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a b s t r a c t 

DC switching electrical contacts suffer from arc-driven thermal shock, material transfer, and rapidly ris- 

ing contact resistance. Here, we develop Ag-doped Cr2 AlC MAX-phase coatings as arc-tolerant conduc- 

tive layers and clarify the underlying degradation pathways. Cr2 AlC and Ag-Cr2 AlC coatings ( ∼6.9 μm; 

Ag ∼3.69 at.%) were deposited by hybrid cathodic arc-magnetron sputtering and annealed. Under 24 V 

DC/3 A make-break tests (1500 cycles), Cr2 AlC shows strong resistance fluctuations, a transient near-zero 

“welding” event, and rapid performance collapse after ∼900 cycles, accompanied by increased arcing time 

and energy. In contrast, Ag-Cr2 AlC maintains stable arcing metrics with only mild late-stage fluctuations. 

TEM reveals a lath-like microstructure decorated by a continuous Ag-rich grain-boundary network that 

provides conductive percolation. Post-mortem mapping indicates that Ag activates under arc heating and 

reacts with transferred Cu to form a fluid Cu-Ag alloy/cladding layer, which displaces insulating products, 

builds low-resistance bridges, and suppresses crack propagation. This grain-boundary-enabled cladding 

mechanism breaks the resistance-Joule heating-arc persistence feedback and offers a general strategy for 

durable, low-resistance coated contacts. 

© 2026 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Electrical contacts underpin switching and power distribution 

n transportation, aerospace, and marine systems, where reliability 

s governed by the stability of the contact interface under repeated 

ake-break events [ 1 , 2 ]. In DC circuits, the absence of a current

ero crossing sustains arc discharge, producing extreme local heat- 

ng, material transfer, and rapid surface reactions that destabilize 

ontact resistance and accelerate failure [ 3 , 4 ]. Silver-based contacts 

rovide excellent conductivity but suffer from limited arc-erosion 

esistance and high cost, motivating architectures that couple a 

onductive support with a robust, arc-tolerant surface layer [ 5 , 6 ]. 

eveloping contact surfaces that retain low resistance while re- 

isting arc erosion and preserving structural stability, therefore, re- 

ains a central materials challenge. 
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MAX phases (Mn + 1 AXn ; M = early transition metal, A = group- 

3/14 element, X = C/N) combine metallic conductivity with 

eramic-like stiffness and thermal stability, and their layered bond- 

ng can impart damage tolerance through kink and shear mecha- 

isms [ 7–10 ]. Cr2 AlC, in particular, offers excellent oxidation resis- 

ance and thermal robustness, suggesting potential for anti-ablative 

ontact surfaces. However, the conductivity of many MAX phases 

till falls short of stringent contact requirements, and repeated arc 

eating can trigger local decomposition, cracking, and erosion lo- 

alization, undermining both electrical and mechanical function. 

rior work has explored compositional tuning and grain-size con- 

rol to improve conductivity and tailor arc response [ 11 ]. Incorpo- 

ating highly conductive metal elements, such as Ag or Cu, is espe- 

ially appealing: they can enhance current-carrying capacity and, 

wing to their relatively low melting points, promote a more dis- 

ributed arc root, thereby reducing local energy concentration [ 12–

6 ]. Most studies have pursued Ag/MAX bulk composites in which 

AX phases reinforce an Ag matrix [ 9 , 17–20 ]; in contrast, many

ractical connectors and switching elements demand load-bearing 

ubstrates with dimensional stability, for which a coating-based 
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trategy is more compatible but remains insufficiently understood 

 21 , 22 ]. 

Here, we develop Ag-doped Cr2 AlC MAX-phase coatings as 

unctional surface layers for harsh DC switching. Trace Ag is used 

o engineer grain-boundary chemistry and electronic pathways, 

tabilizing a lath-like Cr2 AlC microstructure decorated by an Ag- 

ich intergranular network. By combining DC switching tests with 

ost-mortem microstructural and compositional mapping, we link 

g redistribution and Cu transfer to the evolution of contact re- 

istance and arc metrics. We show that Ag incorporation sup- 

resses crack propagation and reshapes the erosion pathway from 

atastrophic brittle fracture to controlled, consumptive degrada- 

ion, thereby improving arc-erosion stability and tolerance to sub- 

equent corrosive attack. The results establish a coating-centric 

esign principle for MAX-phase electrical contacts that reconciles 

onductivity with arc tolerance and structural integrity. 

