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ABSTRACT 
Wire Arc Additive Manufacturing (WAAM) surfaces exhibit heterogeneous microstructures and oxide 
layers which might influence coating deposition and interfacial properties. The influence of 
electrophoretic deposition chemistry on coating structure, coating architecture, and electrical properties 
of WAAM-fabricated nickel-based superalloys still lacks sufficient understanding. In this study, 
conventional electrophoretic deposition (EPD) and sol-gel derived electrophoretic deposition techniques 
were employed for ZnO coating deposition on WAAM-fabricated Inconel 625 superalloys. ZnO 
coatings were deposited at 10 V for 1 min and then subjected to heat treatment at 600°C for 1 h. The 
structural and morphological properties of ZnO coatings were studied using X-ray diffraction, scanning 
electron microscopy and energy-dispersive X-ray spectroscopy while the electrical properties were 
studied using a Wheatstone bridge circuit. The crystalline nature of ZnO coatings was observed for both 
conventional and sol-gel derived EPD routes; however, differences in coating structure and compactness 
were observed. Conventional EPD route exhibited a coating porosity of 14.2 ± 1.5% and coating 
thickness of 1.4 ± 0.2 µm while sol-gel derived EPD route exhibited a coating porosity of 3.8 ± 0.6% 
and coating thickness of 0.92 ± 0.18 µm. The Zn/(Ni + Cr) ratio was observed to increase from 0.62 to 
3.23, indicating better coating coverage for sol-gel derived EPD route coatings. The conductivity of 
Inconel 625 was observed to reduce by 10.5% for conventional electrophoretic deposition route coatings 
and 7.2% for sol-gel electrophoretic deposition route coatings. The suspension chemistry was observed 
to influence coating compactness, coating structure and interfacial electrical properties of WAAM-
fabricated Inconel 625 superalloys. Sol-gel derived EPD route coatings exhibited better homogeneity 
and electrical stability for ZnO coatings. 
 
Keywords: WAAM, Inconel 625, ZnO coating, Electrophoretic deposition, Electrical conductivity. 
 

 
1. INTRODUCTION 
Wire Arc Additive Manufacturing (WAAM) 
has gained significant attention as a high-
deposition-rate, cost-efficient metal additive 
manufacturing technique capable of producing 
large-scale structural components with complex 
geometries [1]. Nickel-based superalloys, 
particularly Inconel 625, are widely processed 
via WAAM due to their excellent mechanical 
strength, corrosion resistance and stability at 
elevated temperatures [2]. However, WAAM-
fabricated surfaces inherently exhibit layer-
wise solidification features, anisotropic grain 
structures, surface waviness, oxide inclusions 
and microstructural heterogeneity, all of which 
may influence surface-dependent functional 

properties such as corrosion resistance, 
interfacial charge transfer and electrical 
behavior [3]. 
 
Surface modification strategies are therefore 
essential to enhance or tailor the functional 
performance of WAAM-produced components. 
Among functional oxide materials, zinc oxide 
(ZnO) has attracted extensive research interest 
due to its wide band gap (~3.37 eV), high 
exciton binding energy (~60 meV), chemical 
stability and tunable electrical conductivity [4]. 
ZnO exhibits semiconducting behavior that can 
be modulated through intrinsic defects or 
dopant incorporation, making it suitable for 
sensing, photocatalytic, optoelectronic and 
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corrosion-protective applications [5-6]. 
Importantly, ZnO-based coatings can influence 
charge transport mechanisms and interfacial 
electrical resistance when deposited on 
conductive metallic substrates. 
 
Electrophoretic deposition (EPD) is a versatile 
approach for scaling up the deposition of 
ceramic particles onto conductive surfaces 
using an electric field [7]. It has been 
commended for its simplicity, control of film 
thickness, lower equipment requirements and 
applicability to complex geometries [8]. In 
electrophoretic deposition, powder particles 
dispersed in a liquid migrate to the electrode 
under the electric field and accumulate in a 
deposition-controlled manner. However, 
problems such as particle aggregation, porosity 
and cracks have been encountered during the 
drying process [9]. 
 
In order to mitigate the drawbacks associated 
with the methods, researchers are opting for the 
sol-gel-derived EPD technique. In situ 
hydrolysis and polycondensation reactions are 
employed which help in the effective bonding 
between the particles during the deposition 
process as well as the subsequent heat treatment 
[10]. In comparison to the powder-based 
suspension, the sol-gel-derived process 
provides better stability, controlled nucleation, 
minimized agglomeration and densification of 
the film, as presented in Table 1 [11-12]. These 
properties are particularly important in the case 
of thin films where the compactness, defect 
density and smoothness of the interface are 
significant parameters in the effective 
conduction of electricity and the insulation of 
the substrate. 
 
