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Surface alloying of cupronickel alloy with aluminum uSing tungSten inert gaS proceSS

Surface melting and alloying of Copper-nickel (Cupronickel) alloy by preplacing aluminum powder and using tungsten inert 
gas process (tiG) in shielded atmosphere of argon gas were investigated. Surface melting resulted in the formation of a fairly porous 
dendritic microstructure. Surface alloying with aluminum resulted in the formation of al2Cu and al4Cu9 intermetallic compounds 
along with Cu-rich matrix and unstable martensitic structure. Surface melting reduced the hardness from 140 hV0.1 (substrate) 
to 70 hV0.1, mainly due to the loss of cold work effect of the initial substrate. on the other hand, surface alloyed zone showed 
a hardness of 300 hV0.1, mainly due to the formation of intermetallic compound. tafel polarization results indicated improvement 
in corrosion resistance of cupronickel alloy after surface melting and alloying. 
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1. introduction

Copper and copper alloys such as cupronickel alloys and 
aluminum bronze are widely used in marine environments. the 
natural protective films that form on their surfaces are responsible 
for their good corrosion resistance in seawater. the two most use-
ful cupronickel alloys are Cu-10ni and Cu-30ni [1-3]. despite 
superior corrosion resistance and mechanical properties of Cu-
30ni alloys in comparison to Cu-10ni alloys, the latter is more 
widely used than the former in marine environments because of 
its lower price. Presence of both aluminum and nickel in copper 
alloys (named nickel-aluminum bronze alloys) improve both cor-
rosion and mechanical properties of these alloys in comparison 
with other copper alloys [4-7]. however, Cu-10ni alloy may 
perform poorly under sever corrosive or abrasive conditions.

the amount of the aluminum content nickel-aluminum 
bronze alloys as well as the cooling rate during solidification 
can result in the formation of intermetallic phases, Widmanstät-
ten α phase and martensite β' phase which significantly affect 
ductility, strength and the wear resistance of these alloys. in these 
alloys, adherent protective layers are formed on their surfaces, in 
corrosive conditions, which contain both aluminum and copper 
oxides. Consequently, it is postulated that addition of aluminum 
to cupronickel alloys should improve the corrosion resistance 
due to the possible formation of protective aluminum oxide film 
on the surface of the material [8-11]. 

liquid surface engineering techniques such as surface 
melting, alloying and cladding, by applying a number of heat 
sources like laser and electron beams have been successfully 
used to enhance the surface properties of copper alloys [12-17].

zhang et al. [12] found that by using high-current pulsed 
electron beams (hCPeB), tungsten-surface alloyed layer exhib-
ited increased hardness and corrosion resistance.

in another research zhang and colleagues [13] noted that 
chromium-modified copper had a greater potential for improv-
ing surface properties than tungsten. Wong et al. [14] employed 
high power diode laser to form surface layer containing titanium 
on commercially pure copper and consequently improve cor-
rosion properties. in the case of using titanium as preplaced 
powder, C.t. Kwok and his co-workers reported that laser sur-
face alloying of commercially pure Cu with titanium at various 
traveling speeds enhanced hardness and wear resistance due to 
solid solution strengthening and formation of hard intermetal-
lic phases. it was also noticed that laser-alloyed parts showed 
better corrosion resistance than commercial copper exposed in 
synthetic acid rain [15].

tang et al. [16] enhanced cavitation erosion resistance by 
laser surface melting of a manganese-nickel-aluminum bronze 
(maB). at the other work, they used aluminum powder for 
surface alloying of propeller bronze. they reported that by in-
creasing the amount of aluminum content in the alloyed layer, 
corrosion resistance of the material was increased. Laser surface 
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alloying of maB with al in comparison to laser surface melting 
(LSm), led to higher increase in both the corrosion and cavitation 
erosion resistance in 3.5% naCl solution [17,18]. 

even though, the majority of the liquid phase surface treat-
ments have used laser beams as heat source, tungsten inert gas 
(tiG) or gas tungsten arc welding (GtaW) is also an interesting 
alternative. this process is widely used for welding and joining 
of metals and alloys [19-21]. in contrast to other heat sources 
such as lasers and electron beams, it is cheaper, easier and more 
accessible. moreover, it does not have the problem of low beam 
absorption by copper alloys in lasers or the limitation of specimen 
dimensions in the electron beam method [22]. in addition, the re-
sulting surface layer in tiG is thicker than in the laser process [23]. 