. Experimental procedure 

.1. Coating preparation 

Cr-Al-C-Ag coatings were deposited on Ni-based alloy substrates 

sing a hybrid cathodic arc and magnetron sputtering system 

 Fig. 1 (a)). A circular Cr target was employed as the cathodic arc 

ource, while an AlAg alloy target was sputtered in magnetron 

ode. During deposition, a DC power of 0.8 kW was applied to 

he Cr target, and a DC sputtering power of 3.3 kW was set for 

he AlAg target. A reactive gas mixture of Ar/CH4 , with a flow rate 

atio of 10:1, was introduced into the chamber. A −150 V pulsed 

C negative bias was applied to the substrate. The total deposition 

ime was 3 h. For undoped reference coatings, a Cr target (cathodic 

rc) and a pure Al target (magnetron sputtering) were used, while 

ll other parameters were kept identical. After deposition, the sam- 

les were vacuum-annealed in a tube furnace ( Fig. 1 (b)): heated to 

00 °C at 10 °C min−1 , held for 2 h, and furnace-cooled to room

emperature, yielding the final Cr2 AlC and Ag-Cr2 AlC coatings. 

.2. Arc erosion test 

Electrical contact (arc erosion) behavior was evaluated using 

 JF04C electrical contact testing system. For all experiments, 10 

m × 10 mm × 3 mm coated samples were fixed to function 

s the stationary cathode, opposing a pure Cu anode contact. The 

oatings were subjected to 1500 cycles in ambient air at 24 V DC 

nd 3 A. Testing was conducted at 60 cycles min−1 with a 40 cN 
Fig. 1. Schematic diagram of (a) hybrid cathodic arc-magnetron sputter

275
ontact force and a 1 mm gap. Contact resistance, arcing time, and 

rc energy were tracked over the course of the procedure. 

.3. Characterization 

Phase analysis of the coatings was performed using a high- 

ower rotating anode multi-crystal X-ray diffractometer (XRD, 

ruker D8 DISCOVER). The crystal structure of the coatings was 

urther analyzed by transmission electron microscopy (TEM, Talos 

200 X). Before and after the arc erosion experiment, the surface 

nd cross-sectional morphology of the samples was examined us- 

ng a thermal field-emission scanning electron microscope (SEM, 

eiss Sigma 300). 

. Results and discussion 

.1. Phase structure of coating 

Fig. 2 presents the SEM surface morphology, elemental com- 

osition, and XRD phase structure of the as-prepared Cr2 AlC and 

g-Cr2 AlC coatings. The SEM micrographs indicate that both coat- 

ngs, synthesized via the two-step process of hybrid cathodic arc- 

agnetron sputtering and subsequent annealing, exhibit macro- 

articles on their surfaces. The Ag-Cr2 AlC coating was successfully 

oped with 3.69 at.% Ag. After annealing, both coating systems 

how an observable interdiffusion layer with the substrate, and 

he final thickness of both coatings was approximately 6.9 μm. The 

RD patterns, recorded in the 2 θ range of 10 °–90 °, clearly display 

everal high-intensity peaks for both coatings. These peaks corre- 

pond precisely to the Cr2 AlC MAX phase, as verified using PDF 

atabase card (No. 029-0017). Notably, due to the low concentra- 

ion of Ag in the Ag-Cr2 AlC coating, no agglomerated elemental Ag 

hase was formed, and consequently, no distinct Ag peaks are vis- 

ble in the XRD pattern. 

.2. Microscopic morphology of coatings 

Fig. 3 (a, b) shows BF and DF TEM images of the as-prepared 

r2 AlC coating. Unlike typical PVD-grown columnar grains, this 

oating features a dense equiaxed nanocrystalline structure [ 23 ], 

hich inhibits ion diffusion and enhances thermal stability and ox- 

dation resistance [ 24 , 25 ]. HRTEM analysis of a representative grain 

 Fig. 3 (c, d)) confirms dense grain boundaries and the characteristic 

ayered hexagonal structure of Cr2 AlC (space group P63 /mmc). The 

easured c-lattice parameter of 1.28 nm and the corresponding 

AED pattern (inset, Fig. 3 (d)) align perfectly with standard Cr AlC 
2 

ing equipment and (b) subsequent vacuum annealing procedure. 
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Fig. 2. Surface and cross-sectional morphologies of (a) Cr2 AlC coating and (b) Ag-Cr2 AlC coating. (c) XRD patterns of Cr2 AlC and Ag-Cr2 AlC coatings. 

