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Abstract

The study employs X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy
(EDS) and metallographic analysis to assess the phase composition and
microstructural features of anodic and chrome coatings. In response to increasing
demands for enhanced durability and corrosion resistance in defence applications,
surface treatments have become an integral part of the barrel manufacturing
process. Aluminium barrels were anodised, while steel barrels were hard chrome
plated. The electrochemical rifling (ECR) process was conducted under optimised
conditions: current = 950 A, voltage = 7 V, pressure = 2.2 MPa and duration = 176 s.
Before coating deposition, the inner bore surface roughness was controlled at Ra =
0.8 um, ensuring reliable adhesion of the subsequent layers. The XRD and EDS
results confirmed near-stoichiometric compositions for both coating types. The
anodised layers revealed aluminium and y-Al,O3; phases, accompanied by minor
intermetallic compounds, such as S (Al,CuMg), T (Al,MgsZns) and n (MgZn,).
Chrome-plated steel sample exhibited the presence of elemental chromium and
goethite (B-FeOOH). These findings support the suitability of the ECR method as a
foundation for high-performance coating systems in military applications.

1. Introduction

in protective coatings and micro-scale surface
engineering. Anodic aluminium oxide formed by

Anodic oxidation, commonly referred to as
anodising, is a proven technique for forming a
thick, porous oxide layer on aluminium surfaces.
This surface layer provides improved corrosion
resistance and significantly increases the adhesion
strength of any subsequent coating systems
applied to the alloy [1].

The process involves an electrochemical reaction
in which the aluminium substrate serves as the
anode in an electrolytic cell. Under the influence of
an applied current and in a suitable electrolyte, a
layer of anodic aluminium oxide forms on the
surface [2]. These pores can be tailored in terms of
diameter and spacing depending on the operating
conditions [3,4], making anodised surfaces suitable
for advanced engineering applications, especially
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porous-type anodisation under a controlled
electrochemical condition is characterised by a
large number of non-interconnecting parallel pores
extending through the film to the oxide/metal
interfaces [5], where each cylindrical nanopore is
closed by a thin barrier oxide layer with
hemispherical geometry [6,7].

Chromium coatings are well known for their
exceptional mechanical and tribological
performance, exhibiting high hardness levels
(typically in the range of 600—900 HV), excellent
resistance to wear and elevated temperatures and
a low coefficient of friction, often two to three
times lower than that of conventional steel
surfaces [8,9].

The electrodeposition mechanism of chromium
is notably complex, involving several simultaneous
electrochemical reactions at the cathode during
the plating process [10]. These include: chromium
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deposition; hydrogen evolution; reduction of
hexavalent chromium to trivalent and elemental
chromium; at the same time, a thin surface film
forms on the cathode, comprising reduction by-
products of chromic acid and associated anionic
species.

In practical applications, standard sulphate-
based electrolytes are typically employed. These
contain chromic acids (H,CrO; and H,Cr,0),
sulfuric acid (providing SO,>~ anions) and trivalent
chromium species. Typical operating parameters
include a current density of 30— 60 A/dm? and a
temperature range of 45-70 °C. However, such
electrolytes are associated with low current
efficiency and moderate coating hardness [11].

Chromium coatings inherently exhibit high
internal stresses, primarily attributed to the
spontaneous transformation of the metastable B-
Cr phase to the thermodynamically stable o-Cr
phase, which has a higher density. This phase
transition leads to the development of a network
of microcracks within the deposited layer. Notably,
increasing electrolyte temperature has been
shown to reduce both the magnitude of internal
stresses and the prevalence of microcracking.

2. Materials and methods

The experimental investigations were carried
out on real under-barrel grenade launcher barrels.
The rifling of the barrel is achieved through the
electrochemical rifling (ECR) process [12,13],
performed under controlled parameters: current =
950 A, voltage = 7 V, pressure = 2.2 MPa and
processing time = 176 s. The resulting internal
surface quality is evaluated by surface roughness,
specifically the arithmetic mean deviation of the
profile, with a target value of Ra = 0.8 um, which is
considered a critical threshold for subsequent
coating adhesion [14-16].

