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30 Abstract

33 Surface modification of cp Cu with W was achieved by using a high power diode
35 laser (HPDL) resulting in a microstructure of micron-sized W particles in a Cu matrix.
37 In both 3.5 wt% NaCl solution and synthetic acid rain (SAR), the laser-fabricated
40 specimens possess lower corrosion current density (Z.,,) than that of cp Cu despite the
42 active shift in open-circuit potential (OCP). Although Cu is cathodic to W in 3.5 wt%
NaCl solution, the Cu phase in the laser-fabricated specimens dominantly dissolves
47 during the immersion test. This anomalous observation is possible because the OCP
49 values of the laser-fabricated specimens, cp Cu and cp W are quite near to each other,
5o while the anodic and cathodic current densities are all not negligible for the Cu and W
54 phases at OCP. As the anodic current density of the Cu phase is greater than anodic
current density of the W phase, the Cu phase corrodes more quickly than the W phase.

59 For the laser-fabricated specimens immersed in SAR, the Cu phase is anodic and is
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selectively attacked while the W phase is passive due to the formation of WOs;.

Keywords: alloys; coatings; SEM; corrosion

1. Introduction

Copper (Cu) is an excellent electric contact material due to its high electrical and
thermal conductivities, high ductility, ease of fabrication and reasonable affordability.
However, its major drawbacks are low hardness, low wear resistance, and
susceptibility to corrosion in chloride-containing media. Tungsten-copper (W-Cu)
composites combine the high hardness, high-temperature strength and excellent
resistance to burning (by sparks and electric arcs) of W and the merits of Cu [1],
leading to a wide range of applications including arcing contacts in voltage breakers
for transmission and distribution of electrical power, erosion and arcing resistant
electrodes for electric discharge machining and welding, heat sinks of electronic
devices and special-purpose materials for rockets and missiles. Conventionally, W-Cu
composites are commonly produced by infiltration of a porous sintered W piece by
liquid Cu. Due to the limited mutual solubility, poor wettability, large differences in
melting point and coefficient of thermal expansion of Cu and W, defects including
pores, Cu lakes and W agglomerates are often formed in the structure [2—4]. Such
defects would contribute to low corrosion resistance and hence significantly limit their
application in corrosive environments.

Laser surface modification is a technique for modifying the near-surface region
of materials without changing the bulk properties. A laser is a clean energy source
which allows a wide range of surface modification via melting of substrate and/or
coating materials through the absorption of the laser energy. It is especially suitable

for modifying the surface of components suffering from corrosion and wear at
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localized regions while retaining the bulk properties, thus obtaining optimal
combination of surface and bulk properties at affordable cost. It was reported that the
surface properties of engineering alloys such as hardness [5-9], resistances to
corrosion [10-13], erosion and abrasion [9], wear [8,11-13], oxidation [14-17] and
fatigue crack growth [20] were significantly improved by laser surface modification.
Particularly, laser surface modification of Cu is extremely challenging due to its high
reflectivity to infra-red light and high thermal conductivity. As a result very few
studies on laser surface modification of Cu were reported in the literature. Hirose and
Kobayashi firstly reported that Cu-Cr alloyed layers of thickness 100 to 200 um were
produced by laser surface modification of Cr powder beds or a plasma-sprayed Cr
coating on Cu substrate with a 2.5-kW CO; laser (beam diameter of 1.2 mm, traverse
speed of 0.33 mm/s, He shielding) for improving hardness and wear resistance at
elevated temperatures without sacrificing its electrical properties [8]. The Cr content
of the modified layers was approximately 20 wt%. Due to the limited solid solubility
between Cr and Cu, laser surface modification causes pure Cr particles to be
precipitated and finely dispersed upon rapid cooling. The modified layers had higher
hardness (120 HV) than that of pure Cu (60-70 HV) at room temperature due to the
presence of dispersed Cr particles. Moreover, the hardness of the modified layers was
3-4 times that of pure Cu at 873 K. Similar work was reported by Majumdar and
Manna who attempted laser treatment of Cu substrate with the incorporation Cr for
improving abrasion and erosion resistances using a CW CO, laser [9,21]. The
modified zone consists of dispersed Cr-rich particles in a Cu-rich solid solution and is
consistent with the findings of Hirose and Kobayashi. The laser fabricated Cu-Cr
layer possesses 2-3 times increase in hardness and the wear resistance was
significantly improved. Laser remelting of a powder mixture 48Cu-48Cr-4Fe (wt%)
was studied by Geng and his co-workers [17]. After remelting, a refined spherical Cr

3



©O© 0 Jo U WK

phase was uniformly dispersed in the Cu-rich matrix. Increased compactness and
refined microstructure of the remelted alloy led to increased hardness, wear resistance
and a reduced friction coefficient as compared with the base material. Laser surface
modification of cp Cu with preplaced Ti powder using a high power diode laser has
been reported by Wong et al [13]. The Ti-alloyed Cu possesses lower corrosion
current density than that of cp Cu. Particularly, the laser-modified specimen with 85
wt% Ti shows the highest corrosion resistance, that is, about 150 times that of cp Cu
and very close to that of cp Ti. Improvement of corrosion resistance is attributed to the
presence of Ti in the intermetallic and metallic phases for forming the protective
oxide.

