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This study aimed to fabricate S-Monel alloy (66% Ni, 30% Cu, 4% Si) 
using powder technology for its technological and economic worth. 
After tacking, silicon, copper, and nickel powders were combined in 
the ratios mentioned above and crushed under isostatic cold pressure 
(8 t). At a  distance of 100 cm, the samples underwent laser surface 
treatment with varying energies (0 mJ, 200 mJ, 260 mJ, and 300 mJ) 
and pulse durations (10 s). The X-ray diffraction test indicated that 
all samples have a  face-centered cubic (FCC) structure. Notably, the 
samples treated with 300 mJ exhibited the best properties, including 
an increase in phase intensity. The laser treatment melted all surface 
molecules, resulting in improved structural characteristics. Hardness 
value (Rockwell method), apparent density, water absorption, and 
porosity were all impacted by surface laser treatment. On the other 
hand, samples were immersed in a 3.5% NaCl solution for 3, 5, 7, 9, and 
11 days to examine the impact of heat treatment on alloy corrosion 
resistance. Hardness parameters increased while the porosity ratio 
and water absorption reduced after laser treatment. It has also been 
found that wear resistance increases with increased laser therapy.
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Effect of laser surface treatment on properties of S-Monel alloy 
nanoparticles fabricated via powder technology
Wpływ laserowej obróbki powierzchni na właściwości nanocząstek stopu S-Monel  
wytworzonych w technologii proszkowej

Fig. 9. Oxidation kinetics of binary alloys
Rys. 9. Kinetyka utleniania stopów binarnych

Przedmiotem badań było wytworzenie stopu S-Monel (66% Ni, 30% Cu, 
4% Si) przy użyciu technologii proszkowej ze względu na jego wartość 
technologiczną i  ekonomiczną. Po przygotowaniu proszki krzemu, mie-
dzi i niklu połączono w wyżej wymienionych proporcjach i rozdrobniono 
pod izostatycznym ciśnieniem na zimno (8 t). Próbki poddano lasero-
wej obróbce powierzchniowej z odległości 100 cm z różną energią (0 mJ,  
200 mJ, 260 mJ i 300 mJ) i czasem trwania impulsu (10 s). Badanie za po-
mocą dyfrakcji promieniowania rentgenowskiego wykazało, że wszystkie 
próbki mają strukturę sześciennie centrowaną (FCC). Warto zauważyć, 
że próbki poddane działaniu energii 300 mJ wykazywały najlepsze właści-
wości, w tym wzrost intensywności fazy. Obróbka laserowa stopiła wszyst-
kie cząsteczki powierzchniowe, co poprawiło właściwości strukturalne. 
Twardość (mierzona metodą Rockwella), gęstość pozorna, absorpcja wody 
i  porowatość uległy zmianie pod wpływem powierzchniowej obróbki la-
serowej. Próbki zanurzono również w 3,5-proc. roztworze NaCl na 3, 5, 7, 9  
i 11 dni w celu zbadania wpływu obróbki cieplnej na odporność stopu na ko-
rozję. Parametry twardości wzrosły, podczas gdy współczynnik porowatości 
i absorpcja wody zmniejszyły się po obróbce laserowej. Stwierdzono również, 
że odporność na zużycie wzrasta wraz ze stopniem obróbki laserowej.

Słowa kluczowe: obróbka laserowa, XRD, stop Monel, technologia pro-
szkowa
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1. Introduction

S-Monel alloys are based on Ni-rich Ni-Cu alloys, typically con-
taining around 30 wt% copper and 4 wt% silicon [1]. Monel was 

discovered in 1901 by Robert Crooks Stanley, who worked for the 
International Nickel Company (INCO) [2].

These alloys exhibit exceptional corrosion resistance in various 
environments, including seawater, acidic and alkaline media, as 
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where d represents the distance between two parallel levels, θ is 
the diffraction angle, and λ is the wavelength for X-rays. The follow-
ing equation was utilized to calculate the crystal lattice constant a:

2𝑑𝑑𝑑𝑑 sin 𝜃𝜃𝜃𝜃 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ,                             (1) 

 

𝑎𝑎𝑎𝑎 = √𝑑𝑑𝑑𝑑2. (ℎ2 + 𝑘𝑘𝑘𝑘2 + 𝑙𝑙𝑙𝑙2) ,              (2) 

 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑
𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑 − 𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖

× 𝜌𝜌𝜌𝜌.                     (3) 