Fig. 3. TEM images of Cr2 AlC coating: (a) BF image; (b) DF image; (c) BF image of typical grains; (d) HRTEM image and SAED pattern. 
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AX phase values, verifying its nanocrystalline nature and crystal- 

ographic orientation [ 25 , 26 ]. 

The BF/DF TEM images ( Fig. 4 (a, b)) reveal that Ag incorpo- 

ation transforms the Cr2 AlC morphology into randomly oriented, 

ne lath-like grains. HAADF-STEM imaging ( Fig. 4 (c)) reveals a con- 

inuous, bright phase along the lath-like grain boundaries, indicat- 

ng the segregation of high-atomic-number elements. Further anal- 

sis, combined with EDS mapping ( Fig. 4 (d)), reveals that the dis- 

ribution of the Ag element highly overlaps with the bright regions 

n the HAADF image. Fig. 4 (e) shows a typical lath-like grain, and 

ig. 4 (f) displays the HRTEM image of the grain interface. HRTEM 

maging confirms a secondary phase at the grain boundary with 

n fcc atomic arrangement. Measurements show that the interpla- 

ar spacing of this phase is 0.24 nm, which aligns remarkably well 

ith the characteristic interplanar spacing of elemental Ag [ 27 ]. 
276
his result strongly confirms that the Ag phase is uniformly dis- 

ributed at the grain boundaries surrounding the Cr2 AlC grains, 

orming the characteristic microstructure of the Ag-Cr2 AlC com- 

osite. The crystal structure of Ag distributed along the Cr2 AlC 

rain boundaries is consistent with previous studies [ 28 ]. SAED 

 Fig. 4 (g)) and lattice measurements (1.28 nm) confirm that the 

ulk remains high-purity Cr2 AlC, preserving its original MAX phase 

tructure. The presence of this uniformly distributed soft Ag phase 

t the grain interfaces is anticipated to positively influence the 

omposite material’s electrical and thermal conduction properties. 

.3. Arc erosion performance of Cr2 AlC and Ag-Cr2 AlC coatings 

Fig. 5 (a) shows the make-break contact configuration in the 

F04C electrical contact testing system. A fixed Cu tip serves as the 
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Fig. 4. TEM images of Ag-Cr2 AlC coating: (a) BF image; (b) DF image; (c) HAADF image; (d) corresponding elemental mapping of Cr, Al, and Ag; (e) BF image of typical 

grains; (f) HRTEM image; (g) HRTEM SAED pattern. 
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oving contact (anode), whereas the coated specimen, mounted 

o the stationary contact (cathode), acts as the counter-electrode. 

ne cycle is defined as contact closure followed by separation. The 

F04C system periodically records contact resistance, arcing time, 

nd arc energy; their evolution with cycle number is summarized 

n Fig. 5 (b–d). 

As shown in Fig. 5 (b), the Cr2 AlC coating exhibits pronounced 

esistance fluctuations during the early stage ( < 700 cycles), fol- 

owed by a transient “valley” where the resistance approaches zero, 

nd then a regime of markedly larger, unstable resistance. Low and 

table contact resistance requires a persistent real contact area and 

igh electrical conductivity [ 29 ]. The near-zero valley is consistent 

ith a massive metallic contact event (local melting/welding) that 

riefly short-circuits the interface; the subsequent abrupt rise in- 

icates severe and irreversible surface disruption after rupture of 

he welded junction. Although the addition of Ag refines Cr2 AlC 

nto a lath-like microstructure, potentially compromising conduc- 

ivity due to increased grain boundary scattering, the uniformly 

istributed Ag phase along the boundaries provides continuous, 

ighly conductive pathways [ 30 ]. Consequently, the contact resis- 

ance of the Ag-Cr2 AlC coating remains stable for up to ∼600 cy- 

les, with only minor fluctuations thereafter ( Fig. 5 (b)), indicating 

mproved contact stability and overall electrical performance. 

The arcing time evolution ( Fig. 5 (c)) further differentiates the 

wo coatings. Up to ∼900 cycles, both samples sustain a low arc- 

ng time of ∼0.07 ms, reflecting effective arc suppression and sta- 

le switching. Beyond ∼900 cycles, the arcing time of the Cr2 AlC 

oating increases sharply, signalling accelerated degradation under 

rc erosion. Such increases typically arise from cumulative mate- 

ial loss, formation of resistive oxidation products, and progressive 
c

277
oughening that destabilize the contact interface and facilitate arc 

gnition and sustainment [ 31 ]. Consistently, the rise in contact re- 

istance after ∼900 cycles ( Fig. 5 (b)) amplifies Joule heating near 

eparation, elevating the local temperature and further promot- 

ng arc persistence. By comparison, the Ag-Cr2 AlC coating retains a 

ow, stable arcing time throughout the test, indicating a prolonged 

teady-wear regime with slow performance decay. 