Several studies have been conducted regarding the surface 
modification of copper alloys and the effects of variables like 
the traveling speed, the amount of heat input, the materials and 
types of preplaced powder on the properties of the surface layers. 

raju et al. used GtaW for surface alloying of aluminum 
bronze electroplated with Cr at various heat inputs. their study 
demonstrated the formation of intermetallic phases, and it was 
also observed that wear and corrosion resistance were improved 
in the saline environment (3.5 wt.% naCl) in particular for speci-
men with higher heat input [24].

nair et al. surface alloyed al bronze with nickel using GtaW 
process [7]. they reported that rapid solidification of the surface 
layer refined the structure. Furthermore, the hardness of the al-
loyed zone increased by thickening the pre-placed ni powder. 

Based on the aforementioned studies, it appears that surface 
modifications could have significant impacts on the tribological 
and corrosion behaviors of copper alloys. in the present work, 
surface melting and alloying of Cu-10% ni alloy were performed 
via pre-placing aluminum powder and using tiG process as a 
heat source. the microstructure, hardness and corrosion proper-
ties of the material before and after surface melting and alloying 
were then studied. 

2. experimental

2.1. materials

the chemical composition (values are in wt.%) of the 
cupronickel alloy given in taBLe 1 was determined by 

optical emission spectroscopy (quantometery method). the 
dimensions of the specimens were 80×50×6 mm. Prior to the 
surface melting and alloying, the surfaces of the specimens were 
grinded by emery paper up to 2000 and subsequently cleaned 
with acetone. For surface alloying, al powder (>99.9%) with 
the size distribution under 45 µm was mixed with polyvinyl 
alcohol as binder and applied on the surfaces of the specimens 
in the form of a paste. the thickness of preplaced paste was  
around 0.8-1 mm.

taBLe 1

Chemical composition of Cu-10ni

element cu ni fe Zn pb Sn mn co
wt.% 87.71 10.60 0.93 0.60 0.06 0.05 0.04 0.01

2.2. tig surface process

the surfaces of the bare and preplaced specimens were 
then melted using a tiG (model merkle tiG 200 aC/dC) heat 
source at direct current electrode negative (dCen) polarity 
condition. the arc voltage was kept at a constant value of 15 V 
during surface treatment. a non-consumable 2% thorium oxide 
tungsten electrode with a diameter of 2.4 mm was used and 
the distance from the substrate was kept at 1.5 mm to produce 
a stable arc for all experiments. Surface treatment was carried 
out using high-purity (99.99%) argon gas with various flow 
rates of 8, 12, and 16 l/min. taBLe 2 shows the process pa-
rameters that have been optimized after several single tracks to 
achieve a crack-free surface. to code specimens, Sm and Sa 
were used for surface melting and surface alloying respectively, 
followed by the applied currents, travel speed and gas flow rate. 
re-melting was experienced on a number of surface alloyed 
specimens in order to achieve more homogenized structure in 
the alloyed zone. the heat input for each test was calculated  
using eq. (1) [25,26]:

 

 
    

Heat input kJ/mm =

0.48 × current I  × voltage V  
=

travel speed ( )
 (1)

taBLe 2

the operation parameter of tiG surface process

treatment 
code

type of surface 
treatment current (a) travel speed (mm/

min)
heat input (kJ/

mm)
flow rate

(l/min) number of pass

Sm150-70 Surface melting 150 70 0.92 8-12-16 1
Sm120-40 Surface melting 120 40 1.30 8 1
Sm135-40 Surface melting 135 40 1.46 8 1

