 10% and 30%); (c) high d leads to keyholing.

3. Common Defects

Defects may arise in the material during manufacturing. It is important to know the cause of such
defects and take effective measures to counteract them. The most common defects arising during DED
are discussed in the following sections.

3.1. Porosity

Porosity is one of the most important defects, which is linked to mechanical properties of DED
processed parts. There are two major types of porosities: Interlayer porosity and intralayer porosity.
Interlayer porosity occurs due to a lack of sufficient energy input to melt the filler material (powder or
wire), leading to un-melted regions. This happens near the substrate or between un-melted tracks,
when the linear heat input (heat source energy/scanning speed) is decreased or the mass flow rate
is increased or a combination of the two. Interlayer pores are usually large and irregular in shape
and occur due to higher solidification cooling rates. Low dilution values also cause the occurrence
of interlayer porosities. Intralayer porosity is linked to the use of inert shielding gas during the
DED process, promoting gas entrapment. Intralayer pores are usually spherical in shape and occur
at random locations, owing to vaporization leading to gas trapped porosities, and observed within
regions having lower solidification cooling rates [82,85,86]. High dilution refers to the occurrence
of intralayer porosities. Interlayer and intralayer porosities are schematically shown in Figure 6a,b,
respectively. Porosity is also dependent on the initial powder characteristics and uniformity [87]. If the
starting powders do not have a uniform size distribution, it will give rise to more porosity in the final
build. Inherent porosity inside the powder particle also leads to defects in the final part [88]. Taking all
these modes of porosities into account, it is important to control the shape and size range of powders,
and also maintain optimal process parameters during deposition. Porosity can be measured both
qualitatively and quantitatively. Some commonly used techniques include the Archimedes principle,
X-ray computed tomography, and optical microscopy.

Another important parameter in the literature, referred to as the global energy density (GED),
establishes a relationship between interlayer (lack of fusion) and intralayer (keyholing) porosity:

GED =
P
vd

(8)

In Equation (8), GED is defined for laser based DED, where P is the laser power, v is the scan speed,
and d is the laser spot size. GED can be easily correlated with dilution. As shown in Figure 6c, lower
values of GED lead to less dilution (the negative slope), meaning more propensity to a lack of fusion
defect, whereas higher values of GED lead to high dilution (the positive slope), meaning more tendency
to form keyhole porosity [85].
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Figure 6. Schematic of: (a) Lack of fusion porosity (interlayer porosity), (b) keyholing porosity
(intralayer porosity), and (c) the intersection of interlayer and intralayer porosity with respect to global
energy density (GED).

3.2. Changes in Chemical Compositions due to Solute Segregation and Loss of Alloying Elements

When several layers are deposited during AM, it gives rise to the redistribution of solute particles,
leading to the segregation and formation of heterogeneous microstructural bands, also known as
heat affected zone (HAZ). This happens due to differences in the compositions at the interfaces of the
substrate and deposit. The amount of solute segregation also depends upon the solidification cooling
rates, with higher solidification cooling rates having a higher probability of a solute trap. These changes
give rise to compositional inhomogenity along the printed material [89,90]. Another phenomenon,
the loss of alloying elements, occurs due to the preferential vaporization of a few elements in the alloy
during DED, due to differences in the boiling points of individual elements. For example, in a study of
printed 304L stainless steels, compositional gradients developed along the build direction due to a
greater loss of volatile elements (e.g., Cr, Mn, and Ni) as more heat built up in the system. The loss of
these austenite stabilizers led to an increased hardness in the build direction due to the presence of a
more martensitic phase in the upper layers [91]. The Langmuir equation can quantitatively predict the
vaporization flux of the alloying elements, given by [65]:

Ji =
λPi√

2πMiT
(9)

where Ji is the vaporization flux of alloying elements, Mi is the molecular weight, Pi is the vapor
pressure of the alloying elements, T is the temperature, and λ is a positive fraction, which estimates
the condensation of some vaporized atoms. Consecutively, the mass of material vaporized can be
estimated by:

Δmi =
LAs Ji

v
(10)

where Δmi is the mass vaporized, L is the track length, As is the melt pool area, v is the scan speed, and Ji

is the vaporization flux of alloying elements. An example where the above equations were applied to
estimate the amount of material lost during AM inferred that Al in Ti-6Al-4V is most susceptible to
composition changes during DED, followed by Mn in stainless steel 316, with the least susceptible
being Cr in Inconel 625 [92].

3.3. Printability of Alloys

Not all alloys are suitable to be processed by AM. Quantitatively, the printability of alloys could
be defined using a dimensionless parameter known as thermal strain (Equation (11)). Lower values of
thermal strain cause lesser residual stress in the material, thereby increasing the printability of the
alloy by AM:

ε∗ = βΔT
EI

t
F √ρ H (11)
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where β is the bulk thermal expansion coefficient, ΔT is the change in temperature, t is the deposition
time, H is the heat input, EI is the flexural rigidity, F is the Fourier number, and ρ is the density of
material (the derivation of this particular equation has been performed in literature [92]). So, with an
increase in βΔT, t, and H, there is an increase in the thermal strain, whereas an increase in EI and F can
decrease thermal strain.

4. Mechanical Properties

4.1. Tensile Strength

The tensile strength and ductility of printed parts is dependent on the DED process parameters
and the microstructure. There are several instances from the literature, which record varying trends
of tensile behavior and ductility for the same material printed by DED. For instance, in one study,
the tensile strength of DED fabricated Ti-6Al-4V was found to be similar to wrought manufactured
Ti-6Al-4V, but with reduced ductility [93]. Another study showed that DED processed Ti-6Al-4V
has a higher tensile strength due to a finer microstructure as compared with wrought alloy, but still
exhibits lower ductility, due to a combination of the fine microstructure and the presence of internal
defects [94]. Yet another study on DED processed parts showed an anisotropic porosity and tensile
behavior in three different orientations, due to microstructural anisotropy [95]. The same study also
demonstrated that with a 0.0124% increase in oxygen and decrease in the alpha lath width of DED
processed Ti-6Al-4V, the yield strength and ultimate tensile strength (UTS) increased without any
change in ductility. Post-processing, like heat treatments or hot isostatic pressing, tends to improve the
ductility with a slight decrease in the tensile strength [94].

4.2. Hardness

Microhardness values can change along the build direction due to variations in the microstructure.
The microhardness is higher near the first and the last layers, and relatively lower in the central layers.
This variation could be attributed to the cyclic thermal history during the DED process. There is
a higher heat buildup in the central layers, resulting in lower microhardness values [96]. A higher
hardness and finer microstructure was reported in the literature by increasing the substrate thickness
(more substrate mass acts as a faster heat sink). Increasing the substrate temperature decreased the
hardness, due to a decrease in the thermal gradients and cooling rates, which can lead to a coarser
microstructure. A higher interlayer dwell time is also known to increase the hardness, due to steeper
thermal gradients [82]. Hardness studies by Zuback et al. stated that post processing of AM parts (like
heat treatment or aging) or alloy selection could give more control over hardness, rather than changing
the DED process parameters [97].

4.3. Fatigue

Fatigue is an important criterion for determining the structural integrity of materials printed by
DED. The fatigue properties of AM parts have been studied by several groups [98–100] and recently
reviewed by Bian et al. [101]. Fatigue is influenced significantly by the microstructure and defects [102].
In DED processed parts, the fatigue life can be estimated by determining the fatigue crack growth
and number of probable fatigue initiation sites (or pores) [9]. Another fatigue initiator is un-melted
powders, which could subsequently reduce the fatigue life by an order of magnitude [103]. In-situ
high energy X-ray microtomography tests for fatigue crack propagation data at Argonne Photon
Source (APS) were correlated with fatigue data from other conventional fatigue testing techniques
(i.e., direct current potential drop techniques and fracture surface striations) [93]. It was found that
fatigue crack growth was mostly in plane, with some cracks propagating towards the direction of
tensile force. The crack growth rate was found to vary along different directions, and was also location
dependent [93]. As of now, there is still a lack of consistency in the fatigue behavior reported by
several authors. For instance, a study of LENS™ processed Ti-6Al-4V found a better high cycle fatigue
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life with respect to cast Ti-6Al-4V [104], while another study found a similar high cycle fatigue life
for both LENS™ and wrought materials [103]. Another study stated that as-deposited DED shows
similar properties to those of cast Ti-6Al-4V, while heat-treated DED Ti-6Al-4V has similar properties
to those of wrought Ti-6Al-4V [94]. Hot isostatic pressing (HIP) improved the fatigue life of DED parts,
by closing the porosities inside the parts [105]. As fatigue data is crucial to understanding the damage
tolerance of structural materials, a lot more research is required in this field to establish accurate
predictions of fatigue properties.

