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Corrosion Behavior of Ni-Cr Weld Overlay 
Alloys with Dispersed Carbide Particles in 

Sodium Chloride Solution 
Y. Takatani, T. Tomita, K. Nagai, and Y. Harada 

Ni-Cr weld overlay alloys with dispersed carbide particles were prepared by a plasma transferred arc 
welding process. The corrosion behavior of the 40 vol % carbide/Ni-Cr materials was studied in sodium 
chloride solution by electrochemical techniques, scanning electron microscopy, x-ray diffraction, and 
electron dispersive spectroscopy. The materials under investigation were powder blends of Ni-50 
mass % Cr powder mixed with NbC, TaC, TiC, WC, Cr3C2, or VC. The NbC, TaC, TiC, and WC particles 
partially dissolved in the molten alloy, causing the crystallization of M23C6. Blends with Cr3C2 and VC 
particles produced the crystallization of M7C3, VxCryCz and M23C6. The VC/Ni-Cr alloy combination 
caused preferential localized corrosion and the carbide remained as VxCryCz. The Cr3C2/Ni-Cr alloy 
combination became studded with the Cr-CI corrosion product compound. With the WC/Ni-Cr alloy 
combination, the WC particles became oxidized and corrosion product spread over the matrix. Other 
carbides were not oxidized, but the matrix of the alloys with these dispersed particles did become covered 
with Cr-rich corrosion products. The NhC/Ni-Cr material exhibited the best corrosion resistance. 
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1. Introduction 

TRANSITION-METAL carbides, in general, have high hardness, 
so a composite based on a corrosion-resistant alloy matrix con- 
taining such carbides should show good wear resistance as well 
as good corrosion resistance. A plasma transferred arc (PTA) 
welding method has been developed for coating steels with such 
composites (Ref 1), and the weldability (Ref 2, 3) and wear re- 
sistance (Ref4) of these PTA coatings have been extensively ex- 
amined. 

After overlay welding with a blend of a nickel-chromium 
(Ni-Cr) alloy and various carbides by the PTA process, the 
welded alloy may consist of  a Ni-Cr-X composition (where X is 
niobium, tantalum, titanium, tungsten, and vanadium) because 
these carbide particles (Ref 5, 6) go partially or totally into solu- 
tion. There are many studies (Ref 7-13) about the influence of al- 
loying elements o localized corrosion. The alloying elements 
chromium, niobium, and titanium improve the alloy corrosion 
resistance (Ref 9, 10), but tantalum and tungsten barely improve 
it (Ref 9), and vanadium has a tendency to increase the passive- 
current density (Ref 9). 

In a previous study (Ref 14), the authors have shown the cor- 
rosion behavior of the transition-metal carbides in sodium chlo- 
ride solution. WC and VC were anodically dissolved, and 
corrosion products of WO3/2H20 and V gO4/2H20 were formed. 
Cr3C2 and TiC were stable in the passive region of  corrosion po- 
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tential and rapidly dissolved anodically in the transpassive re- 
gion. The NbC and TaC particles were stable in sodium chloride 
solution. 

It has been reported (Ref 15-18) that addition of  a second 
phase such as carbide particles in metal causes crevice corrosion 
at the interface between the two phases, or galvanic corrosion 
between the carbide and the matrix alloy. 

The purpose of this investigation is to clarify the effects of 
the carbide particles and matrix composition on the localized 
corrosion behavior of overlay alloys welded with dispersed car- 
bide particles. 