Sa105-30-1 Surface alloying 105 30 1.51 8 1
Sa125-30-1 Surface alloying 125 30 1.80 8 1
Sa130-30-1 Surface alloying 130 30 1.87 8 1
Sa-135-30-2 Surface alloying 135 30 1.94 8 2
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2.3. characterization of surfaced melted  
and alloyed zone

the treated specimens were cut, then their cross-sections 
were grinded with emery papers (100-2500) and finally polished 
with alumina colloid (with the size of 0.05 µm). Cross-sectioned 
specimens were etched by a solution containing 5 g FeCl3, 50 ml 
hCl and 100 ml h2o for metallographic and microstructural 
examinations. microstructures of the treated zones were analyzed 
using optical microscope (Gippon, GdCe-30, japan), scanning 
electron microscope (cam-scan mV2300) equipped with energy 
dispersive spectrograph (edS) and X-ray diffractometer (Xpert 
pro, Phillips, holland). the depths of the treated zones were 
measured using oLySia m3 image analyzer software. micro-
hardness of the treated zones was measured by Leitz Vickers 
hardness machine at an applied load of 100 gf and a loading 
time of 15 sec.

2.4. potentiodynamic polarization tests

Potentiodynamic polarization test was carried out to 
evaluate corrosion resistance of the original and surface treated 
specimens. the polarization tests were carried out in a three-
electrode cell in 3.5% naCl solution at room temperature using 
an eG&G potentiostat/galvanostat, model 273a. Platinum plate 
and saturated calomel electrode (SCe) were used as counter and 
reference electrodes respectively. the potentiodynamic polari-
zation test was carried out by sweeping the potential at a scan 
rate of 2 mVs–1. in order to identify the corrosion products, the 
corroded surfaces of the specimens were studied by Sem.

3. results and discussion

3.1. microstructural analysis

Fig. 1a & b show Cross-sectional views of the surface 
melted cupronickel alloy achieved at two different flow rates, 
indicating formation of dendritic microstructures in the melted 
zones. a number of porosities are seen in these zones. the con-
centration of these porosities on the top regions of the melted 
zone are higher than those of the bottom regions. this alloy is 

prone to absorb oxygen and hydrogen gasses during welding that 
results in the formation of porosity. during surface melting, the 
molten pool is inevitably exposed to the atmosphere and Cu-ni 
alloys tend to absorb gases from the atmosphere, even if it is 
shielded by an inert gas like argon during tiG surface melting 
process. moreover, the presence of nickel in the Cu-ni alloys 
increases the tendency to gas absorption of copper alloys from 
the atmosphere in liquid state [27,28].

increasing of heat input showed no significant effect on the 
amount and size of the porosities. however, when the flow rate 
of shielding gas increased for better protection of the melted 
zone from contaminants (Fig. 1a-b), the amount and size of the 
porosities were extremely reduced. in addition, the depth of the 
melted zone meaningfully decreased from 3082 µm (8 l/min) and 
2173 µm (12 l/min) to 1622 µm (16 l/min) by rising flow rate. 
Higher flow rate results in lower arc efficiency factor (η), lower 
heat input due to an increase in heat loss, and hence a smaller 
melt depth [25,29]. 

