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Abstract 

Dust and corrosive atmospheres severely impact the dielectric strength of the switching chamber and moving parts in air circuit 

breakers. Within the arc-quenching chamber, the switching medium must possess sufficient deionization capability to ensure its 

dielectric recovery. However, this capability can be significantly compromised by the presence of corrosive species such as H2S, 

Cl2, and SO2. These impurities can lead to an increase in contact resistance through contact corrosion, as well as the generation 

of leakage currents. Thus, the objective of this study is to highlight the impact of H2S, Cl2, and SO2 species on the equilibrium 

composition of air plasma at atmospheric pressure and under local thermodynamic equilibrium (LTE) conditions. The Gibbs free 

energy minimization method is used to determine the plasma equilibrium composition. The results reveal a complete 

modification of the plasma equilibrium composition due to the presence of these impurities, characterized by the formation of 

species such as Cl2, S2, NOCl, HCl, HOCl, H2, SH, S2O, HO2, ClO, SO3, SO2, NO, SO, SCl and SN, whose concentrations vary 

depending on the impurity percentage. It is shown that the presence of HCl and Cl2 accelerates contact corrosion. Furthermore, 

a significant increase in electron density is observed between 5,000 K and 14,000 K. This phenomenon induces a rise in electrical 

conductivity, which could ultimately lead to a current interruption failure. 
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1. Introduction 

The circuit breaker is one of the essential components for 

the safety of electrical networks, ensuring the protection of 

equipment through the controlled interruption of fault currents. 

The efficiency of an air circuit breaker relies on its capacity to 

transform an initially insulating medium (air) into a conduct-

ing medium via the creation of an electric arc, and subse-

quently to dissipate the energy of this plasma to restore die-

lectric insulation within a few milliseconds [1]. 

However, this current interruption process is inherently sen-

sitive to environmental conditions. Indeed, air circuit breakers 

are open systems exposed to the external environment [2]. 

They are frequently deployed in harsh environments, facing 

adverse conditions such as humidity, heat, dust, and corrosive 

atmospheres. Such exposure, particularly to dust and corro-

sive gases, significantly impacts their performance and oper-

ational lifespan [3]. For instance, high ambient temperatures 

promote the ageing of plastic insulators, which degrades the 

mechanical properties of components and causes the harden-

ing of grease, thereby hindering the operation of the device. 

Humidity leads to metal corrosion, promoting the formation 

of rust on iron, zinc, copper, and silver. This results in in-

creased friction and risks of mechanical failure, consequently 

elevating contact resistance and reducing insulation. Further-

more, the deposition of dust and corrosive species such as sul-

phur dioxide, chlorine, ammonia, and nitrogen oxides induces 

oxidation reactions. These reactions can cause mechanical 

jamming, excessive overheating, short-circuiting, and an in-

crease in contact resistance [3]. Consequently, this polluted 

environment profoundly alters the thermodynamic properties 

and transport coefficients of the gaseous medium. 

Previous research has extensively investigated electric arc 

interruption in various media. For example, Yaguibou et al. 

studied the influence of aerosols on circuit breaker perfor-

mance and concluded that aerosols adversely affect the oper-

ation of air circuit breakers by degrading the thermophysical 

properties of the plasma [4-8]. This can lead to interruption 

failure, the formation of oxide layers within the arc chamber, 

and post-interruption leakage currents [5, 6]. Similarly, Cres-

sault et al., and Banouga et al. demonstrated that metallic va-

pours within the plasma increase electrical conductivity while 

decreasing specific enthalpy and thermal conductivity [9-14]. 

Conversely, Kagone et al., and Kohio et al. showed that water 

vapour can improve arc interruption performance by increas-

ing the thermal conductivity of the plasma, thereby reducing 

the arc-quenching duration [15-20]. 

Furthermore, recent developments in switching media re-

flect a sustained research effort to understand the physico-

chemical interactions within the arc plasma. Alternatives to 

SF6, such as C4F7N/CO2, mixtures, exhibit reduced arc tem-

peratures and diffusion distances compared to pure SF6 [21], 

while maintaining comparable interruption performance and 

drastically lowering the global warming potential [22]. How-

ever, their dielectric properties are highly dependent on syn-

ergistic effects among the gas mixture constituents [23]. In ad-

dition, metallic vapor from contact erosion significantly alters 

their chemical decomposition pathways under high-tempera-

ture arcs [24]. Consequently, contact erosion remains a deci-

sive factor in the progressive degradation of the circuit break-

ers' breaking capacity [25]. 