Table 1. Expected Comparison of ZnO deposition 
mechanisms on WAAM-produced Inconel 625 

Mechanistic 
Parameter EPD Sol–Gel Derived 

EPD 

Deposition unit 
Discrete 

ZnO 
particles 

Molecular/complex
ed Zn species 

Response to 
surface roughness 

Field-
driven 

clustering 

Gradual infiltration 
and condensation 

Sensitivity to 
microsegregation High Lower 

Interfacial 
interaction 

Predomina
ntly 

mechanical 

Possible chemical 
coordination 

Mechanistic 
Parameter EPD Sol–Gel Derived 

EPD 

Film formation 
mode 

Particle 
stacking 

Condensation-
assisted network 

formation 

Expected film 
compactness 

Moderate, 
agglomerat
ion-prone 

Higher, improved 
connectivity 

 
Although ZnO coatings and EPD processing 
have been extensively investigated in various 
contexts, studies specifically focusing on ZnO 
deposition onto WAAM-fabricated Inconel 625 
substrates remain limited. More importantly, 
the comparative influence of EPD and sol–gel 
derived EPD routes on coating architecture, 
substrate signal attenuation and electrical 
resistance behavior has not been systematically 
clarified. Given that WAAM surfaces present 
unique topographical and metallurgical 
characteristics, deposition chemistry may play a 
decisive role in determining coating 
compactness and functional response [13]. 
 
Therefore, the present study aims to 
comparatively evaluate conventional EPD and 
sol–gel derived EPD routes for ZnO coating 
deposition on WAAM-fabricated Inconel 625. 
The coatings are systematically characterized in 
terms of phase composition (XRD), surface and 
cross-sectional morphology (SEM), elemental 
distribution (EDS) and electrical resistance 
behavior. Particular emphasis is placed on 
correlating deposition chemistry with film 
densification, substrate shielding efficiency and 
electrical transport characteristics. 
 
2. MATERIAL AND METHOD 
WAAM-fabricated substrates were produced 
using a system operating under controlled 
deposition parameters. A commercially 
available Inconel 625 welding wire (diameter: 
1.2 mm, composition in accordance with ASTM 
B443-GeKa Addwire Inconel 625,Türkiye) was 
employed as feedstock material. The nominal 
composition of the alloy by weight consists 
mainly of nickel with the rest being other 
elements, chromium 20–23%, molybdenum 8–
10% and niobium 3–4%, with iron and trace 
elements. These compositional values are based 
on the supplier’s datasheet. The welding 
process was done using a gas metal arc welding 
(GMAW) setup. The welding parameters were 
adjusted to maintain stability of the arc and 
symmetry of the bead. The welding was done 
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with 160 A of current, 22 V of voltage and 15 
mm/s of speed. Argon (99.99% purity) 2.5% O2 
gas mixture was used as shielding gas at a flow 
rate of 15 L/min to minimize oxidation during 
deposition. 
 
Layer-by-layer deposition was performed to 
obtain rectangular wall structures with 
approximate dimensions of 150 × 400 × 12 mm. 
Interpass temperature was monitored and 
controlled below 400 °C to reduce excessive 
heat accumulation and minimize residual stress 
development. After fabrication, the samples 
were allowed to cool naturally to room 
temperature under ambient conditions. 
 
WAAM-fabricated walls were sectioned into 
rectangular specimens (15 × 25 × 2 mm) using 
abrasive waterjet cutting in order to avoid 
thermal distortion and microstructural alteration 
associated with conventional machining 
techniques [14]. Electrophoretic deposition 
experiments were performed on the cut cross-
sectional surfaces of the specimens. Samples 
were lightly ground using 400 and 800 grit SiC 
papers to remove loosely adhered surface 
irregularities while preserving the characteristic 
WAAM surface morphology. The samples were 
ultrasonically cleaned in ethanol and pure 
water, respectively for 10 min and dried in air. 
 
To evaluate the suitability of sol–gel-derived 
systems for electrophoretic deposition, two 
different ZnO-based suspensions were prepared 
and comparatively investigated: (i) a 
conventional EPD formulation and (ii) a 
modified sol–gel solution tailored for EPD 
compatibility. The suspensions were 
comparatively assessed in terms of colloidal 
stability, electrical conductivity and deposition 
behavior under an externally applied electric 
field. WAAM-fabricated Inconel 625 
specimens were used as both working and 
counter electrodes. The inter-electrode distance 
was fixed at 20 mm. Prior to deposition, surface 
activation was performed to remove passive 
oxide layers and enhance surface reactivity. For 
this purpose, the electrodes were immersed in 1 
M NaOH solution and subjected to 1.5 V for 60 
s. 
 
EPD system consisted of a DC power supply 
(Twintex SP-6005, Twintex Instrument Ltd., 
Taiwan) and a magnetic stirring unit (Heidolph 
MR 3001K, Heidolph Scientific Products 

GmbH, Germany). Deposition was completed 
under a constant 10V voltage for 1 minute. 
Throughout the process, the current was 
continuously monitored to maintain stability 
and detect abnormal current variations to 
observe suspension instability and gas release 
within the solution. The deposition current was 
maintained between 50mA for both 
electrophoretic deposition routes. 
 