Fig. 1. Cross sectional optical micrographs of the surface melted 
Cu-ni zones achieved at two different flow rates. a) Sm150-70-16, 
b) Sm150-70-8

optical micrograph of the aluminum surface alloyed speci-
men achieved at a heat input of 1.51 kj/mm (Sa105-30-1) is 
shown in Fig. 2a. as can be seen in this figure, the porosities are 
completely eliminated and the microstructure involves dendritic 
structure in the alloyed region. aluminum tends to react with 
oxygen and therefore it prevents the formation of gas porosities 
in the surface treated zone [30]. the Xrd pattern in Fig. 2b 
confirms the presence of a single phase, α solid solution formed 

Fig. 2. a) microstructure, and b) Xrd pattern of a surface alloyed specimen (Sa105-30-1)
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after solidification of the alloyed region. according to X-ray dif-
fraction pattern and microstructural images, it seems that the alu-
minum content of the alloyed zones obtained at heat input lower 
than 1.8 kj/mm is not enough to form intermetallic phases [31].

at higher heat input, the amount of aluminum in the al-
loyed zone increased and a complex microstructure was formed. 
Fig. 3a-d show the cross-sectional optical micrographs of the 
surface alloyed specimen (Sa125-30-1). Fig. 3b reveals that 
the top region of alloyed zone is mainly composed of al2Cu (θ) 
and al-Cu eutectic structure. near the interface, the proportion 
of the eutectic structure is reduced, and replaced by al2Cu, as 
reported by zhu et al. in their research [32].

according to Cu-al phase diagram [33], the al2Cu (θ) phase 
can be found in al content of more than 45 wt. %. Fig. 4 dis-
plays typical edS line profiles for nickel, copper and aluminum 
obtained from Sa125-30-1 specimen showing concentration of 
different elements in alloyed zone. as can be seen the intensity 
of aluminum as alloying element is extremely increased in the 
alloyed zone. increasing of the amount of al in the alloyed zone 
results in the formation of intermetallic phases as well as the 
enhancement of the hardness [34].

X-ray diffraction patterns of the alloyed zone achieved at 
a heat input of 1.87 kj/mm is shown in Fig. 5, confirming the 
presence of al2Cu (θ) and Cu9al4 (γ2) phases in the alloyed 
zone, due to the addition of aluminum. the necessary heat 
to form al2Cu intermetallic compound from chemical reac-
tion (−6.1 kJ·mol−1) and its activation energy for the growth 
(60.66 kJ·mol−1) are lower than those needed for the formation 
of Cu9al4 (−4.1 kJ·mol−1 and 75.61 kJ·mol−1, respectively), 
which means that the al2Cu phase is likely to be formed first 
and then Cu9al4 will be formed in Cu-rich zone with diffusion 
of Cu atoms into the al2Cu. the growth of this intermetallic 
compound (Cu9al4) can be increased because of the rising 
temperature and as a result the diffusion rate. in addition, these 
consequences support the claim that kinetic factors play more 
important roles in comparison with thermodynamic factors to 
form intermetallic compounds [35].

Fig. 3c shows that the microstructure in the middle of 
the alloyed zone is mainly fine Widmanstätten α. Cooling rate 
affects the type of β transformation products. Widmanstätten 
morphology forms at moderate cooling rates from the beta phase 
which is predominantly seen in nickel-aluminum bronze alloy. 

Fig. 3. OM images of the TIG surface alloyed specimen (SA125-30-1). a) cross-section, b) α-Al solid solutions and Al2Cu (θ) phases, c) Wid-
manstätten α morphology, and d) Martensitic structure β'

Fig. 4. Line scanning analysis from substrate to the alloyed zone of Sa125-30-1 specimen
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on the other hand, rapid cooling of aluminum bronze alloys 
from β-solid solution (bcc) prevents eutectoid transformation 
and leads to formation of (β') martensitic constituent (β'' β') with 
a needle-like structure [36-38] as shown in Fig. 3d.

Combining both ni and Fe with aluminum in nickel-
aluminum bronze alloys results in the formation of a number of 
intermetallic phases, designated as κ, that are obtained at low 
cooling rate and identified according to their morphologies. as 

the alloy cools, the beta phase transforms to alpha, kappa phases, 
and small amount of retained β. The κi phase is iron-rich, hav-
ing a Fe3al composition and this phase often have a globular or 
rosette shaped [39,40]. The microstructure of κi phase formed in 
the alloyed region is shown in Fig. 6a. Fig. 6b reveals that above 
Widmanstätten zone indeed contains a uniform distribution of 
spherical Al,Ni-rich precipitates in the α-Cu solid solution, and 
the results of the edS analysis are given in taBLe 3. this kind 
of structure was also observed in the laser surface alloying of 
copper with ti and Cr, including the ti-rich and Cr-rich precipi-
tates, respectively [15,41].