Although Charles et al. recently investigated the impact of 

chlorine (Cl2) and hydrogen sulphide (H2S) on the thermo-

physical properties of air plasma [26], no study has yet exam-

ined, to our knowledge, the simultaneous impact of chlorine 

(Cl2), sulphur dioxide (SO2), and hydrogen sulphide (H2S) on 

the equilibrium composition and thermophysical properties of 

air plasma in low-voltage circuit breakers. 

The primary objective of this work is therefore to analyse 

the joint influence of Cl2, SO2, and H2S on the equilibrium 

composition of air plasma in a low-voltage air circuit breaker 

during the current interruption phase. This study is conducted 

at atmospheric pressure and under local thermodynamic equi-

librium (LTE), across a temperature range spanning from 

1,000 K to 30,000 K. 

The remainder of this paper is structured as follows: the first 

section describes the Gibbs free energy minimisation method 

applied to determine the plasma equilibrium composition un-

der LTE. The second section presents and discusses the calcu-

lation results. Finally, the third section provides the conclu-

sion and outlines future prospects. 

2. Materials and Methods 

The composition of the electric arc plasma is determined 

using the Gibbs free energy minimisation method under the 

assumption of local thermodynamic equilibrium (LTE). The 

minimisation of the Gibbs free energy and the resolution of 

the coupled Saha-Boltzmann and Guldberg-Waage equations 

are strictly equivalent under LTE [27]. The primary advantage 

of the Gibbs free energy minimisation method is that it avoids 

the arbitrary selection of a set of independent chemical reac-

tions. Under LTE, the plasma is characterised by a single local 

temperature where collisional processes dominate, thereby en-

abling the application of the Maxwell-Boltzmann distribution 

and the Saha equation to determine the species concentrations 

[28, 29]. 

A total of 100 chemical species are considered in our calcu-

lations, assuming that all constituents are in the gaseous state: 

Electron: e- 

23 monoatomic species (atoms and ions): S, O, N, H, Cl, 

H+, H-, O-, O+, N+, N-, Cl-, Cl+, S+, S-, O++, N++, S++, Cl++, O+++, 

N+++, S+++, Cl+++. 

27 diatomic species: H2, O2, N2, S2, Cl2, HCl, OH, NO, NH, 

SH, SO, SCl, SN, ClO, H2
+, H2

-, O2
+, O2

-, OH+, OH-, NO+, N2
+, 

N2
-, NH+, SH-, SO-, S2

-. 

49 polyatomic species: HNO, H2O, HNO2, HO2, HNO3, 
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H2O2, H2S, H2SO4, HOCl, O3, N3, NO2, N2O, NH2, N3H, N2H2, 

NH3, N2H4, NO3, NOCl, NO2Cl, N2O3, N2O4, N2O5, NH2OH, 

NH2NO2, SO2, SCl2, SO2Cl2, SO3, S2Cl2, S2O, S3, S4, S5, S6, 

S7, S8, ClO2, Cl2O, HO2
-, H2O+, H3O+, N2O+, NH4

+, NO3
-, 

NO2
-, SCl2

+, SO2
-. 

Evaluating the equilibrium composition requires 

knowledge of the specific chemical potentials of each particle 

[28-30]. For electrons and heavy species (atoms and mole-

cules), these potentials are calculated using specific enthalpies 

and entropies obtained from the National Institute of Stand-

ards and Technology (NIST), Bonnie, and Bendjebbar data-

bases [30-32]. In this study, Bonnie’s smoothed data are pre-

ferred to express the thermodynamic properties as a function 

of temperature [30, 32]: 

{
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4
+ 𝑏2

                (1) 

where R is the ideal gas constant and T is the temperature in 

kelvins. The coefficients ai and bi for each particle are ex-

tracted from Bonnie’s data [30, 32]. 

The specific chemical potential of a species i is obtained 

from its specific enthalpy and specific entropy as follows [32, 

33]: 

𝜇𝑖
0 = 𝐻𝑖

0 − 𝑇𝑆𝑖
0 + ∆𝐻𝑓𝑖

0                 (2) 

where ΔHfi
0 represents the standard enthalpy of formation of 

species i. 

To determine the concentrations of the various chemical 

species, the Gibbs free energy minimisation method is em-

ployed [8, 13, 28-35]. The chemical species concentrations 

(denoted as yi) must satisfy electrical quasi-neutrality and the 

conservation of nuclei (element conservation) within the 

plasma [32, 34]. These two conditions are expressed as the 

following constraints: 

∑ 𝑎𝑖𝑗𝑦𝑖
𝑁
𝑖=1 = 𝑏𝑗(𝑗 = 1, 2, …𝑚)       (3) 

where N is the number of chemical species in the mixture, m 

represents the number of constraints (five chemical elements 

plus the electron), aij is the number of nuclei of type j con-

tained in chemical species i, and bj represents the initial num-

ber of nuclei of type j. In our plasmas, six different types of 

nuclei are considered: e-, H, O, N, S, and Cl. 