The pH of the aqueous suspensions was 
determined by using an Ohaus Starter300 pH 
meter (Ohaus Europe GmbH, Switzerland). The 
pH value of the suspensions played a vital role 
in the electrophoretic mobility and 
electrophoretic deposition of ZnO suspensions. 
In the case of aqueous suspensions for 
electrophoretic deposition, pH should be 
between 8 and 9 which ZnO particles are 
negatively charged and show stable colloidal 
dispersion and anodic electrophoresis under the 
influence of an electric field [15-16]. If pH of 
the suspension drops below 7, ZnO particles 
dissolve to Zn+2 ions and precipitate, resulting 
in poor coating quality. Hence, it is important to 
maintain the pH within this range for stable 
suspensions and uniform coating growth. 
Diethanolamine (DEA) was used as pH 
stabilizer. The precursor solution was analytical 
grade zinc acetate dihydrate (Merck) which was 
added to 2.2g/100ml and mixed with 
50/50vol.% ethanol and distilled water. EPD 
mixtures were magnetically stirred for 60 min-
250 rpm, followed by ultrasonication for 60 min 
to break down agglomerates and ensure 
homogeneous dispersion. The stability of the 
suspension was visually monitored and used 
immediately after preparation to prevent 
sedimentation effects. 
 
For the modified sol–gel system but dissolved 
in a mixed solvent consisting of ethanol and 
distilled water (50/50 vol.%). Diethanolamine 
(DEA) was added as a stabilizing and 
complexing agent to control hydrolysis and 
condensation reactions of the zinc precursor 
 
In alcohol-based sol–gel suspension, ethanol 
was used as the solvent while the precursor 
concentration was maintained the same as in 
conventional EPD suspension. Conventional 
pH measurement becomes less reliable due to 
the reduced activity of H⁺ and OH⁻ ions in non-
aqueous media [17]. Consequently, solution 
stability, transparency, and homogeneity were 
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considered primary indicators of system 
suitability rather than absolute pH values. DEA 
was employed as a complexing and stabilizing 
agent to regulate hydrolysis and condensation 
reactions of Zn precursors. The addition of DEA 
yielded a transparent and homogeneous solution 
corresponding to a nominal pH range of 
approximately 8–9, consistent with colloidal 
stabilization principles. DEA-modified sol–gel 
system was considered electrokinetically 
suitable for EPD, as the stabilized Zn-complex 
species promote controlled migration and 
deposition under an applied electric field.  The 
solution was stirred in a beaker at 60°C for 1 
hour. The solution was aged by being cooled 
and then left to stand at room temperature for 
one day. 
 
After deposition, the coated samples were 
gently removed from the suspension and dried 
at room temperature to allow solvent 
evaporation. Subsequently, the coatings were 
heat-treated at 600 °C for 1 h in air with a 
heating rate of 1 °C/min to improve crystallinity 
and remove residual organic species.The same 
deposition and heat treatment parameters were 
applied to both coating routes to isolate the 
influence of suspension chemistry. 
 
The phase composition and crystallographic 
structure of the coatings were analyzed by X-
ray diffraction (XRD) using an X-ray 
diffractometer equipped with Cu Kα radiation 
(λ = 1.5406 Å). The measurements were 
conducted in the 2θ range of 20°–100° with a 
scanning step size of 0.02°. 
 
Diffraction peaks were identified using standard 
reference data (JCPDS database). Crystallite 
size was estimated using the Scherrer equation: 
 
D = (Kλ) / (β cosθ)  (1) 
 
where D is the crystallite size, K is the shape 
factor (typically 0.9), λ is the X-ray wavelength, 
β is the full width at half maximum (FWHM) of 
the selected diffraction peak and θ is the Bragg 
angle. Comparative evaluation of peak 
intensity, peak broadening and preferred 
orientation was performed to assess the 
influence of deposition route on 
crystallographic evolution. 
 
SEM observations were carried out under high-
vacuum conditions at an accelerating voltage of 

5–20 kV. Secondary electron (SE) imaging 
mode was employed to evaluate surface 
topography and coating morphology. 
Micrographs were acquired at magnifications of 
500×, 2000× and 5000× in order to 
systematically assess coating uniformity, 
particle packing behavior, surface porosity, 
crack formation and interfacial adhesion 
characteristics. For cross-sectional 
observations, coated samples were embedded in 
epoxy resin and polished to reveal the coating–
substrate interface. The coating thickness was 
measured from multiple locations to determine 
deposition consistency. Elemental composition 
and spatial distribution were analyzed using an 
energy-dispersive X-ray spectroscopy (EDS) 
detector integrated into the SEM system.  
 
To evaluate the porosity of ZnO surfaces, digital 
image analysis was carried out using ImageJ 
software. The top view of the ZnO surfaces was 
scanned using SEM at 5000x magnification, 
and the images were converted to 8-bit 
grayscale images. Otsu’s thresholding 
technique was applied to differentiate the 
porous areas and microcracks from the ZnO 
matrix based on grayscale level differences. The 
porosity percentage was found as the ratio of the 
pore-occupied area to the total surface area of 
the ZnO surfaces. 
 
The electrical resistance of WAAM-fabricated 
Inconel 625 specimens both before and after 
ZnO coating was measured using a Wheatstone 
bridge configuration under ambient laboratory 
conditions (25 ± 2 °C). 

 
Electrical contacts were established using 
tightly fixed copper clamps positioned at 
identical locations for all measurements to 
ensure repeatability. In Wheatstone bridge 
circuit, two precision resistors (R₁ and R₂) were 
selected with equal resistance values (R₁ = R₂), 
establishing a bridge ratio of unity. Under 
balanced conditions, the unknown resistance 
(Rₓ) of the specimen corresponds directly to the 
adjustable resistance (R₃). 