The chemical composition and mechanical
properties of the barrel materials produced by the
ECR process correspond to aluminium alloy EN
AW-7075 (EN573-3) and steel 30CrNiMo8
(EN 10083-3). These materials are compatible with
surface modification through anodising and hard
chrome plating, both of which have been validated
as suitable for firearm barrels [17,18]. The two
types of coatings were deposited under distinct
technological regimes. For the hard anodising
process, the barrels were treated under the
following operating conditions and electrolyte
composition: sulfuric acid (H,SO,4) of 150 — 200 g/l;

aluminium sulphate (Aly(SO4);) of 37 g/l; anodic
current density of 2.5 A/dm?% anodic layer growth
rate of 0.5-2.0 pm/min; and electrolyte
temperature of 4 £ 2 °C.

The chromium coating was deposited by
electroplating. Chromium plating was performed
at 55-60°C with a current density of 30-
40 A/dm? and an anode-to-cathode surface area
ratio of 2:1, for 8—-9hours. The electrolyte
contained 225 -250 g/l chromium trioxide (CrOs,
Cr®), 2.0 - 2.9 g/I sulfuric acid (H,S0,), up to 12 g/
trivalent chromium (Cr**) and up to 8g/l iron
(Fe’*/Fe*). Three-component Pb-Sb-Sn anodes
(81—-86% Pb, 4% Sb, 10— 15 % Sn) were used to
ensure stable anodic performance. Trivalent
chromium stabilises the bath and regulates redox
equilibrium, while iron ions improve coating
uniformity and adhesion.

The phase composition of the deposited
coatings was investigated by X-ray diffraction
(XRD) analysis using CuKa radiation (A = 1.54242
A). The measurements were conducted with a
Philips PW1050 diffractometer equipped with a
PW1830 generator operating at 45 kV and 40 mA.
A Fe filter was used to reduce fluorescence, and
scans were performed in step mode with a
scanning speed of 4 °/min, a step size of A20 =0.2°
and a dwell time of 15 s per degree. The substrate
materials were carefully selected to minimise
signal interference, i.e. they do not exhibit
diffraction peaks overlapping with those of the
coatings.

The texture coefficient P(hkl) of the coatings
was calculated according to the Harris method for
cubic crystal systems [19]. This coefficient provides
critical insights into the crystallographic
orientation and is directly related to key
mechanical properties such as hardness and
strength. It serves as a predictive indicator for
assessing the coating performance under
operational conditions.

The chemical composition and elemental
distribution of the coatings were quantitatively
analysed to determine the principal elements and
their respective concentrations, expressed as
weight percentage (wt. %). Energy-dispersive X-ray
spectroscopy (EDS) was carried out using a Hirox
SH-5500P scanning electron microscope equipped
with a Bruker QUANTAX 100 advanced X-ray
microanalysis system. The analysis was conducted
at two locations: the top surface and the cross-
section surface of the coating.

The composition of the coatings was
determined under the following conditions: for
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anodic oxide (Al-based) coating, analysis focused
on predefined elements Al, O and S; and for
chromium (Cr-based) coating, analysis focused on
predefined elements Fe, Cr, O and S. All identified
chemical elements were included by default.

Samples with oxide and chromium coatings,
measuring 20 mm in diameter and 10 mm in
height, were examined. The samples were
prepared according to a standard procedure,
including wet grinding using abrasive papers of
successive grades (P250, P400, P600, P800, P2000,
P2400 and P4000) and mechanical polishing with
diamond paste on a Leco PX300 modular polishing
machine. The tests were performed at an ambient
temperature of 23.9 °C. For the aluminium alloy EN
AW-7075 with a hard anodised oxide coating, the
microstructure was revealed by etching in a 0.5 %
aqueous solution of hydrogen fluoride (HF).
Coating thicknesses were determined as the
arithmetic mean of ten measurements.

