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ABSTRACT 

Electrical contact materials for advanced power transmission and electromagnetic systems must simultaneously provide high 
electrical conductivity, arc-erosion resistance, and tribological stability under extreme electro-thermo-mechanical conditions. 
Herein, Cr2 AlC and Cu-doped Cr2 AlC (Cr2 AlC-Cu) coatings were deposited on 7075 aluminum alloy via hybrid arc-magnetron 
sputtering followed by low-temperature annealing at 400◦C. With increasing Cu content (0-9.1 at.%), the coating microstructure 
evolves from single-phase Cr2 AlC to a dual-phase architecture consisting of Cr2 AlC and Al4 Cu9 . All coatings exhibit high 
hardness values (18.8-21.2 GPa), originating from grain refinement and amorphous-nanocrystalline structures induced by low- 
temperature annealing. The Cu-rich coating demonstrates the lowest electrical resistivity (119 µΩ⋅cm) and superior resistance to 
arc erosion. This performance enhancement is attributed to Cu-assisted Al-Cu interdiffusion, which accelerates in situ MAX-phase 
crystallization and promotes the formation of conductive interfacial networks under Joule heating, establishing a positive feedback 
mechanism that stabilizes electrical transport and suppresses arc erosion. Moreover, the formation of an adherent Cu transfer layer 
transforms the frictional interface into a Cu-Cu sliding contact, effectively reducing friction and preventing adhesive wear of the 
aluminum substrate. These synergistic effects activate a self-adaptive crystallization and lubrication mechanism during service, 
highlighting Cu-doped Cr2 AlC coatings as promising candidates for next-generation electrical contact applications. 
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 Introduction 

lectrical contact materials are essential components of power
ransmission systems, where they must simultaneously pro-
ide high electrical conductivity, wear resistance, and thermal
tability. The interplay of current flow, friction, and elevated
emperatures makes their tribological behavior highly complex,
irectly influencing the precision, reliability, and service life of
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the entire electrical contact system [ 1–4 ]. With the rapid advance-
ment of high-speed maglev transportation, aerospace propulsion,
and electromagnetic launching technologies, these materials are
increasingly exposed to extreme service conditions characterized
by strong electro-magneto-thermo-mechanical coupling, includ-
ing high current density, ultrahigh velocity, severe temperature
rise, and intense mechanical strain [ 5–7 ]. Under such condi-
tions, the ideal electrical contact material must not only ensure
rors have been corrected in this version.] 

lligence technologies or similar technologies. 
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xcellent electrical conductivity but also exhibit outstanding
esistance to arc erosion, mechanical wear, and molten metal
ttack. 

luminum and copper alloys have attracted attention as can-
idate materials for electromagnetic rail launchers, serving as
rmature and rail components due to their low density and high
onductivity, respectively [ 8, 9 ]. However, during operation, the
luminum armature often undergoes surface melting, leading to
he transfer of adherent aluminum layers onto the copper rail.
his interfacial adhesion results in severe gouging, arc discharge,
nd catastrophic wear, ultimately compromising system lifetime
nd reliability [ 10, 11 ]. To mitigate these challenges, research has
enerally pursued two strategies: (i) the development of novel
ulk alloys or surface-modified copper rails [ 12, 13 ], and (ii) the
pplication of protective coatings on aluminum armatures to
uppress molten aluminum adhesion and stabilize the electrical
ontact interface [ 14, 15 ]. 

 variety of coating systems for aluminum armatures have
een explored, yet each exhibits inherent limitations. Pure
u coatings [ 16 ] suffer from poor adhesion; low-melting-point
etal coatings such as Sn, In, and Bi [ 17 ] reduce friction
hrough liquefaction but lead to unstable contact resistance;
olid-lubricant coatings such as PTFE-MoS2 composites [ 18 ]
rovide anti-adhesion effects but face issues of thermal expansion
ismatch and weak bonding; while carbon-nanotube-doped
oatings [ 19 ] suppress aluminum splashing yet lack adequate
igh-temperature stability and electrical conductivity. This body
f work underscores the urgent need for a new coating paradigm
hat integrates high electrical conductivity, robust thermal stabil-
ty, and adaptive lubricating behavior under extreme operating
onditions. 

AX phase coatings have attracted considerable attention as
romising conductive, wear-resistant materials owing to their
nique layered crystal structure. Belonging to a class of layered
eramics with the general formula Mn + 1 AXn (where M is an early
ransition metal, A is an A-group element, and X is carbon or
itrogen), these materials integrate metallic and ceramic charac-
eristics within a single phase. Their bonding structure combines
etallic, covalent, and ionic interactions, which endows them
ith high strength and toughness alongside excellent electrical
nd thermal conductivity. As a result, MAX phases exhibit
uperior oxidation resistance, remarkable thermal shock toler-
nce, and structural stability under rapid thermal cycling. These
ombined properties make them highly attractive for applications
n aerospace, energy systems, and chemical processing, where
oth conductivity and durability under extreme conditions are
equired [ 20–22 ]. 

r2 AlC has emerged as a promising candidate for electrical
ontact applications owing to its high electrical conductivity,
xcellent corrosion resistance, and superior oxidation resistance
 23–26 ]. Reuban et al. [ 27 ] reported that at elevated tempera-
ures, Cr2 AlC decomposes into Cr7 C3 , forming multiphase grain
oundaries on the material surface. These boundaries act as
iffusion channels for aluminum, thereby promoting the rapid
ormation of a dense Al2 O3 passivation layer, which is widely
ecognized as the key mechanism underlying the outstanding
xidation resistance of Cr2 AlC. 
of 16
In recent years, increasing attention has been devoted to develop-
ing composite materials that integrate the mechanical advantages
of MAX phases with the electrical conductivity of Cu- or
Ag-based systems. Ngai et al. [ 28 ] demonstrated that doping Cu
with Ti3 SiC2 enhances both density and mechanical properties
without significantly degrading electrical conductivity, resulting
in superior arc-erosion resistance. Similarly, Yang et al. [ 29 ]
fabricated Cu/Ti3 SiC2 composites and found that the addition
of Cu substantially improved the flexural strength, electrical
conductivity, and wear resistance of Ti3 SiC2 , thereby broaden-
ing its potential applications in rail transportation and other
fields. However, relevant composite coatings have rarely been
reported. 

A materials design strategy based on a Cr2 AlC-Cu nanocomposite
coating system is proposed. This approach employs the ternary
layered MAX-phase ceramic Cr2 AlC as the structural matrix,
synergistically integrated with Cu as a functional dopant. Four
key factors provide the rationale for this approach. First, favorable
atomic size matching between Cr (1.27 Å), Al (1.43 Å), and Cu (1.28
Å), combined with strong orbital hybridization between Cu 3d
and Cr/Al d orbitals, enhances interfacial cohesion and electronic
continuity [ 30, 31 ]. Second, Cu is introduced to enhance the
electrical conductivity of the coating, owing to its intrinsically
high electrical conductivity [ 32 ]. Third, trace Cu doping refines
grains [ 33 ] and strengthens the coating [ 34, 35 ], which enhances
hardness and toughness. Finally, Cu provides an intrinsic solid-
lubricating effect [ 36 ], diffusing to the surface during frictional
and Joule heating to form a lubricating transfer film that mitigates
wear and suppresses adhesive transfer. 

Guided by these design principles, Cr2 AlC coatings with varying
Cu contents were fabricated on 7075 aluminum alloy substrates
using a hybrid arc and DC magnetron sputtering process, fol-
lowed by vacuum annealing at 400◦C for 24 h. The effects of
Cu incorporation on coating resistivity, mechanical properties,
and performance under current-carrying friction and arc ablation
were systematically evaluated. The results reveal a previously
unreported mechanism: Cu incorporation facilitates Al diffusion
within the coating, which promotes the crystallization of the
Cr2 AlC MAX phase during post-deposition annealing. During
electrical contact testing, the Cu-containing coating maintains
a stable Cr2 AlC structure due to reduced Joule heating. Mean-
while, Cu-rich transfer layers formed on the coating surface
and Al diffusion pathways at the interface contribute to the
establishment of stable metallic conductive networks during
current-carrying friction. This Cu-induced self-adaptive behavior
enables sustained electrical conductivity and improved interfacial
stability under current-carrying conditions. 