 
Rx= (R2/R1) x R3 (2) 

  
Each measurement was repeated three times 
and averaged. The electrical resistivity (ρ) was 
calculated using: 

 
𝜌𝜌=Rx x (L/A) (3) 
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where A, cross-sectional area (width × 
thickness) and L, effective distance between 
voltage terminals. Electrical conductivity (σ) 
was obtained as: 

 
σ=1/ρ (4) 
 
For coated specimens, ZnO film thickness was 
considered negligible compared to the 1 mm 
substrate thickness in cross-sectional 
calculations; therefore, conductivity values 
primarily reflect bulk substrate behavior 
modified by surface effects. 
 
3. EXPERIMENTAL FINDINGS 
Surfaces fabricated via WAAM methods are 
often characterized by relatively higher surface 
roughness due to metal deposition in layers and 
overlapping beads during solidification. Values 
for WAAM-produced similar nickel alloy 
surfaces range from Ra ≈ 15-40 µm [2-3, 20, 
45]. Light grinding using 400 and 800 grit SiC 
papers is performed on the WAAM-produced 
surfaces to remove loosely adhered surface 
irregularities and surface oxides. This is done 
without affecting the overall morphology of the 
substrate. This is a common practice for coating 
deposition on surfaces to improve their stability 
and reproducibility. 
 
The surface morphology of the as-fabricated 
WAAM Inconel 625 substrate was presented in 
figure 1. SEM image was acquired at an 
accelerating voltage of 15 kV, a working 
distance of 10.3 mm and a magnification of 
1000×. The micrograph reveals a relatively 
dense and continuous surface without visible 
macro-cracks or large-scale porosity. Parallel 
surface grooves are observed which are 
attributed to the post-processing or light 
grinding applied after waterjet sectioning. 
Importantly, the underlying WAAM-induced 
topographical characteristics are still 
discernible. The surface exhibits a moderately 
undulated morphology rather than a mirror-
polished finish, indicating that the characteristic 
layer-wise deposition features of WAAM. Such 
surface undulations are typical for WAAM-
fabricated structures due to layer-by-layer metal 
deposition and bead overlap [3]. Even after light 
grinding, micro-scale height variations remain. 
These features are particularly relevant for 
subsequent EPD, as surface asperities may 
locally intensify electric field lines, potentially 
influencing particle migration and deposition 

uniformity [18]. No evidence of surface melting 
defects, microcracks or significant oxidation 
scales is observed at this magnification, 
suggesting that the substrate provides a 
structurally stable base for coating deposition. 
 

 
Figure 1. SEM micrograph of WAAM-fabricated 

Inconel 625 
 
Figure 2a presents the elemental mapping of  
WAAM Inconel 625 surface while figure 2b 
shows the corresponding EDS spectrum. The 
elemental distribution confirms the presence of 
the principal alloying elements of Inconel 625.  
The elemental maps indicate a relatively 
homogeneous spatial distribution of Ni and Cr 
across the scanned region. Mo and Nb are also 
detected with slightly localized intensity 
variations which may be associated with 
interdendritic segregation typical of WAAM-
processed nickel-based superalloys [19]. Such 
microsegregation is consistent with rapid 
solidification and repeated thermal cycling 
inherent to the WAAM process. Compositional 
fluctuations are consistent with 
microsegregation phenomena commonly 
reported in WAAM-processed Inconel 625 
alloys [20]. However, at the present 
magnification, no distinct secondary phase 
particles are clearly resolved. 
 

(a) 
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(b) 
Figure 2. (a) The elemental mapping of WAAM 

Inconel 625 surface and (b) the corresponding EDS 
spectrum. 

 
EDS spectrum further confirms the dominance 
of Ni, followed by Cr, Mo and Nb which aligns 
with the nominal composition of Inconel 625. 
The relative peak intensities are consistent with 
the expected composition range of the alloy. No 
unexpected impurity elements are detected at 
significant levels. Oxygen appears at low 
intensity which can be attributed to the naturally 
formed passive oxide layer (primarily Cr₂O₃ and 
NiO) that develops on nickel-based superalloys 
exposed to air [21]. The presence of this thin 
passive film is particularly relevant for 
subsequent coating processes. The surface 
oxides may have an effect on surface charge 
density, electrochemical potential and 
electrophoretic adhesion [22]. However, the 
low oxygen signal suggests that no thick oxide 
scale is present which is advantageous for 
ensuring good coating adhesion during EPD 
and may even promote interfacial bonding 
through surface hydroxyl groups [23]. 
Therefore, slight intensity variations in Nb and 
Mo may indicate microsegregation which could 
locally modify electric field distribution during 
EPD. The absence of heavy oxidation suggests 
that the waterjet cutting and light grinding did 
not introduce thermal damage or oxidation 
artifacts [24]. 
 
These features are important because they 
directly relate to the hypothesis that substrate 
heterogeneity may differently influence EPD 
and sol–gel derived EPD. 
 