Arc energy trends ( Fig. 5 (d)) are quantified by [ 32 ]: 

h =
t 

∫ 
0 

(U0 − iR ) i d t + 1 

2 

LI2 (1) 

here U0 is the supply voltage, R is the circuit resistance, i is 

he instantaneous current, t is the arcing time, L is the circuit in- 

uctance, and I is the initial current before arcing. Wh represents 

he net energy delivered to the arc (source work minus resistive 

osses), with an additional contribution from inductive energy re- 

ease during current interruption; the JF04C system accounts for 

he resistive term automatically. As expected, arc energy broadly 

cales with arcing time. Notably, even when arcing times are nearly 

dentical at early cycles, the Cr2 AlC coating consistently shows 

igher arc energy than Ag-Cr2 AlC ( Fig. 5 (d)), implying a higher ef- 

ective arc voltage. Sustained high arc energy imposes greater ther- 

al and mechanical loads [ 33 ], accelerating erosion, oxidation, sur- 

ace roughening, and eventual contact failure. 

.4. Arc erosion morphology of Cr2 AlC coating 

.4.1. Arc erosion surface morphology of Cr2 AlC coating 

Fig. 6 (a) shows the post-test surface morphology of the Cr2 AlC 

oating after 1500 make-break cycles. EDS mapping shows pro- 
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Fig. 5. (a) Schematic diagram of JF04C electrical contact equipment. (b) Contact resistance. (c) Arcing time. (d) Arc energy. 

Table 1 

Elemental compositions of the corresponding regions (Area (at.%)) in Fig. 6 . 

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 Area 7 

C 7.12 24.89 24.19 36.74 6.95 21.99 25.99 

O 50.57 3.69 5.23 8.25 53.35 4.80 1.29 

Al 18.78 0.54 1.36 0.75 23.81 22.28 24.40 

Cr 17.86 4.07 61.59 45.14 12.15 38.13 15.07 

Cu 5.68 66.81 11.84 9.12 3.70 12.80 33.24 
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ounced Cu enrichment from anode transfer. High local heat flux 

t the arc root causes Cu vaporization and droplet expulsion, re- 

ulting in its redeposition across the arc gap [ 34 ]. 

The erosion center ( Fig. 6 (b)) undergoes arc-induced Cr2 AlC dis- 

ociation. The corresponding element compositions are listed in 

able 1 . Due to high A-site reactivity [ 25 , 35 ], Al is preferentially ex-

racted and oxidized to Al2 O3 . Strong Cr-C affinity promotes Cr7 C3 

ormation (Area 3), with subsequent oxidation to Cr2 O3 (Area 1) 

nd carbon loss via volatilization. Simultaneously, transported Cu 

Area 2) accumulates as granular and splashed deposits. 

In the transition area ( Fig. 6 (c)), weaker thermal effects result 

n annular ridges and incomplete Cr2 AlC dissociation (Cr7 C3 , Area 

). Discontinuous Al/O mapping suggests reduced Al loss and mild 

xidation compared to the center. The region is further character- 
278
zed by mixed Cr-Al oxides (Area 5) and condensed Cu deposits, 

orming a cermet-like microstructure due to the lower temperature 

radient. 

Microcracks at the erosion boundary ( Fig. 6 (d)) result from high 

nternal stresses exceeding the fracture strength, driven by thermal 

radients and expansion mismatch [ 36 ]. While Cr2 AlC remains sta- 

le (Area 6), the boundary acts as a sink for Cu condensation and 

l redistribution (Area 7). This reflects the differential mobility of 

he elements, where volatile Cu and Al migrate to cooler regions 

hile Cr maintains its solid phase stability. 

.4.2. Arc erosion cross-sectional morphology of Cr2 AlC coating 

Fig. 7 (a) reveals the overall cross-sectional erosion morphology 

f the Cr2 AlC coating after 1500 make-break cycles. The micro- 

raph unveils a high density of intracoating cracks and substantial 

nterdiffusion with the substrate, corroborating the structural fail- 

re of the Cr2 AlC coating under sustained high-temperature arcing. 

