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The corrosion performance of the cast Cu45Mn25Al15Fe5Cr5Ni5 HEA was examined in HNO3 solutions of varying 
concentrations (0.5%, 1%, 5%, and 10%). The microstructure and elemental composition of the alloy were examined using 
scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX). Corrosion behavior was assessed through 
the weight-loss method at room temperature. To gain a thorough understanding of the corrosion parameters, both statistical 
analysis and interaction plots were utilized. Central composite design (CCD) was applied to investigate the primary and 
interaction effects of these parameters on the response. The optimal parameters for maximizing output were determined. 
Response Surface Methodology (RSM) with conditions of 24 h, 5% HNO3 concentration, and a pH of 0.248 predicted a 
maximum fit of 81.64%. RSM also allows for more detailed analyses of the individual and interaction effects between the 
variables. The corrosion rate (CR) increased with higher HNO3 concentrations. When 0.5% HNO3was used, the inhibitor 
additions of Nano-TiO2, Nan-SiO2, or Nano-ZnO resulted in decreased CR values from 1.04 mm/y to 0.11, 0.12, or 0.22 
mm/y, respectively.  
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1 Introduction 
Globally, corrosion of metals and alloys is a 

problem in both natural and industrial settings. The 
corrosion negatively impacts industrial equipment, 
infrastructure asset life spans, and environmental 
quality. Therefore, to avoid monetary losses 
associated with materials, equipment, and structures, 
it is essential to develop and apply corrosion 
protection methods1-3. Copper alloys, renowned for 
their versatile chemical properties, find significant 
applications in environments containing HNO3. 
These alloys exhibit notable resistance to corrosion 
by HNO3, owing to their inherent chemical stability 
and protective oxide layers. Cu-alloys are very 
important for making sure that processes using 
HNO3 are safe and effective in fields like chemical 
manufacturing, metallurgy, and pharmaceuticals4,5. 
This is because they are very resistant to chemicals 
and last a long time. 

High-entropy alloys (HEAs) are a new type of 
material that can be told apart from other materials 
because of how they are made. They usually have 
equal or nearly equal amounts of several main 
elements6,7. These alloys exhibit remarkable 
mechanical, physical, and chemical properties, 
distinguishing them from conventional alloys8. Cu-
based high entropy alloys (Cu-HEAs) are a notable 
subset of HEAs, leveraging copper as a primary 
constituent alongside other elements such as nickel, 
aluminum, and manganese. Cu-HEAs offer a wide 
range of tunable properties, including high strength, 
ductility, and corrosion resistance, making them 
highly desirable for applications in diverse fields such 
as aerospace, automotive, and electronics. These 
alloys have demonstrated exceptional performance in 
challenging environments, including high 
temperatures and corrosive atmospheres, showcasing 
their potential for next-generation materials 
engineering. With ongoing research and development 
efforts focused on optimizing their microstructure and 
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properties, Cu-HEAs hold great promise for 
addressing critical engineering challenges and 
advancing innovation in various industries9,10. 

Laboratory design, research, and product or formula 
development utilize the Design of Experiment (DOE), 
a statistical approach. Various industries widely utilize 
it to identify the optimal parameters from numerous 
variables or factors, thereby enhancing process yield, 
reducing variability, and lowering overall costs. DOE 
serves as a robust quantitative analysis tool in 
experimental design, employing techniques such as 
Central Composite Design (CCD), Response Surface 
Methodology (RSM), full factorial analysis, and 
Taguchi design, among others11. The RSM is an 
experimental model that primarily aims to approximate 
a complex, unknown function using a low-order 
polynomial12. To optimize the response or output, this 
method integrates mathematical and statistical 
techniques to model and analyze problems where 
multiple variables affect the response. It is particularly 
well-suited for optimization processes, as it can predict 
the optimal parameters, save time, and reduce 
experimental costs13. 