4.4. Residual Stress

Residual stress (RS) is generated during DED or any other metal AM technique due to the presence
of steep thermal gradients between the heat source and the surrounding material. RS has the ability
to damage the printed parts, due to distortion and cracking. RS is different at different locations in
the printed metal. Studies have shown that residual stresses near the surface are tensile in nature,
while the ones in the center are compressive stresses. RS tends to be higher when they occur between
dissimilar materials [56]. Maximum RS was observed at the substrate–deposit interface. RS in metal
AM can be broadly classified into two types based on the length scale: On the macroscale and on the
microscale and nanoscale [106]. RS measurements on the macroscale are most widely used and can
be conducted using non-destructive techniques, like X-ray diffraction and neutron diffraction [89].
Different methods can be used to relieve or reduce residual stresses. The most common techniques are:
Preheating the substrate or preheating the initial feedstock to decrease the steep thermal gradients;
using in situ process monitoring with feedback control to tune the process parameters on the fly; or
using ex-situ post processing techniques, like heat treatment, to relief RS [106].

5. DED Process Control and Monitoring

Controlling the DED process is complicated due to the potential involvement of more than one
type of material and also due to high build volumes, making it prone to defects. Also, the majority
of users rely on expensive and time-consuming techniques, such as multiple experimental runs,
to define optimized process parameters. The National Institute of Standards and Technology (NIST)
highlights this issue and acts as a catalyst to resolve the issue of non-uniformity in printed parts by
developing better process monitoring protocols for faster industrialization of DED [107]. For example,
porosity control in a DED system is crucial, as it directly affects the structural integrity of the part.
Some efforts made towards DED process control are tabulated in Table 4. However, these studies
do not provide comprehensive information on how the material’s thermo-mechanical properties
change dynamically during the process. Hence, there is a need for the application of robust scientific
techniques which could counter these limitations and help us monitor material related properties
dynamically. Recent developments in quality monitoring includes high-energy X-ray synchrotron
studies of DED. These encompass: High energy synchrotron X-ray source and high speed imaging
camera used in tandem to detect the in situ melt pool geometries and deduce the phase transformations
of Ti-6Al-4V [108]; a piezo driven powder delivery in conjunction with a laser heat source to investigate
the powder–melt pool interaction during printing of Ti-6Al-4V [109]. These studies provide insights
into the DED process physics, but are still far from mimicking all the components in a real DED
system. Hence, there is still lack of data for real industrial DED systems and future research in this
area is required.
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Table 4. Selected studies on DED process monitoring.

Study Technique Function Reported Literature

In-situ acoustic monitoring Detects defects and cracks during process [110,111]

Non-destructive thermographic
inspections like IR cameras Captures the thermal history [81,112]

IR two wave pyrometers and
high-speed CCD cameras

Monitors the melt-pool characteristics
and temperature [81,113–118]

High energy X-ray diffraction
and imaging

Detects phase transformations and melt
pool dynamics [73,108,109]

Repetitive process controller Used to optimize layer height during the process [119]

6. Determination of Optimal Process Parameters for Laser Based Powder-Fed DED

DED is an emerging field in the area of metal AM, and our goal was to create efficient process
maps which provide a holistic picture of the DED process parameters. This is expected to save the
user time, money, and effort to design their experiments. Inspiration was taken from the work of M.
Thomas et al., who created normalized process diagrams for selective laser melting using dimensionless
numbers [120]. However, DED has an additional parameter of the powder feed rate. After scrutiny,
the linear heat input and powder feed rate were selected as primary parameters to make the process
maps. The corresponding equations for these parameters are as follows:

Linear heat input =
P
v

(12)

where P is the laser power, v is the scanning speed of the laser, and:

Powder feed rate =
M
t

(13)

where M is the total mass of the powder and t is the time to deposit powders. The linear heat input is a
standard parameter which has been used often in the literature, normalized using the ratio of the two
fundamental parameters: Laser power and scanning speed [74]. The linear heat input can be used for
any range of values for the power and scanning speed, and it has been proven experimentally that the
same linear power density gives similar properties [121]. Some previous studies have attempted to
build DED process maps, based on the linear mass density [122,123], where:

Linear Mass Density =
M
t
v

(14)

However, the linear mass density is not a robust parameter, as it fails to consider the influence of the
effective residence time of the laser beam spot per unit volume of the powder feed. A higher scan
speed or a higher powder feed rate will result in a lower effective residence time of the laser spot per
unit volume of powder. To understand the consequences due to a less effective residence time, consider
two extreme cases of process parameters, one having a high speed and high mass flow rate, and the
other having a low speed and low mass flow rate. Even though both cases produce the same value of
linear mass density, their properties are significantly different [122]. The high speed and high mass
flow rate case will have worse properties due to the much lower effective residence time. To counteract
such problems associated with the linear mass density and to be consistent irrespective of the varying
range of values, the linear heat input was chosen to construct process maps.

The other unique DED parameter is the powder feed rate, which is not applicable for other
AM systems, like powder bed fusion, selective laser melting, etc. Powder feed rate values will
determine how much powder is transferred to the laser spot area. The powder catchment efficiency
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varies, depending upon process parameters, like the feed rate, carrier gas flow rate, particle size,
and velocity, etc., and it determines the percentage of the total powders that gets inside the melt-pool [59].
A material utilization efficiency of about 70% to 90% was reported for DED of Ti-6Al-4V powders [124].
Insufficient heat input or a very high powder feed rate also leads to unmelted powders.

A graph of the linear heat input versus the powder feed rate is plotted using selected data
points from the literature, as listed in Table 5. The criterion for the selection of these specific data
points was on the basis of their corresponding values of dilution. As mentioned in Section 2.5,
about a 10% to 30% dilution represents a good amount of metallurgical bonding between subsequent
layers (the clad dimensions are related to the scanning speed and powder feed rate of the DED
process. These consecutively affect the contact angle, which determines the bonding of the deposit
to the substrate, and overall, these quantities can be understood through the dilution parameter).
However, there might be exceptions to the optimum dilution range. For example, Ti-15Mo alloy
requires higher values of dilution to achieve optimal conditions due to the refractory nature of the
material. Wherever no information was given about the optimal dilution values, it was considered to
have an optimal dilution of 10% to 30%. Qualitatively, if the dilution level goes above 30%, it might lead
to keyholing or below 10% might lead to a lack of fusion, and both cases are considered to be outside
the optimal processing range. Another region on the process map is identified, called the mixed-mode
porosity region, that occurs due to the combination of both keyholing and a lack of fusion. The high
linear heat input is excessive for the upper layers of the powders, but due to the high feed rate, the heat
input does not melt the bottom layers very efficiently (shielding by the powders). As a result, the top
powder volume experiences keyholing and the bottom powder volume experiences a lack of fusion.
A gas tungsten arc welding study defined this mid-porosity region in the literature [125]. This unique
resemblance can be attributed towards the similarities between the welding and DED processes.

Table 5. Compilation of optimal processing data point ranges for DED deposited metal or alloy systems.

