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Abstract: Structural characterization of compound material coatings is usually achieved using
time-consuming and destructive techniques such as optical and electrical microscopy, which require
the use of grinding processes not always compatible with the material. This paper reports on
the effective use of a theoretical model based on X-ray diffraction to calculate the thickness and
composition of thin oxide films formed on the surface of zinc coatings. Zinc coatings are widely used
in industrial application as protective layers against the atmospheric corrosion of steel substrates.
The thickness of single- and multi-layer coatings is estimated using grazing incidence X-ray diffraction
and various incidence angles. The coatings were grown using hot-dip, pack cementation and thermal
spray techniques, and their experimental characteristics were compared to the theoretically predicted
values of thickness and composition. The results indicate the formation of a thin zinc oxide film on
top of each coating, which acts as an isolation layer and protects the surface of the sample against the
environmental corrosion. Finally, the penetration depth of the X-rays into the zinc-based coatings for
grazing incidence and Bragg–Brentano X-ray diffraction geometries were calculated using theoretical
equations and experimentally confirmed.
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1. Introduction

Zinc coatings are technologically important for a wide range of protective applications including
anticorrosion layers in wires, tanks and automotive manufacturing components depending on their
chemical characteristics [1–12]. The thickness, structure and chemical composition is of particular
interest for corrosion shield applications in the marine and architectural field. Atmospheric and marine
corrosion processes significantly alter the properties of the coatings as the oxides formed on the surface
are usually well adherent and passivate the surface. Thus, a thorough and detailed characterization of
the coatings is required, which will allow the development of high quality, reliable and reproducible
products. The information required to determine the structural properties of a coating are most
commonly provided by optical or scanning electron microscopy characterization. However, these
techniques do not allow the comprehensive evaluation of the coating, as information is provided only
from a small area. Furthermore, microscopy characterization is a time-consuming method and is
hardly applicable in limited size specimens, as cross-sectional cutting, polishing and in certain cases
even chemical etching preparation is required [13,14].

It is thus important to develop a faster, simpler and non-destructive characterization method
that can provide a thorough analysis of thin films and coatings without affecting the material, such as
the one proposed by Yamada to identify pharmaceutical coatings [15]. X-ray diffraction (XRD) is
a high precision evaluation technique that provides important information regarding the structure
characteristics of a coating while enabling chemical composition identification without causing any
damage to the sample under investigation. Bragg–Brentano is a widely used XRD geometry (BB-XRD),
which provides information about the compounds located on the surface of a sample as well as at a
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certain depth below the surface. The effectiveness of XRD depends on the penetration depth of the
X-ray beam, which is related to the incidence angle. The penetration depth can be narrowed to the top
surface layers using grazing incidence X-ray geometry (GI-XRD). Thus, controlling the incidence angle
of the X-ray beam enables the overall identification of the composition of the coating as well as the
precise stoichiometry of the surface layers [16,17].

This work presents the results of a detailed theoretical analysis of zinc coatings based on
grazing incidence X-ray diffraction technique. The samples grown using the hot-dip galvanizing
process [1–4,8,13,14,16,18–20], chemical vapor deposition by pack cementation [5–8,13,14,16,21–25] and
wire flame thermal spray [9–14,16,26–28] were examined using scanning electron microscopy (SEM),
Bragg–Brentano and grazing incidence XRD, with specific interest in the composition of the thin zinc
oxide layer formed on the surface. The X-rays theoretical penetration depth for all three types of sample
was also calculated and compared to the experimental results. The described methodology is the first
approach of a non-destructive theoretical monitoring procedure of zinc coatings after deposition or
after exposure to aggressive environments.

2. Theoretical Calculations of the Penetration Depth of X-rays

The functionality of X-ray diffraction analysis relies on the penetration depth of the X-ray beam,
which depends strongly on the material properties, the wavelength and the incident angle of the
X-ray beam. Here, we present theoretical calculations of the penetration depth for BB and GI-XRD
geometry [29].