Studies on selective laser melting (SLM) and direct metal laser sintering (DMLS)
of bulk W-Cu composites were reported [22,23]. Li and his coworkers reported that
SLM of W-10wt%Cu composite with a 100-W CW/modulated fibre laser resulted in
complete melting of Cu but without melting of W [22]. The binder (Cu) was molten
and infiltrated the W particles, then solidified as a continuous solid phase with
uniformly distributed W particles in the Cu matrix. On the other hand, Gu and his
coworkers reported that DMLS of a composite system consisting of 40 wt%
submicron W-20Cu powder and 60 wt% micron Cu powder was performed with a
2-kW CW CO;, laser to produce a series of regularly shaped W-rim/Cu-core structures
[23]. The formation of the W-rim was attributed to the combined action of the
clockwise thermal Marangoni flow and the counterclockwise solutal one, which was
induced by temperature gradient or chemical concentration at a solid/liquid interface.
The repulsive forces between the W particles in the Cu liquid prevented the W-rim
from merging, thereby forming the Cu-core after solidification. The difference in
resultant microstructure by SLM and DMLS is ascribed to different processing routes.
In both studies, only the microstructural evolution of the bulk W-Cu composites was
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addressed. On the other hand, the feasibility of depositing W-Cu composite overlays
on bronze substrate by laser cladding was explored by Wang and Xue [24].
Metallographic analysis of the composite coatings revealed that coalescence and
separation of the W particles occurred more easily for the fine W powders than for the
coarse ones due to poor wetting behavior.

Levy and Chang conducted anodic polarization studies on pure W and different
heavy W composites fabricated by sintering, in 0.1 M NaCl solution at pH 4, 9 and 12
and immersion tests in 5% NaCl solution [25]. A general increase in corrosion rates
with increasing pH was observed and composites containing Cu had the highest
corrosion rates. Both general dissolution and localized attack at grain boundaries were
observed but the evolution of corrosion is unknown. On the other hand, Ogundipean
and his co-workers studied the corrosion behaviors of five sintered heavy W
composites by immersion test in distilled water and by acid wet—dry cycle test at pH 4
[26]. A general trend of binder phase corrosion was observed in four alloys
(W-Twt%Ni-3wt%Fe,  W-1.8wt%Ni-1.2wt%Fe, W-4.7wt%Ni-2.3wt%Co and
W-4.5wt%Ni-1.5wt%Fe-1.0wt%Co) while W-5.1wt%Cu showed significant W phase
corrosion.-The release of W as well as other elements is due to galvanic corrosion
resulting from the difference in electrode potential between the W phase and the
binder phase in all composites studied. To exploit the feasibility of the laser-fabricated
Cu-W coatings (without porosity and lower W contents, i.e. 55 to 60 wt% W) for
electrical contact applications, their performance in hostile environments was
investigated in the present study. The electrochemical corrosion behavior and
evolution of corrosion in 3.5 wt% NaCl solution and synthetic acid rain (SAR) at 25
°C by immersion tests were investigated in Part I while the electrical sliding wear

behavior in air and SAR will be reported in Part II [27].
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2. Experimental details
2.1 Specimens preparation

Rectangular plates of commercial pure copper (cp Cu) with dimensions of 22
mm X 19 mm x 6.3 mm were ground with 80-grit SiC paper to remove surface oxide
and increase roughness for adhesion with the blend powders (90 wt% W and 10 wt%
Cu). The Cu plates were then ultrasonically cleaned in ethanol and then washed in
distilled water. Fig. 1 shows the morphologies of the W and Cu powders. The W and
Cu particles show a polygonal shape which will facilitate more surface area for laser
absorption during laser surface modification. The average particle size of W and Cu
powders is 20 and 10 um respectively. The blend powders were mixed with 4 wt%
polyvinyl alcohol, which acted as a binder. The slurry of the powders was then pasted
onto the surface of cp Cu by a paintbrush and the thickness of the preplaced layer (d)
was controlled to 0.1 mm approximately. The preplaced powders on the Cu substrate
can circumvent its high reflectivity [9,21,28] and improve laser absorption. The
specimen was preheated with a heating plate to a temperature of 150 °C for reducing
residual stress level [29] and also for improving laser absorption, which is temperature
dependent. Laser surface modification was then carried out using a 2.3-kW CW
HPDL module (Laserline, LDM 1000-1000) at powers of 1.8 and 2 kW, a beam
diameter of 2 mm and scanning speed of 40 mm/s. HPDL possesses the advantage of
a short wavelength (990 nm) which is better absorbed by metals. Argon gas flowing at
a rate of 15 L/min was used as the shielding gas to avoid oxidation during the process.
The laser-fabricated surface was accomplished by overlapping adjacent parallel melt
tracks with 50% overlapping. Considering that the preplaced layer contained 90 wt%
W, the dilution ratio (DR) showing the degree of dilution of W the coatings is
calculated as follows:

d
DR—O.9X(1—BJ (1)
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where d is thickness of the preplaced layer and D is thickness of the laser-fabricated
layer. Note that the DR is for W. Since the preplaced powder contain 90 wt% W and
10% wt% Cu, a factor of 0.9 is used. The values of D and DR are shown in Table 2.
According to this definition, the higher is the DR value, the higher is the degree of
dilution. Surface of the specimens were ground with 400-grit SiC paper to remove
surface oxide and then ultrasonically cleaned in ethanol followed by washing in

distilled water for polarization study and immersion test.

2.2 Microstructural analysis

The laser-fabricated specimens were cut along the transverse cross-section of the
laser-fabricated layers, followed by mounting with epoxy, grinding with SiC papers
up to 800-grit, polishing with 1 um diamond paste, and lastly etching with acidified
ferric chloride solution (25 g FeCl;, 25 ml HCl and 100 ml H,O). Microstructural
examination was then conducted by scanning-electron microscopy (SEM, Hitachi
S-3400N). Phase identification was conducted using X-ray diffractometer (XRD,
Rigaku MiniFlex 600) with CuKa radiation operating at 40 kV and 15 mA and the
scan rate was 0.1 °/s. The XRD patterns of the specimens before and after immersion

tests were taken from the top surface.

2.3 Electrochemical measurement

Potentiodynamic polarization tests of the laser-fabricated specimens, cp Cu and
cp W were performed in stagnant 3.5 wt% NaCl solution and synthetic acid rain
(SAR), open to air, at 25+1 °C using a potentiostat (PAR Versastatll) conforming to
ASTM Standard G5-92 [30]. In order to simulate the acid rain water, SAR was
prepared according to the rain composition obtained by The Macao Meteorological
and Geophysical Bureau (SMG) in 2012 [31]. The composition of the SAR used in
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the present study contains: SO~ 31 mg/L, NO;™ 11 mg/L, Cl" 27.3 mg/L, Na" 27.3
mg/L, Ca®™ 5.5 mg/L at pH 3.5. For electrochemical measurements, all potentials were
measured with respect to a saturated calomel electrode (SCE, +0.244V versus SHE at
25 °C) as the reference electrode. Two parallel graphite rods served as the counter
electrode for current measurement. An initial delay of 120 minutes prior to
polarization was adopted for the specimen to reach a steady-state condition at
open-circuit potential (OCP). After that, the potential was increased at a rate of 0.167
mV/s, starting from 0.2 Vgcg below the OCP. From the polarization curve, the
corrosion current density (/.,) was extracted by Tafel extrapolation. Three replicate

samples were used in the polarization test for each type of specimens.

2.4 Immersion test

In order to investigate the evolution of corrosion of the laser-fabricated specimens,
cp Cu and cp W and in 3.5 wt% NaCl solution and SAR at 25 °C, immersion tests
were conducted. After being polished with 1-um diamond paste, specimens mounted
by epoxy exposing an area of 1-cm” were put into individual beakers with 500-mL 3.5
wt% NaCl solution and SAR keeping in a water bath at 25 °C. They were
intermittently taken out at the first, third, sixth and ninth weeks and then ultrasonically

cleaned in ethanol and dried for further morphological observation by SEM.