Material System
Optimal Dilution Range or Optimal Process Parameters

or Acceptable Range Values as Reported
Study

Stainless steel grade 303L – [126]
H13 tool steel Optimal, generally low dilution preferred [12]

Inconel 718 in steel substrate – [127]
Ti-6Al-4V Within 10%–30% [128]
Ti-6Al-4V – [5]

H13 tool steel – [129]
P420 steel on low carbon steel 12%–20%; optimal is 16% [130]

Inconel 690 on Inconel 600 Optimal [131]
24CrMoNi alloy steel 32% [2]

Ti-15Mo 54%–68% [132]
Fe 10%–20% [133]

Inconel 718 on AISI 1045 carbon
steel – [83]

Stellite® 12 (Cr-W based alloy)
on 0.2% C steel

– [134]

Zirconium on Zr alloy 50% [135]
Ti-6Al-4V 48%–52% [136]

NiFeBSiNb on mild steel Above 10% [137]
Inconel Optimal [121]

Fe – [138]
Ti-6Al-4V Within 10% to 30% [128]
Ti-6Al-4V Zero porosity data; optimal [139]

NiCrAlY on Inconel 738 superalloy 15%–25% [140]
Ni-Cr based alloy (commercially

known as 19E alloy) 5%–30% [141]
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The graph shown in Figure 7 gives the optimal processing ranges for the alloy systems, like
Inconel, Ti-6Al-4V, H13 Tool steel, Fe, Ti-15Mo, and some Ni-Cr alloys. From the graph, three regions
which do not contain any optimal data points are observed. It can be hypothesized that these regions
are due to three modes of increased porosity formation in the material: Keyholing (due to a high linear
heat input and low powder feed rate), lack of fusion (due to a low linear heat input and high powder
feed rate), and mid porosity zone (due to an appreciably high linear heat input and high powder feed
rate contributing to mixed-mode porosity). These regions have been defined up to a linear heat input
of 400 J/mm and a powder feed rate up to 25 g/min. Such regions are valid for most of the metal-alloy
systems that have been studied.

 

Figure 7. Optimal processing regions for Ti-6Al-4V, Inconel 690-718, Ni-Cr based alloys, Fe, H13 tool
steel, and Ti-15Mo alloy, along with the unsuitable processing zones, as compiled in Table 5.

7. Applications and Emerging Technologies

This paper discussed the physics of DED technology and established process maps, which will
be useful in various research fields as well as industries. This section lists some applications, both
common in other metal AM techniques, as well as ones which are unique to DED, aiding the readers to
understand the diverse functionalities of DED.

7.1. DED Metal Parts Used in Various Biomedical Applications

It is advantageous to produce porous implants using DED as compared to conventional casting
methods: It is possible to alter the mechanical properties simply by changing the orientation or
geometry of the build; it is possible to incorporate different materials together and obtain the optimal
properties through a functionally graded material; and it is much easier to custom build the implants
due to specific patient requirements. The most common materials used for biomedical applications are
Ti and its alloys, Co based alloys, 316L stainless steel, and Ni-Ti based alloys. Additive manufactured
parts have gained prominence in the orthopedic and dental implant industry. Biomedical applications
garnered a revenue of 16.4% of the total AM industry in 2012 [10]. This shows promising metal DED
applications in the biomedical industry, with a growing trend in the future, specifically in dental [142],
orthopedic, and cardiovascular [143] applications. Biocompatibility tests on porous Ti-6Al-4V made
with LENS™ proved the capability of cell growth on implants having a pore size of 200 μm or
larger [144]. Also, in-vivo biocompatibility studies with porous Ti-6Al-4V processed by DED showed
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that a pore volume fraction of 0.40 (upper limit) can accelerate the healing process through biological
fixation [144].

7.2. Welding and Cladding

Conventional welding leads to high RS at the interfaces, especially for the welding of dissimilar
metals. This might lead to early failures, and the results could be catastrophic. DED can be used to
change the composition as a function of the position, facilitating a smooth transition from one joint
to the other. This could be achieved by designing a gradient path that avoids the unwanted phases
determined from multi-component phase diagrams [145]. This will reduce the RS and improve the
mechanical integrity of the joints [146–152]. Cladding is generally used to form corrosion resistant
protective coatings on substrates or to improve the tribological properties [56,153,154]. There is also
an added advantage of using DED for cladding two dissimilar materials, due to the possibility of
using functionally graded alloys. Another useful cladding technique is multi-axis cladding, making it
possible to deposit layers at any angular axis. This functionality is a great advantage of DED over
other AM systems [56,155–157].

7.3. Repair

Repairing (or remanufacturing) is essential to improve the life cycle of parts and to restore their
functionality. This also leads to a reduced environmental impact, due to less material and energy
wastage [12,13]. DED is a well-known repair technique, with the parts possessing good metallurgical
bonding and exhibiting good post-repair mechanical properties [4,158]. Some studies establishing
DED as a standard repairing technique in industries include: Repairing a gas-turbine blade using a Ni
based superalloy delivered through a co-axial powder feeder [159]; repairing steam circuit parts at
thermal power stations, using deposition of Co based alloys to maintain high temperature mechanical
properties [160]; and repairing of Ti-6Al-4V aero engine parts using Ti-6Al-4V powders [161].

7.4. Bulk Combinatorial Alloy Design

It is possible to design alloys with compositional gradients using DED and this functionality is a
unique characteristic which distinguishes DED from other AM systems. For example, the Ti-6Al-4V to
V gradient and 304L steel to Invar 36 gradient were processed in the literature using DED. The aim was
to successfully design the gradient path such that the unwanted brittle phases could be avoided in the
microstructure, which would eventually give better mechanical properties for the printed parts [145].
This was done using multi-component phase diagrams. Another study used Cr-V-Mo hot working tool
steel and Ni based maraging steel as base materials, with varying ratios of these two materials [162].
It was hot rolled and subsequently characterized, enabling high throughput probing of important alloy
blends. DED processed high entropy alloy (HEA) AlCrFeMoVx (x= 0 to 1) was also studied in literature,
to assess the composition–microstructure–hardness relationships [163]. High hardness was observed
with increasing V, due to the high V solubility in this HEA leading to solid solution strengthening.

7.5. Construction Materials

AM, and in general DED, has good potential in the construction industry, but has its fair share of
challenges, as structural members are usually quite big to be built using AM. Nonetheless, it would be
advantageous to build highly specialized parts by exploiting this technology. Conventional casting
leads to prismatic structures (uniform microstructures). With DED, engineered compositional and
microstructural gradients in the structural parts are possible, which might give superior mechanical
properties. An important thing to note is that the construction industry contributes to about 30% of
greenhouse emissions in total, which could be reduced by partly adopting AM for the mass production
of specialized parts [164].
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7.6. Hybrid Additive Manufacturing

DED printed parts have several problems associated with it, like RS, lack of surface finish, etc.,
and to address these challenges without separate post-processing, several hybrid AM systems have been
developed. Hybrid CNC-AM systems fully integrate the capabilities of both additive and subtractive
manufacturing, which can be further exploited to increase productivity and competitiveness in the
market. The parts produced by this hybrid method are precise even when produced in large-scale,
due to the post-processing techniques integrated into a single system, without the need for separate
machining. Hybrid manufacturing is still a relatively new technology and requires a lot more research
for acceptance into the market. Therefore, the most important steps to be taken in the direction of
improvement of such machines would be process optimization strategies along with developments in
software integration [165]. Other secondary processes that complement the performance of DED parts
(to name a few) are: Inter-pass rolling [166] and Ultrasonic Vibration Assisted LENS™ [167], both used
for grain size refinement to enhance the mechanical properties of the parts.

8. Summary and Outlook

There are many far-from-equilibrium and highly dynamic phenomena during DED due to extreme
heating and cooling rates. These include dynamic melt pool, melting and vaporization of powder
particles, rapid solidification, and phase transformation. Such transient events often result in a
large scatter in mechanical properties of printed components due to many complex interactions,
leading to unwanted phase transformations and grain structures, residual stresses, and porosities.
Further studies on establishing a correlation between composition, process parameters (powder feed
rate, laser power, and velocity), process signature (melt pool stability and dimensions), and the resultant
microstructure, pore content, residual stresses, and macroscopic properties will be extremely beneficial
to the advancement of this technology. It is expected that the process physics of alloy systems and
composite systems would be different and future studies are required in each area both experimentally
and computationally.