2.1. Calculation of the Penetration Depth of X-rays in BB-XRD

Bragg–Brentano X-ray diffraction has a unique geometric configuration where the angle of the
X-ray incidence beam is equal to the angle between the diffracted beam and the surface of the sample.
This enables accurate monitoring of the material parameters. An ideal sample of infinite thickness
is considered here. The intensity of the X-ray incidence beam is I0, while α is the incidence angle.
The intensity of the beam diffracted by an essential part of the sample of thickness dx and width `,
located at a distance x below the surface, is given by the equation:

I = κ I0 e−µ(x1) dx (1)

where κ is the fraction of crystallites orientated so that they can diffract the incident beam, µ is the
linear attenuation coefficient of the material, and x1 is the length of the optic path of the incident beam
in the material (Figure 1a). The intensity of the diffracted beam, which has passed through the optic
path x2 inside the material, is given by:

ID = κ I0·e−µ(x2) (2)

Using Equations (1) and (2), the differentiation of the intensity can be written as:

dID = κ ` I0·e−µ(x1+x2) dx (3)

Due to the geometric characteristics of BB-XRD geometry (` = l/sinα, x1 = x/sinα, x2 = x/sinβ,
α = β = θ, β is the diffraction angle), Equation (3) can take the form of:

dID = (κ I0/sinθ) e−2µx/sinθ dx (4)

However, detection of the diffracted beam is possible only when the intensity ID is higher than the
ID = 0.001 × I0 limit, which corresponds to a penetration depth of tBB. The ratio dID (x = 0)/dID(x = tBB)
= e2µtBB/sinθ = 1000 can be calculated using Equation (4), which gives:
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tBB = 3.45·sinθ/µ (5)

2.2. Penetration Depth of X-rays in GI-XRD

In GI-XRD geometry, the penetration depth of X-rays in a single compound material can be
calculated using the equation [15,30–36]:

tGI =
− ln(1−G)

µ

[
1

sin Ω
+

1
sin(2θ−Ω)

] (6)

where G is the fraction of the incident beam absorbed by the material before the beam reaches the
maximum penetration depth tGI, Ω is the incidence angle and 2θ −Ω is the angle of the diffracted beam.
As for BB-XRD geometry, the penetration depth depends strongly on the incidence angle. Equation (6)
takes the form of Equation (5) when the BB-XRD geometry variables are used, resulting in α = θ and
G = 0.99 (as the penetration depth is considered equal to the thickness at which the intensity of the
incident beam is equal to ID/1000).

2.3. Penetration Depth of X-rays in a Multilayered Material

Even though Equation (6) provides essential knowledge about the characteristics of a single
compound coating, it is not applicable to two-layered or multi-layered coatings. This section presents
a theoretical calculation of the penetration depth of X-rays in a multi-layered coating, taking in
consideration the fraction of the beam absorbed by each layer. First, a single layer coating of a linear
attenuation coefficient µbase is considered, named as base coating, tested by GI-XRD. Equation (3) now
takes the form of (Figure 1b):

dIDbase= κI0e
−µbasex(

1
sin Ω

+
1

sin(2θ−Ω)
)

dx (7)

Integration over the examined area results in:

IDbase= κI0

−

e
µbasetbase(

1
sin Ω

+
1

sin(2θ−Ω)
)

− 1


µbase

(
1

sin Ω
+

1
sin(2θ − Ω)

) (8)

where tbase is the penetration depth of the beam in the base coating. Following, a second layer is placed
on top of the base coating, named as layer one, of attenuation coefficient µ1 and thickness d1. It is
considered here that the X-ray beam passes through this new layer and reaches the underlying base
coating. As a result, the intensity, IDcoated, of the beam diffracted by both layers can be described by the
equation (Figure 1c):

dIDcoated= I0e
−µ1d1(

1
sin Ω

)

κe
−µbasex(

1
sin Ω

+
1

sin(2θ−Ω)
)

dx

e
−µ1d1(

1
sin(2θ−Ω)

)

(9)

If the total penetration depth inside the base coating is tbase,1 then integration of Equation (9)
results in:
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IDcoated= I0κe
−µ1d1(

1
sin Ω

+
1

sin(2θ−Ω)
)



−

e
−µbasetbase,1(

1
sin Ω

+
1

sin(2θ−Ω)
)

− 1


µbase

(
1

sin Ω
+

1
sin(2θ − Ω)

)


(10)

The ratio IDcoated/IDbase is equal to:

IDcoated

IDbase
=

e
−µ1d1(

1
sin Ω

+
1

sin(2θ−Ω)
)

e
−µbasetbase,1(

1
sin Ω

+
1

sin(2θ−Ω)
)

− 1


e
−µbasetbase(

1
sin Ω

+
1

sin(2θ−Ω)
)

− 1

(11)

where µbasetbase = µ1d1 + µbasetbase,1.
If the thickness d1 of the epilayer, the linear attenuations µ1 and µbase and the incidence angle Ω

are known, then the thickness tbase,1 of the penetration depth inside the base coating (after passing
through layer one) is given by equation:

tbase,1 =

ln


e
−µ1d1(

1
sin Ω

+
1

sin(2θ−Ω)
)

−
IDcoated

IDbase

e
−µ1d1(

1
sin Ω

+
1

sin(2θ−Ω)
)
(
1−

IDcoated

IDbase

)


−µbase

(
1

sin Ω
+

1
sin(2θ − Ω)

) (12)

The above-described process can also be used for multilayered coatings. For example, for a
three-layered coating (base layer, layer one and layer two), the penetration depth of the X-rays in the
base layer, after passing through the two epilayers, will be given by:

tbase,1,2 =

ln


e
−µ2d2(

1
sin Ω

+
1

sin (2θ−Ω)
)

e
−µ1d1(

1
sin Ω

+
1

sin (2θ−Ω)
)

−
I′Dcoated

IDbase

e
−µ2d2(

1
sin Ω

+
1

sin (2θ−Ω)
)

e
−µ1d1(

1
sin Ω

+
1

sin (2θ−Ω)
)

(1 −
I′Dcoated

IDbase




−µbase

(
1

sin Ω
+

1
sin(2θ−Ω)

) (13)

where µ2 and d2 are the linear coefficient and thickness of the new layer (layer 2), respectively,
and I′Dcoated is the total diffracted beam by the three-layered coating.
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Figure 1. Schematic representation of X-ray diffraction in a flat sample. (a) Schematic representations
of X-ray diffraction in a flat sample from the second layer of the examined material (b) and from both
formed layers (c).

2.4. Evaluation of the Penetration Depth of X-rays in Particular Zn Compounds

According to previous publications [1,2,11,18], Zn–Fe and Zn compounds are the most favorable
to be formed during the growth of zinc coatings. The penetration depth of X-rays in several Zn–Fe
compound coatings was calculated using Equation (5). The calculations were based on the diffraction
angles of the first three, stronger peaks of the X-ray diffraction pattern of each Zn phase (presented
by decreasing intensity). Table 1 shows the linear attenuation coefficients of these phases and the
penetration depth in each case [36,37].
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Table 1. The linear attenuation coefficients of Zn, ZnO and Zn–Fe compounds and the penetration
depth of X-rays in BB-XRD calculated using Equation (5).

Phase µ (cm−1) θ (o) t (µm)

η-phase
(Zn) 430.300

21.616 29.540
18.148 24.970
41.051 52.650

ζ-phase
FeZn13

549.890
20.749 22.227
21.294 22.784
44.394 43.918

δ-phase
FeZn10

576.350
21.138 21.586
20.544 21.006
20.892 21.346

Γ-phase
Fe3Zn10

749.701
21.338 15.796
21.800 16.122
20.709 15.351

ZnO 287.973
18.128 37.276
15.886 32.793
17.210 35.447

The penetration depth for GI-XRD geometry was also calculated for these phases, using again
the diffraction angles corresponding to the highest intensity peaks of the diffraction pattern and
Equation (6). Figure 2 shows the dependence of the penetration depth to the incidence angle for each
Zn phase.
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Figure 2. The dependence of the penetration depth of X-rays in Zn, ZnO and in Zn–Fe phases to the
incidence angle for the grazing incidence X-ray geometry (GI-XRD). The angle corresponds to the
diffraction peaks with the highest intensity.