2. Experimental Procedure 

2.1 Preparation of Overlay Weld Alloys 

A Ni-50mass%Cr alloy powder (produced by Kobe Steel 
Co., Ltd., Wakinohama Chuo-Ku, Kobe, 651, Japan) and a car- 
bide powder (purity: 99.9 mass%, produced by Nippon Sin Kin- 
zoku Co., Ltd., Sennari Toyonaka-City, Osaka, 561, Japan) were 
used as starting materials. The particle size range of  these pow- 
ders was 60 to 150 ~tm. Figure 1 shows the morphology of the 

Table 1 Chemical composition of  the matrix on Ni-Cr 
overlay weld alloys with dispersed 40 vol% carbide 
particles determined by EDS 

Chemical composition, mass% 
Alloy Ni Cr Fe Other 
Ni-Cr 50.0 46.8 3.2 
NbC/Ni-Cr 47.1 42.6 8.3 2.0 (Nb) 
TiC/Ni-Cr 50.3 39 9 6 5 3.3 (Ti) 
TaC/Ni-Cr 43.3 40.5 13.8 2.4 (Ta) 
Cr3C2/Ni-Cr 45.9 50.4 3.7 
VC/Ni-Cr 50.3 28.8 12.5 8.4 (V) 
WC/Ni-Cr 53.5 27.2 6.0 13.3 (W) 
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starting powders. The carbide materials were NbC, TaC, TiC, 
WC, Cr3C 2, and VC. Ni-Cr alloy was mixed with 40 vol% car- 
bide powder. Using these mixed powders, 4 mm thick Ni-Cr 

weld overlays with dispersed carbides were formed on mild 
steel (SS400, 150 by 150 by 25 mm) by the PTA process. Table 
1 shows the chemical compositions of the matrix phases in the 

Fig. 1 Morphologies of Ni-Cr alloy and carbide particles 

Fig. 2 Mlcrostructures of cross section of the Ni-Cr weld overlay alloys with dispersed 40 vol% carbide particles 
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weld overlays, determined by electron dispersive spectroscopy 
(EDS) with a Phillips EDAX SW9100 (Phillips Electronic In- 
struments Co., Alpharetta, GA). Table 1 indicates that 3 to 13 
mass% Fe is contained in the weld overlay. 

A cross section of  the overlay was polished using SiC papers 
and diamond paste. After electrolytic etching in a solution of 10 
vol% HCI-90 vol% methyl alcohol, the microstructure of these 
alloys was examined by optical microscopy and scanning elec- 
tron microscopy (SEM) (Hitachi Co., Ltd., Marunouchi Chi- 
yoda-Ku, Tokyo, 100, Japan, S-800). The deposited carbides 
were identified by x-ray diffraction (XRD) (Rigakudenki Co., 
Ltd., Mathubara Akishima-City, Tokyo, 196, Japan, RAD-RC) 
using a monochromatic Cu-Kc~ x-ray source. 

2.2 Electrochemical Measurements 

For electrochemical polarization measurements, test speci- 
mens (15 by 15 mm) were cut from the weld overlay alloys. 
Copper wires were welded to the back of the specimen blocks, 
which were then mounted in epoxy. The electrode surface was 
polished with SiC papers up to No. 600 and rinsed with acetone. 
An electrode area of  10 by 10 mm was left by coating the rest of 
the surface with silicone resin. 

Electrochemical testing was performed by means of  poten- 
tiodynamic and potentiostatic polarization experiments. All 
electrochemical tests were conducted in 0.5 mol/L NaC! solu- 
tion that was saturated by bubbling with air at least 3.6 ks before 
the polarization measurements and during the polarization run. 
An EG&G Princeton Applied Research (PAR) system was used 
in these tests (Model 273 potentiostat and Model 342 Program- 
mer). All potential measurements were taken with respect to an 
AglAgCl/saturated KCI electrode. The counter electrode was 
platinum sheet. The temperature was kept at 323 K. 

The surfaces of specimens were cleaned with demineralized 
water before immersion in the test solution. The potentiody- 
namic polarization testing was initiated at the corrosion poten- 
tial when the specimen had been immersed in the solution for 0.6 
ks. A scan of  potential was carried out either in the electroposi- 
tive direction at a rate of  0.2 mV/s until a breakdown potential 
was reached or in the electronegative direction to approximately 
-2.0 V with respect to Ag/AgCI at the same rate. 

Potentiostatic polarization tests were also conducted on the 
weld overlay. At the pitting potential and at potentials anodic to the 
pitting potential in the same solution, the rising anodic current was 
recorded at 3.6 ks intervals by imposing potentiostatic control. Af- 
ter 3.6 ks, a positive potential up to 100 mV was set up. 