The major contribution in this paper was the establishment of process maps for DED, after
compiling the available literature. Researchers will be able to use this map to predict their preferred
operating ranges for different alloy classes, but further work is required to extend our study to more
extensive material systems. Hybrid AM technologies were discussed toward the end of this paper.
These are relatively new approaches to overcome some of the limitations of AM. Further research is
required in this area to mature these technologies beyond the current state of the art.
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15. Heralić, A.; Christiansson, A.K.; Lennartson, B. Height control of laser metal-wire deposition based on
iterative learning control and 3D scanning. Opt. Lasers Eng. 2012, 50, 1230–1241. [CrossRef]

16. Zhang, L.C.; Liu, Y.; Li, S.; Hao, Y. Additive Manufacturing of Titanium Alloys by Electron Beam Melting: A
Review. Adv. Eng. Mater. 2018, 20, 1–16. [CrossRef]

17. Hoefer, K. Arc based additive manufacturing of steel components—Comparison of wire- and powder based
variants. Weld. World 2018, 62, 243–247. [CrossRef]

18. Moridi, A.; Hassani-Gangaraj, S.M.; Guagliano, M.; Dao, M. Cold spray coating: Review of material systems
and future perspectives. Surf. Eng. 2014, 30, 369–395. [CrossRef]

19. Hassani-Gangaraj, M.; Veysset, D.; Champagne, V.K.; Nelson, K.A.; Schuh, C.A. Adiabatic shear instability is
not necessary for adhesion in cold spray. Acta Mater. 2018, 158, 430–439. [CrossRef]

20. Zheng, B.; Topping, T.; Smugeresky, J.E.; Zhou, Y.; Biswas, A.; Baker, D.; Lavernia, E.J. The influence of
Ni-coated TiC on laser-deposited IN625 metal matrix composites. Metall. Mater. Trans. A 2010, 41, 568–573.
[CrossRef]

21. Li, X.C.; Stampfl, J.; Prinz, F.B. Mechanical and thermal expansion behavior of laser deposited metal matrix
composites of Invar and TiC. Mater. Sci. Eng. A 2002, 282, 86–90. [CrossRef]

22. Liu, W.; DuPont, J.N. Fabrication of carbide-particle-reinforced titanium aluminide-matrix composites by
laser-engineered net shaping. Metall. Mater. Trans. A 2004, 35, 1133–1140. [CrossRef]

23. Liu, W.; DuPont, J.N. Fabrication of functionally graded TiC/Ti composites by Laser Engineered Net Shaping.
Scr. Mater. 2003, 48, 1337–1342. [CrossRef]

24. Gualtieri, T.; Bandyopadhyay, A. Additive manufacturing of compositionally gradient metal-ceramic
structures: Stainless steel to vanadium carbide. Mater. Des. 2018, 139, 419–428. [CrossRef]

25. Zhang, Y.; Bandyopadhyay, A. Direct fabrication of compositionally graded Ti-Al2O3 multi-material
structures using Laser Engineered Net Shaping. Addit. Manuf. 2018, 21, 104–111. [CrossRef]

26. Balla, V.K.; DeVasConCellos, P.D.; Xue, W.; Bose, S.; Bandyopadhyay, A. Fabrication of compositionally and
structurally graded Ti-TiO2 structures using laser engineered net shaping (LENS). Acta Biomater. 2009, 5,
1831–1837. [CrossRef] [PubMed]

27. Bandyopadhyay, P.P.; Balla, V.K.; Bose, S.; Bandyopadhyay, A. Compositionally graded aluminum oxide
coatings on stainless steel using laser processing. J. Am. Ceram. Soc. 2007, 90, 1989–1991. [CrossRef]

28. Das, M.; Balla, V.K.; Kumar, T.S.S.; Manna, I. Fabrication of Biomedical Implants using Laser Engineered Net
Shaping (LENS™). Trans. Indian Ceram. Soc. 2013, 72, 169–174. [CrossRef]

29. Heer, B.; Bandyopadhyay, A. Silica coated titanium using Laser Engineered Net Shaping for enhanced wear
resistance. Addit. Manuf. 2018, 23, 303–311. [CrossRef]

149



Coatings 2019, 9, 418

30. Das, M.; Balla, V.K.; Kumar, T.S.S.; Bandyopadhyay, A.; Manna, I. Tribological, electrochemical and in vitro
biocompatibility properties of SiC reinforced composite coatings. Mater. Des. 2016, 95, 510–517. [CrossRef]

31. Bandyopadhyay, A.; Dittrick, S.; Gualtieri, T.; Wu, J.; Bose, S. Calcium phosphate-titanium composites for
articulating surfaces of load-bearing implants. J. Mech. Behav. Biomed. Mater. 2016, 57, 280–288. [CrossRef]
[PubMed]

32. Stenberg, K.; Dittrick, S.; Bose, S.; Bandyopadhyay, A. Influence of simultaneous addition of carbon nanotubes
and calcium phosphate on wear resistance of 3D-printed Ti6Al4V. J. Mater. Res. 2018, 33, 2077–2086. [CrossRef]

33. Traxel, K.D.; Bandyopadhyay, A. Reactive-deposition based additive manufacturing of Ti-Zr-BN composites.
Addit. Manuf. 2018, 24, 353–363. [CrossRef]

34. Ke, D.; Vu, A.A.; Bandyopadhyay, A.; Bose, S. Compositionally graded doped hydroxyapatite coating on
titanium using laser and plasma spray deposition for bone implants. Acta Biomater. 2019, 84, 414–423.
[CrossRef] [PubMed]

35. Torgerson, T.B.; Mantri, S.A.; Banerjee, R.; Scharf, T.W. Room and elevated temperature sliding wear behavior
and mechanisms of additively manufactured novel precipitation strengthened metallic composites. Wear
2019, 426, 942–951. [CrossRef]

36. Srinivas, V.; Savitha, U.; Jagan Reddy, G. Processing and Characterization of NiCr-YSZ Compositionally
Graded Coatings on Superalloy using Laser Engineered Net Shaping (LENS). Mater. Today Proc. 2018, 5,
27277–27284. [CrossRef]

37. Hu, Y.; Wang, H.; Li, Y.; Ning, F.; Cong, W. Surface grinding of ZTA parts fabricated by laser engineered net
shaping process: Effects of ZrO2 content and ultrasonic vibration. In Proceedings of the 13th International
Manufacturing Science and Engineering Conference, College Station, TX, USA, 18–22 June 2018.

38. Yan, J.; Masoudi, N.; Battiato, I.; Fadel, G. Optimization of process parameters in laser engineered Net
shaping (LENS) deposition of multi-materials. In Proceedings of the ASME 2015 International Design
Engineering Technical Conferences and Computers and Information in Engineering Conference, Boston,
MA, USA, 2–5 August 2015; p. V01AT02A034.

39. Zhang, Y.; Sahasrabudhe, H.; Bandyopadhyay, A. Additive manufacturing of Ti-Si-N ceramic coatings on
titanium. Appl. Surf. Sci. 2015, 346, 428–437. [CrossRef]

40. Bernard, S.A.; Balla, V.K.; Bose, S.; Bandyopadhyay, A. Direct laser processing of bulk lead zirconate titanate
ceramics. Mater. Sci. Eng. B 2010, 172, 85–88. [CrossRef]

41. Li, Y.; Hu, Y.; Cong, W.; Zhi, L.; Guo, Z. Additive manufacturing of alumina using laser engineered net
shaping: Effects of deposition variables. Ceram. Int. 2017, 43, 7768–7775. [CrossRef]

42. Niu, F.; Wu, D.; Zhou, S.; Ma, G. Power prediction for laser engineered net shaping of Al2O3 ceramic parts.
J. Eur. Ceram. Soc. 2014, 34, 3811–3817. [CrossRef]

43. Wu, D.J.; Niu, F.Y.; Ma, G.Y.; Zhang, B.; Yan, S. Process optimization for suppressing cracks in laser engineered
net shaping of Al2O3 ceramics. JOM 2016, 69, 557–562.

44. Ma, G.; Wang, J.; Niu, F.; Sun, B.; Wu, D. Influence of powder distribution on the Al2O3 thin-wall ceramic
formed by laser engineered net shaping. Chin. J. Lasers 2015, 42, 0103006.