Chemical inhibitors are substances introduced into 
a corrosive environment to reduce or prevent the 
corrosion of materials exposed to that environment14. 
These inhibitors work by altering the chemical 
properties of the environment or forming a protective 
layer on the material's surface, thereby inhibiting 
corrosion reactions. Chemical inhibitors can be 
organic or inorganic compounds and are selected 
based on factors such as the type of corrosive 
environment, the material being protected, and the 
desired level of corrosion inhibition. Common types 
of chemical inhibitors include corrosion inhibitors, 
which protect metals from corrosion in aqueous 
environments, and scale inhibitors, which prevent the 
formation of scale deposits in industrial systems. 
Inhibitors stop corrosion and protect metals by 
making the anodic or cathodic polarizationbehavior 
(Tafel curves) better, stopping the transport or 
diffusion of ions to the metal surface, or increasing 
the electrical resistance of the metal surface15. 

TiO2 has gained considerable attention because of 
its biological and chemical stability, affordability, 
ease of production, and environmentally friendly 
properties16. The ZnO nanoparticles, resembling white 
powder and insoluble in water, demonstrate 
outstanding electrical, chemical, and thermal stability. 
Their energy band of 3.37 eV and bonding energy of 

60 meV are responsible for this. Additionally, they 
are safe, cost-effective, and simple to prepare17,18. 
Various corrosive environments, including HNO3 

solutions, commonly use TiO2, SiO2, and ZnO as 
chemical inhibitors. These metal oxides operate by 
creating protective layers on the surface of metal 
substrates, effectively inhibiting corrosion. TiO2, 
SiO2, and ZnO nanoparticles possess unique 
properties that contribute to their inhibitive 
performance. They have high surface areas, which 
promote their adsorption onto metal surfaces, forming 
dense and adherent protective films. These films act 
as barriers, preventing the penetration of corrosive 
agents and inhibiting the initiation and propagation of 
corrosion reactions. Additionally, TiO2, SiO2, and 
ZnO exhibit inherent chemical stability and resistance 
to acid attack, ensuring long-lasting corrosion 
protection. Because they are good at stopping 
corrosion in HNO3 environments, they are useful as 
additives in many industrial settings, where metal 
equipment and infrastructure needs to stay strong and 
last a long time19. 

This study aimed to investigate the corrosion 
characteristics of cast Cu45Mn25Al15Fe5Cr5Ni5 HEA 
across various concentrations of HNO3. The statistical 
analysis software MINITAB 18 was employed to 
design and analyze experiments, quantifying the 
effects of different parameters on the corrosion 
behavior of the HEA. Additionally, the impact of 
inhibitors such as Nan-TiO2, Nano-SiO2, and Nano-
ZnO on corrosion behavior in a 0.5% HNO3 solution 
was evaluated. Microstructural analysis and elemental 
composition assessments were performed both before 
and after exposure to HNO3, providing a 
comprehensive understanding of the alloy's response 
to corrosive environments. 
 
2 Experimental work 
 

2.1 Material 
An alloy with the nominal composition 

Cu45Mn25Al15Fe5Cr5Ni5 HEA was fabricated through 
the casting process using high-purity elements (99.9% 
pure) of Cu, Ni, Al, Cr, Mn, and Fe as raw materials. 
The alloy was manufactured by arc-melting the 
charge under vacuum conditions, followed by triple 
re-melting to guarantee uniformity. Samples were 
then obtained from the cast ingot using a wire-cutting 
machine. A Niton XL3T XRF portable analyzer was 
used to determine the ingot's chemical makeup. As a 
next step, samples were prepared for various types of 
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microscopies, including optical microscopy, scanning 
electron microscopy (SEM), and energy dispersive X-
ray diffraction (EDX). Table 1 outlines the chemical 
composition of the cast ingot. 
 