The Gibbs free energy evaluated at point Y (y1, y2, yN,) 

yields: 

𝐺(𝑌) = ∑ 𝑦𝑖 (𝐶𝑖 + 𝑅𝑇 ln (
𝑦𝑖

∑ 𝑦𝑘
𝑁
𝑘=1

))𝑁
𝑖=1         (4) 

with 

𝐶𝑖 = 𝜇𝑖
0 + 𝑅𝑇 ln (

𝑃

𝑃0
)                    (5) 

The yi values are proportional to the number densities ni. 

We seek the point that minimises the function G (Y), where 

the coordinates satisfy the following conditions:  

1) The concentrations 𝑛𝑖  must be positive, hence 𝑦𝑖 ≥

0 ∀ 𝑖 

2) The coordinates 𝑦𝑖  must satisfy the conservation of the 

number of nuclei and electrical neutrality. 

A second-order Taylor series expansion around point 

𝑌(𝑦1, 𝑦2 , 𝑦3, … , 𝑦𝑀) yields: 

𝑄(𝑋) = G(Y) + ∑ (
𝜕𝐺

𝜕𝑥𝑖
)
𝑋=𝑌

𝑁
𝑖=1 (𝑥𝑖 − 𝑦𝑖) +

1

2
∑ ∑ (

𝜕2𝐺

𝜕𝑥𝑖𝜕𝑥𝑘
)
𝑋=𝑌

𝑁
𝑘=1

𝑁
𝑖=1 (𝑥𝑖 − 𝑦𝑖)(𝑥𝑘 − 𝑦𝑘)           (6) 

To consider the physical conditions (3), the Lagrange mul-

tipliers 𝜋𝑗 are introduced. This yields the new function 𝜁(𝑋): 

𝜁(𝑋) = 𝑄(𝑋) + ∑ 𝜋𝑗(−∑𝑎𝑖𝑗𝑥𝑖𝑗 + 𝑏𝑗)            (7) 

Let us determine the minimum of 𝐺(𝑋) using relation [33, 

35] 
( )

0
i

X

x


=


. 

𝜕𝜁(𝑋)

𝜕𝑥𝑖
= ∑ (𝑥𝑖 − 𝑦𝑖) (𝐶𝑖 + 𝑅𝑇 ln (

𝑦𝑖

∑ 𝑦𝑘
𝑁
𝑘

)) +
1

2
∑ 𝑅𝑇 (

𝑥𝑖−𝑦𝑖

𝑦𝑖
−

∑ (𝑥𝑘−𝑦𝑘)
𝑁
𝑘=1

∑ 𝑦𝑘
𝑁
𝑘

) + ∑ 𝜋𝑗𝑎𝑖𝑗
𝑚
𝑗

𝑁
𝑖

𝑁
𝑖             (8) 

Which leads to: 

𝑓𝑖

𝑦𝑖
= 𝑅𝑇 (

𝑥𝑖−𝑦𝑖

𝑦𝑖
−

∑ (𝑥𝑘−𝑦𝑘)
𝑁
𝑘=1

∑ 𝑦𝑘
𝑁
𝑘

) − ∑ 𝜋𝑗𝑎𝑖𝑗
𝑚
𝑗=1 = 0     (9) 

with 

𝑓𝑖 = 𝑦𝑖 (𝐶𝑖 + 𝑅𝑇 ln (
𝑦𝑖

∑ 𝑦𝑘
𝑁
𝑘=1

))        (10) 

Using the Newton-Raphson method, the following system 

of equations is obtained [32, 34, 36]: 
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            (11) 

with 𝑥𝑖 = 𝑦𝑖 . 

In this study, one hundred (100) chemical species were con-

sidered, thus, N = 100. Consequently, the system of equations 

(11) consists of one hundred and six (106) equations with one 

hundred and six (106) unknowns, which are the number of 

moles of the one hundred (100) chemical species plus the six 

(6) Lagrange multipliers. 