X-ray diffraction patterns of ZnO coatings 
deposited via EPD (ZnO(1)) and sol–gel 
derived EPD (ZnO(2)) are presented in figure 3. 
The diffraction patterns show characteristic 
peaks that are due to hexagonal wurtzite 
structures of ZnO with a space group of P63mc 
[25]. The major peaks of diffraction are clearly 
seen in the figure. This is in agreement with the 
reference data for ZnO (JCPDS 36-1451). Thus, 

the successful formation of ZnO is confirmed 
for both deposition methods. Table 2 shows 
XRD results of ZnO thin films. 
 

 
Figure 3. XRD peaks of ZnO(1) and ZnO(2) 

coatings 
 
Table 2. XRD results of ZnO thin film 

Sample Peak 
position FWHM Crystallit

e size 
Microstrain 

(ε) 

ZnO (1) 

2θ (°) β (°) D(nm) x10-3 
32.060 0.74000 11.17 11.24 
34.750 1.10000 7.57 15.34 
36.470 1.10000 7.60 14.57 
47.150 1.22000 7.10 12.20 
56.870 1.58000 5.72 12.73 

 63.110 0.47500 19.40 3.40 
 68.270 0.75000 19.95 3.11 

Sample Peak 
position FWHM Crystallit

e size 
Microstrain 

(ε) 

ZnO(2) 

2θ (°) β (°) D(nm) x10-3 
32.010 0.84000 9.84 12.78 
34.690 0.26000 32.01 3.63 
36.410 0.84000 9.96 11.14 
47.100 0.38000 22.81 3.80 
56.810 0.72000 12.54 5.81 
63.010 0.48000 19.41 3.42 
68.230 0.48000 19.99 3.09 

 
There were no other peaks associated with 
secondary phases of zinc such as Zn(OH)₂. A 
strong peak was observed at approximately 44-
45°, much sharper than the ZnO peaks. This 
peak is associated with the (111) planes of the 
γ-Ni FCC matrix in the Inconel 625 alloy [26]. 
Nickel-based superalloys exhibit strong 
diffraction peaks at ~44.5° as γ-Ni (111), ~51.8° 
as γ-Ni (200) and ~76.4° as γ-Ni (220) [27]. The 
observation of these diffraction peaks shows 
that the ZnO coatings are thin enough to allow 
transmission of X-ray beams. This observation 
is expected for thin-film electrophoretic 
deposition coatings which are known to be 
within the micrometer to sub-micrometer range 
[28].  
 
There are clear differences between the two 
coatings with regard to the intensity and 
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sharpness of the diffraction peaks. Sol-gel 
derived EPD coating shows much higher peak 
intensities and sharper diffraction peaks with 
minimal peak broadening. On the other hand, 
EPD coating (ZnO(1)) shows much lower peak 
intensities and broader peaks. The sharpness 
and intensity of the peaks are related to 
crystallite size and crystallinity as well as 
microstrain within the structure [29]. The 
sharpness of the peaks for sol-gel-derived 
coating shows much larger crystallite sizes and 
lower microstrain within the structure. 
 
These differences can be explained in terms of 
the homogeneity of the precursors at the 
molecular level, as well as the hydrolysis and 
condensation processes which allow for in-situ 
nucleation during the heat treatment process 
[30]. On the other hand, EPD makes use of 
existing particles where particle stacking 
dominates crystal growth, unlike sol-gel 
derived systems where controlled crystal 
growth occurs [31]. 
 
For sol-gel derived EPD coating ZnO film, the 
intensity of the (002) reflection at 34.4° is 
higher than for EPD coating film which 
indicates a higher degree of c-axis alignment of 
the crystal structure perpendicularly to the 
substrate [32]. This higher intensity of the 
reflection also suggests improved 
crystallographic texture and vertical growth of 
the crystal structure which are often 
characteristics of sol-gel-derived systems, 
where controlled nucleation occurs during the 
sol-gel process [33]. In addition, sharper 
reflection peaks for sol-gel derived film suggest 
a lower degree of broadening of the diffraction 
peaks which is indicative of larger crystal sizes 
using Scherrer relationship [34]. These 
observations suggest improved crystallographic 
texture for sol-gel derived EPD route compared 
to the powder-based route. 
 
Figure 4 shows SEM observations of ZnO 
coatings 500X, 2000X and 5000X, 
respectively.. Although no direct phase 
transformation at the interface was detected via 
XRD, the observed differences in coating 
compactness suggest that substrate-induced 
electrokinetic variations may influence particle 
packing behavior. 
 

 
 

 
 

 
EPD 

 
 

a) 

d) 

b) 
 
 
 
 
 
 
 
 
 
 
c) 
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Sol-Gel Derived EPD 

Figure 4. SEM micrographs of ZnO thin films –top 
view. EPD a) 500X , b) 1000X, c) 5000X, sol-gel 

derived EPD d)500X, e) 1000X, f) 5000X. 
 