2.2 Corrosion Studies 

The corrosion behavior of the cast 
Cu45Mn25Al15Fe5Cr5Ni5 HEA was assessed through 
chemical immersion tests to investigate the influence 
of Ni, Fe, and Cr additions. In glass vessels, 20 ml of 
0.5%, 1%, 5%, and 10% HNO3 solutions were utilized 
to determine the weight loss (WL) of 
theCu45Mn25Al15Fe5Cr5Ni5 HEA. Adding 0.4 g of 
Nano-TiO2, Nano-SiO2, or Nano-ZnO all with 99.9% 
purity, were used as inhibitors. The samples 
underwent immersion for 120 h at a temperature of 20 
± 1 °C. Before immersion, the HEA surfaces were 
polished using 1000-grit emery paper, degreased with 
acetone, rinsed with doubly distilled water, dried, and 
then weighed on an analytical scale. Subsequently, the 
weighed coupons were placed in 20 mL of HNO3 
solutions with varying concentrations. After 
immersion, the Cu45Mn25Al15Fe5Cr5Ni5 HEA samples 
were taken out, rinsed with distilled water and 
acetone, dried, and reweighed. This experimental 
process was repeated multiple times, and the average 
WL values were recorded. Following this, the average 
corrosion rate (CR) values were calculated20-22. 

 

CR mm/y
ΔW x K

A x T x D
                                          … 1  

 

K represents a constant (8.76x104), T presents the 
time in h, A is the section area in cm², ΔW is the loss 
of sample weight in grams, and D presents the density 
in g/cm³. 

Theefficiency (I.E.) percentage and surface 
coverage (θ) are found in Eqs. 2 and 322,23:  

 

%IE = (CR0−CRinh /CR0) X100    …(2) 
 

CR0 and CRinh are the C.R. values of CADI 
with/without SBIs, respectively.  
 

θ = IE/100      …(3) 
 

2.3 Surface Morphology 

The specimens' surface morphologies, along with 
spot EDX analysis and elemental distribution 

mapping, were meticulously scrutinized within both 
5% and 10% HNO3 solutions. 
 
2.4 DOE and ANOVA 

The DOE employs RSM with CCD to identify the 
variables that correlate throughout the trial23. 
Identifying the optimal course of action among 
multiple process variables is a common application of 
CCD24. Table 2 shows the selected three parameters 
and their corresponding levels. The next phase 
involves designing the experimental runs. All factors 
have high (+1) and low (-1) levels established based 
on historical data. Table 2 contains detailed 
information regarding the components and their 
respective levels. 

To configure all the settings and values, it can 
utilize the software MINITAB. Automatic 
adjustments were applied to the parametric values, 
and the DOE model with the specified number of runs 
was established. Twenty runs are necessary for the 
developed model, with some duplication in the middle 
of the trial run combination. Using statistical tools, 
the experimental model is randomly generated based 
on the components and levels, producing the 
experimental worksheet. Fig. 1 displays a screenshot 
of Minitab, which generates the random worksheet. 
This random worksheet helps minimize experimental 
bias while Fig. 2 illustrates the results of the trial runs. 

To evaluate the significance of each variable and 
their interactions, Analysis of Variance (ANOVA) is 
utilized. ANOVA is utilized to determine how 
categorical independent factors influence an interval-
dependent variable and to identify key interactions 
among them25. The F-tests within ANOVA are crucial 
for analyzing experimental designs and identifying 
major effects and interactions. 

 
3 Results and Discussion 
 

3.1 Cast Cu45Mn25Al15Fe5Cr5Ni5 HEA 
Figure 3 illustrates the microstructure of the cast 

Cu45Mn25Al15Fe5Cr5Ni5 HEA, showing the formation 
of two distinct phases. The matrix consists of a 
copper-rich phase, while the dispersed phase is  
also copper-rich. According to the EDX  analysis,  the  

Table 1 — Chemical composition of cast Cu45Mn25Al15Fe5Cr5Ni5 

HEA in at. % 
Element (%at.) Cu Mn Al Ni Fe Cr 

Nominal 
composition 

45 25 15 5 5 5 

Actual composition 44.02 26.01  12.89  6.19  5.58  5.31 

Table 2 — Design of experiment factors 

No. Factors Notation 
Level 

Low High 
-1 +1 

1 Time, h A 24 120 
2 Conc., % B 0.5 10.0 
3 pH C 0.114 0.360 
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Fig. 2 — Randomized Model by Minitab Software 
 