3. Results and Discussion
3.1 Microstructure

Owing to the higher laser absorptivity of W [32], it was easier to heat up the
surface and subsequently transfer the heat to the Cu substrate. The temperature
achieved was only high enough to melt Cu while W was infiltrated in the molten Cu.
The laser-fabricated specimens are designated as ‘LA-W-Cu-pXX’ where pXX
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represents the power in kW. The transverse cross-section and microstructure of the
laser-fabricated specimens LA-W-Cu-p1.8 and LA-W-Cu-p2 are shown in Figs. 2 and
3 respectively. The thicknesses (D) of the laser-fabricated layers are depicted in Table
1. Strong metallurgical bond was formed between the laser-fabricated layers and the
Cu substrate. The laser-fabricated layers were free of cracks and porosities. This
shows that the convection flows were sufficient to eliminate the porosities in the
preplaced layer [33]. After rapid solidification, an ensuing microstructure containing
two distinct phases, i.e. the bcc W particulate phase and fcc Cu binder phase were
detected by XRD as shown in Fig. 4. The microstructure of the laser-fabricated
specimens consists of micron-sized W particles dispersed in a Cu matrix (Figs. 2b and
3b). The W phase is essentially pure W, and is surrounded by the Cu binder phase. A
surface with non-uniform sized W particles (average size of 0.5 to 20 pum) can be
observed from the cross-section of the laser-fabricated specimen LA-W-Cu-pl.8 (Fig.
2b). For LA-W-Cu-p2, larger W particles with average size of 30 um are uniformly
dispersed in the Cu matrix as shown in Fig. 3b. A contiguous microstructure with
contacts between the W particles can be also observed. From Fig. 3¢, W is undiluted
because of the large difference in melting temperature and the mutual insolubility of
W and Cu. EDX line scan across the two phases reveals that the brighter contrast
region is the W phase while the darker one is the Cu phase. By image and
compositional analyses, the W content in the laser-fabricated layers is about 55 and 60
wt% for LA-W-Cu-p1.8 and LA-W-Cu-p2 respectively. Lower W content is observed
in LA-W-Cu-p1.8 because the laser power of 1.8 kW is not high enough for the W
phase to infiltrate completely in the Cu binder. Some W particles were not bonded to
the laser-fabricated layer and lost. It is not surprising that the W content of
LA-W-Cu-p1.8 is found to be lower than expected and inconsistent with the estimated
lower DR, i.e. lower degree of dilution as shown in Table 2.
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3.2 Electrochemical behavior

The plots of OCP against time and potentiodynamic polarization curves of the
laser-fabricated specimens, cp Cu and cp W in 3.5 wt% NaCl solution and SAR (open
to air) at 25 °C are shown in Figs. 5 and 6 respectively. The steady OCP and corrosion
current densities (/.,,-) are summarized in Table 2. Generally, the OCP values for all
specimens in 3.5 wt% NaCl solution are more active than those in the SAR. From
Figs. 5a and 6a, cp W is the most active, cp Cu is the most noble and the OCP values
for the laser-fabricated specimens are in-between in both media. It is consistent with
the galvanic series of metals and alloys [34]. The polarization curve of cp W reveals
that the electrochemical behavior of W differs substantially from those of cp Cu and
the laser-fabricated specimens in both media as shown in Figs. 5b and 6b. cp W
undergoes an active to passive transition while cp Cu and the laser-fabricated
specimens do not. None of the polarization curves show a transpassive region.
According to the values of /., shown in Table 2, the ranking of corrosion resistance
of the specimens is:

cp W > LA-W-Cu-p2 > LA-W-Cu-pl1.8 > cp Cu

Among the specimens, cp W is found to be the most corrosion resistant while Cu
exhibits the lowest corrosion resistance in both media. All laser-fabricated specimens
have lower I, than that of cp Cu despite the active shift in OCP. The [, of
LA-W-Cu-p2 is lower than that of LA-W-Cu-pl.8. I, decreases (i.e. corrosion

resistance increases) with the increase in W content of the laser-fabricated specimens.

3.2.1 In 3.5 wt% NaCl solution
The Pourbaix diagrams for Cu and W in water at 25 °C [35] provide a
thermodynamic basis for explaining the phenomena of dissolution and oxide
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formation in aqueous solutions under different electrochemical conditions. At pH 7, W

readily dissolves in water as tungstate (WO,”) at a rate dependent on its potential:
W +4H,0 — WO4” +8H" + 6¢ ()

It shows that the tungstic ion (WO42') is stable at OCP (-0.444 Vscg) and the corrosion
reaction is possible. On the other hand, the cathodic reaction is reduction of water and
oxygen given by

0, +4H,0 + 4¢— 40H 3)
The strong effect of O, content in the electrolyte suggests that the reduction of O, is
the dominant cathodic reaction given by (3). Another possible chemical reaction is the
dissolution of tungsten oxide (WOs). Lillard ef al. showed that W exposed to air has a
native oxide WOj; through surface-enhanced-Raman spectroscopy [36]. It is suggested
that WOs3 dissolves at the cell equilibrium potential and pH 7 as given by (4).

WO; + 4H,0 — WO, +2H" 4)
Therefore, even if a native oxide layer exists initially on the W surface that inhibits
dissolution, eventually the oxide will dissolve and expose the W surface.