2 Results 

2.1 Microstructure, Composition and Phase 
Structure of the Coatings 

Unless otherwise specified, all samples discussed and analyzed
in the following sections are the coatings subjected to post-
deposition annealing at 400◦C. Figure 1a shows the schematic
diagram of coating preparation and low-temperature vacuum
treatment. By varying the sputtering targets, three series of
Advanced Functional Materials, 2026
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FIGURE 1 (a) Schematic of hybrid cathodic arc/magnetron and annealing treatment process. (b) Chemical compositions and (c) electrical 
resistivity of all coatings. (d) Bright-field image of the C0 coating. (e) Enlarged image of (d) with FFT pattern of the yellow-marked region and 
corresponding SAED pattern. (f) Bright-field image of the C2 coating. (g) Enlarged image of (f) with FFT pattern. 
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r2 AlC-Cu coatings were prepared in this study, designated as
0, C1, and C2. The sample designation was based on the copper
ontent in the Cr2 AlC-Cu coatings, where C denotes copper. The
igits 0, 1, and 2 correspond to the copper content in the sputtering
arget: C0 represents a pure aluminum target, C1 corresponds to
n Al-Cu target with a 90:10 atomic ratio, and C2 corresponds
o an Al-Cu target with an 80:20 atomic ratio. In summary, C0
epresents Cr2 AlC coatings, while C1 and C2 are Cr2 AlC-Cu
oatings with different copper contents. 

igure 1b shows the chemical compositions of all coatings,
here the copper contents of C1 and C2 were measured to
e 3.9 and 9.1 at.%, respectively. The cross-sectional images of
ll coatings are shown in Figure S1 . All specimens exhibit a
ense structure without cracks or obvious defects at the coating-
ubstrate interface, indicating excellent adhesion. The coating
hickness ranges from 7.53 to 8.58 µm and increases slightly with
dvanced Functional Materials, 2026
higher copper content. The measured surface roughness values
were 7.2 ± 0.3, 7.6 ± 0.4, and 7.1 ± 0.5 nm for C0, C1, and C2,
respectively. 

Figure 1c presents the electrical resistivity of all coatings. Four-
point probe measurements were performed on each sample
at five rotation angles, and the results for both as-deposited
and annealed coatings are reported. The averaged values, also
reported in Figure 1c , indicate that the resistivity of each coating
decreased after 24 h of heat treatment at 400◦C. Among them,
the annealed C2 coating exhibited the lowest electrical resistivity
( ∼ 119 µΩ⋅cm), which is lower than that of the C0 coating
( ∼ 201 µΩ⋅cm) and the C1 coating ( ∼ 138 µΩ⋅cm). These results
demonstrate that the electrical resistivity of the annealed coatings
decreases with increasing copper content. In other words, the
addition of Cu contributes to optimizing the conductivity of the
coatings after heat treatment. 
3 of 16
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igure 1d,e presents the TEM bright-field images of C0 coatings,
evealing a distinct multilayer structure that consists of crys-
alline and amorphous phases. The corresponding EDS mapping
Figure S2a ) reveals that the multilayer structure was separated
nto Cr-rich and Al-rich regions, and the crystalline regions
orresponding to the Al-rich zones. The selected area electron
iffraction (SAED) pattern of C0 (Figure S2b ) displays concentric
iffraction rings and a central amorphous ring, which match
he interplanar spacings of the Cr2 AlC MAX phase. Fast Fourier
ransform (FFT) analysis of Figure 1e further confirms the pres-
nce of the (006) plane with a spacing of 0.214 nm, characteristic
f the Cr2 AlC MAX phase. The crystalline grains, elongated due
o the layered structure, range from 10 to 50 nm with an average
ize of approximately 27.4 nm (Figure 1d ). 

or C1 (Figure S2c ), TEM and EDS reveal the presence of copper
n the form of clusters. Although the Cr-Al multilayer structure
emains, its continuity is partially disrupted. Bright-field imag-
ng (Figure S2d ) and SAED patterns (Figure S2e ) confirm the
rystalline Cr2 AlC MAX phase. Grain size analysis (Figure S2f )
ndicates an average size of around 11.8 nm, showing that copper
ddition promotes grain refinement compared with C0. 

igure 1f,g show TEM analysis of C2 coatings; the HAADF-
EM image and EDS mapping (Figure S2g ) reveal significant
isruption of the multilayer structure due to higher copper
ontent. Bright-field images (Figure 1g ; Figure S2i ) show Cu-
ree and Cu-rich regions. In the Cu-rich region (Figure S2i ), FFT
nalysis yields an interplanar spacing of 0.195 nm, corresponding
o the (420) plane of Al4 Cu9 . SAED patterns (Figure S2j ) confirm
he cubic Al4 Cu9 phase along the [111] zone axis, with planes
 101̄ ), ( 11̄ 0 ) and ( 01̄ 1 ) clearly identified. In addition, Cr2 AlC MAX
hase is also observed in C2, as evidenced by the FFT (Figure 1g )
nd SAED (Figure S2k ). Figure S2l displays distinct diffraction
ings corresponding to nanocrystalline Cr2 AlC (yellow lines) and
l4 Cu9 (red lines). The average grain size is about 19.7 ± 0.9 nm
Figure 1f ), larger than C1 but smaller than C0. 

he XRD patterns of all coatings are presented in Figure 2a . All
pecimens exhibit diffraction peaks characteristic of the Cr2 AlC
AX phase. The peaks at approximately 13.6◦, 27.4◦, 41.9◦, 56.8◦,
5.4◦, 76.5◦, and 80.8◦ can be attributed to the (002), (004),
103), (106), (110), (109), and (116) planes of Cr2 AlC, respectively
ICDD#01-089-2275). For the C1 and C2 coatings, an additional
l4 Cu9 phase was identified at 2 θ= 43.8◦, indicating the evolution
rom a predominantly single Cr2 AlC MAX-phase structure to
 dual-phase structure consisting of Cr2 AlC and Al4 Cu9 inter-
etallic phases with increasing Cu content. The relatively weak
ignal-to-noise ratio of XRD indicates limited crystallization of
he MAX phase. Raman spectroscopy was further employed to
onfirm the phase composition (Figure S3 ). After eliminating
atrix interference, two Raman peaks were observed at 246.0
nd 334.8 cm− 1 , corresponding to the characteristic modes of the
r2 AlC MAX phase, consistent with previous reports. Together,
RD and Raman results confirm the successful synthesis of the
r2 AlC phase in the coating. 

hile conventional θ-2 θXRD confirms the Cu-induced change in
hase constitution from a predominantly Cr2 AlC-based structure
o a dual-phase structure consisting of Cr2 AlC and Al4 Cu9
ntermetallic phases, its projection nature precludes a reliable
of 16
assessment of crystallographic texture and interphase orientation
relationships. To resolve the 3D grain orientation distribution
and to determine whether the Al4 Cu9 phase develops a pre-
ferred or epitaxial alignment with the MAX matrix, X-ray pole
figure analysis was employed, providing critical insight into the
texture-driven architecture of the composite coating. 

Pole-figure measurements reveal a clear and reproducible ori-
entation correlation between the Cr2 AlC MAX phase and the
Al4 Cu9 intermetallic phase in Cu-containing coatings. For the
low-Cu sample (3.9 at.% Cu), the Cr2 AlC (002) pole is located
close to the center of the pole figure ( χ ≈ 2.5◦, φ ≈ 95◦), while
the Al4 Cu9 (330) pole appears at the exact center position ( χ = 0◦,
φ= 0◦). The near coincidence of these two poles indicates that the
corresponding plane normals are nearly collinear. 

In the high-Cu sample (9.1 at.% Cu), the Al4 Cu9 (330) pole
remains centered ( χ = 0◦, φ = 0◦), whereas the dominant
Cr2 AlC pole shifts to the (103) reflection, which is located at χ ≈

7.5◦ and φ ≈ 250◦. Despite the change in the dominant MAX-
phase reflection, the spatial proximity between the Cr2 AlC and
Al4 Cu9 poles is preserved, indicating a consistent axial alignment
between the two phases. 