At low magnification, EPD coating exhibits a 
heterogeneous surface morphology 
characterized by irregular particle clusters and 
non-uniform surface coverage.  WAAM-
induced layer-wise substrate morphology 
remains partially visible, indicating that the 
coating does not fully level the underlying 
surface undulations [35]. Localized 
discontinuities and micro-void regions can be 
observed, suggesting incomplete packing of 
deposited ZnO particles. As shown by the 
intermediate magnification image of EPD 
coating, it has been found to comprise loosely 
arranged clusters of ZnO particles. Boundaries 
between particles are easily identifiable and 
cracks are evident along the interfaces of the 
clusters. The cracks may be attributed to drying 
and limited interparticle necking during post-
deposition processing [36]. The morphology of 
the coating suggests the formation was 
influenced by particle stacking rather than 
condensation-induced densification. At high 
magnification, it has been found that the coating 
has a relatively rough structure with identifiable 
particle boundaries and porosity. The presence 
of microcrack networks and intergranular 

porosity suggests limited structural coherence. 
Such morphology may be responsible for the 
generation of electrical discontinuity and 
improved charge scattering at the grain 
boundaries [37].  
 
On the other hand, sol–gel derived EPD coating 
showed a smoother surface morphology when it 
was viewed under low magnification. Although 
surface features and isolated dark areas are 
evident on the surface of the coating, it has been 
found to be relatively smoother with improved 
surface conformity to the substrate. At 
intermediate magnification, it has been found 
that sol–gel derived EPD coating has a 
relatively denser structure with fewer 
interparticle porosities. Boundaries between 
particles are relatively less distinct compared to 
the coating prepared by the conventional 
method. This may be attributed to 
condensation-assisted interparticle bridging 
during coating formation. The microcrack 
density has been found to be relatively lower 
and more confined to specific areas of the 
surface. At high magnification, it has been 
found that the surface morphology of sol–gel 
derived EPD coating has improved with a 
relatively finer structure and improved particle 
packing density. Such improved 
interconnectivity between particles may be 
attributed to the molecular precursor-assisted 
deposition and condensation mechanisms [38]. 
Table 3 shows crack formation mechanism for 
both EPD routes. 
 
Table 3. Summary of Crack Formation Mechanisms 
in Powder-Based and Sol–Gel Derived EPD ZnO 
Coatings 
Mechanistic 
Factor EPD Sol–Gel Derived EPD 

Primary 
deposition 
unit 

Discrete ZnO 
particles 

Molecular/complexed 
Zn species 

Packing 
mechanism Particle stacking Condensation-assisted 

network formation 
Drying 
shrinkage 
behavior 

Localized 
shrinkage at 
particle clusters 

More homogeneous 
volumetric shrinkage 

Interparticle 
bonding 

Limited necking 
between particles 

Chemical bridging 
during condensation 

Stress 
distribution 
during drying 

Stress 
concentration at 
agglomerate 
boundaries 

More uniform stress 
redistribution 

Crack 
formation 
tendency 

Higher 
microcrack 
density and 

Reduced crack density, 
finer microcracks 

e) 
 
 

f) 
 
 
 
 
 
 
g) 

f) 
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Mechanistic 
Factor EPD Sol–Gel Derived EPD 

intercluster 
cracks 

Porosity 
evolution 

Interparticle void 
retention 

Partial pore filling via 
precursor condensation 

Expected 
electrical 
implication 

Increased grain 
boundary 
scattering and 
local 
discontinuities 

Improved interparticle 
connectivity and 
reduced scattering sites 

 
EDS mapping analysis enabled visualization of 
dendritic and interdendritic compositional 
variations typical of additively manufactured 
nickel-based superalloys. For ZnO-coated 
samples, EDS mapping was further employed to 
confirm the presence and surface coverage of 
Zn and O, evaluate elemental homogeneity 
across the coating surface, detect potential 
compositional discontinuities or localized 
agglomeration. Due to the relatively thin nature 
of the deposited ZnO films, partial substrate 
signal contribution was considered during 
spectral interpretation (figure 5). Due to the thin 
nature of the coating and substrate signal 
overlap, EDS quantitative values should be 
considered semi-quantitative. 
 

a 

b 
EPD 

 

c 

d 
Sol-Gel Derived EPD 

Figure 5. (a) The elemental mapping of EPD 
coating and (b) the corresponding EDS spectrum. 
(c) the elemental mapping of sol-gel derived EPD 
coating and (d) the corresponding EDS spectrum. 

 
EDS spectra obtained from both coatings 
confirm the presence of Zn and O peaks 
corresponding to ZnO, together with detectable 
Ni and Cr signals originating from the Inconel 
625 substrate. The appearance of the substrate 
elements in the results does not imply that the 
coating layer was not fully covered but rather 
points to the thickness of the layers deposited 
and the electron interaction volume associated 
with the EDS analysis process [15]. 
 