copper-lean phase is rich in iron and chromium, while 
the copper-rich matrix lacks iron and chromium.  
A positive enthalpy of mixing between Cu-Fe and  
Cu-Cr pairings, which promotes segregation and the 
formation of both copper-rich and copper-lean phases, 
is responsible for this discovery. Table 3 and Fig. 4 
provide the chemical composition of these phases. 
Liquid phase separation (LPS) elucidates the uneven 
distribution of Cr and Fe in the cast sample. As the 
primary dendritic phase (DR) grows, inter-dendritic 
(ID) regions develop1. Within the Al2.2CrCuFeNi2 
alloy, ID liquid undergoes constitutional LPS, 
dividing into two liquids: Liquid1, rich in Cr and Fe, 

and Liquid2, rich in Cu. Additionally, slow diffusion 
in alloys with multiple components may contribute to 
this phenomenon. 
 
3.2 Corrosion and inhibition of Cu45Mn25Al15Fe5Cr5Ni5 HEA 
3.2.1 Effect of different concentrations of HNO3 

Figure 5 and Table 4 depict the impact of immersion 
time on Cu45Mn25Al15Fe5Cr5Ni5 HEA subjected to 
varied concentrations of HNO3 acid for 120 h. The 
weight loss per area of Cu45Mn25Al15Fe5Cr5Ni5 HEAs 
increases with higher acid concentrations, as evidenced 
by the increasing WL values in all cases. Table 5 and 
Fig. 6 display the CR values of Cu45Mn25Al15Fe5Cr5Ni5 
HEAs immersed in various amounts of HNO3 acid for 
120 h. Their chemical composition and the stability of 
their oxide layer influence their corrosion behavior 
under the tested conditions1. Fig. 7 provides visual 
representations of HEAs tested in different 
concentrations of HNO3 acid after 120 h of immersion. 
As the concentrations of nitric acid increase, the CR 
increases, as shown in Table 4 and Fig. 7. 

 
3.2.2. Effect of different inhibitors 

The measurements of weight loss at 293 K after  
120 h of immersion to evaluate the impact of  
introducing nanoparticles as corrosion inhibitors on 
Cu45Mn25Al15Fe5Cr5Ni5 HEAs in 0.5% HNO3 solution. 
Fig. 8 illustrates the relationship between inhibitor 
concentration and CR for Cu45Mn25Al15Fe5Cr5Ni5 HEA 
in 0.5% HNO3 solutions. The findings show a 
reduction in the weight loss of Cu45Mn25Al15Fe5Cr5Ni5 
HEA in the inhibitor solution compared to the  
blank 0.5% HNO3 solution. The inhibitors impeded the  

 
 

Fig. 1 — DOE Model with CCD 
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Fig. 3 — Cast Cu45Mn25Al15Fe5Cr5Ni5 HEA (a) optical micrograph, and (b) SEM micrograph 
 

Table 3 — The EDX analysis of cast Cu45Mn25Al15Fe5Cr5Ni5 

HEA 

Spots No. 
Elements, at. % 

Cu Mn Al Ni Fe Cr 
Spot 1 49.84 26.84 14.51 7.19 1.26 0.36 
Spot 2 27.13 22.41 23.38 12.24 7.43 7.40 

 
corrosion process when they adsorbed onto the surface 
of the Cu45Mn25Al15Fe5Cr5Ni5 HEA26,27. This 
information shows that Nano-TiO2, Nano-SiO2, and 
Nano-ZnO can stop Cu45Mn25Al15Fe5Cr5Ni5 HEA from 
dissolving in a 0.5% HNO3 solution. Based on the 
weight loss data over 120 h, Table 6 displays the 
corrosion rate, surface coverage, and inhibition 
efficiency. The results show that adding Nano TiO2, 
Nano-SiO2, and Nano-ZnO significantly reduces the 
corrosion of Cu45Mn25Al15Fe5Cr5Ni5 HEA in 0.5% 
HNO3. The addition of Nano-TiO2 raises the inhibition 
efficiency (%) to 89.8%. The formation of a thin, stable 
passive coating on the metal surface is believed to be 
responsible for the significantly lower corrosion rates 
observed when inhibitors are present compared to the 
free solution28. 