The measured pole-figure peak positions ( χ, φ) were converted
into Cartesian unit vectors, and the angular separation θ between
the MAX-phase poles and the Al4 Cu9 (330) pole was calculated.
For the low-Cu sample, the angular separation between the
Cr2 AlC (002) pole and the Al4 Cu9 (330) pole is 2.5◦. For the high-
Cu sample, the corresponding angular separation between the
Cr2 AlC (103) pole and the Al4 Cu9 (330) pole is 7.5◦. These small
angular offsets confirm that the MAX-phase and intermetallic
phase share nearly identical pole directions along the sample
normal. 

Based on the crystallographic parameters of Cr2 AlC (hexagonal,
a = 2.85 Å, c = 12.8 Å) and Al4 Cu9 (approximated cubic lattice
parameter a = 8.70 Å), an in-plane lattice matching analysis was
performed. Along the proposed alignment direction Cr2 AlC[100]
∥ Al4 Cu9 [001], three Cr2 AlC lattice repeats (3 × 2.85 Å = 8.55 Å)
closely match one Al4 Cu9 lattice repeat (8.70 Å). 

The resulting linear lattice misfit of δ is calculated as follows: 

𝛿 = |8. 55 − 8 . 70 |

( 8. 55 + 8 . 70 ) ∕2 
× 100% ≈ 1. 74% (1)

where the value of 1.74% indicates a low lattice mismatch between
the two phases under the proposed orientation relationship. 

2.2 Electrical Contact Performance of the 
Coatings 

After electrical contact testing, the arcing time, arc energy,
and contact resistance were recorded, and their variations with
contact counts are shown in Figure 3a,b . During the first 500
electrical contact cycles, all coated samples maintained low
and stable contact resistance without significant breakdown, as
depicted in Figure 3b . In contrast, the uncoated 7075 aluminum
alloy exhibited pronounced fluctuations in contact resistance.
Advanced Functional Materials, 2026
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FIGURE 2 (a) XRD patterns of the annealed coatings. (b) Pole figures of Cr2 AlC (002), Cr2 AlC (103) and Al4 Cu9 (330) for all coatings. 
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igure 3c further compares the resistance behavior of C0, C1,
nd C2 during the first 500 cycles. Among them, the C2 coating,
ith its low-resistance characteristics, exhibited the best welding
esistance: both contact resistance and arcing time remained at
ow levels with minimal fluctuations, indicating excellent arc-
xtinguishing capability. However, during subsequent cycles, all
oatings eventually failed due to breakdown, leading to a sharp
ncrease in contact resistance. 

fter repeated cyclic electrical contact testing, resistive heating
nd arc discharge rapidly elevate the contact temperature, leading
o the formation of localized molten pools. These pools spatter
nder the combined effects of electrostatic forces, electromag-
etic forces, and surface tension. After arc extinction, the molten
aterial solidifies quickly. As a result, each switching cycle
roduces a characteristic structure in which the arc center radi-
tes outward, as shown in Figure S4a–d . The corresponding 3D
orphologies of the electrical contact surfaces are also presented
n Figure S4a–d . 

he surface morphology of the coated samples exhibits a crater-
ike shape with splatter around the periphery, whereas the contact
orphology of the uncoated aluminum alloy substrate shows a
rater-like depression with a central protrusion. EDS mapping
esults indicate that a substantial amount of molten copper
ccumulates on the surface of the aluminum alloy substrate. In
ontrast, in the coating’s arc ablation zone, a brittle, fracture-
rone oxide phase containing copper, aluminum, and chromium
s formed. Furthermore, when copper is incorporated into the
oating, a highly conductive Al-Cu phase appears in the arc
blation region and disperses toward the edges. 

he contact angles between different material pairs were
btained using the Owens-Wendt method. The measured contact
ngles and surface energies are listed in Table 1 . The contact angle
etween Cu and C1 or C2 was below 80◦, indicating that the
dvanced Functional Materials, 2026
wettability of Cu on Cr2 AlC-Cu coatings is acceptable. However,
the contact angle between Cu and either the 7075 substrate or the
C0 coating exceeded 87◦, implying that the intrinsic bonding in
these cases is insufficient to form a reliable contact. 

Figure S4e shows the XRD patterns of the electrical contact
surfaces, obtained using micro-XRD analysis. The results indicate
that, after electrical contact testing, the phase composition on the
aluminum substrate consists primarily of aluminum and copper.
For the C0 and C1 samples, the contact surfaces contain not
only aluminum and copper but also Cr2 AlC and Cr7 C3 phases.
Moreover, with a further increase in Cu content, the Al4 Cu9 phase
was also detected near the contact surface of the C2 sample.
The localized transient flash temperatures at microscopic contact
asperities were estimated using the classical Holm theory of
electrical contacts [ 37 ]. The relevant equation is 𝜃2 

f 
− 𝜃2 0 = U 

2 
c ∕(4L) ,

where θf is the absolute flash temperature at the contact spot,
θ0 is the initial temperature of the sample (293 K), Uc = I*Rs is
the voltage drop across the microscopic contact spot, I = 3 A is
the applied current, Rs is the contact resistance, and L = 2.45 ×
10− 8 V2 K− 2 is the Lorenz constant. Based on the experimentally
measured initial contact resistance of approximately 0.1-0.2 Ω
under a current of 3 A, the corresponding flash temperatures were
estimated to be approximately 729 and 1666◦C, respectively. These
values represent estimated localized transient peak temperatures
rather than the bulk temperature of the coating. Such intense
local flash heating could provide sufficient thermal activation
for elemental redistribution and localized thermal decomposition
of Cr2 AlC into Cr7 C3 at highly concentrated current-carrying
asperities, consistent with the Cr2 AlC-to-Cr7 C3 decomposition
observed at elevated temperatures in previous in situ TEM studies
[ 38 ]. 

To further clarify the mechanism by which Cu doping affects the
electrical contact properties of the coatings, the cross-sectional
microstructures of the electrical contact regions in the C0 and C2
5 of 16
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FIGURE 3 (a) Arcing time, arc energy, and (b) contact resistance as a function of electrical contact counts for all coatings. (c) Variation in contact 
resistance of all coatings during 500 electrical contact cycles. (d) Cross-sectional HAADF image and corresponding EDS mapping results of the C2 
sample. Enlarged views of the (e) inner layer, (f) middle layer (yellow dashed box), and (g) outer layer (blue dashed box) in (d), with corresponding 
SAED and FFT patterns. 

TABLE 1 Contact angles and surface energies between different interfaces. 

Material combination σs (N/m) σl (N/m) σsl (N/m) Contact angle θ (◦) 

Cu on 7075 45.70 44.70 0.99 87.32 
Cu on C0 45.70 46.79 0.99 87.43 
Cu on C1 45.70 41.07 0.99 72.54 
Cu on C2 45.70 49.59 0.99 72.18 
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amples were analyzed using TEM. The results are presented in
igure S5 and Figure 3d–g , respectively. 

ccording to the EDS mapping results, Figure S5a shows that five
istinct regions appear in the sample cross-section after cyclic
lectrical contact testing. From the interior of the coating to the
urface, these regions are identified as: (1) raw coating, (2) heat-
ffected zone (HAZ), (3) nanocrystalline Cr-C phase embedded in
of 16
the Al-Cu phase, (4) coarse Cr-C particles with Cu precipitation,
and (5) a thin Al-Cu phase layer. Figure S5b–d present enlarged
images of regions 2, 3, and 4, respectively. Figure S5b shows
a bright-field TEM image of region 2, revealing coarse grains
with nanocrystalline features. The interplanar spacing in the FFT
image corresponding to the white-marked area was measured to
be 0.214 nm, which corresponds to the (006) plane of the Cr2 AlC
MAX phase. Based on this result, the hexagonal Cr2 AlC along the
Advanced Functional Materials, 2026
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2111] zone axis was further indexed, where the ( 101̄ ̄3 ), ( 011̄ 0 ) and
 ̄1 103 ) planes could be clearly identified. The enlarged image of
he coating-substrate interface in Figure S5b also reveals a distinct
ultilayer structure, consistent with the annealed microstructure
hown in Figure 1d . Figure S5c shows the bright-field TEM image
f the upper region of the C0 coating. TEM analysis indicates
hat spherical copper particles are present within large Cr7 C3
articles, while the top layer of the coating consists of an Al4 Cu9
hase covering the surface of the larger Cr7 C3 particles. Figure
5d presents the microstructure of the middle region of the
oating, where nanocrystalline Cr7 C3 phases are encapsulated by
n amorphous Al-Cu mixture phase. In summary, after cyclic
lectrical contact testing, the heat generated during operation
eads to: (i) the formation of an Al-Cu phase on the surface; (ii)
hermal decomposition of the upper Cr2 AlC phase; (iii) formation
f coarse Cr7 C3 particles; (iv) generation of nanocrystalline Cr7 C3
hases in the intermediate layer; (v) formation of an internal
morphous Al–Cu phase due to Cu diffusion; and (vi) growth of
 high-purity Cr2 AlC phase in the innermost layer. 