The central erosion area ( Fig. 7 (b)) exhibits a stratified archi- 

ecture: an outermost Cu layer, an intermediate Cr-enriched layer 

Area 1), and a Cr2 AlC coating. The corresponding element com- 

ositions are listed in Table 2 . Al depletion in Area 1 indicates 

rc-induced Cr2 AlC decomposition into thermodynamically stable 

hromium carbides. The surface Al2 O3 (Area 3) is absent due to 

olishing artifacts, where brittle fragments detached and trapped 
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Fig. 6. (a) Arc erosion surface morphology of Cr2 AlC coating. (b) Central erosion area (Area A). (c) Transitional erosion area (Area B). (d) Edge erosion area (Area C). 

Table 2 

Elemental compositions of the corresponding regions (Area (at.%)) in 

Fig. 7 . 

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 

C 29.73 36.03 12.89 31.44 8.92 22.49 

O 0.86 3.77 44.35 2.41 47.62 0.89 

Al 5.68 13.82 22.22 3.18 30.16 6.46 

Cr 48.70 11.73 16.33 60.33 10.61 57.92 

Cu 15.03 34.65 4.21 2.65 2.68 12.25 

i

c

s

a

s

T

l

c

a

d

p

p

t

6

b

i

l

3

3

T

o

t

w

Table 3 

Elemental compositions of the corresponding regions (Area (at.%)) in 

Fig. 8 . 

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 

C 20.77 22.57 16.75 10.04 19.71 9.26 

O 23.37 9.98 6.64 50.70 4.33 11.66 

Al 3.52 0.79 13.67 27.85 16.22 36.45 

Cr 12.39 54.95 13.73 3.14 52.43 12.05 

Cu 38.24 11.61 37.49 8.19 3.07 7.07 

Ag 1.71 0.10 11.72 0.08 4.24 23.51 
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n the resin. Furthermore, molten Cu penetrates deep cracks via 

apillary action. In the crack interior (Area 2), Al selectively dis- 

olves into the Cu melt due to weak bonding and high solubility, 

ccelerating structural degradation. 

In the transition area ( Fig. 7 (c)), reduced thermal input re- 

ults in a discontinuous Cu phase appearing as isolated islands. 

his suggests a viscous wetting mechanism rather than the vio- 

ent splashing observed in the center. An Al2 O3 -based oxide layer, 

ontaining minor Cr (implying a Cr-Al composite oxide per Area 3 

nalysis), overlies the Cu melt. Beneath this lies a reaction layer 

ominated by the Cr7 C3 phase (Area 4), while macroscopic cracks 

ersist in the underlying Cr2 AlC. 

The erosion boundary ( Fig. 7 (d)) consists of Al/Cr oxides, Cu 

articulates, and larger blocks. Selective oxidation is evident from 

he Al2 O3 surface (Area 5) and subsurface chromium carbides (Area 

). Notably, interfacial cracks form between the oxide layer and Cu 

locks, driven by (i) thermal mismatch stresses due to CTE dispar- 

ties among the phases; and (ii) stress concentration from Cu so- 

idification shrinkage. 

.5. Arc erosion morphology of Ag-Cr2 AlC coating 

.5.1. Arc erosion surface morphology of Ag-Cr2 AlC coating 

Fig. 8 (a) shows the surface erosion of the Ag-Cr2 AlC coating. 

he erosion pattern is non-circular, deviating from the regular ge- 

metry of pure Cr2 AlC. EDS mapping reveals a pronounced deple- 

ion of Cr and Al within the central zone, which spatially correlates 

ith a concentrated Cu layer. Beyond the central area, Ag concen- 
279
rates at the periphery of the Cu-rich zone. This distribution results 

rom the outward diffusion and flow of intrinsic Ag induced by 

teep temperature gradients. The resulting liquid Ag-Cu phase per- 

eates grain boundaries and matrix porosity, creating a distinctive 

rosion morphology. 

Fig. 8 (b) illustrates the central erosion area, which is dominated 

y the solidified Cu melt. The corresponding element compositions 

re listed in Table 3 . In regions subjected to the most intense arc 

xposure, the coating exhibits clear signs of thermal decomposi- 

ion. Elemental analysis of the Cr-rich region (Area 2) confirms se- 

ere Al depletion and the concomitant formation of thermodynam- 

cally stable chromium carbides. The spatial overlap and correlated 

ncrease of Ag and Cu signals (Area 1) indicate the formation of 

 Cu-Ag liquid alloy. This Ag incorporation enhances the melt’s 

ettability on the ceramic surface, promoting the coalescence of 

arger, stable droplets. 