 
3.3 Surface Morphology 

Figure 9 provides SEM micrographs and spot EDX 
results of the corroded Cu45Mn25Al15Fe5Cr5Ni5 HEAs 
in 5% and 10% HNO3 solutions. Table 7 presents  
the spot EDX results of the corroded 
Cu45Mn25Al15Fe5Cr5Ni5 HEAs. Figs. 9(a & b) show 
the elemental distribution of the corroded 
Cu45Mn25Al15Fe5Cr5Ni5 HEA in 5% HNO3 solutions, 
while Figs. 9(c & d) depict it in 10% HNO3 solutions. 
Additionally, Fig. 10 illustrates the elemental 
distribution of the corroded Cu45Mn25Al15Fe5Cr5Ni5 

HEAs in a 5% HNO3 solution, while Fig. 11 shows it 
in a 10% HNO3 solution. The figures show the extent 
of localized  corrosion  and  general  corrosion, which  

 
 

Fig. 4 — The EDX analysis of cast Cu45Mn25Al15Fe5Cr5Ni5 HEA, 
spot (1) copper lean & spot and (2) copper-rich phases 
 

 
 

Fig. 5 — The WL-Time plots for Cu45Mn25Al15Fe5Cr5Ni5 HEA 
over 120 h in varying concentrations of HNO3 solution 
 
increase as HNO3 concentrations rise. The EDX 
results of the corroded Cu45Mn25Al15Fe5Cr5Ni5 HEAs 
in the presence of different inhibitors are shown in 
Table 8 and Fig. 12. The lowest oxygen content 
observed in TiO2 aligns with the CR   values  obtained  
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in Table 6. The elemental distributions are shown in 
Figs. 13-15 when nano-TiO2, nano-SiO2, and nano-
ZnO inhibitors are present. These mappings also 
confirm that Nano-TiO2 exhibits the best distribution 
of elements within the protective layers, which is 
responsible for lowering the CR values. Localized 
corrosion decreases when inhibition is used, 

particularly with TiO2. The presence of protective 
layers, which prevent further corrosion, could be the 
reason for this. In the SEM and mapping images, the 
dendritic phase (rich in Cr and Fe) exhibits high 
corrosion resistance in nitric acid concentrations. The 
presence of chromium oxide on the HEA's surface, 
which aids in reducing the CR, may be responsible for 
this increased resistance. Adding inhibitors to the 
nitric acid led to the formation of additional oxides on 
the surface, which act as barriers to protect the HEA 
from corrosion. 

 
3.4 Statistical Analysis of Corrosion Feature of HEA 

 

3.4.1 Analysis of Variance (ANOVA) 
The F-test and p-value confirmed the statistical 

significance of the regression model. Table 9 presents 
the ANOVA results of the response surface model.  
In statistical analysis, the significance of a coefficient 
is typically assessed by its p-value; lower p-values  

Table 4 — The WL findingsfor Cu45Mn25Al15Fe5Cr5Ni5 HEA 
immersed in different quantities of HNO3 acid after 120 h 

HNO3Conc. 
% 

Time, h 
24 48 72 96 120 

0.5   0.001 0.003 0.004 0.007 0.010 
1   0.003 0.014 0.016 0.019 0.089 
5   0.159 0.16 0.168 0.162 0.165 

10   0.394 0.395 0.396 0.3987 0.404 
 

Table 5 — The WL and CR valuesfor Cu45Mn25Al15Fe5Cr5Ni5 
HEA were immersed in varying amounts of HNO3 acid for 120 h 

HNO3Conc., % WL, g CR, mm/y 
0.5  0.010 1.045 
1  0.089 9.299 
5  0.165 17.240 
10 0.404 42.213 

 

 
 

Fig. 6 — The variation of CR for Cu45Mn25Al15Fe5Cr5Ni5 HEA 
immersed in solutions of varying concentrations of HNO3 
 

 
 