3. Experimental Details

3.1. Growth Processes

Zinc coatings were grown on a commercial hot rolled low carbon steel sheet St-37 (information
regarding the chemical composition are provided by the standard alloy numbering system of the
Society of Automotive Engineers (SAE) SAE 1010, Table 2) using three different growth techniques,
namely hot-dip galvanizing, chemical vapour deposition by pack cementation and wire flame thermal
spraying, to verify the results presented in the previous section. Details on the type of substrate have
been reported previously [8,22]. These coatings form a protective layer on the surface with a sacrificial
and barrier effect, which prevents diffusion of the corrosive elements [38–41].
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Table 2. Chemical composition (wt.%) of SAE 1010 specimens.

Fe C Mn S P Si Al

Balance 0.11 0.55 0.012 0.016 0 0

During hot-dip galvanizing, the substrates were immersed in a graphite crucible with molten
zinc, inside an electric furnace. The dipping temperature was 450 ◦C and the total time 3 min. Prior to
galvanizing, the coupons were degreased in H3PO4 solution, pickled and deoxidized in an 16% HCl
aqueous solution and finally fluxed in a 50% ZnCl2–2NH4Cl aqueous solution [1,2,41,42]. As a result,
the immersed substrates were covered by a zinc layer alongside some internal Fe-Zn phase layers.
Prior to the pack cementation deposition, the substrates were packed and sealed in porcelain crucibles
together with a powder mixture containing 3% NH4Cl (activator), 50% Zn (donor material) and Al2O3

(filler) as balance. The crucibles were then inserted in an Ar purged electric furnace at 400◦C for 60 min.
As a result, the formed coating had a similar thickness to the galvanized coating but different chemical
composition—Consisting only of Fe–Zn phases [16,41,43]. Finally, for the wire flame thermal spraying,
the substrates were previously degreased with a 10% HCl solution and then sandblasted in order to
create the necessary roughness for coating adhesion. The deposition process was performed using
a METCO 14E wire flame spray gun, keeping 120 mm spraying distance. The donor material was
99.9% pure Zn in form of a 2.4 mm diameter wire. The molten particles, produced from the wire
melting by the combustion flame, were accelerated by compressed air towards the substrate, forming
a characteristic rough laminar thick coating consisting of Zn and ZnO. The average thickness of the
coating was much higher (over 200 µm) in comparison to the other techniques [41,44].

3.2. Characterization of Coatings

Characterization of the structure, morphology and chemical composition of the coatings was
performed using a 20 kV JEOL 840A scanning electron microscope (SEM, Jeol Ltd., Akishima, Tokyo,
Japan). The SEM was equipped with an OXFORD INCA Energy Dispersive X-ray Spectroscopy
(EDS) analyzer (Oxford Instruments Nanoanalysis, Oxford, UK) and the INCA 18D 4.15 software that
enabled point microanalysis and linear microanalysis of the area of interest. In order to perform the
cross-section examination, the samples were cut with low speed saw, polished down to 5 µm using
alumina emulsion and then suitably etched with Nital solution. X-ray diffraction was carried out
for the Zn phase identification, using a 2-circles Regaku Ultima+ diffractometer (CuKα radiation,
40 KV, 30 mA) with Bragg–Brentano (BB-XRD, Rigaku Corporation, Shibuya-Ku, Tokyo, Japan) and
grazing incidence geometry (GI-XRD, Rigaku Corporation, Shibuya-Ku, Tokyo, Japan), using 1.5◦ and
5◦ incidence angle (Ω). This angle range is identified as suitable to get sufficient information of the
composition of the top surface layers.