The transition erosion area ( Fig. 8 (c)) features a smooth Cu-Ag 

etallic cladding. A compositional gradient characterized by di- 

inishing Cu and increasing Ag toward the periphery suggests the 

ormation of a low-melting-point Cu-Ag alloy liquid. Driven by su- 

erior fluidity and wettability, this phase spreads via surface ten- 

ion to form a dense and conductive protective film. The Ag ac- 

umulation at the outer edge (Area 3) indicates that the flow ve- 

ocity of intrinsic Ag exceeded that of deposited Cu. Additionally, 

he presence of Al O precipitates (Area 4) suggests a mechanism 
2 3 
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Fig. 7. (a) Arc erosion cross-sectional morphology of Cr2 AlC coating. (b) Central erosion area (Area A). (c) Transitional erosion area (Area B). (d) Edge erosion area (Area C). 
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here decomposed Al was captured and redistributed by the flow- 

ng melt before oxidizing at the surface. 

The erosion boundary ( Fig. 8 (d)) shows the interface between 

he Cu-enriched melt and the unaffected coating. A com parison 

etween Area 5 and Area 6 reveals an abrupt compositional dis- 

ontinuity, with Area 6 showing a simultaneous increase in Ag and 

l content. This suggests a synergistic migration mechanism driven 

y arc heat, where Ag and Al migrated from the Cr2 AlC structure 

oward the erosion front. Ag functioned as a transport medium by 

orming a low-melting-point alloy liquid with decomposed Al. This 

iquid phase subsequently flowed and solidified at the boundary, 

esulting in the observed surface accumulation. 
280
.5.2. Arc erosion cross-sectional morphology of Ag-Cr2 AlC coating 

Fig. 9 (a) shows the Ag-Cr2 AlC cross-sectional erosion mor- 

hology. Instead of the brittle fractures seen in pure Cr2 AlC 

oatings, Ag doping promotes the adhesion of large Cu blocks 

nd eliminates macroscopic cracks. This shifts the failure mode 

rom catastrophic brittle fracture to controlled, progressive 

blation. 

Fig. 9 (b) reveals a robust bond between the Cu melt and the 

ubstrate. The corresponding element compositions are listed in 

able 4 . The presence of Ag in the Cu matrix (Area 1) confirms the

ormation of a Cu-Ag liquid alloy that enhances wetting. This cre- 

tes a vertical conductive bridge, ensuring low contact resistance. 
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Fig. 8. (a) Arc erosion surface morphology of Ag-Cr2 AlC coating. (b) Central erosion area (Area A). (c) Transitional erosion area (Area B). (d) Edge erosion area (Area C). 

Table 4 

Elemental compositions of the corresponding regions (Area (at.%)) in Fig. 9 . 

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 Area 7 

C 39.96 41.62 13.43 34.73 37.91 24.57 29.42 

O 5.29 3.94 47.60 2.75 4.05 1.67 2.16 

Al 0.22 5.39 13.21 12.41 12.02 12.68 24.60 

Cr 4.24 46.71 22.73 48.30 5.89 57.72 37.32 

Cu 49.06 1.42 3.01 1.07 36.79 1.72 0.00 

Ag 1.23 0.91 0.03 0.75 3.34 1.65 6.49 
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eanwhile, Area 3 is dominated by Cr oxides, reflecting preferen- 

ial Al depletion at the surface. 

The transition erosion area ( Fig. 9 (c)) demonstrates that the an- 

dic Cu melt has both covered the surface and infiltrated the coat- 

ng. Analysis of the residual layer (Area 4) reveals significant deple- 

ion of Al and Ag, suggesting that these intrinsic elements reacted 

ith the infiltrating melt to form a multicomponent alloy liquid. 

his intermixing is confirmed by the high Al and Cu concentrations 

ound in the solidified melt at Area 5. 

Fig. 9 (d) shows the erosion boundary and thermo-ablative pro- 

ression. Ag-enriched Cu splatters confirm a miscible Cu-Ag melt 

n the surface. Cr enrichment and Al depletion reflect the out- 

ard migration of an Al-Ag-Cu liquid phase (Area 6). This results 

n a stratified structure where Cr dominates the intermediate layer, 

hile Al and Ag accumulate in the deeper substrate (Area 7). 