Fig. 7 — Images of HEAs in varying quantities of HNO3 acid 
following 120 h of immersion testing 

Table 6 — The CR, the θ, and the IE% of Cu45Mn25Al15Fe5Cr5Ni5 
HEA in 0.5 % HNO3 solution in the absence/presence of different 

inhibitors obtained by the WL method at 20°C 
Conditions CR, mm/y θ IE, % 

Blank (0.5 % HNO3) 1.045 -- -- 
TiO2 0.107 0.898 89.8 
SiO2 0.129 0.877 87.7 
ZnO 0.230 0.779 77.9 

 

Table 7 — The EDX findings of corroded Cu45Mn25Al15Fe5Cr5Ni5 

HEA in varying concentrations of HNO3solution 

Spots No. 
Elements, at. % 

N O Cu Mn Al Ni Fe Cr 
Spot 3 10.1 16.5 69.3 0.0 1.4 0.7 1.5 0.5 
Spot 4 5.0 22.6 33.4 11.2 5.5 0.5 11.6 10.3 
Spot 5 7.3 4.7 3.4 23.4 6.3 0.4 27.2 27.3 

 

 
 

Fig. 8 — The variation of CR for Cu45Mn25Al15Fe5Cr5Ni5 HEA 
in 0.5 % HNO3 solution in the absence/presence of different 
inhibitors obtained by the WL method at 20 °C 
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Fig. 10 — Mapping of the corroded Cu45Mn25Al15Fe5Cr5Ni5 HEA 
in 5% HNO3 solution 
 

indicate greater significance. A p-value below 0.05 is  
commonly considered statistically significant for 
model terms29. In Table 9, the presence of a single 
asterisk marking the regression model's p-value 
suggests    the   significance  of    the    model    terms,  

 
Fig. 11 — Mapping of the corroded Cu45Mn25Al15Fe5Cr5Ni5 

HEA in 10% HNO3 solution 
 

indicating the least significant level. Furthermore, the 
p-values for the linear and interaction coefficients are 
also below 0.05, indicating their statistical 
significance. A higher R² value suggests that the 

 
 

Fig. 9 — The SEM morphologies and EDX results of cast Cu45Mn25Al15Fe5Cr5Ni5 HEA in HNO3 solutions of concentration (a and b)
5% and (c and d) 10% 



INDIAN J PURE APPL PHYS, VOL. 62, OCTOBER 2024 

 
 

904

predicted values closely match the experimental data. 
The model appears to be accurate, as the adjusted R² 
value of 99.51% closely aligns with the expected R² 
value of 98.63%. 

 
3.4.2 Surface and Contour Plots 

Response surface plots, both two- and three-
dimensional, are valuable tools for identifying the 
appropriate response values and operating conditions. 
A contour plot, a two-dimensional representation of 
the response surface, employs contour lines of 
constant responses to connect regions with similar 
responses. However, for a clearer depiction of the 
response, a surface plot in three dimensions is 
preferable30. The 3D response surface plot for time, 

HNO3 concentration, and pH in Fig. 16 illustrates how 
interaction effects influence the corrosion of 
Cu45Mn25Al15Fe5Cr5Ni5 HEA. It confirms that the WL 
increases somewhat with longer immersion durations. 
Considering process lead time, an ideal duration of 
less than 120 hours may be preferable to meet 
productivity and production output targets. 
Additionally, the CR is observed to be directly 
proportional to the concentration of HNO3. As shown 
in Fig. 16, the WL attains its peak efficiency when 
both time and HNO3 concentration are minimized. 
 