 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑊𝑊𝑊𝑊𝑆𝑆𝑆𝑆 − 𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑
𝑊𝑊𝑊𝑊𝑆𝑆𝑆𝑆 − 𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖

× 100%,                 (4) 

 

𝑊𝑊𝑊𝑊𝐴𝐴𝐴𝐴 = 𝑊𝑊𝑊𝑊𝑆𝑆𝑆𝑆 − 𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑
𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑

× 100%.                  (5) 

 

𝑊𝑊𝑊𝑊 =
𝑀𝑀𝑀𝑀𝑔𝑔𝑔𝑔 − 𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖

𝐴𝐴𝐴𝐴        [ mg
cm2],                    (6) 

 

.
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where h, k, l are the Miller indices.
A computer program was also used to verify that all Miller indices 

and phases measured at the diffraction angle were in accordance 
with the American Standard for Testing Materials (ASTM).

3.2. Microhardness 
The Rockwell hardness test (HRC) was carried out on prepared sam-
ples in accordance with the British Standard [12, 13]. Microscopic 
hardness was evaluated by taking five measurements to indicate 
the uniformity and absence of defects on the surface. The arith-
metic mean hardness value was calculated in units of gm/mm2 to 
illustrate the visual correlation between hardness and surface laser 
treatment.

3.3. Apparent density, porosity, water absorption 
The Archimedes technique was used to determine apparent 
density, porosity and water absorption after drying the samples 
for one hour in an electric drying oven at 100°C. The weight of the 
sample after removal from the oven is called the dry weight (Wd). 
The model was then immersed in a  pot of water for 24 h. After 
extraction from the water, any water droplets on the surface were 
removed with a cotton cloth. Care had to be taken not to apply 
pressure to the model, as this could remove the water in its outer 
pores. Afterwards, the model was weighed, this weight being the 
saturated weight (Ws). The weight of the model was measured in 
a suspended state using a simple technique shown in Fig. 1. The 
water-soaked model was placed on a grid to be weighed and sus-
pended in water, the weight being the hanging weight (Wi).

The apparent density (AD) was determined using the calcula-
tions below [14]:
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The apparent porosity (AP) is determined utilizing the following 
mathematical expression [15], wherein ρ denotes the density of 
water (1 g/cm³):
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where Ws signifies the weight of the model when saturated 
with water [gm], Wd denotes the weight of the model after 

well as numerous oxidizing and reducing gas conditions [3]. They 
are also more durable than steel, with a low coefficient of thermal 
expansion and excellent resistance to alkalis. The International 
Nickel Company of Canada pioneered the industrial use of Monel 
alloys for vessels, pipelines, and valves, and they have since found 
applications in a wide range of sectors, from massive naval leviath- 
ans to small electronic components [4].

In addition to the primary components nickel (Ni) and copper (Cu), 
various minor elements are present in Monel alloys. For instance, 
H-Monel and S-Monel contain 3% and 4% silicon, respectively [5]. 
These alloys typically exhibit a  face-centered cubic (FCC) structure 
in a single phase. Secondary alloying elements such as iron (Fe) and 
manganese (Mn) are also used and sourced from raw materials,  
and they contribute positively to corrosion resistance. 

However, it is important to note that compositions in industrial 
standards can vary throughout the range, and composition control 
relies on empirical standards set by suppliers and end users [6, 7].

Ni, Cu, and Si exhibit negligible atomic size variations, which 
contribute to a  uniform and homogeneous pressing process [8]. 
We developed a robust model of the S-Monel alloy based on these 
fundamental assumptions. Consequently, this study investigates 
the microstructural, physical, and mechanical properties of Monel 
alloys produced using powder metallurgy [9, 10].

2. Preparation of alloys

The alloy (Ni–Cu–Si) is composed of high-quality components, with 
an Fe and Ni content of at least 99.95%. Table 1 presents the grain 
sizes of metallic powders. These powders were blended to fabric- 
ate a  Ni–Cu–Si alloy with a  percentage of 66% Ni, 30% Cu, and  
4% Si. Table 2 illustrates the alloy’s characteristics under various 
energies (0 mJ, 200 mJ, 260 mJ, and 300 mJ). Subsequently, the 
powders were compressed under cold pressure at 8 t in a  steel 
mold to produce cylindrical samples measuring 10 mm in diameter 
and 3 mm in thickness. These samples underwent laser surface 
treatment using a pulsed Nd:YAG laser with varying energy levels  
(0 mJ, 200 mJ, 260 mJ, and 300 mJ), a  wavelength of 1064 nm, 
a pulse duration of 10 s, which was positioned at a distance of 100 cm.