. Discussion 

.1. Thermodynamic driving forces and kinetic limitations 

Based on existing literature reports and high-temperature 

xidation experiments, the degradation behavior of Cr AlC in 
2 

281
igh-temperature environments has been systematically confirmed 

 25 , 37 , 38 ]. This provides a foundational baseline for elucidating

he reaction mechanisms governing the instantaneous, ultra-high- 

emperature regime of electric arc erosion. Thermodynamically, 

l exhibits a significantly lower Gibbs free energy of oxidation 

ompared to Cr, dictating its preferential oxidation to form sta- 

le Al2 O3 . Concurrently, the rupture of Cr-Al bonds within the 

anolaminated structure precipitates the collapse of the Cr2 AlC lat- 

ice, accompanied by the formation of the thermodynamically fa- 

ored carbide phase, Cr7 C3 . The oxidation trajectory at this stage is 

escribed as [ 37 ]: 

8C r2 AlC ( s) + 23 O2 ( g) = 8C r7 C3 ( s) + 14A l2 O3 ( s) + 4CO ( g) 

(2) 

Under conditions of extreme thermal load and oxygen satura- 

ion, the thermodynamic driving force overcomes the substantial 

r–C bond energy. This triggers the oxidation of Cr and C, lead- 

ng to the complete decomposition of the MAX phase into a mixed 

xide scale predominantly composed of Cr2 O3 and Al2 O3 . The ter- 

inal oxidation pathway proceeds as follows [ 37 ]: 

C r2 AlC ( s) + 13 O2 ( g) = 4C r2 O3 ( s) + 2A l2 O3 ( s) + 4C O2 ( g) 

(3) 

However, the electric contact environment imposes unique ki- 

etic constraints. During the current interruption, the arc root in- 

uces a transient temperature surge exceeding 30 0 0 °C, followed 

y rapid quenching upon arc extinction. This extreme thermal 

hock induces the selective volatilization of Al and thermal decom- 

osition of the matrix. Crucially, the non-equilibrium thermal cy- 

ling arrests diffusion-controlled kinetic processes, preventing ther- 

odynamically anticipated reactions from reaching equilibrium. 
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Fig. 9. (a) Arc erosion cross-sectional morphology of Ag-Cr2 AlC coating. (b) Central erosion area (Area A). (c) Transitional erosion area (Area B). (d) Edge erosion area (Area 

C). 

282



Y. Wang, Y. Xu, Y. Feng et al. Journal of Materials Science & Technology 278 (2027) 274–285

T

d

s

4

t

f

i

b

v

s

o

a

c

C

a

t

t

m

e

m

T

4

d

c

c

s

r

f

C

w

c

m

m

4

C

s

s

s

v

d

his is exemplified in the central erosion zone, where a single, 

ense oxide scale fails to form; instead, an incomplete oxidation 

tate characterized by multiphase coexistence persists. 

.2. Failure mechanism of pure Cr2 AlC: catastrophic brittle fracture 

The post-mortem analysis of the Cr2 AlC cathode corroborates 

his high-temperature degradation mechanism. The cathode sur- 

ace reveals substantial mass transfer of Cu from the anode, form- 

ng a distinct bulk melt in the central zone. The detection of Cr7 C3 

eneath this Cu layer validates the mechanism of preferential Al 

olatilization and structural decomposition. This severe ablation re- 

ults in a complex stratification: a loosely adhered, Al-rich surface 

xide, an intermediate Cu bonding layer, a Cr7 C3 transition zone, 

nd the pristine substrate. This multi-layered heterogeneous ar- 

hitecture is intrinsically vulnerable. Driven by the mismatch in 

TE and the solidification shrinkage stress of Cu, cracks initiate 

t the Cu/oxide interface and propagate through the coating to 

he substrate. In the erosion transition zone, the non-uniform dis- 

ribution of molten products further exacerbates localized ther- 

al stress concentrations. Consequently, the pure Cr2 AlC coating 

xhibits three defining failure characteristics: anodic Cu transfer, 

ultiphase decomposition, and stress-induced structural cracking. 

he schematic mechanism is depicted in Fig. 10 (a). 
Fig. 10. (a) Cr2 AlC coating arc erosion mechanism. (

283
.3. The feedback loop of electrical degradation 

Structural deterioration and oxide accumulation institute a 

eleterious positive feedback loop involving arcing duration and 

ontact resistance. The prolongation of arcing time subjects the 

ontact to higher thermal loads, promoting the accretion of in- 

ulating phases (Al2 O3 , Cr2 O3 ) and carbides (Cr7 C3 ). These high- 

esistance layers, combined with the arc-induced reduction in ef- 

ective contact area, drive a sharp increase in contact resistance. 

onversely, elevated contact resistance intensifies Joule heating, 

hich in turn accelerates surface oxidation and volatilization, fa- 

ilitating arc reignition or sustenance. This regenerative cycle ulti- 

ately manifests as a progressive degradation of switching perfor- 

ance. 