45. Niu, F.; Wu, D.; Ma, G.; Zhang, B. Additive manufacturing of ceramic structures by laser engineered net
shaping. Chin. J. Mech. Eng. 2015, 28, 1117–1122. [CrossRef]

46. Wu, D.; Liu, H.; Lu, F.; Ma, G.; Yan, S.; Niu, F.; Guo, D. Al2O3-YAG eutectic ceramic prepared by laser
additive manufacturing with water-cooled substrate. Ceram. Int. 2019, 45, 4119–4122. [CrossRef]

47. Roy, M.; Vamsi Krishna, B.; Bandyopadhyay, A.; Bose, S. Laser processing of bioactive tricalcium phosphate
coating on titanium for load-bearing implants. Acta Biomater. 2008, 4, 324–333. [CrossRef] [PubMed]

48. Yan, S.; Wu, D.; Niu, F.; Huang, Y.; Liu, N.; Ma, G. Effect of ultrasonic power on forming quality of nano-sized
Al2O3-ZrO2 eutectic ceramic via laser engineered net shaping (LENS). Ceram. Int. 2018, 44, 1120–1126.
[CrossRef]

49. Hu, Y.; Ning, F.; Cong, W.; Li, Y.; Wang, X.; Wang, H. Ultrasonic vibration-assisted laser engineering net
shaping of ZrO2-Al2O3 bulk parts: Effects on crack suppression, microstructure, and mechanical properties.
Ceram. Int. 2018, 44, 2752–2760. [CrossRef]

50. Niu, F.; Wu, D.; Ma, G.; Wang, J.; Guo, M.; Zhang, B. Nanosized microstructure of Al2O3-ZrO2 (Y2O3)
eutectics fabricated by laser engineered net shaping. Scr. Mater. 2015, 95, 39–41. [CrossRef]

51. Marattukalam, J.J.; Singh, A.K.; Datta, S.; Das, M.; Balla, V.K.; Bontha, S.; Kalpathy, S.K. Microstructure and
corrosion behavior of laser processed NiTi alloy. Mater. Sci. Eng. C 2015, 57, 309–313. [CrossRef]

150



Coatings 2019, 9, 418

52. Stull, J.A.; Hill, M.A.; Lienert, T.J.; Tokash, J.; Bohn, K.R.; Hooks, D.E. Corrosion characteristics of
laser-engineered net shaping additively-manufactured 316L stainless steel. JOM 2018, 70, 2677–2683.
[CrossRef]

53. Dehoff, R.R.; Sarosi, P.M.; Collins, P.C.; Fraser, H.L.; Mills, M.J. Microstructural evaluation of LENS™
deposited Nb-Ti-Si-Cr alloys. MRS Online Proc. Libr. Arch. 2002, 753, 2–7. [CrossRef]

54. Sridharan, N.; Cakmak, E.; Dehoff, R.R. Microstructure evolution during laser direct energy deposition of a
novel Fe-Cr-Ni-W-B hardfacing coating. Surf. Coat. Technol. 2019, 358, 362–370. [CrossRef]

55. Gu, D.D.; Meiners, W.; Wissenbach, K.; Poprawe, R. Laser additive manufacturing of metallic components:
Materials, processes and mechanisms. Int. Mater. Rev. 2012, 57, 133–164. [CrossRef]

56. Gibson, I.; Rosen, D.; Stucker, B. Additive Manufacturing Technologies: 3D Printing, Rapid Prototyping, and Direct
Digital Manufacturing, 2nd ed.; Springer: New York, NY, USA, 2015.

57. DebRoy, T.; Zhang, W.; Turner, J.; Babu, S.S. Building digital twins of 3D printing machines. Scr. Mater. 2017,
135, 119–124. [CrossRef]

58. Pinkerton, A.J.; Moat, R.; Shah, K.; Li, L.; Preuss, M.; Withers, P.J. A verified model of laser direct metal
deposition using an analytical enthalpy balance method. In Proceedings of the International Congress on
Applications of Lasers & Electro-Optics, Orlando, FL, USA, 29 October–1 November 2007.

59. Liu, S.; Zhang, Y.; Kovacevic, R. Numerical simulation and experimental study of powder flow distribution
in high power direct diode laser cladding process. Lasers Manuf. Mater. Process. 2015, 2, 199–218. [CrossRef]

60. Heigel, J.C.; Michaleris, P.; Reutzel, E.W. Thermo-mechanical model development and validation of directed
energy deposition additive manufacturing of Ti-6Al-4V. Addit. Manuf. 2015, 5, 9–19. [CrossRef]

61. Kovaleva, I.; Kovalev, O.; Zaitsev, A.; Smurov, I. Numerical simulation and comparison of powder jet profiles
for different types of coaxial nozzles in direct material deposition. Phys. Procedia 2013, 41, 870–872. [CrossRef]

62. Tian, Y.; McAllister, D.; Colijn, H.; Mills, M.; Farson, D.; Nordin, M.; Babu, S. Rationalization of microstructure
heterogeneity in INCONEL 718 builds made by the direct laser additive manufacturing process. Metall. Mater.
Trans. A Phys. Metall. Mater. Sci. 2014, 45, 4470–4483. [CrossRef]

63. Radhakrishnan, B.; Gorti, S.; Babu, S. Large scale phase field simulations of microstructure evolution during
thermal cycling. In Proceedings of the International Conference on Solid-Solid Phase Transformations in
Inorganic Materials (PTM), Whistler, BC, Canada, 28 June–3 July 2015.

64. Amine, T.; Newkirk, J.W.; Liou, F. Investigation of effect of process parameters on multilayer builds by direct
metal deposition. Appl. Therm. Eng. 2014, 73, 500–511. [CrossRef]

65. DebRoy, T.; David, S.A. Physical processes in fusion welding. Rev. Mod. Phys. 1995, 67, 85–112. [CrossRef]
66. Raghavan, A.; Wei, H.L.; Palmer, T.A.; DebRoy, T. Heat transfer and fluid flow in additive manufacturing.

J. Laser Appl. 2014, 25, 052006. [CrossRef]
67. Manvatkar, V.; De, A.; DebRoy, T. Spatial variation of melt pool geometry, peak temperature and solidification

parameters during laser assisted additive manufacturing process. Mater. Sci. Technol. 2015, 31, 924–930.
[CrossRef]

68. Manvatkar, V.; De, A.; Debroy, T. Heat transfer and material flow during laser assisted multi-layer additive
manufacturing. J. Appl. Phys. 2014, 116, 124905. [CrossRef]

69. Farahmand, P.; Kovacevic, R. An experimental–numerical investigation of heat distribution and stress field
in single- and multi-track laser cladding by a high-power direct diode laser. Opt. Laser Technol. 2014, 63,
154–168. [CrossRef]

70. Cao, J.; Gharghouri, M.A.; Nash, P. Finite-element analysis and experimental validation of thermal residual
stress and distortion in electron beam additive manufactured Ti-6Al-4V build plates. J. Mater. Process. Technol.
2016, 237, 409–419. [CrossRef]

71. Heiple, C.R.; Roper, J.R.; Stagner, R.T.; Aden, R.J. Surface active element effects on the shape of GTA, laser
and electron beam welds. Weld. J. 1983, 62, 72–77.