ompared with the C0 sample, the cross-sectional microstruc-
ure of the C2 sample, according to the EDS mapping results,
an be divided into three regions: (1) nanocrystalline Cr-Al-C
hase with Cu-O particle precipitation, (2) nanocrystalline Cr-
 phase embedded in the Al-Cu phase, and (3) large Cr-Al-C
articles, as shown in Figure 3d . Figure 3e–g show enlarged
right-field TEM images of the inner layer, middle layer, and
uter layer, respectively. Based on the SAED pattern analysis, a
anocrystalline Cr2 AlC phase was identified near the substrate,
ith the hexagonal Cr2 AlC along the [ 112̄ 0 ] zone axis further
ndexed. The crystal planes (0006), ( 011̄ 3 ) and ( 011̄ ̄3 ) were clearly
dentified. Analysis of interplanar spacings further distinguished
anocrystalline Cr7 C3 and Al4 Cu9 phases in the middle region
f the coating, as shown in Figure 3f , indicating the coexistence
f both phases. The interplanar spacing measured in the FFT
EM image in Figure 3g was 0.2143 nm, which corresponds
ell with the Cr2 AlC (103) plane. The hexagonal Cr2 AlC along
he [ 62̄ ̄4 1 ] zone axis was further indexed. Therefore, compared
ith the C0 sample, the C2 sample retained a relatively intact,
onductive Cr2 AlC MAX phase structure in the coating after
yclic electrical contact testing. Unlike C0, its surface layer did
ot transform into the high-resistance Cr7 C3 phase. Moreover,
lthough Cr7 C3 appeared in the central region of the coating,
he presence of a low-resistance Al4 Cu9 network meant that the
verall conductivity of the coating remained less affected. 

.3 Mechanical and Current-Carrying 
ribological Properties of the Coatings 

he hardness, Young’s modulus, and their relative ratios are
resented in Figure S6 . The results show that adding copper to
r-Al-C coatings has little effect on hardness, which ranges from
8.8 to 21.2 GPa. However, Young’s modulus increases with copper
ddition. Consequently, the addition of copper raises Young’s
odulus while leaving hardness largely unchanged, resulting in
ower H/E and H3 /E2 ratios. These ratios represent the resistance
o elastic deformation and the ability to dissipate energy during
lastic deformation under loading, respectively. This indicates
hat Cr2 AlC-Cu coatings exhibit lower toughness than pure
r2 AlC coatings. 
dvanced Functional Materials, 2026
Figure 4a,b show the surface morphology and elemental distri-
bution of the wear tracks of the uncoated and C2 samples after
current-carrying wear testing, while the corresponding results for
the C0 and C1 coatings are provided in Figure S7a–f . Despite
the relatively short total sliding distance of 3 m, the uncoated
7075 aluminum alloy exhibited substantial material loss and
pronounced wear scars, indicative of severe adhesive wear. In
contrast, all coated samples showed no discernible wear tracks,
suggesting excellent resistance to current-carrying wear. EDS
mapping revealed the presence of copper-rich debris adhered
to the surfaces of the coated specimens, confirming that wear
primarily occurred on the copper counterpart balls rather than
the coatings themselves. Correspondingly, the post-test XRD
patterns (Figure S7g ) displayed characteristic diffraction peaks
of Cu on the coated sample surfaces, further validating the EDS
observations. The wear rate analysis quantitatively supports these
findings. The uncoated aluminum alloy exhibited a high wear
rate of (4.82 ± 0.26) × 10− 3 mm3 ⋅N− 1 ⋅m− 1 , while the wear rates
of the copper balls paired with the C0, C1, and C2 coatings were
markedly lower: (1.94 ± 0.32) × 10− 4 , (3.56 ± 0.55) × 10− 4 , and
(4.13 ± 0.60) × 10− 4 mm3 ⋅N− 1 ⋅m− 1 , respectively. These values
suggest that wear in the coated systems predominantly occurred
on the softer copper counterbody rather than the coating itself.
This shift in the frictional contact regime, from a coating-copper
interface to a copper-copper sliding pair, resulted in a notably
reduced coefficient of friction ( ∼ 0.15), as shown in Figure 4c . By
contrast, the uncoated aluminum substrate experienced severe
adhesive wear against the copper ball, yielding a significantly
higher friction coefficient ( ∼ 0.35). As shown in Figure 4d ,
although the uncoated aluminum alloy initially exhibited a lower
average contact resistance (approximately 75% of that measured
for the coated samples), its resistance fluctuated sharply during
testing. In contrast, the coated samples demonstrated highly
stable contact resistance throughout the current-carrying wear
process. This stability highlights the coatings’ ability to maintain
consistent electrical contact and mechanical integrity under
combined electrical and tribological loading conditions. 

Figure S8 shows the cross-sectional TEM images of the C0 coating
after the current-carrying wear test. Based on EDS mapping and
compositional analysis of different regions, the copper alloy layer
adhering to the surface of the C0 sample consists of four distinct
layers, as shown in Figure S8a . Figure S8b presents an enlarged
view of the interface between the coating and the adherent
layer, while Figure S8c further enlarges the region marked in
Figure S8b , revealing a thin amorphous aluminum oxide layer
between the coating and the adherent layer. The FFT atomic-
resolution TEM image inserted in Figure S8c , marked with a
blue dashed box, shows an interplanar spacing of 0.179 nm,
which matches the Cu crystal plane. A coherent twin boundary,
marked with a yellow dashed line, confirms the presence of
nanotwinned copper. The SAED pattern in Figure S8d exhibits
distinct diffraction rings, indicating nanocrystalline Cu and ZnO
phases with multiple crystal planes coexisting in the inner layer
of the adherent layer. In contrast, the SAED pattern in Figure S8e
reveals nanocrystalline Cu-Zn alloy and Cu phases with various
crystal planes coexisting in the outer layer. Overall, the adherent
layer on the surface of the C0 sample consists of four zones, from
inner to outer: a continuous amorphous aluminum oxide layer, a
mixed zone of copper particles and zinc oxide, a copper-zinc oxide
layer, and an outer copper-zinc alloy layer. 
7 of 16
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FIGURE 4 3D surface morphology and SEM images of current-carrying wear tracks for (a) the uncoated sample and (b) the C2 coating. (c) The 
coefficient of friction and (d) contact resistance of all coatings measured during the current-carrying wear test. (e) Cross-sectional TEM analysis of the 
C2 sample. 
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igure 4e (i) shows the cross-sectional microstructure of the
dherent layer on the surface of the C2 sample after the
urrent-carrying test. Based on HAADF image contrast and
ompositional analysis, three distinct regions can be identified.
igure 4e (ii) provides an enlarged view of the orange dashed box
n Figure 4e (i) , while Figure 4e (iii, v) enlarge the green, blue,
nd red dashed boxes in Figure 4e (ii) , respectively. The adhesion
ayer of the C2 sample shows a composition similar to that of the
0 sample and consists of a thin amorphous aluminum oxide
ayer, a Cu-Zn-O mixed zone, and an outer Cu-Zn alloy layer.
nalysis of the FFT images in Figure 4e (iv) reveals interplanar
pacings of 0.268 and 0.210 nm, corresponding to the (002) plane
f ZnO and the (111) plane of Cu, respectively, confirming the
oexistence of Cu and ZnO phases in the middle region of the
dherent layer. Notably, the amorphous alumina layer between
he coating and the adhesion layer is discontinuous, as shown
n Figure 4e (iii) . The detection of Al and Cr elements in the
dhesion layer indicates diffusion from the coating, as evidenced
of 16
by the EDS mapping results (Figure 4e (ii) ) and compositional
analysis (Figure 4e (v) ), where the red dashed lines mark possible
Al/Cr interdiffusion pathways. 