2 .3 Analysis of Corrosion Surface 

The corrosion surfaces and pit morphologies of  the weld 
overlay were observed after the anodic potentiostatic polariza- 
tion tests. Scanning electron microscopy was used to examine 
the microstructure and corrosion morphology. Also, EDS was 
used for composition analysis of  the overlay and its corrosion 
products. The corrosion product layers of  specimens formed by 
potentiostatic polarization were washed with demineralized 
water, allowed to dry naturally, and placed in a dessicator before 
SEM and EDS examination. 

3. Results and Discussion 

3.1 Morphology of Weld Overlay 

Optical microstructures of cross sections of  the weld over- 
lays with 40 vol% dispersed carbide particles are shown in Fig. 
2. The white layer adjacent to the substrate is coated with melted 

Fig. 3 Micrographs of the Ni-Cr weld overlay alloys with dispersed 40 vol% carbide particles 
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Ni-Cr powder. The upper layer, in which black particles are scat- 
tered, shows carbides dispersed in the Ni-Cr alloy. The NbC par- 
ticle dispersion was almost uniform, but the TaC and WC 
particles were concentrated in the lower part of the layer, and the 
TiC particles in the upper part of  the layer. Few Cr3C 2 and VC 
particles remain visible, because these particles tend to go into 
solution during overlay welding by the PTA process. These lay- 
ers have been examined by SEM. Their microstructures are 
shown in Fig. 3 and 4. The carbide-free Ni-Cr alloy shows a la- 
mellar two-phase structure. Spherical particles (A, B, C, and F in 
Fig. 3) are the same as the black ones observed in Fig. 2, and 
these shapes are almost similar to the starting materials. It is 
suggested that only a thin layer of the surface of the starting 
particle has gone into solution, because these carbides have 
high melting points and the exposed time in the PTA process 
is very short. 

For both the VC/Ni-Cr and Cr3C2/Ni-Cr alloy combinations, 
the microstructures of the deposits differ completely from those 
of the starting materials and the morphologies of the deposit are 
mainly columnar (E) or acicular (D). These carbides have low 
melting points and dissolve into the molten alloy during the PTA 
process and crystallize out at solidification. Additionally, Fig. 4 
shows the details of  the microstructures of the weld overlay 
shown in Fig. 3. It is indicated that dispersed carbides have po- 
lygonal (A and E), featherlike (Gl, G2, G3, and G4), or islandlike 
(H 1, H 2, and H3) structures. 

The XRD measurements were carried out to identify deposited 
carbides. Figure 5 shows typical XRD pattems of the NbC/Ni-Cr 
alloy combination, in which y-phase, ~-phase, NbC, and M23C 6 are 
detected. The XRD results are summarized in Table 2. 

Table 2 confirms that the deposited carbides in the alloy are 
crystallized NbC, TiC, M7C3, VxCryCz, M6C, and M23C 6, plus 
any unmelted carbide particles. The carbide-free Ni-Cr alloy is 

composed of ~/- and a-phases with a lamellar structure (Ref 5). 
The polygonal deposit (A) in the NbC/Ni-Cr overlay is NbC 
compound. The columnar and polygonal deposits (E) in the 
VC/Ni-Cr overlay are VxCryCz. The acicular phases (D) in the 
Cr3C2/Ni-Cr overlay are M7C 3. The featherlike phases (G) 
shown in all the micrographs in Fig. 4 are M23C6. Furthermore 
the island-like phases (HI and H2) can be regarded as the t~- 
phase. The deposit (H3) in the Cr3C2/Ni-Cr overlay is a mixture 
of ~/-phase and chromium carbide. 