4. Results and Discussion

4.1. Hot-Dip Galvanized Coatings

BB-XRD diffraction characterization of the hot-dip galvanized zinc coating confirmed the formation
of several Zn compounds (Figure 3a,b). Diffraction peaks and Zn phases identification was accomplished
using the following powder diffraction file (PDF) cards: 04-0831 (Zn), 65-3411 (ZnO), 45-1184 (delta
phase), 65-1238 (zeta phase) [45]. Namely, various Zn phases were confirmed, such as phase eta, zeta
and delta alongside the zinc oxide (ZnO). According to theory, the strongest peak should be that of
Zn, which corresponds to the (101) reflection. However, the strongest intensity peak in the diffraction
pattern of Figure 3 corresponds to (102) Zn peak, indicating a preferable growth orientation for the Zn
crystals. This is attributed to the cooling rate following the immersion of the samples in the Zn liquid
bath and the presence of Fe–Zn grains in the eta phase of the coating. These grains act as nucleation
sites that favor the (102) growth direction instead of the (101).
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SEM micrograph analysis was also used to confirm the various Zn phases present in the coating.
As shown in the SEM micrograph of Figure 4a, the presence of eta, zeta and delta Zn phases were
formed in layers. EDS analysis indicated a Fe concentration of 7–11.5 wt.% and 5–6 wt.% in the delta
and zeta phase, respectively. The oxygen concentration was lower than 4 wt.%. The top layer has an
average thickness of 18 µm and consisted entirely of eta phase. As shown in Table 1, for an X-ray
incidence angle higher than 18,146◦ (2θ > 36◦), the penetration depth in eta phase is larger than 25 µm.
This is significantly higher compared to the thickness of the eta phase layer thus the X-ray beam fully
penetrates this phase and reaches the underlying zeta phase layer.
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Figure 4. SEM micrograph of the cross section of the coatings deposited by hot-dip galvanizing (a),
pack cementation (b) and thermal spray (c).

In addition, examination of the same samples with GI-XRD using an incidence angle of 5◦

(Figure 5a) and 1.5◦ (Figure 5b) confirmed the formation of eta phase and ZnO compounds in the top
layer of the coating. Even though the penetration depth of the X-rays for an incidence angle of 5◦ is
low, the peaks of zeta and delta phases were not completely eliminated from the diffraction pattern
(Figure 5a) due to precipitation of zeta phase crystallites in the mass of the eta-phase [2,42]. This is due
to the detachment of zeta phase grains during their formation or formed during cooling right after the
emersion of the samples from the Zn bath in areas saturated with iron. Moreover, in the same XRD
pattern, the ZnO peaks have also significantly higher intensity as compared to that of the BB-XRD
pattern (Figure 3). Their intensity is further increased in the GI-XRD pattern with incidence angle 1.5◦

(Figure 5b). These results indicate that the ZnO oxides are restricted in the surface of the coating and
can act as shield when the samples are exposed in aggressive environments.
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5◦ and (b) 1.5◦.

4.2. Characterization of Pack Cementation Coatings

BB-XRD examination of the samples grown by pack cementation revealed the existence of ZnO
and Fe–Zn phases (Figure 6). Considering the SEM images shown in Figure 4b, two different FeZn
phases can be identified. The EDS analysis indicated a Fe concentration of 8–12 wt.% in the top
thick layer and 20–25 wt.% in the thin layer placed above the substrate confirming the formation of
delta and gamma phase, respectively. The presence of gamma phase in the interface with substrate
has been reported previously [5,8,22]. However, as the thickness of the delta phase layer is larger
than the corresponding X-rays penetration depth, the gamma phase could not be identified in the
X-rays diffraction pattern. In contrast to the XRD pattern of the galvanized samples, no Zn peak
could be identified, while low intensity ZnO peaks are also present (concentration lower than 3 wt.%).
Furthermore, low intensity peaks corresponding to mixed Fe–Zn oxides were also present in the XRD
pattern of Figure 6b. This is attributed to oxygen diffusion in the coating.
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Furthermore, examination of the sample using small incidence angles GI-XRD (Figure 7a)
confirmed the presence of the referred oxides into the first surface layers of the coatings.
The corresponding oxides peaks in the GI pattern were much stronger as compared to those in
the BB diagram, while the intensity of the delta phase peaks has been significantly decreased, especially
in the 1.5◦ incidence angle pattern (Figure 7b). In this case, the crystals did not demonstrate any
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preferable growth orientation as following deposition process the samples were left to cool down
slowly in the furnace using a slow cooling rate. These conditions do not favour the crystallization
along specific crystalline orientations.
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4.3. Characterization of Thermal Sprayed Zn Coatings