3 Discussion 

3.1 Cu-Assisted Crystallization Pathways of the 
Cr2 AlC MAX Phase 

XRD patterns and microstructural characterization of the Cu-
free C0 coating reveal only partial formation of the Cr2 AlC MAX
phase, which is primarily attributed to the limited thermal budget
provided by the low annealing temperature of 400◦C. In contrast,
Cu incorporation markedly promotes MAX-phase crystallization,
as evidenced in Figure 1f . The originally alternating Cr-rich and
Al-rich layers observed in the annealed C0 sample are disrupted,
Advanced Functional Materials, 2026
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FIGURE 5 (a) Differential scanning calorimetry (DSC) curves of the as-deposited coatings. (b) XRD patterns of post-tested samples. (c) Calculated 
Al vacancy formation energies and surface formation energies of Cr2 AlC with Cu incorporation. (d) Total and partial density of states (DOS) of pristine 
Cr2 AlC. (e) Total and partial density of states (DOS) of Cu-containing Cr2 AlC. (f) Electronic charge density maps of pristine and Cu-incorporated Cr2 AlC, 
illustrating the Cu-induced redistribution of local bonding characteristics. (g) Schematic illustration of the structural evolution of Cr2 AlC and Cr2 AlC-Cu 
coatings under electrical contact, highlighting the superior arc-erosion and current-carrying wear resistance of the Cu-doped coating. 
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TABLE 2 Diffusion prefactor ( D0 ) and activation energy ( Q ) of Al 
and Cu atoms for solid-state diffusion in the Cu-Al binary system [ 41 ]. 

Metal Diffusion element D0 (m2 /s) Q (J/mol) 

Al Cu 8.4 × 10− 5 1.36 × 105 

Cu Al 4.8 × 10− 6 1.66 × 105 
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nd the amorphous diffraction rings in SAED patterns disappear
pon Cu addition, indicating enhanced crystallinity. 

o further elucidate the effect of Cu on the formation behavior of
r2 AlC, DSC analysis was performed for all coatings (Figure 5a ).
he DSC curves exhibit a dominant exothermic event associ-
ted with crystallization, whose peak temperature systematically
hifts with increasing Cu content. No Fe-containing phases were
etected. These observations are fully consistent with the XRD
nd TEM results and demonstrate that Cu effectively lowers the
rystallization barrier of the MAX phase. 

t is worth noting that the crystallization of amorphous Cr2 AlC
ay involve metastable intermediate phases. Abdulkadhim et al.

 39 ] reported the formation of a hexagonal (Cr,Al)2 Cx phase
rior to the development of the ordered Cr2 AlC MAX phase. In
he present coatings, however, no distinct diffraction or SAED
eatures could be unambiguously assigned to (Cr,Al)2 Cx . More-
ver, DSC measurements reveal only one dominant exothermic
vent at approximately 450◦C, suggesting that the crystallization-
elated processes may overlap within a narrow temperature range
nd cannot be clearly resolved into separate transformation
teps. Thus, the possible transient formation of a (Cr,Al)2 Cx -
dvanced Functional Materials, 2026
like intermediate cannot be excluded, but its presence cannot be
directly confirmed from the current results. Instead, our results
indicate that Cu-assisted Al-Cu interdiffusion enhances atomic
redistribution and accelerates the overall crystallization kinetics,
facilitating the development of the Cr2 AlC MAX phase during
prolonged annealing at 400◦C. 

The acceleration of Cr2 AlC crystallization is closely associated
with Cu-assisted Al-Cu interdiffusion. From a kinetic standpoint,
the interdiffusion behavior is governed by the diffusion coeffi-
cients of Al and Cu, which follow the Arrhenius relation [ 40 ].
Using the diffusion parameters summarized in Table 2 [ 41 ], the
diffusion coefficient of Cu in Al at 400◦C ( ∼ 2.3 × 10− 15 m2 /s)
is nearly four orders of magnitude higher than that of Al in
9 of 16
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u ( ∼ 6.8 × 10− 19 m2 /s). This pronounced diffusion asymmetry
ignificantly enhances atomic mobility on the Al side, leading to
he accumulation of point defects, steep compositional gradients,
nd Cu segregation within Al-rich regions. The resulting Cu-
ich nanocrystals act as effective heterogeneous nucleation sites,
hereby increasing nucleation density, accelerating crystallization
inetics, and facilitating the rapid breakdown of amorphous
ands. 

onsistent with this mechanism, XRD patterns of the C2 coating
Figure 2a ) reveal the formation of a substantial Al4 Cu9 inter-
etallic phase, indicating the coexistence of Cr2 AlC and Al4 Cu9 .
mong Al-Cu intermetallic compounds, Al4 Cu9 possesses the
ost negative standard Gibbs free energy of formation [ 41 ],
endering it thermodynamically favorable. In combination with
he nanocrystalline microstructure and nanoscale Al-Cu mixing
n the C1 and C2 coatings, these conditions preferentially promote
l4 Cu9 formation [ 42 ]. Importantly, Al4 Cu9 exhibits a low electri-
al resistivity of 14.2 µΩ⋅cm [ 43 ], which contributes to the reduced
esistivity observed in Cu-rich coatings. 

ole-figure analysis reveals a near coincidence of Cr2 AlC and
l4 Cu9 pole positions in both low- and high-Cu samples, pro-
iding compelling evidence for an axial epitaxial relationship
etween the MAX phase and the intermetallic phase. The small
ngular deviations (2.5◦ and 7.5◦) indicate that the corresponding
rystallographic plane normals are nearly parallel, implying
hat Al4 Cu9 precipitates adopt preferred orientations dictated
y the Cr2 AlC matrix rather than forming randomly oriented
rains. This axial epitaxy is particularly remarkable given the
istinct crystallographic symmetries of the two phases, with
r2 AlC exhibiting a layered hexagonal structure and Al4 Cu9
pproximated by a cubic lattice for translational matching. 

he proposed orientation relationship of (002) Cr2 AlC ∥ (330) Al4 Cu9 ,
100 ] Cr2 AlC ∥ [001 ] Al4 Cu9 is strongly supported by the lattice
atching analysis. A supercell configuration consisting of three
r2 AlC a-lattice repeats matched to one Al4 Cu9 lattice repeat
ields a low misfit of 1.74%, which is sufficient to sustain semi-
oherent interfaces. The corresponding misfit dislocation spacing
f approximately 50 nm suggests that a large fraction of the
nterface remains elastically accommodated, thereby minimiz-
ng interfacial strain energy and conferring a kinetic growth
dvantage to epitaxially aligned Al4 Cu9 grains. 

his axial epitaxial coupling provides a mechanistic explana-
ion for the non-monotonic texture evolution observed with
ncreasing Cu content. At low Cu concentrations, a limited
mount of Al4 Cu9 promotes basal-plane alignment of Cr2 AlC
ithout significantly impeding MAX-phase growth. At higher Cu
oncentrations, the increased Al4 Cu9 volume fraction enhances
he template effect, redistributing dominant Cr2 AlC orientations
hile preserving axial alignment between the two phases. 

o clarify the intrinsic mechanism by which Cu modifies Cr2 AlC
ormation, first-principles calculations were conducted to eval-
ate the effect of Cu occupation on Al vacancy formation
nergy (Figure 5c ). When Cu occupies interstitial sites, the
l vacancy formation energy is markedly reduced, indicating
estabilization of local Al bonding and enhanced Al diffusivity.
his reduction provides an atomic-scale explanation for the
0 of 16
experimentally observed acceleration of MAX-phase crystal-
lization and the lowered formation temperature. In contrast,
substitutional Cu increases the Al vacancy formation energy,
stabilizing the A layer and suppressing Al diffusion. Conse-
quently, extensive substitutional solubility of Cu in Cr2 AlC is
thermodynamically unfavorable, driving excess Cu to segregate
and react with fast-diffusing Al to form Al-Cu intermetallic
phases. 