To solve equation (11), initial values are arbitrarily as-

signed to the number of moles 𝑦𝑖  (where 𝜖 [1, 100]) and to 

the Lagrange multipliers 𝜋𝑖  (where 𝑖 𝜖 [1, 6]). These initial 

mole numbers must satisfy condition (3), namely: 

{
𝑦𝑖 ≥ 0

∑ 𝑎𝑖𝑗𝑦𝑖 = 𝑏𝑗
𝑁

𝑖
  𝑗 = 1, . . . ,6             (12) 

System of equations (11) is solved, and the new values of 

the mole numbers and Lagrange multipliers are obtained using 

the following relation: 

{
𝑥𝑖 = 𝑦𝑖 + 𝜆𝛥𝑥𝑖    ∀ 𝑖 ∈ [1, 𝑁]

𝜋𝑗 = 𝜋𝑗 + 𝜆𝛥𝜋𝑗    ∀ 𝑗 ∈ [1, 𝑚]
            (13) 

The correction parameter 𝜆 is the largest value between 0 

and 1. It must satisfy the following condition: 

𝑥𝑖 = 𝑦𝑖 + 𝜆𝛥𝑥𝑖 > 0   ∀ 𝑖 ∈ [1, 𝑁]           (14) 

This step prevents negative mole numbers that may arise 

when moving away from the solution. The new values of the 

mole numbers and Lagrange multipliers are then used for a 

new calculation cycle. The convergence criterion to terminate 

the iterations is determined by the following condition [34]: 

(𝐺(𝑋)−𝐺(𝑌))

𝐺(𝑋)
< 10−14    ∀ 𝑖 ∈ [1, 𝑁]          (15) 

The number densities are obtained using the following Dal-

ton's law [11]: 

𝑛𝑖 = 𝑥𝑖

𝑃−𝛥𝑃

𝑘

∑ 𝑇𝑖𝑥𝑖
𝑁
𝑖=1

                   (16) 

Where 𝛥𝑃 = −
1

24

𝑘𝑇

𝜋𝜆𝐷
3  the lowering of the pressure, and  

𝜆𝐷 = √
𝜀0𝑘𝑇

𝑒2∑ 𝑛𝑖𝑍𝑖
2

𝑁

𝑖=1

 the Debye length. 

3. Results 

3.1. Validation of the Calculation Method 

To validate our calculation program developed using 

MATLAB software, a comparison of the air plasma compo-

sition at local thermodynamic equilibrium (LTE) and atmos-

pheric pressure was performed against data from Powars et 

al., and Bacri et al. The data are compiled in Table 1 [37, 

38]. The temperatures considered are 2000 K and 15,000 K. 

At 2000 K, an excellent agreement is observed between our 

results and those of Powars et al. At this temperature, the 

majority species are nitrogen (N2) and oxygen (O2). Discrep-

ancies of 2.01% for nitrogen and 7.14% for oxygen are ob-

served. A maximum discrepancy of 3% is also noted with the 

data from Bacri et al. A divergence is observed at 2000 K for 

monoatomic species. This divergence could be attributed to 

the thermodynamic data used and the calculation method 

chosen for the equilibrium composition. At 15,000 K, the 

mixture is highly ionised. Electrons, as well as N+ and O+ 

ions, become the majority species. The discrepancy between 

our data and those of Powars et al., and Bacri et al., does not 

exceed 7% for monoatomic species. Nitrogen and oxygen 

molecules exhibit discrepancies of around 21%. However, 

they are minority species at 15,000 K. Thus, the majority 

species show a discrepancy of less than 10% compared to the 

literature. The largest discrepancies are observed for minor-

ity species, thereby confirming the consistency of our results 

with the literature. 
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Table 1. Comparison of chemical species mole fractions in the air plasma. 

Parti-

cules 

Powars et 

al. 

Bacri et 

al.  
results 

Gap with 

Powars et 

al. [37] 

Gap with 

Bracri et al. 

[38] 

Powars 

et al. 
Bacri et al. results 

Gap with 

Powars et 

al. [37] 

Gap with 

Bacri et al. 

[38] 

2000 K 15000 K 

e- - - - - - 3.46E-1 3.43E-1 3.41E-1 1.47 0.60 

O 3.00E-4 3.94E-4 2.96 E-4 1.35 33.10 8.01E-2 7.99E-2 7.78E-2 2.95 2.70 

N 8.40E-10 1.18E-9 8.04E-10 4.48 46.76 2.25E-1 2.31E-1 2.39E-1 5.86 3.34 

O2 2.10E-1 2.02E-1 1.96E-1 7.14 3.06 - 3.22E-8 2.80E-08 - 15.26 

N2 7.80E-1 7.73E-1 7.96E-1 2.01 2.89 3.55E-6 3.25E-6 4.12E-06 13.83 21.11 

O+ - - - - - 5.74E-2 5.77E-2 5.40E-2 6.29 6.85 

N+ - - - - - 2.87E-1 2.817E-1 2.75E-1 4.36 2.18 

3.2. Calculation of Dry Air Plasma Equilibrium Composition 

 
Figure 1. Equilibrium composition of dry air plasma as a function of temperature. 