Fig. 7a displays the microstructure of Sa135-30-2 specimen 
that was re-melted by 1.94 kj/mm heat input after surface alloy-

Fig. 5. Xrd pattern of the surface alloyed specimen (Sa130-30-1) 
achieved by 1.87 kj/mm heat input

Fig. 6. SEM micrographs showing a) κi intermetallic phase formed and uniform distribution, b) of al-rich precipitates in the alloyed zone 
of Sa130-30-1 specimen

Fig. 7. om image of surface alloyed specimen achieved at a heat input of 1.94 kj/mm (Sa135-30-2). a) Xrd pattern, b) point edS analysis, 
c) of alloyed zone

taBLe 3
the weight and atomic percentage analysis of matrix and precipitates 

of Sa130-30-1 specimen

precipitates matrix
wt.% at.% wt.% at.%

cu 46.8 33.7 67.8 53.8
al 26.0 45.8 18.3 34.2
ni 26.2 20.5 13.9 12.0
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ing and involves dendritic microstructure without any porosity 
and crack. the edS analysis and Xrd pattern (Fig. 7b, 7c) 
show the existence of al in the re-melted zone. Furthermore, 
the obtained chemical mapping data of elements including Cu, 
ni and al from the alloyed zone is shown in Fig. 8. as can be 
seen from Fig. 8e, information provided by mapping overlay 
analysis displays that re-melting was sufficient to melt all in-
termetallic phases.

Fig. 8. edS elemental mapping for Sa135-30-2 specimen. a) reference 
area of analysis, b) al mapping, c) Cu mapping, d) ni mapping, e) and 
al, Cu and ni elemental mapping overlay

3.2. hardness

Fig. 9 compares the microhardness of the melted zone, 
fusion boundary and haz in various surface melted specimens 
achieved at different heat inputs. the hardness of the untreated 
specimen was about 140 hV0.1. hardness in the vicinity of the 
melted zone reduced, because the effect of the work hardening 
that had been happened during rolling in the fabrication process 

of the cupronickel alloy is removed by the heat generated during 
surface melting. as for the melted zone, even though a fairly 
fine dendritic structure formed in this area, porosities and omis-
sion of cold working during surface melting led to the hardness 
reduction. meanwhile porosity can cause stress concentration 
and affect the mechanical properties of the material [42]. the 
hardness of the melted zone and haz of the specimens reduced 
by increasing the heat input. reduction of the heat input resulted 
in the smaller melted zone, but at the same time, higher the 
cooling rate and formation of finer structure and consequently, 
higher hardness [19,25,43].

the microhardness profiles of the surface alloyed speci-
mens achieved at different heat inputs and number of melting 
passes are shown in Fig. 10. in the specimen that was alloyed 
under heat input lower than 1.8 kj/mm (Sa105-30), the hard-
ness was decreased gradually from near 150 hV0.1 in upper 
region of the alloyed zone to 70 hV0.1 in haz which is mainly 
related to the variation of the amount of aluminum in the alloyed 
zone. the highest hardness value was achieved in specimens 
alloyed under a heat input higher than 1.8 kj/mm. in this cases, 
depth of the alloyed zone was also increased, but at the same 
time the solubility of the al in the alloyed zone was also in-
creased. as mentioned before, the presence of the aluminum 
in the alloyed zone is resulted in the formation of aluminum 
containing intermetallic phases, that are responsible for the 
enhancement of the hardness values in these areas [25,44]. 
the hardness of Sa125-30 and Sa130-30 specimens reached 
to values of about 300 and 250 hV0.1 respectively, and then 
decreased gradually toward the base hardness value. a sudden 
small increase in the hardness was occurred near the interface 
that might be related to the martensitic and widmanstätten 
structures formed in these regions due to the high cooling rates 
at the interfaces [37].