In addition to defect energetics, Cu incorporation also modifies
surface stability. As shown in Figure 5c , Cu reduces the surface
formation energies of both the (002) and (103) planes, with a
more pronounced stabilization of the (002) plane at low Cu
contents. Such differential stabilization of surface energetics
provides a thermodynamic basis for the experimentally observed
texture evolution, where (002)-oriented grains are favored under
limited Cu incorporation. With further Cu addition, however,
the growing prevalence of Al4 Cu9 intermetallic phases pro-
gressively modifies the local growth environment, diminishing
the dominance of surface energy minimization and enabling
alternative orientations to become statistically competitive during
film growth. 

The electronic origin of Cu-induced stabilization in Cr2 AlC is
further elucidated by density of states (DOS) analysis, as shown in
Figure 5d . Pristine Cr2 AlC exhibits metallic characteristics, with
the states near the Fermi level predominantly contributed by Cr-
3d orbitals, while Al-p and C-p states play a minor role through
hybridization. Upon substitutional incorporation of Cu at Al sites,
additional Cu-d states emerge and strongly hybridize with Cr-
3d states in the energy range from approximately -2 to 0 eV,
indicating that Cu acts as an electronically active dopant rather
than a rigid-band impurity. Importantly, the Cr-C framework
remains largely unaffected, as reflected by the nearly unchanged
C-p states, demonstrating that the structural backbone of the
MAX phase is preserved. 

These modifications in the electronic structure, particularly the
enhanced hybridization between Cu-3d and Cr-3d states near the
Fermi level, are expected to increase the density of states at the
Fermi level and facilitate electron transport, thereby contributing
to the improved electrical conductivity of the coating. 

Electronic charge density maps (Figure 5f ) provide comple-
mentary real-space insight into the local bonding modification
induced by substitutional Cu. In pristine Cr2 AlC, charge den-
sity is strongly localized around Cr atoms and along Cr-C
bonds, consistent with the covalent-dominant nature of the Cr-
C slabs, whereas the Al layers exhibit more diffuse metallic
bonding. Upon Cu substitution at Al sites, pronounced charge
accumulation is observed around Cu atoms, accompanied by a
redistribution of electron density in the neighboring Cr-Al coor-
dination environment. This redistribution reflects strong Cu-Cr
electronic interactions and the formation of more electronically
saturated Cr-Cu bonds, which stabilize the A layer and increase
the energetic cost of Al vacancy formation. 

From an experimental perspective, Cu is predominantly present
in the form of Al-Cu intermetallic phases, while a minor fraction
may be incorporated into the Cr2 AlC lattice through substitution
at Al sites due to the similar atomic size and electronegativity.
Advanced Functional Materials, 2026
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n addition, interstitial Cu may facilitate Al diffusion and
ontribute to Al4 Cu9 formation. 

n summary, these results support a dual-role scenario for Cu in
r2 AlC: substitutional Cu stabilizes the A layer and suppresses Al
iffusion through enhanced Cr-Cu bonding, whereas interstitial
u, when present, is likely to lower the effective diffusion
arrier by reducing the energetic cost of Al vacancy forma-
ion. This kinetically mediated competition between MAX-phase
rystallization and Al-Cu intermetallic precipitation provides a
onsistent explanation for the experimentally observed dual-
hase microstructure and texture evolution. 

.2 Role of Cu in Electrical Transport and 

rc-Erosion Stability of the Coatings 

RD and TEM results confirm that Cu addition promotes the for-
ation of a well-crystallized Cr2 AlC MAX-phase microstructure
ogether with a low-resistivity Al4 Cu9 intermetallic phase. Addi-
ionally, modifications in the electronic structure are expected to
nhance carrier transport, further contributing to the improved
lectrical conductivity. These combined effects largely account
or the minimal electrical resistivity exhibited by the C2 coating.
lectrical contact tests further demonstrate that C2 shows the
hortest and most stable arcing time. Because resistive Joule heat-
ng is directly related to coating resistivity, the higher resistivity
f the Cu-free C0 coating is expected to result in elevated cycling
emperatures during electrical testing. 

s shown in Figure S5 , the C0 coating undergoes pronounced
ompositional gradients and structural stratification under the
ombined influence of Joule heating and arc heating. From the
urface to the substrate, a distinct layered structure develops. In
he surface layer, Al volatilization at high temperature [ 38 ] drives
r-C phase restructuring, leading to the formation of Al-depleted
egions and coarse Cr7 C3 grains. In the subsurface layer, molten
u permeation induces Al-Cu interdiffusion and the formation
f Al-Cu intermetallic phases encapsulating underdeveloped
anocrystalline Cr7 C3 . In deeper regions, thermal conduction
acilitates partial crystallization of the Cr2 AlC MAX phase, while
he innermost layer retains a weakly crystallized structure due
o insufficient heat transfer. This stratified evolution is primarily
overned by localized overheating associated with steep thermal
radients, together with Cu melt penetration. 

n contrast, the Cu-containing C2 coating evolves in a more
niform manner under electrical contact conditions, as shown in
igure 3d . Pre-doped Cu atoms undergo electrothermally driven
nterdiffusion with Al, enhancing atomic mobility and accelerat-
ng microstructural rearrangement. Owing to the lower resistivity
f the C2 coating, Joule heating is effectively mitigated, which
uppresses surface Al volatilization and enables the Cr2 AlC MAX
hase near the surface to crystallize while maintaining structural
ntegrity. 

t is worth noting that the pre-existing Al4 Cu9 phase should
ot be regarded as a direct diffusion barrier that physically
revents Al depletion from the MAX phase. Instead, its primary
eneficial effect arises from its low electrical resistivity, which,
ogether with the conductive Cr2 AlC MAX phase, facilitates
dvanced Functional Materials, 2026
more efficient current transport and reduces resistive Joule
heating. The resulting reduction in local thermal exposure
indirectly suppresses excessive Al volatilization and thermal
decomposition of the near-surface Cr2 AlC, thereby contributing
to the preservation of the MAX phase during electrical contact.
Nevertheless, excessive formation of the relatively brittle Al4 Cu9 
phase may compromise the mechanical damage tolerance of
the coating, as reflected by the reduced H/E and H3 /E2 ratios
with increasing Cu content (Figure S6 ). Therefore, Cu incorpo-
ration involves a trade-off between electrical and electrothermal
benefits and mechanical damage tolerance, suggesting that
an optimized Cu content, rather than excessive intermetallic
formation, is critical for achieving balanced multifunctional
performance. 

In the subsurface region, Cu diffusion promotes Al-Cu inter-
metallic formation while simultaneously inducing the precipi-
tation of nanocrystalline Cr-C phases, resulting in a composite
structure consisting of Cr-C nanocrystals encapsulated by Al-
Cu phases. At greater depths, thermal conduction supports the
development of highly crystalline Cr2 AlC. 

During electrical contact cycling, this accelerated crystalliza-
tion of the MAX phase, together with the formation of an
interconnected Al-Cu conductive network, enhances electrical
conductivity and further suppresses Joule and arc heating,
thereby establishing a positive feedback mechanism. Addition-
ally, mechanical deformation induced by repeated contact and
impact during electrical testing may contribute to localized
energy dissipation and heating, thereby assisting grain growth.
However, this effect is considered secondary compared to Joule
heating. In addition, the Cu-induced evolution of the Cr2 AlC
crystallographic texture contributes to a more distributed current
transport pathway, which helps alleviate current localization
under high electrical loads. 

In summary, compared with the C0 coating, the C2 coating
exhibits superior anti-welding behavior and more stable electrical
contact performance. These improvements can be attributed to
two key structural advantages. First, the presence of a highly
crystalline Cr2 AlC MAX phase throughout the coating provides
efficient metallic conduction pathways and avoids current block-
ing by high-resistivity Cr7 C3 phases. Second, the incorporation
of Cu enhances thermal conductivity, accelerates heat dissipa-
tion, mitigates localized overheating, and reduces arc initiation.
Collectively, these factors endow the C2 coating with markedly
improved electrical contact reliability. 