Figure 1 shows the evolution of the dry air equilibrium 

composition as a function of temperature. This profile is di-

vided into three distinct zones. The first zone corresponds to 

temperatures below 5000 K. Within this temperature range, 

N2, O2, and NO are the majority species in the plasma. The 

NO2 and N2O molecules are minority species and completely 

dissociate below 5000 K. The density of NO+ ions increases 

with temperature, and electroneutrality is rigorously estab-

lished between electrons and these NO+ ions. For temperatures 

ranging from 5000 K to 15,000 K, the atomic species N and O 

become predominant, while the concentrations of N+ and O+ 

ions, along with electrons progressively increase. Conversely, 

the N and O species subsequently decrease with temperature. 

The N2 fraction drops rapidly, whereas O2 and NO disappear 

before 15,000 K. The disappearance of these molecules via 

dissociation is precisely what causes the increase in neutral 

atoms. Furthermore, the NO+ ion reaches its peak around 7000 

K before decreasing rapidly. The N2
+, N-, and O- ions remain 
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minority species. Nonetheless, the presence of the negative 

ions N-, and O- influences the electrical conductivity, as they 

capture electrons and thus reduce their number density. As for 

temperatures above 15,000 K, the plasma is predominantly 

ionised. Electrons, as well N+ and O+ ions become the majority 

species. An increase in doubly ionised N++ and O++ ions is also 

observed. In this region, electroneutrality is essentially main-

tained between electrons and the N+ and O+ ions. 

3.3. Impact of Pollutants on Air Composition 

Figures 2 to 5 present the evolution of the equilibrium com-

position of the plasma contaminated by Cl2, H2S, and SO2 pol-

lutants. 

For temperatures below 5000 K, the medium is dominated by 

neutral species, with N2 and O2 being the majority components. 

The presence of H2S, Cl2, and SO2 gives rise to species such as 

NOCl, HCl, Cl2, HOCl, H2, SH, S2O, HO2, ClO, SO3, SO2, NO, 

SO, SCl, and SN. High number densities of HCl, Cl2, de SO3, 

and SO2 are observed at temperatures below 3000 K. SO3 de-

creases rapidly and disappears at approximately 4000 K, whilst 

SO2 dissociates circa 4000 K. Cl2 undergoes dissociation be-

tween 1500 K and 2000 K. H2 reaches its peak density around 

3500 K. The high concentration of HCl is likely linked to the 

reaction between Cl2 and H. ClO dissociates at approximately 

3000 K, whereas SO, SH, and SCl dissociate around 3700 K. 

The species OH, S2, and SN dissociate at approximately 3200 

K, 4000 K, and 4500 K, respectively. These various molecular 

dissociation reactions lead to the appearance and subsequent 

density increase of atomic species such as Cl, S, N, O. and H. 

Furthermore, the species NO2, N2O, HOCl, HO2, H2, SH, S2O, 

and NOCl remain minority components. The densities of NO+ 

ions and electrons increase with temperature. The onset of Cl- 

ions is also observed around 3000 K. although this species re-

mains highly minor. Electroneutrality is strictly established be-

tween electrons and NO+ ions. 

In the temperature range between 5000 K and 15000 K. the 

plasma becomes progressively dominated by atoms and ions. 

The predominant species are N and O, followed by S, H, and 

Cl. All polyatomic species are fully dissociated below 5000 K. 

The concentrations of O2, SO2, N2, NO, and SN decrease with 

increasing temperature. Specifically, SO2, S2, SH, and SCl 

vanish before 8000 K. Concurrently, Cl+, S+, O+, and N+ ions 

increase with temperature. NO+ and N2
+ reach their respective 

maxima around 7000 K and 10,000 K. The appearance of 

these ionic species strictly follows the hierarchy of ionization 

potentials: NO (9.264 eV), S (10.360 eV), Cl (12.968 eV), H 

(13.598 eV), O (13.618 eV), and N (14.534 eV) [31]. This hi-

erarchy is not solely characteristic of the plasma phase. Indeed, 

on the electrode side, the electronic structure of the contact 

materials also governs both their wettability by the liquid pool 

and their arc resistance [39]. In addition to Cl-, the presence of 

O- and N- is noteworthy. These negative ions serve to capture 

electrons, thereby reducing the electrical conductivity of the 

plasma, which greatly facilitates arc extinction. Electroneu-

trality is maintained between electrons and both S+, and NO+ 

ions up to 7000 K, and subsequently between electrons and S+, 

O+, and N+ ions. 