In 3.5 wt% NaCl solution (pH 7), the anodic current density of cp W remains at a
low value and becomes constant above +0.125 Vgcg (showing passivity) as compared
with cp Cu and the Ilaser-fabricated specimens. Polarization curves of the
laser-fabricated specimens are very similar except that the OCP of LA-W-Cu-pl.8
(-0.303 Vgcp) is slightly nobler than that of LA-W-Cu-p2 (-0.324 Vgscg) owing to the
existence of the nobler Cu phase. Distinct ‘knees’ are observed in the polarization
curves of cp Cu and the laser-fabricated specimens due to the oxidation of Cu to Cu’.
Compared with cp W, cp Cu is nobler and oxidized to Cu,O/CuO in neutral solution
in aerated oxidizing conditions. In neutral NaCl solution, oxygen participates in the
corrosion reaction. However, the anodic reaction results in the formation of Cu,O:

2Cu+H,0 — Cu,0+2H" +2¢ (5)
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and subsequent oxidation of Cu,O to CuO film at higher potentials according to:
Cu,0 + H,O — 2CuO +2H" +2¢ (8)

The corrosion resistance of the laser-fabricated specimens with W (55 to 60 wt%)
in 3.5 wt% NaCl solution decreased with the increase in Cu content and this finding is
consistent with that of Levy and Chang who reported that the heavy W alloys with
higher Cu content are more susceptible to chloride ion attack [25]. A local breakdown
of the oxide layer of the Cu phase initiates corrosion attack owing to preferential
adsorption of the chloride ions on the specimen surface, which subsequently hinders
repassivation at local sites. Although the laser-fabricated specimens do not show
considerable passivity as cp W and thermodynamic stability is not as noble as cp Cu,
they have lower corrosion current densities than that of cp Cu (improved at most by a
factor of 6.3). It is probably attributed to the presence of the passivable W phase in the

NacCl solution.

3.2.2In SAR

In SAR (pH 3.5), typical passivation behavior can be clearly observed in cp W.
That is, when cp W is anodically polarized to a more positive potential, the
corresponding anodic current density remains constant. In acidic media, passivation of
W is due to the presence of tungsten oxides [35]. Below pH 5, W forms a passive
anodic oxide film of WO, / W;,0s (at intermediate potentials) or WOs (at high

potentials) [37]. W undergoes the following reactions:

W +2H,0 > WO, +4H" + 4¢ (6)
2WO,+ H,0 » W,05 +2H' + 2¢ (7)
W,05+ H,O > 2WO;+2H" + 2¢” (8)

Insoluble WOs; passive film is formed and retards the dissolution of the W. Anik
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reported that the increase in current density with potential for W results from the
oxidation of a lower oxidation state W-oxide (WO;) to a higher oxidation state
W-oxide (W,0s or WO3) in acidic solutions. But the formation of a barrier layer
(WO3) and hydrated layer (WO3;-:xH,0) on the W surface does not allow the current
density to increase further and it becomes potential independent [38].

For the laser-fabricated specimens in SAR, the passivity of W (cathode)
enhances the dissolution of Cu binder (anode), which starts at the phase boundaries

and propagates into the Cu phase according to the following anodic reaction:
Cu -» Cu’'+2¢ )
In the SAR with the presence of air, dissolved O, promotes dissolution of Cu by
providing the following cathodic reaction:
0, +4H" +4¢ - 2H,0 (10)

The large cathodic (W) area relative to the anodic (Cu) sites further accelerated the

dissolution of Cu.

3.3 Evolution of corrosion by immersion tests

Generally, the corrosion behavior of alloys containing different metallic phases
depends on their relative volume fractions, compositional distribution, reactivity
[39-44] and the kinetics of the solid-state diffusion of the alloyed elements [45]
leading to micro-galvanic coupling and hence preferential dissolution of the active
phase. The evolution of corrosion of the laser-fabricated specimens with Cu and W

phases was revealed by immersion tests.

3.3.1 In 3.5 wt% NaCl solution

For ¢p Cu immersed in 3.5 wt% NaCl solution (pH 7) for 1 week, corrosion
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attack initiated at random locations as shown in Fig. 7(a). Longer exposure to the
NaCl solution from 3 to 9 weeks resulted in more severe damage on the surface of cp
Cu as shown in Fig. 7(b)-(d). On the other hand, cp W was slightly attacked at the
grain boundaries after 9 weeks as shown in Fig. 8(b). At free corrosion potential, W
corroded in the NaCl solution at a rate much slower (by 2 orders of magnitude) than
that of cp Cu, as reflected by the lower /., (Table 2).