3.3 Cu-Modulated Current-Carrying Wear 
Mechanisms 

In this study, a Cr2 AlC coating with a hardness of 21.2 GPa
was successfully prepared via low-temperature annealing at
400◦C, exceeding previously reported values [ 44 ]. This enhanced
hardness is attributed to the refined microstructure and the
coexistence of amorphous and nanocrystalline domains induced
by low-temperature annealing. The C1 coating containing 3.9 at.%
Cu exhibited a hardness comparable to that of the Cu-free C0
sample, which can be ascribed to Cu-induced grain refinement
(Figure S2f ). In contrast, the C2 coating with higher Cu content
11 of 16
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isplayed the lowest hardness (18.8 GPa), primarily due to the
ormation of the relatively soft Al4 Cu9 intermetallic phase. 

urrent-carrying wear tests revealed pronounced differences
n tribological behavior between the coated samples and the
ncoated substrate. The uncoated 7075 aluminum alloy exhibited
evere plowing pits after sliding, which can be attributed to
ocalized temperature rise leading to Al melting. The molten
luminum adhered to the Cu counter-body, accelerating mate-
ial removal and resulting in unstable friction behavior and
luctuating contact resistance. 

n contrast, all coated samples developed a uniform adherent Cu
ayer on their surfaces after sliding. This behavior is attributed to
he substantially higher hardness of the coatings (18.8-21.2 GPa)
ompared with pure Cu, which effectively transformed the tribo-
ogical pair into a Cu-Cu contact system. The resulting Cu-Cu
riction pair exhibited a low coefficient of friction of approxi-
ately 0.15 and facilitated the formation of a smooth and stable
liding interface, thereby ensuring consistent electrical contact
nd reduced wear. Notably, the presence of a crystallized MAX-
hase matrix with a Cu-modulated texture further contributed to
he stability of the contact interface by promoting distributed load
upport and current transport during sliding. 

nterestingly, the wear rate of the Cu counter-body increased with
ncreasing Cu content in the coatings. This trend is closely related
o changes in surface energy and interfacial wettability between
u and the coating. As summarized in Table 1 , the contact angle
f molten Cu on the coating surface decreases with increasing Cu
oping, indicating enhanced interfacial affinity. Consequently,
he C2 coating exhibits the highest surface energy with respect
o Cu, facilitating stronger adhesion and retention of Cu during
liding, which leads to the formation of the thickest adherent Cu
ayer under current-carrying conditions. 

t is worth emphasizing that the rapid establishment of this
dherent Cu layer not only reduces the friction coefficient but also
lays a crucial role in stabilizing the electrical contact interface
y minimizing arc initiation during current-carrying operation.
his adaptive interfacial evolution enables the coating surface
o dynamically adjust to combined mechanical and electrical
timuli, thereby enhancing operational stability under severe
ervice conditions. 

ross-sectional TEM analysis of the wear scars (Figure S8 and
igure 4e ) further reveals fundamental differences between the
0 and C2 coatings after current-carrying wear. In the C0 coating,
 continuous amorphous Al2 O3 layer forms between the coating
nd the adherent Cu layer, acting as an insulating barrier that
locks direct electrical contact between the conductive MAX
hase and the Cu counter-body, thus leading to elevated contact
esistance. In contrast, in the C2 coating, Cu and Al within
he coating mutually diffuse with Cu from the brass counter-
ody during sliding, disrupting the continuity of the alumina
ayer (Figure 4e (iii) ). The localized rupture of this oxide film
stablishes direct metallic contact pathways composed of Al-
u-Zn. Despite the presence of ZnO and other oxides within
he adherent layer, these metallic pathways function as low-
esistance conduction channels, significantly reducing the overall
ontact resistance once steady-state sliding is reached. 
2 of 16
The exceptional current-carrying wear performance of the C2
coating can therefore be primarily attributed to Cu-assisted Al-Cu
interdiffusion, which disrupts the insulating alumina layer and
facilitates the formation of interconnected metallic conductive
networks at the sliding interface. Within the adherent tribofilm,
the emergence of oxygen-rich ZnO in intermediate regions is
closely associated with its proximity to the frictional surface,
where abundant environmental oxygen, frictional heating, and
mechanical activation collectively accelerate selective oxidation
of Zn. Owing to Zn’s higher oxidation tendency compared with
Cu, Zn preferentially oxidizes from the Cu-Zn alloy to form ZnO,
while Cu segregates to generate localized metallic domains. 

The coexistence of metallic Cu and ZnO phases reflects the
coupled effects of selective oxidation, friction-induced nanocrys-
tallization, localized thermal gradients, and dynamic tribological
interactions. These processes collectively give rise to a self-
organized, adaptive interfacial architecture that simultaneously
stabilizes electrical conductivity and mechanical integrity dur-
ing current-carrying operation. As schematically illustrated in
Figure 5g , such self-adaptive structural evolution effectively
suppresses arc erosion and mitigates wear, accounting for the
superior durability and stable electrical contact behavior of the
Cr2 AlC-Cu coating relative to the undoped Cr2 AlC counterpart. 

4 Conclusion 

Cr2 AlC and Cu-doped Cr2 AlC coatings were successfully fab-
ricated on 7075 aluminum alloy substrates using a hybrid
arc–magnetron sputtering process followed by low-temperature
annealing at 400◦C. Cu incorporation markedly modifies the
crystallization behavior and functional performance of the coat-
ings. As the Cu content increases from 0 to 9.1 at.%, the
microstructure evolves from a single Cr2 AlC MAX phase to a
dual-phase system comprising Cr2 AlC and Al4 Cu9 intermetallic
phases. All coatings exhibit high hardness values (18.8-21.2 GPa),
resulting from the combined effects of low-temperature-induced
amorphous-nanocrystalline structures and Cu-assisted grain
refinement. 

Cu addition significantly reduces the electrical resistivity and
enhances arc-erosion resistance, with the Cu-rich coating achiev-
ing the lowest resistivity of 119 µΩ⋅cm. This improvement
originates from Cu-assisted Al-Cu interdiffusion and accel-
erated crystallization of the conductive MAX phase, which
collectively establish efficient electrical pathways and suppress
resistive heating under electrical contact conditions. During
current-carrying sliding, the coatings promote the formation
of an adherent Cu transfer layer, generating a stable Cu-Cu
tribological interface with low friction and enhanced wear
resistance. The coupled evolution of phase structure, electrical
transport, and interfacial tribofilms constitutes a self-adaptive
response to combined electrical, thermal, and mechanical
stimuli. 

Overall, this work demonstrates that Cu modification enables
Cr2 AlC coatings to dynamically adapt their microstructure and
interfacial state during service, providing a viable materials
design strategy for advanced electrical contact systems requiring
integrated conductivity, arc resistance, and tribological durability.
Advanced Functional Materials, 2026
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 Experimental 

.1 Sample Fabrication 

he Cr2 AlC-Cu coatings were deposited on 7075 aluminum alloy
ubstrates using an arc-sputtering hybrid system. The aluminum
lloy substrates with dimensions of φ 25.5 mm × 3 mm were
repared by wire cutting and subsequently polished with SiC
aper followed by a diamond polishing agent. Before deposition,
he substrates were ultrasonically cleaned progressively in ace-
one and ethanol each for 10 min, then blown dry with nitrogen
as. The cleaned substrates were immediately transferred into
he deposition chamber. The chamber was evacuated to a base
ressure of 4 × 10− 3 Pa (3 × 10− 5 Torr), while the substrates were
eated to 400◦C and maintained at this temperature throughout
eposition. 

igure 1a presents a schematic of the deposition and heat-
reatment systems for Cr-Al- Cu- C coatings. Chromium (Cr, 99.9%
n purity) served as the arc target with a diameter of 128 and 8 mm
n thickness. Two Al-Cu alloy targets (99.9% in purity, 400 × 100
7 mm) with atomic ratios of 90:10 and 80:20 were employed as
puttering targets to prepare coatings with different Cu contents.
or Cr-Al-C coatings, pure aluminum (Al, 99.9% in purity) was
sed as the sputtering target. The target-substrate distance was
ixed at 8 cm, and the substrate holder was rotated at 10 rpm. 