re-melting of the surface alloyed specimen (Sa135-30-2) 
resulted in dilution of aluminum in the alloyed zone. thus, the 
hardness of this specimen was lower than of the single pass 
treated specimens. relatively constant hardness values in the 
alloyed region could be related to the somehow uniform distri-
bution of aluminum in the alloyed zone.

Fig. 9. hardness profiles of the surface melted (Sm) specimens
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3.3. corrosion behavior

Corrosion behavior of the substrate, surface melted and al-
loyed specimens were investigated by tafel polarization test in 
3.5 wt.% naCl solution. the polarization tafel curves are shown 
in Fig. 11. taBLe 4 also reveals some important details that can 
be achieved from these curves. as it can be seen in anodic region, 
by further increase of the applied potentials, a strong decrease 

in the corrosion current of all specimens were observed, that is 
caused by passivation. this potential is known as primary pas-
sivation potential that are about 171 and 55 mV for the substrate 
and surface melted specimens, respectively. Corrosion products 
formed (passive layer) on copper-nickel alloys in marine atmos-
phere and clean seawater usually involve complex mixture of 
cuprous oxide, often containing nickel and iron oxide, copper 
hydroxide, copper hydroxychloride and cupric oxide [45]. these 

taBLe 4

the details achieved from tafel polarization curve

corrosion current 
density, icorr  

(µa/cm2)

corrosion 
potential, ecorr 

(mV)

critical current 
density, ic  
(ma/cm2)

primary passive 
potential, epp 

(mV)

passive current 
density, ip  
(ma/cm2)

passive 
potential, epa 

(mV)
Base alloy 7.1878 –249 16.51 171 4.77 171

Surface melted (Sm135-40) 11.3998 –255 14.96 55 2.66 112
Surface alloyed (Sa125-30-1) 3.8361 –281 51.73 175 16.81 215
Surface alloyed (Sa135-30-2) 17.7623 –211 29.28 –45 4.96 5

Fig. 10. hardness profiles of the surface alloyed specimens: Sa105-30 (1.51 kj/mm), Sa125-30 (1.80 kj/mm), Sa130-30 (1.87 kj/mm) and 
Sa135-30-2 (1.94 kj/mm)

Fig. 11. tafel polarization curves of base alloy, surface melted and surface alloyed specimens as 1 and 2 pass in 3.5 wt.% naCl solution
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insoluble films cover the surface of the specimens corroded and 
prevent ionic transport. in this manner, the adherent surface film 
enhances corrosion resistance. however, in anodic region, by 
increasing potential, corrosion current variations in substrate 
is more stable than surface melted specimen. this instability in 
behavior of the protective layer formed on the surface melted 
zone, in higher potential, can be related to presence of porosities 
on its surface. these porosities can deteriorate the situation of 
the protective layer and accelerate the corrosion rate due to the 
increasing of the interface between the specimen and the corro-
sion solution [46,47]. Sem image of the surface melted specimen 
is shown in Fig. 12 that in addition to a dense and compact layer 
of corrosion products on the surface of melted specimen, some 
porosities in the passive film were formed.