It could be observed from Figs. 9 and 10 that the surface of the laser-fabricated
specimens (LA-W-Cu-pl.8§ and LA-W-Cu-p2) in 3.5 wt% NaCl solution has
undergone significant selective corrosion attack at the Cu phase. From the SEM
micrographs of the laser-fabricated specimens immersed in 3.5 wt% NaCl solution for
1 week [Figs. 9(a) and 10(a)], corrosion attack started at the W-Cu phase boundaries
and propagated into the Cu phase while the W particles remain intact. Gradual loss of
the Cu phase and then complete detachment of W particles can be observed in later
stages as shown in Fig. 9(b)-(d) and Fig. 10(b)-(d). From Figs. 9(d) and 10(d), the
extensive corrosion of Cu phase led to detachment of the W particles, leaving behind
holes on the surface.

It is interesting to note that in NaCl solution, Cu is cathodic to W, but the Cu
phase in the laser-fabricated specimens dominantly dissolved in the immersion test,
seemingly behaving as the anodic phase. An explanation on this apparently
contradictory observation is proposed below. When the laser-fabricated specimens
were immersed in the NaCl solution, their OCP values (-0.319 Vgcg and -0.337 Vscg
for LA-W-Cu-p1.8 and LA-W-Cu-p2 respectively) were lower than the OCP of cp Cu
(-0.217 Vgcg) and higher than the OCP of cp W (-0.444 Vscg). However, as all these
OCP values were quite near to each other, both cathodic and anodic reactions took
place on Cu and W phases in a non-negligible manner. In other words, the anodic and
cathodic current densities were all not negligible for the Cu and W phases. The anodic

14



©O© 0 Jo U WK

current densities corresponded to dissolution or corrosion, while the cathodic current
densities corresponded to oxygen or water reduction. As the anodic current density of
the Cu phase was greater than the anodic current density of the W phase, the Cu phase
was corroding more quickly than the W phase even though the Cu phase was cathodic
to the W phase. This anomalous observation is possible depending on the relative
electrode kinetics around the OCP. So dominant dissolution of Cu binder occurred,
and the Cu phase enclosing the W was gradually removed until it could not hold the
W particles. The W particles were finally detached. When the topmost Cu binder was
dissolved, the underlying Cu binder was exposed. Compared with the XRD patterns
of the laser-fabricated specimens before immersion test (Fig. 4), the XRD patterns of
the laser-fabricated specimens after immersion tests show significant decrease in

intensity of W peaks due to W removal via particle detachment (Fig. 11).

3.3.21In SAR

For cp Cu and cp W, the grain boundaries were revealed after immersion in SAR
for 9 weeks as shown in Fig. 12 and Fig. 13 respectively. Corrosion attack was also
observed at the porosities of cp W (Fig. 13), with the formation of WO; as the
corrosion product.

On the other hand, the corrosion morphology for the laser-fabricated specimens
corroded in SAR (pH 3.5) is different from that in 3.5 wt% NaCl solution (pH 7). For
the laser-fabricated specimens, it is observed that corrosion took place initially at the
boundaries of the Cu phases [Fig. 14(a) and Fig. 15(a)] while the W particles became
fuzzy due to oxidation to WO; as depicted in Fig. 14(d) and Fig. 15(d). In SAR, the
Cu phase acted sacrificially and the present finding differs from that of Ogundipe’s
group. They reported that the heavy W alloy with Cu (W-5.1wt%Cu) in 10* M HCI
(pH 4) suffered from preferential corrosion at the W grains [26]. Such contradictory
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results may be attributed to the higher W content in W-5.1wt%Cu as compared with
the laser-fabricated specimens (55-60 wt%W). However, the Ni-Fe binder used in
other heavy W alloys tested in 10* M HCI (pH 4) has been found to be more active
than W. It is attributed to the solubility of W into this phase (in contrast, W has
negligible miscibility in Cu-containing binder phases) and also due to the protective
nature of the air-formed passive film on W [26].

In SAR (pH 3.5), W was stable at OCP and was passive. The phase boundaries
of Cu phase (anode) were selectively attacked and dissolved, while the W particles
(cathode) were still intact but passive as shown in Fig. 14(a) and Fig. 15(a). At the
later stage, the W particles became detached, exposing the Cu phase left behind and
leading to a large crater as shown in Figs. 14(d) and 15(d).

When selective dissolution of Cu binder occurred, the topmost layers of the
laser-fabricated specimens were depleted in the noble phase (W). The XRD patterns
of the laser-fabricated specimens after immersion test in SAR also show significant
decrease in the intensity of W peaks (Fig. 16). Initially, W content was higher than Cu
content in the laser-fabricated specimens, and preferential dissolution of Cu binder

occurred, leading to massive loss in W particles.