72. Mills, K.C.; Keene, B.J.; Brooks, R.F.; Shirali, A. Marangoni effects in welding. Philos. Trans. R. Soc. A Math.
Phys. Eng. Sci. 1998, 356, 911–925. [CrossRef]

73. Aucott, L.; Dong, H.; Mirihanage, W.; Atwood, R.; Kidess, A.; Gao, S.; Wen, S.; Marsden, J.; Feng, S.; Tong, M.;
et al. Revealing internal flow behaviour in arc welding and additive manufacturing of metals. Nat. Commun.
2018, 9, 1–7. [CrossRef]

74. Mukherjee, T.; Manvatkar, V.; De, A.; DebRoy, T. Dimensionless numbers in additive manufacturing.
J. Appl. Phys. 2017, 121, 024904. [CrossRef]

151



Coatings 2019, 9, 418

75. Van Elsen, M.; Al-Bender, F.; Kruth, J.P. Application of dimensional analysis to selective laser melting.
Rapid Prototyp. J. 2008, 14, 15–22. [CrossRef]

76. Mukherjee, T.; Manvatkar, V.; De, A.; DebRoy, T. Mitigation of thermal distortion during additive
manufacturing. Scr. Mater. 2017, 127, 79–83. [CrossRef]

77. Lia, F.; Park, J.; Tressler, J.; Martukanitz, R. Partitioning of laser energy during directed energy deposition.
Addit. Manuf. 2017, 18, 31–39. [CrossRef]

78. Song, J.; Chew, Y.; Bi, G.; Yao, X.; Zhang, B.; Bai, J.; Moon, S.K. Numerical and experimental study of laser
aided additive manufacturing for melt-pool profile and grain orientation analysis. Mater. Des. 2018, 137,
286–297. [CrossRef]

79. Bontha, S.; Klingbeil, N.W.; Kobryn, P.A.; Fraser, H.L. Thermal process maps for predicting solidification
microstructure in laser fabrication of thin-wall structures. J. Mater. Process. Technol. 2006, 178, 135–142.
[CrossRef]

80. Liu, P.; Wang, Z.; Xiao, Y.; Horstemeyer, M.F.; Cui, X.; Chen, L. Insight into the mechanisms of columnar to
equiaxed grain transition during metallic additive manufacturing. Addit. Manuf. 2019, 26, 22–29. [CrossRef]

81. Marshall, G.J.; Young, W.J.; Thompson, S.M.; Shamsaei, N.; Daniewicz, S.R.; Shao, S. Understanding the
microstructure formation of Ti-6Al-4V during direct laser deposition via in-situ thermal monitoring. JOM
2016, 68, 778–790. [CrossRef]

82. Kistler, N.A.; Corbin, D.J.; Nassar, A.R.; Reutzel, E.W.; Beese, A.M. Effect of processing conditions on
the microstructure, porosity, and mechanical properties of Ti-6Al-4V repair fabricated by directed energy
deposition. J. Mater. Process. Technol. 2019, 264, 172–181. [CrossRef]

83. Wolff, S.J. Laser-Matter Interactions in Directed Energy Deposition; Northwestern University Press: Evanston, IL,
USA, 2018.

84. Spalding, I.J. Applied laser tooling. J. Mod. Opt. 2007, 35, 754–755. [CrossRef]
85. Wolff, S.J.; Lin, S.; Faierson, E.J.; Liu, W.K.; Wagner, G.J.; Cao, J. A framework to link localized cooling

and properties of directed energy deposition (DED)-processed Ti-6Al-4V. Acta Mater. 2017, 132, 106–117.
[CrossRef]

86. Ahsan, M.N.; Bradley, R.; Pinkerton, A.J. Microcomputed tomography analysis of intralayer porosity
generation in laser direct metal deposition and its causes. J. Laser Appl. 2011, 23, 022009. [CrossRef]

87. Cunningham, R.; Nicolas, A.; Madsen, J.; Fodran, E.; Anagnostou, E.; Sangid, M.D.; Rollett, A. Analyzing the
effects of powder and post-processing on porosity and properties of electron beam melted Ti-6Al-4V.
Mater. Res. Lett. 2017, 5, 516–525. [CrossRef]

88. Rabin, B.H.; Smolik, G.R.; Korth, G.E. Characterization of entrapped gases in rapidly solidified powders.
Mater. Sci. Eng. A 1990, 124, 1–7. [CrossRef]

89. Wang, Z.; Denlinger, E.; Michaleris, P.; Stoica, A.D.; Ma, D.; Beese, A.M. Residual stress mapping in Inconel
625 fabricated through additive manufacturing: Method for neutron diffraction measurements to validate
thermomechanical model predictions. Mater. Des. 2017, 113, 169–177. [CrossRef]

90. Rafi, H.K.; Pal, D.; Patil, N.; Starr, T.L.; Stucker, B.E. Microstructure and Mechanical Behavior of
17-4 Precipitation Hardenable Steel Processed by Selective Laser Melting. J. Mater. Eng. Perform. 2014, 23,
4421–4428. [CrossRef]

91. Wang, Z.; Beese, A.M. Effect of chemistry on martensitic phase transformation kinetics and resulting
properties of additively manufactured stainless steel. Acta Mater. 2017, 131, 410–422. [CrossRef]

92. Mukherjee, T.; Zuback, J.S.; De, A.; DebRoy, T. Printability of alloys for additive manufacturing. Sci. Rep.
2016, 6, 1–8. [CrossRef] [PubMed]

93. Sandgren, H.R.; Zhai, Y.; Lados, D.A.; Shade, P.A.; Schuren, J.C.; Groeber, M.A.; Kenesei, P.; Gavras, A.G.
Characterization of fatigue crack growth behavior in LENS fabricated Ti-6Al-4V using high-energy
synchrotron x-ray microtomography. Addit. Manuf. 2016, 12, 132–141. [CrossRef]

94. Beese, A.M.; Carroll, B.E. Review of mechanical properties of Ti-6Al-4V made by laser based additive
manufacturing using powder feedstock. JOM 2016, 68, 724–734. [CrossRef]

95. Carroll, B.E.; Palmer, T.A.; Beese, A.M. Anisotropic tensile behavior of Ti-6Al-4V components fabricated with
directed energy deposition additive manufacturing. Acta Mater. 2015, 87, 309–320. [CrossRef]

96. Shamsaei, N.; Yadollahi, A.; Bian, L.; Thompson, S.M. An overview of direct laser deposition for additive
manufacturing; Part II: Mechanical behavior, process parameter optimization and control. Addit. Manuf.
2015, 8, 12–35. [CrossRef]

152



Coatings 2019, 9, 418

97. Zuback, J.S.; DebRoy, T. The Hardness of Additively Manufactured Alloys. Materials 2018, 11, 2070. [CrossRef]
[PubMed]

98. Arcella, F.G.; Froes, F.H. Producing titanium aerospace components from powder using laser forming. JOM
2000, 52, 28–30. [CrossRef]

99. Kobryn, P.A.; Semiatin, S.L. Mechanical Properties of Laser-Deposited Ti-6Al-4V; Air Force Research Laboratory:
Hanscom, MA, USA, 2013.

100. Zhai, Y.; Galarraga, H.; Lados, D.A. Microstructure evolution, tensile properties, and fatigue damage
mechanisms in Ti-6Al-4V alloys fabricated by two additive manufacturing techniques. Procedia Eng. 2015,
114, 658–666. [CrossRef]

101. Bian, L.; Thompson, S.M.; Shamsaei, N. Mechanical properties and microstructural features of direct
laser-deposited Ti-6Al-4V. JOM 2015, 67, 629–638. [CrossRef]

102. Nalla, R.K.; Ritchie, R.O.; Boyce, B.L.; Campbell, J.P.; Peters, J.O. Influence of microstructure on high-cycle
fatigue of Ti-6Al-4V: Bimodal vs. lamellar structures. Metall. Mater. Trans. A 2002, 33, 899–918. [CrossRef]

103. Prabhu, A.W.; Vincent, T.; Chaudhary, A.; Zhang, W.; Babu, S.S. Effect of microstructure and defects on fatigue
behaviour of directed energy deposited Ti–6Al–4V. Sci. Technol. Weld. Join. 2015, 20, 659–669. [CrossRef]

104. Kobryn, P.A.; Semiatin, S. Mechanical properties of laser-deposited Ti-6Al-4V. In Solid Freeform Fabrication
Proceedings; Landes Bioscience: Austin, TX, USA, 2001.