Quantitative results (table 4) indicate a 
significant difference in the composition of the 
two deposition routes. EPD coating layer was 
found to contain Ni and Cr at 28.22 wt.% and 
10.85 wt.%, respectively. Zn was detected at 
24.45 wt.%. Consequently, the Zn/(Ni+Cr) ratio 
was determined to be 0.62, indicating 
significant substrate contributions with minimal 
attenuation of the alloy substrate. On the other 
hand, sol-gel derived EPD coating layer was 
found to contain a higher Zn content of 49.91 
wt.%, with Ni content being significantly 
reduced to 11.11 wt.% and Cr being 4.31 wt.%. 
Consequently, Zn/(Ni+Cr) ratio was determined 
to be 3.23, indicating a dominant coating 
contribution with a significantly reduced 
substrate interaction volume. Elemental 
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mapping supports these quantitative findings. 
EPD coating displays heterogeneous Zn 
distribution, with localized signal 
intensification associated with particle 
agglomeration regions observed in SEM 
micrographs. The distribution of Ni and Cr 
signals appears relatively continuous but with 
relatively less intensity, indicating inadequate 
substrate shielding. Conversely, sol–gel derived 
coating shows relatively better zinc distribution 
on the substrate with relatively less substrate-
associated elemental signals.  Quantification of 
the elements in the coatings using EDS 
technique is semi-quantitative in nature. 
However, Zn/(Ni+Cr) ratio is a reliable 
parameter that can be used to determine the 
efficiency of the coating process. Zn/(Ni+Cr) 
ratio is significantly higher in sol–gel derived 
EPD coating compared to EPD coating.  
 
Table 4. Comparative Elemental Distribution and 
Zn/(Ni+Cr) Ratio Analysis of EPD Coatings 

Element EPD (wt.%) Sol–Gel Derived 
EPD (wt.%) 

Ni 28.22 11.11 
Zn 24.45 49.91 
C 21.38 13.27 
O 13.22 18.87 
Cr 10.85 4.31 

Trace 1.88 2.53 
Sum 100.00 100.00 

Zn/(Ni+Cr) 0.62 3.23 
 
The cross-sectional SEM study indicates that 
the coatings have different surface 
morphologies (figure 6). Sol–gel derived 
coating has a dense morphology with an 
average thickness of 0.92 ± 0.18 µm. The film 
is observed to have limited interfacial voids 
with a well-defined but coherent 
coating/substrate interface. The relatively 
smooth surface morphology indicates that the 
nucleation is well-controlled with 
homogeneous particle growth [39]. In contrast, 
EPD coating shows a greater thickness of 1.4 ± 
0.2 µm and a more heterogeneous 
microstructure. The presence of loosely packed 
agglomerates and interparticle porosity 
indicates particle-stacking–dominated 
deposition with limited structural 
rearrangement [40]. Although mechanically 
adhered, the interface is comparatively less 
compact (figure 6). 
 

 
Figure 6. Cross-sectional SEM images of ZnO 

coating 
 
The obtained sub-micron to ~1.5 µm thickness 
range is fully consistent with low-voltage (10 
V) short-duration (1 min) EPD conditions. The 
results demonstrate that deposition chemistry 
governs coating densification and architecture 
which is expected to directly influence 
electrical transport behavior and interfacial 
charge transfer characteristics [41]. These 
thickness dimensions indicate a stable 
deposition process without excessive particle 
accumulation or gas-induced defects [42]. 
 
From quantitative porosity analysis, a 
significant variation in coating packing density 
was noted. Conventional EPD coating had a 
porosity level of 14.2% ± 1.5% which is due to 
random agglomeration of ZnO particles and the 
occurrence of shrinkage microcracks as 
revealed via SEM images (figure 4). However, 
for sol-gel derived EPD coating, a more 
compact coating structure is noted, with a 
porosity level of 3.8% ± 0.6%. This significant 
decrease in porosity by approximately 73% 
confirms that the sol-gel process favors a more 
continuous integration process, effectively 
filling interstitial space commonly encountered 
in conventional EPD. These results are 
consistent with those observed for improved 
electrical stability which was mentioned in 
following section. 
 
Electrical resistance measurements of uncoated 
and ZnO-coated WAAM-fabricated Inconel 
625 specimens are summarized in table 5. All 
measurements were performed at room 
temperature under identical contact conditions 
to ensure comparability. 
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Table 5. Electrical properties of uncoated and ZnO-
coated WAAM Inconel 625 

Sample 
Conditio
n 

Measure
d 
Resistanc
e (Rₓ) [Ω] 

Electrical 
Resistivity 
(ρ) [Ω·m] 

Electrical 
Conducti
vity (σ) 
[S/m] 

Conductivit
y Change 
(%) 

Uncoated 
Inconel 
625 

6.45 × 
10⁻⁶ 1.29 × 10⁻⁶ 7.75 × 10⁵ Reference 

ZnO EPD 7.20 × 
10⁻⁶ 1.44 × 10⁻⁶ 6.94 × 10⁵ ↓ ~10.5% 

ZnO Sol–
Gel 
Derived 
EPD 

6.95 × 
10⁻⁶ 1.39 × 10⁻⁶ 7.19 × 10⁵ ↓ ~7.2% 

 
Uncoated WAAM Inconel 625 specimen was 
found to have a resistivity of 1.29 x 10⁻⁶ Ω·m 
which was within the range of reported values 
for this alloy under ambient conditions [43]. 
Following the deposition of ZnO coatings using 
both routes of EPD, it was found that there was 
a measurable change in the electrical 
conductivity of the material. This change was 
found to be mainly due to the semiconducting 
nature of ZnO and the surface resistivity of the 
material. The change in electrical conductivity 
of Inconel 625 was found to be due to the 
additional resistivity elements resulting from 
the surface phenomena. Since ZnO is a 
semiconductor material with a wide bandgap of 
3.37 eV and Inconel 625 is a metallic alloy with 
high electrical conductivity, the deposition of 
coating inherently results in the formation of a 
metal-semiconductor junction and may be 
considered as partially Schottky-like in nature 
[44]. 
 