3.2 Polarization Behavior 

The potentiodynamic polarization curves for the weld over- 
lays with 40 vol% dispersed carbides in aerated 0.5 M NaCI so- 
lution at 323 K are shown in Fig. 6. The corrosion potential of all 
alloys is around -0.2 V versus Ag/AgC1. Cathodic polarization 
curves of carbide-free Ni-Cr and NbC/Ni-Cr materials show a 
linear current rise. Cathodic currents of  the TiC/Ni-Cr, the 
TaC/Ni-Cr, the Cr3C2/Ni-Cr, the VC/Ni-Cr, and the WC/Ni-Cr 
materials rise slowly, and then linearly. For the materials with 
NbC, TiC, VC particles, or particles without carbides, anodic 
polarization curves show a constant current region between the 
corrosion potential and breakdown potential. A wide range of 
breakdown potentials are evident for the NbC/Ni-Cr alloy. The 
pitting potential is the most electropositive for the carbide-free 
Ni-Cr and the VC/Cr-Ni overlays. Therefore, the dispersion of  
the NbC in the Ni-Cr alloy is seen to improve pitting corrosion 
resistance. For the TiC/Ni-Cr, the TaC/Ni-Cr, and the WC/Ni-Cr 
materials, the anodic current linearly increases as potential in- 
creases from the corrosion potential. Only for the Cr3C2/Ni-Cr 
overlay, is there an active-dissolution peak a t -0 .2  V, and a rapid 
increase in current. 

Fig. 4 Microstructures of the Ni-Cr weld overlay alloy with dispersed 40 vol% carbide particles in Fig. 3 
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Fig. 5 X-ray diffraction patterns of the Ni-Cr weld overlay alloy with 
dispersed 40 vol% carbide particles. (a) Carbide-free. (b) NbC. (c) 
Cr3C2 

Table 2 The carbides and the matrix phases of  Ni-Cr 
overlay weld alloys with 40 voi % carbide particles 
determined by XRD and EDS 

Unmelted Crystallized Matrix 
Alloy carbide carbides phases 

Ni-Cr ~(, 
NbC/Ni-Cr NbC NbC, M23C6 y, ot 
TiC/Ni-Cr TiC TiC, M23C6 y, ot 
TaC/Ni-Cr TaC M23C6 "/, ot 
Cr3C2/Ni-Cr M7C3, M23C6 "y 
VC/Ni-Cr V~2ryC:, M23C6 
WC/Ni-Cr WC M6C, M23C6 ",/ 
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Fig. 6 Polarization curves of the Ni-Cr weld overlay alloys with dis- 
persed 40 vol% carbide panicles in aerated 0.5 mol/L NaCI solution at 
323 K (a) Carbide-free, NbC, and VC. (b) Cr3C 2, TiC, TaC, and WC 
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The potentiostatic tests of  the alloys are performed while 
holding at various potentials. Figure 7 shows the changes in an- 
odic current density, which were monitored over I h. At low po- 
tentials, before the current rises, the currents of  the carbide-free 
Ni-Cr (Fig. 7a) and the NbC/Ni-Cr (Fig. 7b) overlays are con- 
stant, yet most electronegative values for the carbide-free Ni-Cr 
alloy is identical. Currents of  the WC/Ni-Cr (Fig. 7c) and the 
VC/Ni-Cr (Fig. 7d) materials increase as the potential increases. 
The results of the TiC/Ni-Cr and the Cr3C2/Ni-Cr materials 

show the same tendency as those of the WC/Ni-Cr alloy, though 
this is not shown in Fig. 7. 