3.4.3 Main Effects 

Figure 17 illustrates the major effect plots, also 
known as  factorial   plots,   where   each  investigated  

Table 8 — The EDX results of corroded Cu45Mn25Al15Fe5Cr5Ni5 HEA in 10% HNO3 solution and different inhibitors 

Spots No. 
Elements, at. % 

N O Cu Mn Al Ni Fe Cr Ti Si Zn 
Spot 7 0.0 8.0 11.8 20.1 7.0 1.7 25.8 23.8 1.7 0.0 0.0 
Spot 8 1.8 12.8 10.55 18.8 9.4 0.9 22.4 23.2 0.0 0.2 0.0 
Spot 9 3.3 53.2 25.0 1.9 13.2 0.5 1.2 0.9 0.0 0.0 0.7 

 

 
 

Fig. 12 — The SEM morphologies and EDX results of cast Cu45Mn25Al15Fe5Cr5Ni5 HEA in 10%HNO3 solution and inhibitor (a) TiO2, 
(b) SiO2, and (c) ZnO 
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Fig.13 — Mapping of the corroded Cu45Mn25Al15Fe5Cr5Ni5 HEA 
in 10% HNO3 solution and TiO2 inhibitor 
 

parameter demonstrates its effect. It's important to 
note that the values displayed at each point represent 
the average WL at that level, relative to all other 
parameter levels, with the overall mean plotted across 
all panels. Fig. 18 displays the Pareto chart of the 
standardized effect for the CR, both with a confidence 
level of 95%. The estimated regression coefficients in 
the model (Eqs4 and 5) for weight loss and corrosion 
rate reveal the main effects of time, pH, and 
concentration percentage (Conc.%) on cast 
Cu45Mn25Al15Fe5Cr5Ni5 HEA. The p-values for these 
main effects are below the accepted threshold of 0.05, 
indicating statistical significance. Additionally, the p- 

 
 

Fig. 14 — Mapping of the corroded Cu45Mn25Al15Fe5Cr5Ni5 HEA 
in 10% HNO3 solution and SiO2 inhibitor 
 
value for 2-way interactions is 0.011. The most 
significant effects are attributed to time, pH, and 
concentration percentage, while the effects of other 
coefficients were found to be insignificant.  

The weight loss (WL) regression models exhibit an 
R-squared (R²) value of 99.69% and an adjusted  
R-squared (adj R²) value of 98.63%. Similarly, in a 
comparable regression model for the cast HEA's 
corrosion rate (CR), R² = 95.05% and modified  
R² = 92.16%. Mathematical models (Eqs4 and 5) were 
developed to understand the impact of various 
variables and their interactions on weight loss and 
corrosion rate. As the HNO3 concentration increases, 
the medium becomes more  aggressive,   leading  to  a  
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natural increase in weight loss. This increase in WL 
corresponds to a higher corrosion rate for the cast 
Cu45Mn25Al15Fe5Cr5Ni5 HEA. The highest CR of 
42.2128 mm/y was observed at a 10% HNO3 
concentration, while the lowest was observed at a 
0.5% HNO3 concentration. 

Mathematical modelsfor WL (g) =-0.0564 + 0.000479 
Time (h) + 0.03037 Conc % + 0.1607 pH+ 0.000004 
Time (h)*Time (h) + 0.001115 Conc %*Conc % - 
0.000012 Time (h)*Conc % - 0.002801 Time (h)*pH  

…(4) 

Mathematical models forCR (mm/Y) = 16.9 - 1.078 
Time (h) + 18.95 Conc % + 18.8 pH + 0.00906 Time 
(h)*Time (h) + 0.303 Conc %*Conc % - 0.1704 Time 
(h)*Conc % - 0.23 Time (h)*pH  …(5) 

3.4.4 Residuals plots 

A normal probability plot in Fig. 19 illustrates the 
normal probability distribution of WL for cast 
Cu45Mn25Al15Fe5Cr5Ni5 HEA. The residuals form 
a straight line in the plot, suggesting that the errors 
follow a normal distribution31. Furthermore, the 
residuals exhibit an even distribution along the mean 
line, and the absence of any noticeable outliers 
confirms the normality of the distribution. Moreover, 
there is no discernible trend in the residual plot for the 
weight loss of cast Cu45Mn25Al15Fe5Cr5Ni5 HEA, 
further confirming the data's normality. 