rior to deposition, the substrates were pretreated by Ar ion
ombardment using a linear ion beam source (Ar flow: 35 sccm,
9.9995% purity) at a negative bias of 200 V for 30 min to
emove surface oxides. During deposition, CH4 gas (99.9995%
urity) was introduced into the deposition chamber with a flow
ate of 25 sccm, while the Ar flow rate was increased to 200
ccm. The working pressure was maintained at 2.7 Pa (2 ×
0− 2 Torr) by adjusting the gate valve between the chamber
nd the turbomolecular pump. The Al-Cu alloy or Al sputtering
argets were operated at an average power of 3100 W, while the Cr
arget current was fixed at 60 A. A DC substrate bias of -150 V was
pplied for all depositions, which lasted 180 min. 

fter deposition, the coatings were annealed in a quartz-tube
urnace evacuated to 3.0 × 10− 4 Pa. The temperature was raised
t 10◦C/min to 400◦C, held for 24 h, and then allowed to cool
aturally to room temperature inside the furnace. Through this
ombined deposition and heat-treatment process, MAX-phase
oatings were successfully obtained. 

.2 Characterization of Specimens 

he cross-sectional microstructure and chemical compositions of
he Cr2 AlC-Cu coatings were examined using a field emission
un scanning electron microscope (FEG-SEM, Zeiss Sigma 300)
quipped with an energy dispersive spectrometer (EDS, Oxford
nstruments). The coating thickness was determined from cross-
ectional SEM images by measuring more than nine randomly
elected positions, and the average value was reported. The
rystal structure and phase composition were analyzed by X-ray
iffraction (XRD, D8 Advance DaVinci) with a Cu K α1 source
 λ = 1.5406 Å) operated at 40 kV × 40 mA. Conventional θ/2 θ
cans were performed over a 2 θ range of 10◦-90◦, with a step
dvanced Functional Materials, 2026
size of 0.02◦ and a scan rate of 4◦/min. Raman spectroscopy
(InVia Reflex, Renishaw) with a 532 nm laser was additionally
employed to identify phase compositions. The surface morphol-
ogy and roughness of the coatings were characterized using a
3D optical profilometer (UP-Lambda) equipped with a white-
light interferometer (WLI). Measurements were performed at
three randomly selected areas for each coating under iden-
tical conditions, and the average surface roughness (Sa) was
reported. 

The hardness and Young’s modulus of the coatings were mea-
sured by nanoindentation using a nanoindenter equipped with
a Berkovich diamond indenter. To minimize substrate effects,
the maximum indentation depth was kept below 10% of the film
thickness. A Poisson’s ratio of 0.196 for Cr2 AlC, adopted from
the literature [ 45 ], was used in the analysis. Ten measurements
were conducted for each specimen, and the average values are
reported. 

The coating microstructure was further investigated by
transmission-electron microscope (TEM, Talos F200x, Thermo
Fisher) equipped with a high-angle annular dark-field (HAADF)
detector. TEM specimens were prepared using a focused ion
beam (FIB, Auriga, Carl Zeiss) with 2-30 kV Ga+ ions. HAADF-
STEM imaging was performed with an FEI Titan Chemi-STEM
microscope fitted with a spherical aberration corrector (Cs-
corrector). The instrument achieved a 0.1 nm probe size at a
beam current of 70 pA and a convergence semi-angle of 19.8
mrad. Under a camera length of 135 nm, images were acquired
using a HAADF detector with a collection angle range of
27.5-137.5 mrad. 

The wettability of the MAX-phase coatings on 7075 aluminum
and CuCrZr alloy substrates was evaluated using the Owens-
endt method [ 46 ] with a contact angle measuring system

(DCAT21). Before testing, all substrates were ultrasonically
cleaned in acetone and methanol for 5 min each. Deionized water,
ethylene glycol, 50% ethylene glycol, and glycerin were used as
probe liquids. A 2 µL droplet was dispensed onto the surface using
a micropipette, and contact angles were recorded. For each liquid,
three measurements per specimen were taken, and the average
values were used for analysis. 

The current-carrying wear resistance of the coatings was tested
with a pin-on-disk tribometer (TRB3) using an H62 copper ball
(diameter: 6 mm) as the friction pair. Tests were performed at
room temperature and ∼ 30% relative humidity. A constant DC
current of 3 A was applied between the sample and friction
pair via a custom-made power loading assembly. The contact
voltage during sliding was monitored with an oscilloscope. Linear
sliding tests were performed with a load of 1 N, a sliding speed of
50 mm/s, and a stroke length of 5 mm. The total sliding distance
was 3 m. For each coating, the current-carrying friction tests
were repeated at least three times under identical conditions to
ensure reproducibility, and the presented data represent typical
results with negligible variation. Worn surfaces of both the
coatings and friction pairs were examined by SEM in secondary
electron imaging (SEI) mode. Compositional mapping of the wear
tracks was performed by EDS, and 3D wear morphologies were
further characterized by optical profilometry in WLI mode. The
13 of 16
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ear rate (W) is calculated using the equation W = 

S ×l 

N ×D 
, where

 , l , N , and D are the cross-sectional area of the wear track,
ength of the wear track, loading, and total sliding distance,
espectively. 

he electrical resistivity of the coatings was measured using
 four-point probe (Model 280 DI). Five measurements were
aken in different directions for each specimen, and the average
esistivity was reported. Electrical contact performance was
valuated with a JF04D electrical contact testing system. Coating
amples (10 × 10 × 3 mm) served as cathodic static contacts, paired
ith a copper anode electrode at a 1 mm separation distance.
he test conditions were: 24 V DC, 3 A constant current, 60
ycles/min contact frequency, and 40 cN contact force. A total of
900 electrical contact cycles were performed. Contact resistance,
rcing duration, and arcing energy were recorded throughout the
ests. 

he initial phase formation temperatures of MAX phase coatings
ith different copper contents were obtained using the differen-
ial scanning calorimetry (DSC) method with TG (STA 449 F3,
etzsch). The coatings were first deposited on the iron foil using
he same methods and parameters as mentioned above, then
ubjected to delamination treatment to remove the substrate and
solate the coatings. Subsequently, the coatings were dried and
round to obtain corresponding coating powders. The alumina
rucibles were utilized. The heat absorption/desorption curves of
ifferent coatings were recorded between 25◦C and 700◦C with
 heating rate of 10◦C/min. Nitrogen was employed as both the
rotective and purge gas. 

.3 Atomic-Scale Calculations 

irst-principles calculations based on density functional theory
DFT) were carried out using the Vienna Ab initio Simu-
ation Package (VASP) [ 47 ] in conjunction with the projec-
or augmented-wave (PAW) method [ 48 ] to investigate the
ffect of Cu incorporation on the structural and electronic
roperties of Cr2 AlC. The exchange-correlation interaction
as described within the generalized gradient approxima-
ion (GGA) using the Perdew-Burke-Ernzerhof (PBE) func-
ional [ 49 ]. Brillouin zone integrations were performed using
he Monkhorst-Pack method [ 50 ], with a k-point spacing
f 0.02 Å− 1 . 

o model Cu incorporation, a 2 × 2 × 1 Cr2 AlC supercell
ontaining 32 atoms was constructed, in which Cu atoms were
ntroduced at substitutional Al sites to represent dilute Cu doping.
his substitutional configuration was selected due to its structural
tability and relevance to equilibrium solid-solution behavior.
uring structural optimization, the lattice parameters and cell
olume were fixed, while all atomic positions were fully relaxed
ntil the total energy and atomic forces converged to 1 × 10− 6 eV
tom− 1 and 0.001 eV Å− 1 , respectively. Since the constituent
lements (Cr, Al, C, and Cu) of the studied system do not exhibit
trong long-range magnetic ordering in the Cr2 AlC MAX phase
nder the conditions considered herein, magnetic effects were
mitted. Therefore, spin polarization was not included in the
alculations. 
4 of 16
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