3.3 Corrosion Surface 

Figure 8 shows SEM micrographs of  the alloy surface after 
polarization in aerated 0.5 mol/L NaC1 solution at potentials up 
to the breakdown potential for 3.6 ks, as shown in Fig. 7. It can 
be seen that the carbide-free Ni-Cr (Fig. 8a) and the VC/Ni-Cr 
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Fig. 7 Vanation of current densities during the potentiostatlc polarization of the Ni-Cr weld overlay alloys with dispersed 40 vol% carbide particles in 
aerated 0 5 mol/L NaCI solution at 323 K. (a) Carbide-free. (b) NbC (c) WC. (d) VC 
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(Fig. 8f) alloys show pits, the NbC/Ni-Cr (Fig. 8b), TaC/Ni-Cr 
(Fig. 8c), TiC/Ni-Cr (Fig. 8d), and WC/Ni-Cr (Fig. 8g) alloys 
have films over the matrix surfaces, and the Cr3C 2 (Fig. 8e)/Ni- 
Cr is studded with a white deposit. Also, in the WC/Ni-Cr depos- 
its, localized white protuberances are observed. Figure 9 shows 
the details of these pits observed in Fig. 8. In Fig. 9(a), a pit in the 
carbide-free Ni-Cr deposit is shown to have resulted from selec- 
tive dissolution of  the Ni-rich "f-phase out of  the lamellar chro- 
mium-rich ix-phase, as reported previously (Ref 6). Figure 9(b) 
shows a pit for the VC/Ni-Cr after the matrix alloy dissolved and 
Vx(2ryC z remained, where EDS analysis indicated a V-Cr corn- 

pound. The protuberance in Fig. 8(g) is an oxidation product 
WC, WO3/2H20 (Ref 14, 19). Figure I0 shows the SEM micro- 
structure and the EDS profiles of  corrosion product films on the 
NbC/Ni-Cr, the TiC/Ni-Cr, the WC/Ni-Cr, and TaC/Ni-Cr de- 
posits. It seems that all the corrosion product films covering the 
matrix surface are chromium-rich compounds containing only a 
small amount of  nickel when compared with the EDS profiles of 
the starting material in Fig. 11. The studded materials shown in 
Fig. 8(e) for the Cr3C2/Ni-Cr alloy are corrosion products that 
are rich in Cr-C1 compounds as indicated by the EDS analysis 
(Fig. 11). 

Fig. 8 SEM micrographs of the Ni-Cr weld overlay alloys with dispersed 40 vol% carbide particles after the potentioslatic polarization in aerated 0.5 
mol/L NaCI solution at 323 K. Carbide and potential (versus Ag/AgC1): (a) Carbide-free at 400 inV. (b) NbC at 700 mV. (c) TaC at 300 mV. (d) TiC at 200 
mV. (e) Cr3C 2 at 300 inV. (f) VC at 600 inV. (g) WC at 500 mV 

Fig. 9 SEM m~crographs of the localized corrosmn for the Ni-Cr weld overlay alloys without and the dispersed 40 vol% VC particles and EDS profile 
of remnant panicles of the latter alloys (shown in Fig. 8a and f) 
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Fig. 10 SEM micrographs and EDS profiles of corrosion products of the Ni-Cr weld overlay alloys with dispersed 40 vol% carbide particles shown in 
Fig. 8. (a) NbC. (b) TiC. (c) WC. (d) TaC 

Fig. 11 SEM micrograph and EDS profiles of corrosion products of the Ni-Cr weld overlay alloys with dispersed 40 vol% Cr3C 2 particles shown in 
Fig. 8(e) 

3 .4  Corrosion Behavior 

Although the Ni-Cr powders are used in the PTA process 
(Ref 5, 6), the weld overlay has a Ni-Cr-Fe matrix because iron 
enters from the steel substrate. In this study, the alloys had iron 
contents ranging from 3 to 13 mass%. The pitting resistance of 
such an alloy in neutral chloride solution is dependent on the 
matrix composition. 

The pitting resistance increases considerably for chromium 
contents greater than 30 mass% (Ref 10, 11). When nickel and 
chromium are present together, the pitting potential shifts rap- 
idly to the noble side as the nickel content rises to 13 mass% (Ref 
12), but the rise of potential is only 0.1 V between 15 and 60 
mass% Ni (Ref 10). The pitting potential for the Ni-Cr alloy free 
of carbides and containing oaly 3 mass% Fe remained at0.4 V in 
spite of the 50 mass% Cr, so the pitting resistance was poor in 
spite of low iron. A nickel-rich phase of the carbide-free Ni-Cr 

alloy is ascribed to preferential dissolution, as shown in Fig. 
7(a), arising from inhomogeneity. 