105. Zhai, Y.; Lados, D.A.; Brown, E.J.; Vigilante, G.N. Fatigue crack growth behavior and microstructural
mechanisms in Ti-6Al-4V manufactured by laser engineered net shaping. Int. J. Fatigue 2016, 93, 51–63.
[CrossRef]

106. Li, C.; Liu, Z.Y.; Fang, X.Y.; Guo, Y.B. Residual stress in metal additive manufacturing. Procedia CIRP 2018, 71,
348–353. [CrossRef]

107. NIST. Measurement Science for Additive Manufacturing Program; NIST: Gaithersburg, MD, USA, 2013.
108. Kenel, C.; Grolimund, D.; Li, X.; Panepucci, E.; Samson, V.A.; Sanchez, D.F.; Marone, F.; Leinenbach, C. In situ

investigation of phase transformations in Ti-6Al-4V under additive manufacturing conditions combining
laser melting and high-speed micro-X-ray diffraction. Sci. Rep. 2017, 7, 1–10. [CrossRef]

109. Wolff, S.J.; Wu, H.; Parab, N.; Zhao, C.; Ehmann, K.F.; Sun, T.; Cao, J. In-situ high-speed X-ray imaging of
piezo-driven directed energy deposition additive manufacturing. Sci. Rep. 2019, 9, 1–14. [CrossRef]

110. Koester, L.W.; Taheri, H.; Bigelow, T.A.; Bond, L.J.; Faierson, E.J. In-situ acoustic signature monitoring in
additive manufacturing processes. AIP Conf. Proc. 2018, 1949, 020006. [CrossRef]

111. Wang, F.; Mao, H.; Zhang, D.; Zhao, X.; Shen, Y. Online study of cracks during laser cladding process based
on acoustic emission technique and finite element analysis. Appl. Surf. Sci. 2008, 255, 3267–3275. [CrossRef]

112. Griffith, M.L.; Schlienger, M.E.; Harwell, L.D.; Oliver, M.S.; Baldwin, M.D.; Ensz, M.T.; Essien, M.; Brooks, J.;
Robino, C.V.; Smugeresky, J.E.; et al. Understanding thermal behavior in the LENS process. Mater. Des. 1999,
20, 107–113. [CrossRef]

113. Nassar, A.R.; Keist, J.S.; Reutzel, E.W.; Spurgeon, T.J. Intra-layer closed-loop control of build plan during
directed energy additive manufacturing of Ti–6Al–4V. Addit. Manuf. 2015, 6, 39–52. [CrossRef]

114. Wang, L.; Felicelli, S.D.; Craig, J.E. Thermal modeling and experimental validation in the LENS™ process.
In Proceedings of the 18th Solid Freeform Fabrication Symposium, Austin, TX, USA, 2007; pp. 100–111.

115. Hua, T.; Jing, C.; Xin, L.; Fengying, Z.; Weidong, H. Research on molten pool temperature in the process of
laser rapid forming. J. Mater. Process. Technol. 2008, 198, 454–462. [CrossRef]

116. Tellez, A.G.M. Fibre Laser Metal Deposition with Wire: Parameters Study and Temperature Control; University of
Nottingham: Nottingham, UK, 2010.

117. Yu, J.; Lin, X.; Wang, J.; Chen, J.; Huang, W. Mechanics and energy analysis on molten pool spreading during
laser solid forming. Appl. Surf. Sci. 2010, 256, 4612–4620. [CrossRef]

118. Hu, D.; Kovacevic, R. Sensing, modeling and control for laser based additive manufacturing. Int. J. Mach.
Tools Manuf. 2003, 43, 51–60. [CrossRef]

119. Gegel, M.L.; Bristow, D.A.; Landers, R.G. A Quadratic-optimal repetitive process controller for laser
metal deposition. In Proceedings of the Annual American Control Conference (ACC), Seattle, WA, USA,
27–29 June 2018.

120. Thomas, M.; Baxter, G.J.; Todd, I. Normalised model based processing diagrams for additive layer manufacture
of engineering alloys. Acta Mater. 2016, 108, 26–35. [CrossRef]

153



Coatings 2019, 9, 418

121. Kuriya, T.; Ryo, K.; Oda, Y.; Yasuhiro, K. Evaluation and Analysis of Generated Void in Directed Energy
Deposition of Inconel 718. J. Jpn. Soc. Precis. Eng. 2018, 84, 371–377. [CrossRef]

122. Ferguson, J.B.; Schultz, B.F.; Moghadam, A.D.; Rohatgi, P.K. Semi-empirical model of deposit size and
porosity in 420 stainless steel and 4140 steel using laser engineered net shaping. J. Manuf. Process. 2015, 19,
163–170. [CrossRef]

123. Sciammarella, F.; Salehi Najafabadi, B. Processing Parameter DOE for 316L Using Directed Energy Deposition.
J. Manuf. Mater. Process. 2018, 2, 61. [CrossRef]

124. Mahamood, R.M.; Akinlabi, E.T. Processing Parameters Optimization for Material Deposition Efficiency in
Laser Metal Deposited Titanium Alloy. Lasers Manuf. Mater. Process. 2016, 3, 9–21. [CrossRef]

125. Ahsan, M.R.; Kim, Y.R.; Ashiri, R.; Cho, Y.J.; Jeong, C.; Park, Y.D. Cold metal transfer (CMT) gmaw of
zinc-coated steel. Weld. J. 2016, 95, 120–132.

126. Fathi, A.; Toyserkani, E.; Khajepour, A.; Durali, M. Prediction of melt pool depth and dilution in laser powder
deposition. J. Phys. D Appl. Phys. 2006, 39, 2613–2623. [CrossRef]

127. Bax, B.; Rajput, R.; Kellet, R.; Reisacher, M. Systematic evaluation of process parameter maps for laser
cladding and directed energy deposition. Addit. Manuf. 2018, 21, 487–494. [CrossRef]

128. Fan, Z.; Jambunathan, A.; Sparks, T.E.; Ruan, J.; Yang, Y.; Bao, Y.; Liou, F. Numerical simulation and prediction
of dilution during laser deposition. In Solid Freeform Fabrication Proceedings, Proceedings of Seventeenth Annual
Solid Freeform Fabrication (SFF) Symposium, Austin, TX, USA, 14–16 August 2006; University of Texas at Austin:
Austin, TX, USA, 2006; pp. 532–545.

129. Kong, F.; Kovacevic, R. Modeling of heat transfer and fluid flow in the laser multilayered cladding process.
Metall. Mater. Trans. B Process Metall. Mater. Process. Sci. 2010, 41, 1310–1320. [CrossRef]

130. Saqiba, S.; Urbanica, R.J.; Aggarwal, K. Analysis of laser cladding bead morphology for developing additive
manufacturing travel paths. Procedia CIRP 2014, 17, 824–829. [CrossRef]

131. Baidridge, T.; Poling, G.; Foroozmehr, E.; Kovacevic, R.; Metz, T.; Kadekar, V.; Gupta, M.C. Laser cladding of
Inconel 690 on Inconel 600 superalloy for corrosion protection in nuclear applications. Opt. Lasers Eng. 2013,
51, 180–184. [CrossRef]

132. Bhardwaj, T.; Shukla, M.; Paul, C.P.; Bindra, K.S. Direct energy deposition-laser additive manufacturing of
titanium-molybdenum alloy: Parametric studies, microstructure and mechanical properties. J. Alloy. Compd.
2019, 787, 1238–1248. [CrossRef]

133. Ansari, M.; Mohamadizadeh, A.; Huang, Y.; Paserin, V.; Toyserkani, E. Laser directed energy deposition of
water-atomized iron powder: Process optimization and microstructure of single-tracks. Opt. Laser Technol.
2019, 112, 485–493. [CrossRef]

134. Hofman, J.T.; De Lange, D.F.; Pathiraj, B.; Meijer, J. FEM modeling and experimental verification for dilution
control in laser cladding. J. Mater. Process. Technol. 2011, 211, 187–196. [CrossRef]

135. Harooni, A.; Nasiri, A.M.; Gerlich, A.P.; Khajepour, A.; Khalifa, A.; King, J.M. Processing window development
for laser cladding of zirconium on zirconium alloy. J. Mater. Process. Technol. 2016, 230, 263–271. [CrossRef]

136. Sun, Y.; Hao, M. Statistical analysis and optimization of process parameters in Ti6Al4V laser cladding using
Nd:YAG laser. Opt. Lasers Eng. 2012, 50, 985–995. [CrossRef]

137. Li, R.; Li, Z.; Huang, J.; Zhu, Y. Dilution effect on the formation of amorphous phase in the laser cladded
Ni-Fe-B-Si-Nb coatings after laser remelting process. Appl. Surf. Sci. 2012, 258, 7956–7961. [CrossRef]