3. Experimental

3.1. X-ray diffraction
The crystal structure of the produced alloys was analyzed using 
X-ray diffraction (XRD-6000) at angle (2θ  =  40–80°) following 
Bragg’s rule [11]:
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to indicate the uniformity and absence of defects on the surface. The arithmetic mean 

hardness value was calculated in units of gm/mm2 to illustrate the visual correlation between 

hardness and surface laser treatment. 
 
3.3. Apparent density, porosity, water absorption  
The Archimedes technique was used to determine apparent density, porosity and water 

absorption after drying the samples for one hour in an electric drying oven at 100°C. The 

weight of the sample after removal from the oven is called the dry weight (Wd). The model 

was then immersed in a pot of water for 24 h. After extraction from the water, any water 

droplets on the surface were removed with a cotton cloth. Care had to be taken not to apply 

pressure to the model, as this could remove the water in its outer pores. Afterwards, the 

model was weighed, this weight being the saturated weight (Ws). The weight of the model 

was measured in a suspended state using a simple technique shown in Fig. 1. The water-

soaked model was placed on a grid to be weighed and suspended in water, the weight being 

the hanging weight (Wi). 

The apparent density (AD) was determined using the calculations below [14]: 

 

           
 

Fig. 1. Grid on a balance 

Rys. 1. Siatka na wadze 
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The apparent porosity (AP) is determined utilizing the following mathematical expression 

[15], wherein ρ denotes the density of water (1 g/cm³): 

Fig. 1. Grid on a balance

Rys. 1. Siatka na wadze

(1)

(2)

(3)

(4)

Table 1. Purity and grain size for metallic powder
Tabela 1. Czystość i wielkość ziarna proszku me-
talicznego

Powder Grain 
size [nm]

Purity 
[%] Origin

Nickel 
powder 85 99.96 Fluka Chemie AG,  

Switzerland

Copper 
powder 95 99.95 Merck, Germany

Silicon 
powder 90 99.98 Fluka Chemie AG, 

Switzerland

Table 2. Alloy designa-
tions
Tabela 2. Oznaczenia stopu 

Alloy Laser energy 
[mJ]

A 0

B 200

C 260

D 300

Ochrona przed Korozją, ISSN 0473-7733, e-ISSN 2449-9501, vol. 67, nr 11/2024336



ARTYKUŁ NAUKOWY / RESEARCH ARTICLE

drying [gm], and Wi indicates the weight of the model after 
suspension [gm].

The water absorption ratio (WA) was computed using the follow-
ing equation [16]:
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3.4. Corrosion average 
After preparing the samples, the average corrosion was determ- 
ined following their cleaning and polishing. The samples were 
weighed using a  balance (Optika Level SR 6532, Italy) and im-
mersed in a 3.5% NaCl solution for different durations (3, 5, 7, 9, 
and 11 days) before being removed, dried, and reweighed. The 
amount of weight loss was calculated using the following equa-
tion [17]:
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 where Mg represents the mass of the sample block before it is im-
mersed in the erosion medium, Wi represents the mass of the sam-
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On the other hand, it was observed that hardness values increased increased in 

proportion to the extent of the surface laser treatment. This illustrates the uniform and 

homogeneous distribution of crystalline structures following laser treatment, as well as the 

melting of surface particles, resulting in an enhancement of the alloy’s composition (Fig. 

3). 
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Fig. 3. Change in hardness values of samples 

Rys. 3. Zmiana wartości twardości próbek 

Fig. 4. indicates that the apparent density values of the samples rose in proportion to 

the extent of the surface laser treatment employed in the investigation, leading to a reduction 

in voids and enhanced alloy homogeneity. This observation aligns with the findings reported 

in the study [10, 23]. 