Furthermore, the matrix of  the weld overlay alloys may con- 
sist of  a Ni-Cr-Fe-X composition (where Xis niobium, tantalum, 
titanium, tungsten, and vanadium) as shown in Table 1, because 
of dissolution of the carbide particle surface or of complete par- 
ticles in the PTA process. 

It is well known that transition metals such as chromium, 
nickel, and niobium enhance the corrosion resistance of stain- 
less steels. The pitting potential for the NbC/Ni-Cr alloy shifted 
to the most noble side in all alloys. There is no pitting even in the 
transpassive region. Anodic polarization at 1.0 V produces a Cr- 
Nb-rich film covering the surface. Thus, alloying with niobium 
would give high corrosion resistance in sodium chloride solu- 
tion. 

The corrosion behavior of  the TaC/Ni-Cr material is consid- 
ered to be similar to that of the NbC/Ni-Cr material according to 
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the corrosion morphologies shown in Fig. 8 and 10. But, the an- 
odic polarization curve of  the TaC/Ni-Cr  material shows an an- 
odic dissolution current that is different from that of  the 
NbC/Ni-Cr  alloy. As a result, the tantalum alloying element  in 
the Ni-Cr  alloy does not exhibit  any affect. Whereas  the TiC/Ni- 
Cr alloy shows an increase in anodic current from a low potential 
a t - 0 . 2  V, the matrix surface is covered  with a corrosion product 
film and there is no localized corrosion. 

In the Cr3C2/Ni-Cr material, the Cr3C 2 particles transform 
themselves into M7C 3 and M23C6, the matrix phase surface is 
not covered with the corrosion product  film, and its products are 
studded on the surface. The anodic dissolution occurs rapidly. It 
cannot be shown whether both MTC 3 and matrix alloy dissolve 
because the matrix contains the same element  as the carbide par- 
ticle. However ,  the nickel e lement  o f  the matrix is found in the 
solution; therefore, the dissolution o f  the matrix alloy in the 
Cr3C2/Ni-Cr material occurs. 

The carbides such as VC and W C  were oxidized in sodium 
chloride solution (Ref  14). On dispersing the VC particle in this 
Ni-Cr alloy by the PTA process, the VC deposits as VxCryC z and 
the matrix alloy is reduced to a Ni-Cr-V composit ion.  The pit- 
ting shows the same corrosion morphology as the carbide-free 
Ni-Cr alloy. The WC/Ni-Cr  alloy would  be oxidized by both the 
matrix and WC particle, which changes to a W-oxide,  probably 
to a compound  of  WO3/H20 (Ref  19). 

Hence,  it has become apparent that the carbide/Ni-Cr materi- 
als have four kinds o f  corrosion behavior.  In the NbC/Ni-Cr  al- 
loy, the matrix alloy has high corrosion resistance and carbide 
particles do not dissolve. The carbide-free Ni-Cr  and the VC/Ni-  
Cr  alloys with matrix cause select ive dissolution. The corrosion 
products deposit  over  the surface o f  the matrix alloy, and these 
carbides are oxidized. Both carbide particles and the matrix al- 
loy are oxidized. 

4. Conclusions 

The corrosion behavior o f  the Ni-Cr  weld overlay alloys with 
dispersed carbide particles prepared by the plasma transferred 
arc method was studied in sodium chloride solution. Partial so- 
lution o f  NbC, TaC, TiC, and W C  particles dissolved in molten 
alloy caused the crystallization o f  M23C6. Particles o f  Cr3C2 and 
VC produced the crystallization o f  M7C 3, VxCryC z, and M23C 6. 
The VC/Ni-Cr  alloy caused select ive corrosion. The Cr3C2/Ni- 
Cr alloy was studded with the Cr-CI corrosion product com- 
pound. The WC/Ni-Cr  alloy caused the WC particle to be 
oxidized,  and corrosion product covered  the matrix surface. 
Other carbides were not oxidized and the matrix o f  the alloys 
with dispersed carbide particles was covered with chromium- 
rich corrosion products. The NbC/Ni -Cr  material exhibited the 
best corrosion resistance. 
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