3. Results and discussion

3.1 XRD analysis

The obtained XRD patterns (Figs. 1 and 2) depict
the intensity / in imp/s as a function of the
diffraction angle 20 in °. The noticed peaks
correspond to characteristic crystallographic
planes of the constituent phases, providing
conclusive evidence for the successful formation of
anodic oxide and chromium coatings.
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Figure 1. XRD pattern of anodic oxide coating

The XRD analysis revealed that the hard anodic
oxide coating predominantly consists of aluminium
(Al) and the y-phase of aluminium oxide (y-Al,Os).
Additionally, minor diffraction peaks
corresponding to secondary intermetallic phases S
(Al,CuMg), T (Al,MgsZns) and n (MgZn,), were also
detected (Fig. 1). These S, T and n phases refer to
secondary intermetallic precipitation phases

characteristic of high-strength aluminium alloys of
the Al-Zn-Mg-Cu system (e.g. EN AW-7075): S
phase increases strength, T phase is stable phase
after prolonged ageing and n phase is dominant
precipitation phase responsible for main
precipitation hardening effect. The diffraction
angles of these phases are in close agreement with
theoretical values, indicating that the coating
exhibits a near-stoichiometric composition. The
presence of the S, T and n phases is primarily
attributed to the influence of the substrate
material, as these are not characteristic of pure
anodic layers. The sharp and narrow XRD peaks
further indicate that the coating structure is

homogeneous and exhibits a coarse-grained
morphology.
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Figure 2. XRD pattern of chromium coating

Due to the relatively low coating thickness of
approximately 28 um, the XRD spectrum shows
only four distinct peaks, all of which are associated
with the aluminium phase. These peaks are well-
defined and exhibit texturing, occurring at the
following diffraction angles: 20 = 46.95—-47.85°,
textured along the <111> direction; 20 = 20.80 —
22.35°, textured along the <110> direction; 20 =
76.25 —77.10°, textured along the <211> direction;
and 20 = 62.65 — 63.45°, textured along the <213>
direction. For the y-phase of Al,0O3, the main peaks
are as follows: 20 = 42.15 - 42.70°, textured along
the <111> direction; 20 = 57.15-57.70°, textured
along the <222> direction; and 20 = 39.05-
39.95°, textured along the <311> direction; and
20 = 65.35-66.15° textured along the <440>
direction. Due to the relatively low deposition
temperature, the dominant crystallographic
orientation noticed in the XRD pattern corresponds
to the <111> direction, which is characteristic of a
face-centred cubic (FCC) crystal structure.

In the XRD pattern of the chromium coating
(Fig. 2), distinct peaks associated with metallic
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chromium (Cr) and goethite (B-FeOOH) were
identified. The absence of substrate-related
reflections is attributed to the substantial coating
thickness, which effectively prevents X-ray
penetration into the underlying material during the
diffraction process. The principal diffraction peaks
corresponding to metallic chromium are well
defined and occur at the following diffraction
angles: 20 = 37.75-38.90°, textured along the
<111> direction; 20 = 23.10-23.95°, textured
along the <110> direction; 20 = 26.15-26.90°,
textured along the <200> direction; 20 = 33.65 —
34.25°, textured along the <040> direction; and
20 = 58.00-59.05°, textured along the <242>
direction. For goethite, the main peaks are as
follows: 20 = 43.40-44.05°, textured along the
<311> direction; and 20 = 71.30 — 72.05°, textured
along the <440> direction. The identified
crystallographic orientations correspond to the
<111>, <110>, <200>, <040>, <242>, <311> and
<440> directions. As noticed in the anodic oxide
coating, the dominant orientations are <111> and
<110>, which are characteristic of a face-centred
cubic (FCC) lattice structure.