For temperatures exceeding 15,000 K. the plasma is virtu-

ally fully ionized, being dominated by O+ and N+ ions. S+, Cl+, 

and H+ ions also account for significant fractions. Atomic N 

and O are still present but are no longer the majority species. 

Additionally, the emergence of multiply charged ions namely 

O2+, N2+, S2+, Cl2+, Cl3+, N3+, and S3+ is observed as tempera-

ture rises. The densities of S2+, Cl2+, Cl3+, N3+, and S3+ are 

strongly dependent upon the proportions of impurities within 

the mixture. Moreover, S2+ and Cl2+ appear earlier than O2+ 

and N2+. This behaviour is attributed to the lower ionization 

energies of S and Cl compared to those of O and N. Finally. 

electroneutrality is established between electrons and N+ and 

O+ ions. 

  

                            (a)                                                      (b) 

Figure 2. Equilibrium composition of a 99.9% pure air plasma (a, and b). 

10
18

10
20

10
22

10
24

1000 2000 3000 4000 5000 6000 7000 8000

S
+

Cl
+

N
-

N
2

+

N
2

+

NO
+

NO
+

N
+

O
+

ClO

SN

SO
3

SO
2

SO

N
2
O

NO
2

NO

OHHCl

Cl
2

O
2

N
2

O
2

Cl
S

H

N

O

H

e
-

Temperature (K)

D
e

n
s
it
y
 (

m
-3

)

10
18

10
20

10
22

10
24

9000 12000 15000 18000 21000 24000 27000 30000

N
+++S

+++

H
+

Cl
++

S
++

O
++

N
++

N
-

O
-

S
+

Cl
+

N
-

N
2

+N
2

+

NO
+

N
+

O
+

NO

N
2

O
2

Cl

S

H

N

O

H

e
-

Temperature (K)

D
e

n
s
it
y
 (

m
-3

)

http://www.sciencepg.com/journal/aas


Advances in Applied Sciences http://www.sciencepg.com/journal/aas 

 

36 

  

                            (a)                                                      (b) 

Figure 3. Equilibrium composition of a 99% pure air plasma (a, and b). 

  

                            (a)                                                      (b) 

Figure 4. Equilibrium composition of a 95% pure air plasma (a, and b). 

  

                            (a)                                                      (b) 

Figure 5. Equilibrium composition of a 90% pure air plasma (a, and b). 
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Figure 6 illustrates the evolution of the electron density as 

a function of the percentage of impurities within the plasma. 

Generally, the curves exhibit the same trend. increasing mon-

otonically with temperature. For temperatures below 5000 K, 

the addition of H2S, SO2, and Cl2 contributes to a decrease in 

electron density as their percentage increases. This can be at-

tributed to the rising concentration of molecular species such 

as Cl2, S2, NOCl, HCl, Cl2, HOCl, H2, SH, S2O, HO2, ClO, 

SO3, SO2, NO, SO, SCl, and SN. Indeed, these species un-

dergo dissociation at low temperatures, thereby absorbing the 

energy available in the medium. This energy consumption 

subsequently delays electron production. Furthermore, the in-

creased density of negative ions, such as Cl-, considerably af-

fects the electron density. Between 5000 K and 14,000 K, the 

electron density increases with the impurity content. This 

trend is justified by the complete dissociation of molecules 

into atoms. Certain atomic species, such as Cl and S, possess 

low ionization energies, thus, contributing to the enhancement 

of the electron density. In contrast, O, N, and H exhibit higher 

ionization energies (S: 10.36 eV, Cl: 12.97 eV, H: 13.60 eV, 

O: 13.62 eV, and N: 14.53 eV) [31]. Beyond 14000 K. the 

curves virtually overlap as the plasma becomes almost fully 

ionized. 

 
Figure 6. Evolution of the plasma electron density as a function of the impurity percentage. 

4. Discussion 

The critical thermal boundary for arc interruption in low-

voltage circuit breakers was experimentally established by 

Christian et al., at approximately 4200 K [40]. This represents 

the temperature measured within the contact zone just prior to 

the occurrence of a reignition, corresponding to a critical re-

sidual current density of the order of 5 A/cm2. Fréton et al., 

confirmed that reignitions generally occur in regions where 

the gas temperature exceeds 4000 K [41]. The upper bound of 

this critical thermal window, situated between 7000 K and 

8000 K is determined from the transport properties of the air 

plasma. Boulos et al., as well as Trelles et al., demonstrated 

that the electrical conductivity of plasma gases exhibits a crit-

ical temperature (7000 K), below which it tends towards zero 

and above which it increases rapidly [42, 43]. Below 4000-

5000 K, deionization is therefore sufficient to ensure dielectric 

recovery, as the electrical conductivity of the air becomes in-

adequate to sustain the arc [40-43]. Conversely, above 7000-

8000 K, the electrical conductivity is high enough to maintain 

the arc because deionization remains incomplete, and the re-

sidual charge carriers compromise dielectric recovery [42-44]. 