3.4.5 Interaction Plot 
An interaction plot is a valuable tool for illustrating 

how two categorical factors relate to a continuous 
response32. These plots reveal the combined effect of 
two or more experimental parameters on the response  

Fig. 15 — Mapping of the corroded Cu45Mn25Al15Fe5Cr5Ni5 HEA
in 10% HNO3 solution and ZnO inhibitor 

Table 9 — ANOVA results for WL of casted Cu45Mn25Al15Fe5Cr5Ni5 HEA 
Source DF Adj SS Adj MS F-Value p-Value
Model 7 0.489849 0.069978 546.72 0.0001
Linear 3 0.487446 0.162482 1269.43 0.0001

Time (h) 1 0.001679 0.001679 13.11 0.004
Conc % 1 0.431713 0.431713 3372.86 0.000

pH 1 0.000191 0.000191 1.49 0.246
Square 2 0.001920 0.000960 7.50 0.008

Time (h)*Time (h) 1 0.000271 0.000271 2.12 0.171
Conc %*Conc % 1 0.001649 0.001649 12.88 0.004
2-Way Interaction 2 0.001728 0.000864 6.75 0.011
Time (h)*Conc % 1 0.000046 0.000046 0.36 0.559

Time (h)*pH 1 0.001330 0.001330 10.39 0.007
Error 12 0.001536 0.000128 
Total 19 0.491385 
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Fig. 16 — Effects of time, concentration HNO3, and pH on corrosion of Cu45Mn25Al15Fe5Cr5Ni5 HEA 

 

 
 

Fig. 17 — Plots depicting the main effect of the variables on WL 
 

 
Fig. 18 — Pareto chart of the standardized effect for CR of 
Cu45Mn25Al15Fe5Cr5Ni5 HEA 

(in this case, weight loss, WL), unlike main effect 
plots, which show the effect of each parameter on the 
response individually. Fig. 20 displays the corrosion 
behavior of Cu45Mn25Al15Fe5Cr5Ni5 HEA under 
different combinations of factors. Three variables 
interact to generate a total of six interaction plots. 
Each plot illustrates various interactions, and their 
slope and the distance between minimum and 
maximum values can be analyzed. The absence of 
horizontal slopes in Fig. 20's lines indicates strong 
interactions between the depicted characteristics. The 
response mean of Cu45Mn25Al15Fe5Cr5Ni5 HEA in 
HNO3 media varies from low to high levels  
of the input variable, depending on the level of the 
second experimental variable. Table 9 further 
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confirms the significance of the interaction  
between time and pH, indicating that the combination 
of time significantly influences the corrosion rate of 
Cu45Mn25Al15Fe5Cr5Ni5 HEA.  Additionally,  Table 10 

provides details on response optimization for WL and 
CR. At a pH of 0.248, a concentration of 5% HNO3, 
and a duration of 24 h, the MINITAB optimizer 
identified an optimal fit of 81.64%. 
 

 
Fig. 19 — Residuals plots for WL 

 

 
 

Fig. 20 — Interaction effects between the corrosion cast Cu45Mn25Al15Fe5Cr5Ni5 HEA 
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4 Conclusion 
The research has led to a thorough analysis of 

experimental data, presenting a novel methodology for 
identifying optimal corrosion parameters that offer both 
effectiveness and robustness. The corrosion behavior of 
cast Cu45Mn25Al15Fe5Cr5Ni5 HEA was carefully 
assessed in HNO3 solutions of varying concentrations 
(0.5%, 1%, 5%, and 10%). The SEM and EDX 
analyses of the cast HEA identified inter-dendritic (ID) 
regions and the primary dendritic phase (DR). A 
mathematical model was developed to link the alloy's 
properties with processing parameters, aiming to 
clarify their impact on corrosion behavior. As HNO3 

concentration increased with the addition of inhibitors 
such as Nano-TiO2, Nano-SiO2, or Nano-ZnO reduced 
CR values from 1.04 mm/y to 0.11, 0.12, or 0.22 
mm/y, respectively, in 0.5% HNO3. SEM, spot EDX, 
and elemental mapping of corroded surfaces in 5% and 
10% HNO3 solutions revealed that Nano-TiO2 
provided the lowest corrosion rates, minimal localized 
corrosion, and formed protective layers. 
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