Figure 8a shows the BB-XRD pattern of the thermal sprayed Zn coating, indicating the presence
of pure zinc. This is due to the fact that during thermal spray deposition, the diffusion processes
are eliminated leading to confinement of the formation of Fe–Zn phases. This was also confirmed
by the SEM image shown in Figure 4c. The GI-XRD diffractograms for both 5◦ and 1.5◦ were similar
(Figure 8b,c). This is attributed to the characteristic rough surface morphology of such coatings [13,14,16].
It also important to mention that as the Zn diffraction peaks are very strong, low intensity peaks arising
from very small concentrations of Zn compounds could not be identified in the pattern. To decrease
the surface roughness, which is mainly responsible for the hide out of low intensity peaks, the thermal
sprayed samples were mechanically polished. As a result, low intensity ZnO peaks were observed
in the BB-XRD diffraction pattern of the polished samples (Figure 9). As reported previously [44],
the oxidation of liquid metal droplets as they “flight” from the pistol flame to the substrate during
deposition leads to the formation of ZnO oxides. Moreover, additional oxides were formed after the
polishing process required to decrease the noise in the X-ray patterns as the Zn is very reactive and can
oxidized immediately.
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4.4. Experimental Verification of the Theoretical Calculations

In this section, Equation (12) is experimentally verified using a hot-dip galvanized sample that was
exposed to 350 ◦C in inert atmospheric for 6 h. Two layers were formed due to the oxidation process,
one of pure Zn material and one of Zn oxides (ZnO) on top. This procedure was followed in order to
deal with a pure ZnO and Zn phases and not with complicated Zn–Fe phases, as following oxidation
these phases are not easily reachable by the X-ray beam. We can assume that the top layer (scale) formed
on the sample consists of ZnO as this phase is thermodynamically favored. The average thickness of
this layer was evaluated using SEM to f = 10 ± 2 µm (Figure 10b). In case of GI-XRD examination
(Ω = 5 deg) of this sample, the beam is expected to pass through the ZnO layer and reach the Zn layer,
as according to Figure 2 the theoretically calculated penetration depth into ZnO is bigger than 10 µm.
To get the penetration depth of the beam into the underling Zn layer, the integrated area of the main
Zn GI-XRD diffracted peaks (2θ = 43.23◦) of the non-oxidized Zn sample (Figure 5a) and the hot-dip
oxidized sample (Figure 10) was obtained in order to calculate the ratio IDcoated/IDbase = IDcoated/IDZn,
as the linear attenuation coefficients of Zn and ZnO are already known. Using Equation (12), it was
concluded that the penetration depth into the underlying layer is tbase,1 = tZn = 1.257 µm. As a result,
the penetration depth into the oxidized sample is d = f + tZn = 11.257 µm. The empirical law of
Beer–Lambert for a Zn and a ZnO layer was also used to calculate the experimental X-ray’s penetration
depth resulting in IZn = I0eµZn*tZn and IZnO = I0eµZnO*tZnO. For thicknesses such that IZn = IZnO,
the empirical low leads to tZnO = tZn·µZn/µZnO. If the sample was completely consisted of ZnO, instead
of Zn and ZnO, then tZn could be replaced by tZnO, and d = f + tZn·µZn/µZnO = 11.878 µm, which is in
good agreement with the ZnO penetration depth shown in Figure 2 for an incident angle of 5◦.

This result alongside the SEM thickness measurement indicates that the initial calculations
obtained using Equation (12) were correct and thus it could be used for the estimation of the penetration
depth (x) in a two layered material as follows: the thickness of the surface layer can be measured by
varying the incident angle Ω of the X-rays at a certain range where the characteristic peaks of the
underlying layer are barely visible. Under these conditions, the calculated penetration depth from
Equation (6) corresponds to the thickness of the surface layer.
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Figure 10. (a) GI-XRD pattern and (b) SEM micrograph of the oxidized hot-dip coating.

5. Conclusions

XRD analysis was used to phase monitor zinc coatings deposited by the hot-dip galvanizing
process, pack cementation and the thermal spray technique. Calculations of the penetration depth of
X-rays in various Zn phases present in the coating were used to theoretically verify the experimental
results. The final equation (Equation (12)), corresponding to the penetration depth of the X-rays in a
two-layer coating, was verified by applying it to the ZnO layers formed on the surface of the hot-dip
galvanized samples. The results obtained using traditional methods such as SEM and XRD analysis
were found to be in excellent agreement with those calculated by Equation (12). It was concluded
that regardless of the structure and chemical content of the Zn coatings, a varied thickness thin zinc
oxide film is formed on top of the as-deposited coatings. This oxide film is expected to offer additional
protection to the metallic components/steel against aggressive environmental factors.
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