Within this context, the presence of reactive species such as 

sulphur and chlorine inside the plasma significantly alters its 

transport properties. The early ionisation of sulphur and chlo-

rine, whose ionisation potentials are lower than those of 

atomic nitrogen and oxygen, could lead to an increase in elec-

tron density and, consequently, in the electrical conductivity 

of the plasma [45, 46]. Furthermore, the dissociation peaks of 

SO2, SO, HCl, and SCl contribute to the reactive thermal con-

ductivity, thereby promoting radial energy transfer and the 

cooling of the arc channel [45, 46]. However, the formation of 

HCl and SO2 at the cold periphery of the plasma poses a risk 
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to both the electrodes and the confining walls [47]. More spe-

cifically, chlorine substantially increases the total thermal 

conductivity within a specific temperature range, typically be-

tween 2000 K and 5000 K [45, 47]. At these intermediate tem-

peratures, molecular chlorine (Cl2) attacks almost all metals 

used in electrical contacts (copper. tungsten. silver) whilst 

simultaneously degrading solid insulators [47]. 

Likewise, the presence of hydrogen chloride or chlorine 

(HC, Cl2) leads. in almost all cases. to accelerated corrosion 

[48]. This process results from the formation of volatile metal 

chlorides through reactions between the base metal. previ-

ously formed oxides. and aggressive gaseous compounds [48, 

49]. By analogy with high-temperature industrial environ-

ments (furnaces. incinerators. and gasification plants). this 

mechanism also applies to Low Voltage circuit breakers sub-

jected to atmospheres laden with HCl or Cl2, particularly in 

the vicinity of the electric arc where metallic vapours resulting 

from contact erosion are present [48, 49]. Furthermore, a crit-

ical thermodynamic effect occurs: hydrogen chloride raises 

the dew point of the surrounding gas [50]. This aspect is espe-

cially significant for circuit breakers, as an elevated dew point 

means that moisture will condense at higher temperatures than 

expected in the presence of HCl. This moisture, combined 

with the chlorinated compounds, subsequently forms liquid 

hydrochloric acid, inducing massive electrochemical corro-

sion that compounds the high-temperature corrosion driven by 

the arc plasma [50, 51]. 

The general framework governing the corrosion, oxidation, 

and erosion mechanisms of silver-based contact materials 

used in low-voltage circuit breakers is now well established 

[52]. More specifically, when electrical contacts made of Ag, 

Ag/Ni, or Ag/MgO/NiO are exposed to an environment sim-

ultaneously containing SO2, H2S, NO2, and Cl2 under high 

temperature and high humidity conditions, a rapid increase in 

contact resistance is observed. This phenomenon is caused by 

the formation of a corrosion film composed primarily of silver 

chlorides and silver sulphides. SO2 reacts with metallic sur-

faces (Cu, Ag) either via direct oxidation of the metal into cop-

per sulphate CuSO4 (a non-conducting compound) or, in the 

presence of moisture, through the formation of H2SO3 fol-

lowed by H2SO4, which induce acidic electrochemical corro-

sion [48]. Experimental measurements conducted specifically 

on circuit breaker terminals have also demonstrated that con-

tact resistance increases significantly with both SO2 concen-

tration and exposure duration, thereby degrading the electrical 

performance of the device [53]. Furthermore, recent studies 

combining calculations and endurance tests (20,000 opera-

tions) on Ag/SnO2 composite materials commonly used in 

low-voltage applications have demonstrated that metal doping 

of the SnO2 phase alters the Ag/SnO2 wettability and reduces 

cathode-to-anode transfer, thereby limiting the formation of 

oxidized deposits responsible for contact resistance drift [54]. 

Within the arc plasma, the SO radical constitutes a reactive 

intermediate species that contributes to the reactive thermal 

conductivity, exhibiting a dissociation peak between 2500 K 

and 4000 K. It undergoes recombination at the cold periphery 

to reform SO2 and H2SO4 upon contact with the walls [45]. 

Consequently, SO2 and its derivatives (H2SO3, H2SO4) also at-

tack the epoxy resins and polyamides of the circuit breaker 

housings, causing their hydrolysis and reducing the dielectric 

strength of the arc chute walls [48, 49]. 