.4. Ag-mediated mechanism: benign sacrificial consumption 

The divergence in failure modes between pure Cr2 AlC and Ag- 

r2 AlC is fundamental. While the pure coating suffers from brittle 

tructural failure due to its equiaxed grain structure and lack of 

tress-relief avenues, the Ag-doped coating adopts a benign con- 

umption mode. This is underpinned by two microstructural ad- 

antages: the small lath-like grain morphology and the strategic 

istribution of Ag at grain boundaries. In the Ag-Cr AlC system, 
2 

b) Ag-Cr2 AlC coating arc erosion mechanism. 
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he intense arc heat rapidly activates the grain-boundary Ag. Lever- 

ging the abundant channels provided by the lath-like structure, 

g migrates to the surface and reacts with anodic Cu to form a 

u-Ag liquid alloy. This alloy phase is critical: it significantly en- 

ances the wettability of the melt on the ceramic decomposition 

roducts. This promotes the coalescence of the melt into stable 

roplets, thereby shielding the underlying structure from erosive 

enetration. 

Distinctively, the ablation products of Ag-Cr2 AlC exhibit supe- 

ior fluidity. In the erosion transition zone, the Cu-Ag melt spreads 

adially, driven by surface tension and thermal gradients. Because 

ntrinsic Ag diffuses faster through grain boundaries than external 

u can infiltrate, a radial compositional gradient (decreasing Cu, 

ncreasing Ag) is established. Here, Ag acts as a flux, capturing de- 

omposed Al and redistributing it to the surface, where it oxidizes 

o form Al2 O3 precipitates. 

Mechanically, this melt infiltrates the coating transversely 

laterally) rather than vertically. This flexible infiltration effec- 

ively redistributes arc energy and alleviates thermal stress, in 

tark contrast to the vertical, penetrating cracks observed in 

ure Cr2 AlC. The failure mode thus transforms from stress- 

oncentration-induced cracking to uniform thermo-ablative con- 

umption ( Fig. 10 (b)). 

.5. Implications for electrical contact performance 

This Ag-regulated mechanism is the microstructural basis for 

uperior electrical performance. The metallic cladding layer formed 

y the conductive Cu-Ag alloy acts as a self-healing mechanism. It 

erves a dual function: (1) Displacing insulating oxides via fluid 

ow to maintain a clean contact interface; and (2) Establishing 

 low-resistance vertical percolation path (alloy bridges) through 

he coating. By maintaining a stable, low contact resistance, the 

g-Cr2 AlC coating effectively suppresses Joule heating, breaks the 

forementioned feedback loop, and fundamentally shortens arcing 

ime. Unlike the irreversible structural collapse of Cr2 AlC, the Ag- 

oped system operates via controlled sacrificial consumption. Late- 

tage performance fluctuations result from the gradual depletion of 

urface Ag rather than from catastrophic structural failure. The sys- 

em sacrifices a portion of its thickness (consumption) to preserve 

tructural integrity and electrical stability, representing a paradigm 

hift in contact material design. 

. Conclusions 

Ag doping ( ∼3.69 at.%) reprograms the Cr2 AlC coating into a 

ath-like architecture with a continuous Ag-rich grain-boundary 

etwork, enabling conductive percolation and activating a dis- 

inct arc-erosion pathway. In 24 V/3 A DC make-break tests for 

500 cycles, undoped Cr2 AlC exhibits unstable contact resistance, 

 welding/rupture event, and accelerated degradation after ∼900 

ycles with sharply increased arcing time and energy, whereas Ag- 

r2 AlC sustains low, stable arcing behavior and delays degrada- 

ion to a much later stage with only micro-damage. Microstruc- 

ural and compositional analyses show that arc-driven Cu trans- 

er coupled with Ag redistribution produces a fluid Cu-Ag al- 

oy/cladding layer that spreads laterally, replaces resistive ox- 

des, forms low-resistance alloy bridges, and mitigates thermal- 

ismatch cracking, thereby converting catastrophic brittle fail- 

re into benign consumptive degradation. Together, these find- 

ngs validate a coating design strategy utilizing grain-boundary 

etal networks to enable in situ conductive cladding, which 

reaks the synergistic feedback among resistance rise, Joule heat- 

ng, and arcing, ultimately prolonging the service life of DC 

ontacts. 
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