 
Fig. 4. Change of apparent density with laser treatment 

Rys. 4. Zmiana gęstości pozornej po obróbce laserowej 

Fig. 5 and 6 illustrate the porosity and water absorption values for the examined 

samples. These data suggest that an increase in laser treatment results in decreased water 

absorption and porosity. As laser treatment enhances bonding between powder granules, 

there is a scarcity of pores and a change in form. This decrease in both porosity and 

absorption levels indicates a correlation between them, inversely linked to apparent density 

[24, 25]. 
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Fig. 5. Change of absorption with laser treatment     

Rys. 5. Zmiana absorpcji po obróbce laserowej         

 

    
Fig. 6. Change of porosity with laser treatment  

Rys. 6. Zmiana porowatości po obróbce laserowej 

Fig. 7 illustrates the notable weight loss observed with increased immersion duration 

for all laser sessions. This indicates a decrease in the metal’s corrosion resistance with 

longer immersion times [26–28]. 
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absorption and porosity. As laser treatment enhances bonding between powder granules, 

there is a scarcity of pores and a change in form. This decrease in both porosity and 
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[24, 25]. 

Fig. 5. Change of absorption with laser treatment    

Rys. 5. Zmiana absorpcji po obróbce laserowej        
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Fig. 7. Change of weight loss with immersion time 

Rys. 7. Zmiana utraty masy wraz z czasem zanurzenia 

4. Conclusions  

1. The XRD analysis unveiled the crystalline structure of the samples as face-centered 

cubic (FCC). 

2. Elevated laser energy results in heightened diffraction peak intensity, indicative of 

crystal growth and structural uniformity. 

3. Increased laser treatment leads to higher apparent density and hardness. 

4. Increasing laser treatment corresponds to reduced porosity ratio and water 

absorption rates. 

5. The study revealed that increasing laser therapy enhances corrosion resistance. 
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On the other hand, it was observed that hardness values increased increased in 

proportion to the extent of the surface laser treatment. This illustrates the uniform and 

homogeneous distribution of crystalline structures following laser treatment, as well as the 

melting of surface particles, resulting in an enhancement of the alloy’s composition (Fig. 
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ple block after immersion, and A represents the surface area of the 
sample [cm2].

4. Results and discussion 

Fig. 2–5 display the diffraction peaks of the samples, indicating 
that all samples possess an identical atomic structure resembling 
a  face-centered cube. The Miller (h, k, l) indices of the diffraction 
peaks exhibit either even or odd values, which aligns with the find-
ings from previous investigations [18–20].

It is important to mention that the Cu3.8Ni phase appears in all 
numbers. Furthermore, the laser treatment resulted in the identi-
fication of two distinct phases: Ni3Cu and Cu0.83Si0.17. The laser sur-
face energy is elevated by intensifying the three phases (Cu3.8Ni, 
Ni3Cu, Cu0.83Si0.17) due to the enhancement of crystal growth and 
improved uniformity of the crystal structure with pressure removal 
and porosity reduction [21, 22].

On the other hand, it was observed that hardness values in-
creased in proportion to the extent of the surface laser treat-
ment. This illustrates the uniform and homogeneous distribution  

Ochrona przed Korozją, ISSN 0473-7733, e-ISSN 2449-9501, vol. 67, nr 11/2024 337



ARTYKUŁ NAUKOWY / RESEARCH ARTICLE

of crystalline structures following laser treatment, as well as the 
melting of surface particles, resulting in an enhancement of  
the alloy’s composition (Fig. 3).

Fig. 4. indicates that the apparent density values of the samples 
rose in proportion to the extent of the surface laser treatment em-
ployed in the investigation, leading to a reduction in voids and en-
hanced alloy homogeneity. This observation aligns with the find-
ings reported in the study [10, 23].

Fig. 5 and 6 illustrate the porosity and water absorption values 
for the examined samples. These data suggest that an increase in 
laser treatment results in decreased water absorption and porosity. 
As laser treatment enhances bonding between powder granules, 
there is a  scarcity of pores and a  change in form. This decrease 
in both porosity and absorption levels indicates a correlation be-
tween them, inversely linked to apparent density [24, 25].

Fig. 7 illustrates the notable weight loss observed with increased 
immersion duration for all laser sessions. This indicates a decrease in 
the metal’s corrosion resistance with longer immersion times [26–28].

5. Conclusions

1.	The XRD analysis unveiled the crystalline structure of the sam-
ples as face-centered cubic (FCC).

2.	Elevated laser energy results in heightened diffraction peak in-
tensity, indicative of crystal growth and structural uniformity.

3.	Increased laser treatment leads to higher apparent density and 
hardness.

4.	Increasing laser treatment corresponds to reduced porosity ratio 
and water absorption rates.

5.	The study revealed that increasing laser therapy enhances cor-
rosion resistance.
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