4. Conclusions

(1) Laser fabrication of W-reinforced Cu layers has been successfully achieved using
a HPDL resulting in W content of 55 and 60 wt% in the laser-modified zones.
The microstructure of the laser-fabricated specimens consists of micron-sized W
particles in a Cu matrix without porosity.

(i1) In both 3.5 wt% NaCl solution (pH 7) and SAR (pH 3.5), the OCP of the
laser-fabricated specimens are more active as compared with cp Cu while their
corrosion current densities are lower than that of cp Cu attributed to the presence
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of the passivable W phase.

(iii) Although Cu is cathodic to W in 3.5 wt% NaCl solution, the Cu phase in the
laser-fabricated specimens dominantly dissolves during the immersion test. As the
OCP values of the laser-fabricated specimens, cp Cu and cp W are quite near to
each other, the anodic and cathodic current densities are all not negligible for the
Cu and W phases. As the anodic current density of the Cu phase is greater than
anodic current density of the W phase, the Cu phase corrodes more quickly than
the W phase. This anomalous observation is possible depending on the relative
electrode kinetics around the OCP.

(iv) For the laser-fabricated specimens immersed in SAR, the Cu phase is anodic
while the W phase is passive due to the formation of WO;. Cu phase is selectively
attacked and W particles are finally detached from the Cu binder leading to large

craters.
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Table

Thickness of o )
. . Dilution ratio | Cu content | W content
Specimen laser-fabricated layer
(DR, %) (Wt%) (Wt%)
D (mm)
LA-W-Cu-p1.8 0.41 65 45 55
LA-W-Cu-p2 0.43 69 40 60

Table 1. Thickness, dilution ratio, compositions of laser-fabricated specimens.




OCP L., 1n OCP 1., 1n
in NaCl NaCl in SAR SAR
(Vsce) | (uAfem®) | (Vscp) | (uAlem?)
cp Cu -0.217 8.974 -0.055 1.570
LA-W-Cu-pl.8 -0.319 1.312 -0.069 1.439
LA-W-Cu-p2 -0.337 1.096 -0.143 0.925
cpW -0.444 0.926 -0.237 0.734

Table 2. Corrosion parameters of laser-fabricated specimens, cp Cu and cp W in 3.5 wt% NaCl

solution and synthetic acid rain (SAR).



Captions - Table(s)

Legends of Tables

Table 1 Thickness, dilution ratio, hardness and W content of laser-fabricated specimens.

Table 2 Corrosion parameters of laser-fabricated specimens, cp Cu and cp W in 3.5 wt% NaCl
solution and synthetic acid rain (SAR).



Figure

(b)
Fig. 1. SEM micrographs of morphology of (a) Cu and (b) W powders.
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Fig. 2. Laser-fabricated specimen LA-W-Cu-pl.8 showing (a) cross-sectional view; and (b) Cu

matrix embedded with W particles.
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Fig. 3. Laser-fabricated specimen LA-W-Cu-p2 showing (a) cross-sectional view; (b) Cu matrix
embedded with W particles; and (¢c) EDX line scan across the W and Cu phases.
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Fig. 4. XRD pattens of (a) LA-W-Cu-p1.8 and (b) LA-W-Cu-p2.
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Fig. 5(a) Plot of OCP vs time and (b) potentiodynamic polarization curves of the laser-fabricated

specimens, cp Cu and cp W in 3.5% wt% NaCl solution at 25 °C.



>
L
O
n
[72]
> - B
8 03- E
C - 4
L
@] 4 4
& - e
04 - —a— LA-W-Cu-p1.8|]
- —e— LA-W-Cu-p2
4—cp Cu
f —v—cpW
-0.5 T T T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000
Elasped time (s)
(a)
0.8 E T ll'lllﬂ" T l'll'l'llll T ll'llllli LA ‘ LI
0.7 3
0.6 2
0.5 2
0.4 3
S 034
3 0.2 -
) 0.1 - & :
g) 0.0 _5 k——,_;"""d- ﬂr
T 013 ——
E 024
9 ]
O -0.3 3
& 04
DO —a— LA-W-Cu-p1.8
-0.5 1 —eo— LA-W-Cu-p2
063 —a—cp Cu
0.8 4
10° 107 10° 10° 10* 10° 10° 10" 10°

Current density (A/cm’)