The obtained results are in agreement with
data reported by other authors, thereby
confirming both the reliability of the experimental
findings and the validity of the applied research
methodology [20,21]. These observations are in
agreement with previously reported studies on
anodised Al 7075 and chromium coatings,
supporting the correlation between texture
coefficients and enhanced mechanical and
corrosion properties [22,23]. Figure 3 illustrates
the texture coefficients P(hkl) for both the
anodised oxide and chromium coatings.
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Figure 3. Texture coefficient P (hkl)

The texture coefficients specifically for the Al
phase are shown in Table 1. However, the table
also includes results for the y-Al,03 phase. For the

chrome coating, the texture coefficients for the Cr
phase are shown in Table 2, together with the
corresponding results for the B-FeOOH phase.
These findings substantiate that both coatings
possess pronounced crystallographic textures,
which  directly enhance their mechanical
performance and corrosion resistance. These
values indicate the crystallographic orientation of
the phases within the coatings. Higher texture
coefficients, particularly in the <111> and <110>
directions in the anodised coating, suggest a
pronounced preferential orientation, which
enhances mechanical properties such as hardness
and wear resistance. A similar trend is noticed in
the chromium coating, reaffirming their superior
performance and durability.

Table 1. Texture coefficients for phases of the
anodised oxide coating

Phase Crystal Texture
orientation (hkl) | coefficient P(hkl)
<111> 3.45
<110> 0.55
Al
<211> 0.25
<213> 0.23
<111> 1.97
<222> 0.30
y-Al,03
<311> 0.26
<440> 0.10

Table 2. Texture coefficients for phases of the
chromium coating

Phase Crystal Texture
orientation (hkl) | coefficient P(hkl)

<111> 1.45

<110> 0.48

Cr <200> 0.61
<040> 1.86

<242> 0.23

B-FeOOH <311> 0.82
<440> 1.21

The textures along the <111> and <040>
directions are most prominent. While the <111>
orientation is predominantly associated with
aluminium phases, the <040> orientation is
associated with higher hardness and improved
corrosion resistance. The elevated texture
coefficient values reflect a strong crystallographic

25



V. Dimitrova et al. | Tribology and Materials 5 (2026) 22-30

texture in these directions. The presence of sharply
defined diffraction peaks confirms the existence of
well-aligned crystal structures. This pronounced
texturing  significantly improves mechanical
performance, particularly in chromium-based
coating, making it suitable for applications
requiring enhanced resistance to wear and
corrosion.

3.2 Chemical composition and elemental
distribution

The results of the anodic oxide coating tests are
illustrated in Figures 4 — 8. Figure 4 shows a cross-
section surface of the anodic oxide coating with
dimension markings.

Figure 4. Cross-section surface of the anodic oxide
coating

Figure 5 presents the EDS analysis conducted on
the top surface of the anodic oxide coating within
the designated area, focusing on the predefined
elements Al, O and S. The corresponding chemical
composition (wt. %), along with the elemental
spectrum, is presented in Figure 6.

2249
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Figure 5. EDS analysis of the top surface of the anodic
oxide coating
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Al 13 74,773 | 28.22 46.24 1.34 4.74
S 16 9849 | 4.36 7.15 0.19 4.33

Figure 6. EDS analysis of the anodic oxide coating top
surface, focusing on predefined elements Al, O and S

The results of the EDS analysis of the anodic
oxide coating top surface within the specified area,
encompassing all detected chemical elements,
along with the corresponding spectrum, are shown
in Figure 7.
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Energy [keV]
Ele- | Atomic Netto Mass, | Normalised | Absolute | Relative
ment | number % mass, % | error, % |error, %
Al 13 52,660 | 40.48 49.05 1.91 4.73
(0] 8 9802 |28.79 34.89 4.07 14.13
Mg 12 621 | 7.36 8.92 1.94 26.39
S 16 7096 | 5.89 7.14 0.25 4.27