WAAM-fabricated Inconel 625 surfaces are 
known to contain heterogeneous passive oxide 
regions enriched in NiO and Cr₂O₃ which can 
further modify interfacial electronic structure 
and promote localized barrier formation [45]. 
As a consequence, partial electron reflection, 
enhanced carrier scattering and increased 
contact resistance are expected at the metal/ZnO 
boundary. These interfacial effects contribute to 
the approximately 7–11% reduction in electrical 
conductivity observed after coating. 
 
SEM observation provided additional insight 
into the electrical response. EPD coating 
exhibits microcrack networks and 
heterogeneous particle stacking, features that 
can introduce discontinuities in electron 
transport pathways and increase grain boundary 
scattering. In contrast, sol–gel derived EPD 

coating presents improved surface continuity, 
reduced crack density and more homogeneous 
particle distribution, suggesting enhanced 
interparticle connectivity and more uniform 
interfacial bonding [40]. These morphological 
differences are consistent with the slightly 
lower conductivity reduction measured for sol–
gel route compared to the conventional. 
 
Nevertheless, the overall electrical 
characteristics are still dominated by the 
substrate due to the negligible thickness of the 
ZnO film (~1 µm) in comparison with that of 
thick metallic substrate. The system can 
therefore be modeled in terms of a series 
resistance model, in which the total resistance is 
a combination of metallic, interfacial and film 
resistances. The small decrease in conductivity 
is physically understandable in terms of a thin 
layer of semiconductor material rather than a 
system in which conduction is dominated by the 
thin film. The results show that the chemistry of 
suspension is seen to have an effect not only on 
compactness but also on interfacial charge 
transport characteristics, with sol-gel derived 
EPD process yielding enhanced interfacial 
coherence and reduced resistive disruption. 
 
The differences found with regard to the 
distribution of elements and the contribution of 
the substrate signal offer further insight into the 
electrical results. Since it has been verified via 
EDS that the coatings are still of sufficient 
thickness to allow for the contribution of the 
substrate within the interaction volume, it may 
be expected that the overall electrical results 
will be dominated by the substrate [46]. 
However, sol–gel-derived EPD coating has 
been found to have a relatively higher 
Zn/(Ni+Cr) ratio and improved compactness 
which are signs of fewer localized 
discontinuities and improved interfacial 
contact. Such structural coherence would be 
expected to reduce excessive interfacial 
resistive effects and would explain the 
relatively smaller change found for sol–gel 
derived EPD coating. 
 
Comparative analysis reveals the pivotal role of 
the morphological architecture with regard to 
electrical transport phenomena. The 
morphology of EPD coatings tends to be more 
porous and agglomerated. This leads to an 
increase in the density of grain boundaries and 
interparticle contact resistances. Such features 
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are capable of generating potential barriers and 
may act as electron scattering sites [47]. This 
limits the mobility of the charge carriers. On the 
other hand, sol–gel derived EPD coatings are 
found to be more dense and have better 
continuity. This reduces the intergranular 
porosity and facilitates better electron mobility 
[48]. The lower density of defects and better 
interconnection of particles are expected to 
reduce the scattering of the charge carriers and 
improve electrical stability. 
 
ZnO porous architectures may offer advantages 
for applications where surface area is crucial, 
such as gas sensors and optoelectronic devices 
where adsorption-controlled mechanisms play a 
major role [49]. In these cases, surface activity 
may be more beneficial than the disadvantages 
related to low electron mobility. Therefore, the 
morphology will be application-dependent. 
 
Collectively, the structural, morphological and 
electrical analyses suggest that sol-gel derived 
electrophoretic deposition route enables 
improved crystallographic orderliness and 
compactness of the film, which in turn enables 
a comparatively lower resistive effect and more 
stable charge transport characteristics for the 
WAAM-fabricated Inconel 625 substrates. 
 
4. RESULTS 
In this study, ZnO coatings were successfully 
deposited on WAAM-fabricated Inconel 625 
substrates using powder-based and sol–gel 
derived electrophoretic deposition routes. Both 
methods produced crystalline ZnO coatings 
consistent with wurtzite phase as confirmed via 
XRD analysis; however, the sol–gel derived 
route resulted in improved crystallinity, 
enhanced (002) preferential orientation and a 
more compact morphology. SEM and EDS 
analyses revealed that powder-based coatings 
exhibited microcracks and heterogeneous 
particle stacking, whereas sol–gel derived 
coatings provided more uniform surface 
coverage and reduced defect density. Electrical 
measurements indicated a moderate decrease in 
conductivity (≈7–11%) after coating, attributed 
to metal–semiconductor interfacial effects. 
Compared to the powder-based route, the sol–
gel derived coatings showed a smaller 
conductivity reduction, suggesting improved 
interfacial coherence and charge transport 
stability. The results demonstrate that 
suspension chemistry significantly influences 

coating structure and electrical behavior on 
WAAM-fabricated Inconel 625 and sol–gel 
derived EPD offering improved structural 
integrity and electrical performance. 
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