138. Huang, Y.; Khamesee, M.B.; Toyserkani, E. A new physics based model for laser directed energy deposition
(powder-fed additive manufacturing): From single-track to multi-track and multi-layer. Opt. Laser Technol.
2019, 109, 584–599. [CrossRef]

139. Kobryn, P.A.; Moore, E.H.; Semiatin, S.L. Effect of laser power and traverse speed on microstructure, porosity,
and build height in laser-deposited Ti-6Al-4V. Scr. Mater. 2000, 43, 299–305. [CrossRef]

140. Ansari, M.; Shoja Razavi, R.; Barekat, M. An empirical-statistical model for coaxial laser cladding of NiCrAlY
powder on Inconel 738 superalloy. Opt. Laser Technol. 2016, 86, 136–144. [CrossRef]

141. De Oliveira, U.; Ocelík, V.; De Hosson, J.T.M. Analysis of coaxial laser cladding processing conditions.
Surf. Coat. Technol. 2005, 197, 127–136. [CrossRef]

142. Koike, M.; Martinez, K.; Guo, L.; Chahine, G.; Kovacevic, R.; Okabe, T. Evaluation of titanium alloy fabricated
using electron beam melting system for dental applications. J. Mater. Process. Technol. 2011, 211, 1400–1408.
[CrossRef]

154



Coatings 2019, 9, 418

143. Cui, Z.; Yang, B.; Li, R.K. Application of biomaterials in cardiac repair and regeneration. Engineering 2016, 2,
141–148. [CrossRef]

144. Xue, W.; Krishna, B.V.; Bandyopadhyay, A.; Bose, S. Processing and biocompatibility evaluation of laser
processed porous titanium. Acta Biomater. 2007, 3, 1007–1018. [CrossRef] [PubMed]

145. Hofmann, D.C.; Roberts, S.; Otis, R.; Kolodziejska, J.; Dillon, R.P.; Suh, J.O.; Shapiro, A.A.; Liu, Z.K.;
Borgonia, J.P. Developing gradient metal alloys through radial deposition additive manufacturing. Sci. Rep.
2014, 4, 5357. [CrossRef] [PubMed]

146. Korinko, P.; Adams, T. Laser engineered net shaping for repair and hydrogen compatibility. Weld. J. 2011, 90,
171–181.

147. Chaudhari, R.; Ingle, A.; Kalita, K. Stress Analysis of Dissimilar Metal Weld between Carbon Steel and
Stainless Steel formed by Transition Grading Technique. Mater. Today Proc. 2015, 2, 1657–1664. [CrossRef]

148. Brentrup, G.; Leister, B.; Snowden, B.; DuPont, J.; Grenestedt, J. Preventing dissimilar metal weld failures:
Application of new functionally graded transition joints. Proc. Mater. Sci. Technol. 2009, 2009, 2554–2562.

149. Sexton, L.; Lavin, S.; Byrne, G.; Kennedy, A. Laser cladding of aerospace materials. J. Mater. Process. Technol.
2002, 122, 63–68. [CrossRef]

150. Zhou, S.; Zeng, X.; Hu, Q.; Huang, Y. Analysis of crack behavior for Ni based WC composite coatings by
laser cladding and crack-free realization. Appl. Surf. Sci. 2008, 255, 1646–1653. [CrossRef]

151. Mackwood, A.P.; Crafer, R.C. Thermal modelling of laser welding and related processes: A literature review.
Opt. Laser Technol. 2005, 37, 99–115. [CrossRef]

152. Li, L. Advances and characteristics of high-power diode laser materials processing. Opt. Lasers Eng. 2000, 34,
231–253. [CrossRef]

153. Das, M.; Bhattacharya, K.; Dittrick, S.A.; Mandal, C.; Balla, V.K.; Sampath Kumar, T.S.; Bandyopadhyay, A.;
Manna, I. In situ synthesized TiB-TiN reinforced Ti6Al4V alloy composite coatings: Microstructure,
tribological and in-vitro biocompatibility. J. Mech. Behav. Biomed. Mater. 2014, 29, 259–271. [CrossRef]
[PubMed]

154. Han, L.; Phatak, K.M.; Liou, F.W. Modeling of laser cladding with powder injection. Metall. Mater. Trans. B
2007, 35, 1139–1150. [CrossRef]

155. Paul, C.P.; Jain, A.; Ganesh, P.; Negi, J.; Nath, A.K. Laser rapid manufacturing of Colmonoy-6 components.
Opt. Lasers Eng. 2006, 44, 1096–1109. [CrossRef]

156. Calleja, A.; Tabernero, I.; Fernández, A.; Celaya, A.; Lamikiz, A.; López De Lacalle, L.N. Improvement of
strategies and parameters for multi-axis laser cladding operations. Opt. Lasers Eng. 2014, 56, 113–120.
[CrossRef]

157. Zhang, J.; Liou, F. Adaptive Slicing for a Multi-Axis Laser Aided Manufacturing Process. J. Mech. Des. 2004,
126, 254–261. [CrossRef]

158. Liu, Z.; Cong, W.; Kim, H.; Ning, F.; Jiang, Q.; Li, T.; Zhang, H.C.; Zhou, Y. Feasibility exploration of
superalloys for AISI 4140 steel repairing using laser engineered net shaping. Procedia Manuf. 2017, 10,
912–922. [CrossRef]

159. Bi, G.; Gasser, A. Restoration of nickel-base turbine blade knife-edges with controlled laser aided additive
manufacturing. Phys. Procedia 2011, 12, 402–409. [CrossRef]

160. Díaz, E.; Amado, J.M.; Montero, J.; Tobar, M.J.; Yáñez, A. Comparative study of Co based alloys in repairing
low Cr-Mo steel components by laser cladding. Phys. Procedia 2012, 39, 368–375. [CrossRef]

161. Raju, R.; Duraiselvam, M.; Petley, V.; Verma, S.; Rajendran, R. Microstructural and mechanical characterization
of Ti6Al4V refurbished parts obtained by laser metal deposition. Mater. Sci. Eng. A 2015, 643, 64–71.
[CrossRef]

162. Knoll, H.; Ocylok, S.; Weisheit, A.; Springer, H.; Jägle, E.; Raabe, D. Combinatorial Alloy Design by Laser
Additive Manufacturing. Steel Res. Int. 2017, 88, 1–11. [CrossRef]

163. Gwalani, B.; Soni, V.; Waseem, O.A.; Mantri, S.A.; Banerjee, R. Laser additive manufacturing of compositionally
graded AlCrFeMoVx (x = 0 to 1) high-entropy alloy system. Opt. Laser Technol. 2019, 113, 330–337. [CrossRef]

164. Buchanan, C.; Gardner, L. Metal 3D printing in construction: A review of methods, research, applications,
opportunities and challenges. Eng. Struct. 2019, 180, 332–348. [CrossRef]

165. Cortina, M.; Arrizubieta, J.I.; Ruiz, J.E.; Ukar, E.; Lamikiz, A. Latest developments in industrial hybrid
machine tools that combine additive and subtractive operations. Materials 2018, 11, 2583. [CrossRef]
[PubMed]

155



Coatings 2019, 9, 418

166. Hönnige, J.R.; Colegrove, P.A.; Ahmad, B.; Fitzpatrick, M.E.; Ganguly, S.; Lee, T.L.; Williams, S.W.
Residual stress and texture control in Ti-6Al-4V wire + arc additively manufactured intersections by
stress relief and rolling. Mater. Des. 2018, 150, 193–205. [CrossRef]

167. Ning, F.; Hu, Y.; Liu, Z.; Cong, W.; Li, Y.; Wang, X. Ultrasonic Vibration-Assisted Laser Engineered Net
Shaping of Inconel 718 Parts: A Feasibility Study. Procedia Manuf. 2017, 10, 771–778. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

156



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

MDPI Books Editorial Office
E-mail: books@mdpi.com
www.mdpi.com/books





MDPI 
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com

ISBN 978-3-03928-449-8


	Blank Page