Figure 7. EDS analysis of the anodic oxide coating top
surface, including all identified chemical elements

The recorded spectra reveal the elements
constituting the coating, predominantly aluminium
and oxygen. Due to the relatively small thickness of
the anodic oxide coating, elements originating
from the substrate, such as magnesium, are also
detected. This discrepancy may be attributed to
either preliminary electrochemical high-amperage
oxidation of the aluminium alloy or a localised
measurement of an area containing insufficiently
dissolved zinc (a zinc agglomerate or cluster)
formed during the solid phase precipitation of T
(Al,Mg3Zn3) and n (MgZn,). The presence of sulphur
can be explained by the active influence of the
electrolyte composition, which includes sulfuric
acid (H,S0,) and aluminium sulfate (Al,(SO.)3).
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The results of the EDS analysis of the anodic
oxide coating cross-section surface, focusing on
predefined elements (Al, O and S), are provided in
Figure 8. The chemical compositions measured on
the coating top surface are consistent with those
noticed on the cross-section surface. This
uniformity confirms the reliability of the hard
anodising process parameters and demonstrates
uniform deposition of the coating.

cps/eV

5]
2 a 6 8 10 12 14
Energy [keV]
Ele- | Atomic Netto Mass, | Normalised | Absolute | Relative
ment | number % mass, % | error, % |error, %
Al 13 34,453 |39.61 55.56 1.88 4.76
0 8 6422 | 25.75 36.11 3.88 15.09
S 16 4712 | 5.94 8.33 0.26 4.42

Figure 8. EDS analysis of the anodic oxide coating
cross-section surface, focusing on predefined
elements Al, Oand S

The results of the tests on chromium coating
are presented in Figures 9 — 13. Figure 9 shows a
cross-section surface of the chromium coating with
dimension markings.

12:51 WD Smm 8.1 50 um

Figure 9. Cross-section surface of the chromium
coating

The top surface of the chromium coating was
analysed by EDS, with emphasis on the predefined
elements Fe, Cr, O and S (Fig. 10). The results of
the EDS analysis of the chromium coating top
surface, including all detected chemical elements,
along with the corresponding spectrum, are shown
in Figure 11.
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Ele- | Atomic Netto Mass, | Normalised | Absolute | Relative
ment | number % mass, % | error, % |error, %
Fe 26 88,086 | 48.97 80.15 1.33 2.72
Cr 24 19,866 | 7.19 11.76 0.23 3.15
(0] 0 5726 | 4.03 6.59 0.64 15.91
S 16 3599 | 0.91 1.49 0.06 6.91

Figure 10. EDS analysis of the chromium coating top
surface, focusing on predefined elements Fe, Cr, O
and S
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Fe 26 85,695 | 40.41 47.52 1.10 2.73
C 6 11,086 | 21.60 25.40 3.01 13.91
0 8 6492 | 6.37 7.49 0.98 15.36
Cr 24 19,957| 6.12 7.20 0.20 3.21
Zn 30 4069 | 3.78 4.45 0.15 3.89
P 15 13,277| 2.93 3.44 0.14 4.90
Mn 25 2667 | 1.03 1.21 0.06 5.86
Cu 29 1273 | 1.02 1.20 0.07 6.56

23 3321 | 0.95 1.12 0.06 5.99
S 16 3942 | 0.82 0.96 0.06 7.19

Figure 11. EDS analysis of the chromium coating top
surface, including all identified chemical elements

The results of the EDS analysis of the chromium
coating cross-section surface are consistent with
those from the top surface. Figure 12 shows the
results focusing on predefined elements, and
Figure 13 shows the results including all identified
chemical elements.