Fig. 12 also indicates the polarization test data of the surface 
alloying specimens Sa125-30-1 and Sa135-30-2 in 3.5 wt.% 
naCl solution. as it is obvious, sudden decrease in corrosion 
current for the specimen with one and two-pass alloying was 
started at 175 and –45 mv, respectively and consequently, the 
passive layer was formed earlier on the surface of specimen with 

two-pass alloying. adherent surface film of the two-pass surface 
alloyed specimen was formed in lower potential in comparison to 
another specimen. according to Fig. 11, by increasing potential 
in anodic region, the variation of corrosion current of two-pass 
surface alloyed specimen was approximately remained steady 
and at the top of the curve, it had an ideal situation. it could 
be inferred from the curve that the passive layer was stable in 
a wide range of potentials. Whereas, in one-pass surface alloyed 
specimen, after formation of passive layer, corrosion current was 
meaningfully changed by the rising of corrosion potential, this 
means that the protective layer was unstable and can be related 
to presence of intermetallic phases. Fig. 13a reveals Sem image 
of one-pass surface alloyed specimen exposed to 3.5 wt.% naCl 
solution during polarization test. the protective layer was not 
uniform and many porosities can be seen on its surface. edS 
analysis from the passive film confirm the presence of oxide and 
chloride compounds in this layer (Fig. 13b).

according to the taBLe 4, corrosion potential of two-pass 
surface alloyed specimen is higher than one-pass specimen and 
consequently, it is more noble than one-pass specimen. on the 
other hand, corrosion current density of two-pass specimen is 
also higher than one-pass. this can be attributed to faster forma-
tion of protective layer in two-pass specimen, which consisted of 
aluminum and copper oxides. the corrosion resistance of Cu-ni 
alloys depends on the formation of a stable oxide layer on the 
surface caused by the added alloying element. the protective 
film on the surface of ni-al-bronze (naB) alloys that contains 
copper and aluminum oxides (mainly Cu2o and al2o3) and is 
improved due to the presence of nickel and iron in this film, 
increases the corrosion resistance of this alloys when they are 
exposed in salt solution [6,8,48]. al-rich oxide layer is adjacent 
to the substrate and Cu-rich is formed in outer region [49]. in 
alloys with al content less than 8 wt. %, the microstructure of 
aluminum bronze is monophasic and consists of α By increas-
ing the al content, intermetallic compounds (imCs) are formed 
throughout structure, such as al4Cu9 (γ) and κ phases that in-
crease the number of potential sites for galvanic coupling and 
as a result, reduce the corrosion resistance of these alloys when 

Fig. 13. Sem micrograph of corroded surface. a) and edS analysis of one-pass surface, b) alloyed specimen (Sa125-30-1) in 3.5 wt.% naCl solution

Fig. 12. Sem image of surface of the surface melted specimen (Sm135-
40) in 3.5 wt.% naCl solution
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are exposed to the corrosive environment [47,50,51]. Based on 
the evidences achieved, in seawater, rapid selective phase and 
general corrosion can be occurred in aluminum bronzes and 
nickel-aluminum bronzes[50,52-54].

4. conclusions

in this study, tiG surface melting and alloying of copper-
nickel alloy were performed by pre-placing aluminum powder on 
the surface before melting. the following results were achieved: 
1) the surface melted zones contained porosities. increasing 

of the shielding gas flow rate reduced the porosities of the 
surface melted zones and the depth of the melted zone.

2) in the surface melted zones, although the microstructure 
became finer, due to the porosities and the loss of the effect 
of cold work, the microhardness became lower than that of 
the substrate.

3) re-melting of the surface alloyed specimen resulted in a 
homogeneous microstructure without porosity and improve-
ment in microhardness.

4) microhardness of the specimens that were alloyed at higher 
heat input reached near maximum of 300 hV0.1 as com-
pared to 140 hV0.1 for the substrate. the enhancement in 
microhardness is attributed to the presence of Cu9al4, al2Cu 
intermetallics, α phase with widmanstätten morphology, 
martensite structure and solid solution hardening. 

5) Passive layers were formed on the surfaces of the melted 
and alloyed specimens and enhanced corrosion resistance. 

6) in the two-pass surface alloyed specimen the protective film 
was formed in lower potential in comparison to another 
specimens. in the one-pass alloyed specimen, protective 
layer was unstable due to the presence of intermetallic 
phases in the specimen structure.
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