Nitrogen oxides, for their part act via synergistic mecha-

nisms with the other species. The exposure of copper and sil-

ver to a combination of H2S and NO2 thus yields a corrosion 

rate up to five times higher than initially expected on silver 

[55]. Although the underlying mechanisms are not yet fully 

elucidated, the presence of NO2 also accelerates the formation 

of silver sulphide (Ag2S) [56]. In the presence of moisture, 

NO2 forms nitrous acid (HNO2) followed by nitric acid 

(HNO3). The latter stands out as one of the most corrosive at-

mospheric pollutants: its high sticking coefficient on metallic 

surfaces confers a corrosive power on copper. zinc. and steel 

that is significantly superior to that of SO2, NO2, or O3 under 

similar conditions [57]. Consequently, corrosion failures due 

to the condensation of gases containing H2O, SO3, NOₓ, and 

HCl frequently occur in industrial plants, manifesting as gen-

eral corrosion, pitting. and stress corrosion cracking [50]. Fi-

nally, HNO3 attacks the glass-fibre-reinforced polymers con-

stituting the housings and insulating walls of Low Voltage cir-

cuit breakers, inducing stress corrosion cracking. 

5. Conclusions 

In conclusion. this study demonstrates that the introduction 

of impurities such as H2S, Cl2, and SO2 within the circuit 

breaker is highly detrimental to its operation, owing to a pro-

found alteration of its equilibrium composition. 

Compositional analysis reveals that the low-voltage circuit 

breaker is subjected to a synergy of chemical attacks that sim-

ultaneously compromise its three fundamental functions, 

namely steady-state conduction, arc interruption. and dielec-

tric insulation. Primarily, the presence of sulphur and chlorine 

directly alters the transport properties of the plasma because 

the early ionisation of certain species significantly increases 

the electron density and, consequently. the electrical conduc-

tivity at low temperatures. This phenomenon extends the du-

ration of the conducting phase and renders arc extinction more 

difficult. Furthermore, although the dissociation peaks of SO2, 

SO, HCl, and Cl contribute to the reactive thermal conductiv-

ity, this effect remains ambivalent, whilst it promotes the ra-

dial thermal cooling of the plasma, it also maintains actively 

conducting zones at temperatures below the typical extinction 

threshold. 

At the cold periphery, the recombined species (HCl, SO2, 

NO2, H2SO4, HNO3) condense onto the electrodes. splitter 

plates. and insulating walls. This condensation simultane-

ously triggers high-temperature corrosion, via the formation 

of volatile metal chlorides and sulphates, and electrochemi-

cal corrosion induced by acidic solutions. The accumulation 

of resistive corrosion products (Ag2S, CuSO4, AgCl, and 
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CuCl2) on copper. Silver, or tungsten contacts leads to a 

drastic rise in contact resistance. This generates excessive 

thermal heating which can ultimately result in device failure 

through contact welding or thermal runaway. This degrada-

tion exacerbates the intrinsic arc-induced erosion of the con-

tacts. Recent energy balance assessments demonstrate that a 

significant fraction of the arc energy is transferred to the 

electrode and correlates directly with mass loss, thereby ac-

celerating the overall failure kinetics in the presence of pol-

lutants [58]. Beyond arc-related phenomena alone, in-ser-

vice vibrations and repeated micro-displacements between 

contacts generate fretting phenomena. The coupled mecha-

nisms of this process (wear, oxidation, and tribochemical 

corrosion) have been recently reviewed and are found to be 

strongly amplified by the presence of gaseous pollutants [59]. 

A recent quantitative model, coupling Joule heating, fretting 

amplitude, and surface corrosion, now enables the prediction 

of contact resistance drift in coated copper alloys, thereby 

paving the way for estimating the remaining useful life of 

circuit breakers exposed to the identified pollutants [60]. Fi-

nally. the combined action of HNO3, H2SO4, and HCl causes 

the hydrolysis of the polymer matrices, reducing the dielec-

tric strength of the arc chute walls and initiating stress cor-

rosion cracking phenomena. This cumulative pressure on 

conventional materials (Ag, Ag-Ni, AgSnO2) motivates the 

exploration of composite alternatives, such as Ag-Cu clad 

strips. However, recent studies demonstrate that these alter-

natives exhibit their own failure mechanisms via corrosion 

at the Ag-Cu interface, which must be taken into account in 

any comparative evaluation. 

As a future prospect, this study will be extended to the cal-

culation of thermodynamic properties and transport coeffi-

cients in order to precisely quantify the impact of H2S, Cl2, 

and SO2 impurities on the arc interruption capability. 
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