One notable difference is the low concentration
of Fe atoms in the cross-section surface of the
coating analysis. Elemental distribution across the
coating thickness indicates that chromium
concentrations are highest near the coating
surface, while carbon concentrations are elevated
close to the substrate. This pattern likely reflects
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Figure 12. EDS analysis of the chromium coating
cross-section surface, focusing on predefined
elements Cr, Oand S
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0 8 3800 | 2.02 2.33 0.36 17.72
S 16 164 0.05 0.06 0.03 59.05
Fe 26 22 0.02 0.02 0.00 21.90

Figure 13. EDS analysis of the chromium coating
cross-section surface, including all identified chemical
elements

deposition process and sample preparation effects,
rather than actual diffusion. Noticed Fe content
may result from minor contamination during cross-
sectional analysis. These findings are consistent
with the expected behaviour for coatings
deposited at low temperatures under the applied
electrochemical conditions.

3.3 Metallographic analysis and thickness

Figure 14a shows the microstructure of hard
anodised oxide coating on the aluminium alloy 7075
substrate (Fig. 14b). The sample surface shows a dark
coating with good adhesion to the substrate. The
substrate microstructure comprised elongated grains
of the solid solution of copper and zinc in aluminium
and polygonal crystals of the S phase (Al,CuMg).
Dark, rounded precipitates of the T phase (AIMgsZn;)
and the n phase (MgZn,) were also noticed.

L
20.00 um
——

100.00 um

Figure 14. Microstructure of: (a) hard anodised oxide
coating and (b) substrate

The microstructure of the steel sample with the
chromium coating was revealed using a 4%
solution of nitric acid (HNOs) in ethyl alcohol. The
coating is presented in Figure 15a. The steel
surface exhibited a bright coating with good
adhesion to the substrate, consisting mainly of
metallic chromium, with minor oxides formed
during deposition, along with inclusions of goethite
(B-FeOOH). The microstructure of the steel
substrate included martensite and rounded
carbide precipitates, as shown in Figure 15b. The
chromium coating on the steel sample was
approximately ten times thicker than the anodised
oxide coating, measuring 288.98 + 1.58 um.

=

Figure 15. Microstructure of: (a) chromium coating
and (b) substrate

Metallographic  analysis  confirmed  the
microstructural features of both coatings, i.e. a
hard anodised oxide coating on aluminium and a
chromium coating on steel, showing metallic
phases and minor oxides, which is entirely
consistent with the XRD results.

4. Conclusion

Based on the conducted research and the
reported results regarding the operational and
technological characteristics of the obtained
coatings, the following important conclusions can
be drawn.

Anodised oxide coating on aluminium and
chromium coating on steel were successfully
obtained by electrochemical anodic and cathodic
deposition methods, respectively.
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The results of the X-ray structural analysis of
the anodised oxide coating show predominant
phases of Al and the y-phase of Al,0;, along with
less pronounced phases such as S phase (Al,CuMg),
T phase (Al,MgsZn;) and n phase (MgZn,). The
phase peaks correspond closely to theoretical
values, confirming the near-stoichiometric
composition of the coating.

The X-ray diffractogram of the chromium
coating reveals only phases of metallic chromium
and minor oxides, along with goethite (3-FeOOH).
This is attributed to the substantial thickness of the
coating of 288.98 um, which prevents the
substrate material from influencing the diffraction
results. The coating thickness also contributes to
enhanced substrate protection, improving wear
and corrosion resistance under operational
conditions.

High texture coefficients indicate a strong
preferred crystallographic orientation, which will
correlate with enhanced mechanical properties
such as hardness and wear resistance.

Metallographic  analysis  confirmed  the
hypothesis suggested by the X-ray structural and
chemical analyses, showing that the
microstructure of the anodised oxide coating
comprises elongated grains of a solid solution of
copper and zinc in aluminium, polygonal crystals of
the S phase (Al,CuMg), dark, rounded precipitates
of the T phase (Al,MgsZns) and fine precipitates of
the n phase (MgZn,).
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