(b)
Fig. 6(a) Plot of OCP vs time and (b) potentiodynamic polarization curves of the laser-fabricated

specimens, cp Cu and cp W in synthetic acid rain (SAR) at 25 °C
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(d)
Fig. 7. Morphologies of corroded surface of cp Cu after immersion test in 3.5 wt% NaCl solution for
different time: (a) 1 week; (b) 3 weeks; (¢) 6 weeks; and (d) 9 weeks.
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Fig. 8. Morphologies of corroded surface of cp W after immersion test in 3.5 wt% NaCl solution for
different time: (a) 3 weeks; and (b) 9 weeks.
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Fig. 9. Morphologies of corroded surface of LA-W-Cu-p1.8 after immersion test in 3.5 wt% NaCl

solution for different time: (a) 1 week; (b) 3 weeks; (c) 6 weeks; and (d) 9 weeks.
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Fig. 10. Morphologies of corroded surface of LA-W-Cu-p2 after immersion test in 3.5 wt% NaCl

solution for different time: (a) 1 week; (b) 3 weeks; (c) 6 weeks; and (d) 9 weeks.
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Fig. 11. XRD patterns of corroded surface of (a) LA-W-Cu-pl.8 and (b) LA-W-Cu-p2 in 3.5 wt%
NacCl solution.
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Fig. 12. Morphologies of corroded surface of cp Cu after immersion test in SAR for 9 weeks.
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Fig. 13. Morphologies of corroded surface of cp W after immersion test in SAR for different time: (a)
3 weeks; and (b) 9 weeks.
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Fig. 14. Morphologies of corroded surface of LA-W-Cu-pl.8 after immersion test in SAR for
different time: (a) 1 week; (b) 3 weeks; (¢) 6 weeks; and (d) 9 weeks.
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Fig. 15. Morphologies of corroded surface of LA-W-Cu-p2 after immersion test in SAR for different
time: (a) 1 week; (b) 3 weeks; (¢) 6 weeks; and (d) 9 weeks.
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Fig. 16. XRD patterns of corroded surface of (a) LA-W-Cu-p1.8 and (b) LA-W-Cu-p2 in SAR.



Captions - Figure(s)

Legends of Figures
Fig. 1. SEM micrographs of morphology of (a) Cu and (b) W powders.

Fig. 2. Laser-fabricated specimen LA-W-Cu-pl.8 showing (a) cross-sectional view; and (b) Cu
matrix embedded with W particles.

Fig. 3. Laser-fabricated specimen LA-W-Cu-p2 showing (a) cross-sectional view; (b) Cu matrix
embedded with W particles; and (¢) EDX line scan across the W and Cu phases.

Fig. 4. XRD pattens of (a) LA-W-Cu-p1.8 and (b) LA-W-Cu-p2.

Fig. 5. (a) Plot of OCP vs time and (b) potentiodynamic polarization curves of the laser-fabricated

specimens, cp Cu and cp W in 3.5% wt% NaCl solution at 25 °C.

Fig. 6. (a) Plot of OCP vs time and (b) potentiodynamic polarization curves of the laser-fabricated

specimens, cp Cu and cp W in synthetic acid rain (SAR) at 25 °C

Fig. 7. Morphologies of corroded surface of cp Cu after immersion test in 3.5 wt% NaCl solution for
different time: (a) 1 week; (b) 3 weeks; (c) 6 weeks; and (d) 9 weeks.

Fig. 8. Morphologies of corroded surface of cp W after immersion test in 3.5 wt% NaCl solution for
different time: (a) 3 weeks; and (b) 9 weeks.

Fig. 9. Morphologies of corroded surface of LA-W-Cu-pl.8 after immersion test in 3.5 wt% NaCl

solution for different time: (a) 1 week; (b) 3 weeks; (c) 6 weeks; and (d) 9 weeks.

Fig. 10. Morphologies of corroded surface of LA-W-Cu-p2 after immersion test in 3.5 wt% NaCl for
different time: (a) 1 week; (b) 3 weeks; (c) 6 weeks; and (d) 9 weeks.

Fig. 11. XRD patterns of corroded surface of (a) LA-W-Cu-pl.8 and (b) LA-W-Cu-p2 in 3.5 wt%
NaCl solution.

Fig. 12. Morphologies of corroded surface of cp Cu after immersion test in SAR for 9 weeks.

Fig. 13. Morphologies of corroded surface of cp W after immersion test in SAR for different time: (a)
3 weeks; and (b) 9 weeks.

Fig. 14. Morphologies of corroded surface of LA-W-Cu-pl.8 after immersion test in SAR for



different time: (a) 1 week; (b) 3 weeks; (c) 6 weeks; and (d) 9 weeks.

Fig. 15. Morphologies of corroded surface of LA-W-Cu-p2 after immersion test in SAR for different
time: (a) 1 week; (b) 3 weeks; (c) 6 weeks; and (d) 9 weeks.

Fig. 16. XRD patterns of corroded surface of (a) LA-W-Cu-p1.8 and (b) LA-W-Cu-p2 in SAR.





