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Corrosion Behavior of Aluminum Weld Overlay 
Alloys with Dispersed Niobium Carbide 
Particles in Sodium Chloride Solution 

Y. Takatani, 7;. Tomita, K. Tani, and Y. Harada 

Aluminum overlay weld alloys with dispersed niobium carbide particles (NbCp/AI) were prepared by a 
plasma transferred arc welding process. The corrosion behavior of the NbCp/AI alloys was studied in so- 
dium chloride solution by means of electrochemical techniques and scanning electron microscopy. The 
aluminum alloys under investigation were pure aluminum, aluminum-magnesium, aluminum-magne- 
sium-silicon, and aluminum-copper. The addition of NbC particles shifted the corrosion potentials in the 
positive direction. However, the pitting potentials were almost similar to that of overlay weld alloy with- 
out NbC particles. In the immersion test in quiescent 0.5 M NaCI open to the air, preferential localized 
corrosion of all NbCp/AI alloys was observed at the matrix between NbC particles and crystalline phases. 

1. Introduction 

SURFACE HARDENING of soft aluminum alloys adds desirable 
wear resistance. In a hard surfacing process, a relatively hard 
coating in a layer about 3 mm thick is applied to the soft sub- 
strate (Ref 1). In forming this type of thick hard surfacing, one 
effective approach is the plasma transferred arc welding (PTA) 
method (Ref 2), which uses a plasma arc as a heat source. This 
method is used in practice in the overlay welding of steel. In 
other words, in the PTA method, hard carbide particles are dis- 
tributed on the aluminum alloy, forming a carbide particle dis- 
persion overlay weld layer that hardens the surface (Ref 3, 4). 

The aluminum alloy matrix composites with the dispersed 
carbides are strong and have superior mechanical properties 
such as wear resistance. Silicon-carbide/aluminum composite is 
expected to be adapted for practical use (Ref 5). However, to 
make these composites and overlay weld alloys practical, it is 
necessary to be aware of their chemical properties, such as their 
ability to withstand corrosion in aqueous solution. There have 
been several reports on the corrosion of carbide-strengthened 
aluminum alloy matrix composites (Ref 6-12). These reports 
have assessed several key forms of  corrosion, including corro- 
sion of the carbide or of the metal itself, galvanic corrosion due 
to the presence of other materials, corrosion caused by forma- 
tion of compounds at the carbide-matrix interfaces, and crevice 
corrosion at the pores and crevices along the carbide-matrix in- 
terfaces. However, none of these reports have clarified the cor- 
rosion behavior of  these composites. 

In this study, overlay weld layers were created by dispersing 
NbC carbide particles onto various aluminum alloys using the 
PTA method. The corrosion resistance of  the NbC particle dis- 
persion overlay weld alloys in sodium chloride solution was 
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then evaluated and the corrosion behavior of the carbide/metal 
matrix composites was investigated. 

2. Experimental Method 

2.1 Production of Overlay Weld Alloys 

Niobium carbide powder with particles measuring 60 to 150 
~tm was dispersed in the overlay weld alloy. As shown in Table 
1, four aluminum alloy substrates were used: 99.99 mass% A1 
(4NAI), aluminum-magnesium (5052A1), aluminum-copper 
(2017A1), and aluminum-silicon-magnesium (SAKG42AI). 
Plasma transferred arc treatment was carried out with varying 
amounts of powder and welding currents. The overlay weld lay- 
ers obtained were then observed to assess the appearance of 
overlay weld beads, the shape of the beads, and defects. After 
that, a microstructural analysis of  the bead cross section, the ex- 
tent of melting and solidification, and the dispersion of the NbC 
particles, was carried out. Based on these results, the range of 
appropriate welding conditions was established. Niobium car- 
bide particles were then dispersed onto the surface of  the sam- 
pies. The matrix and crystalline phases in the overlay weld 
alloys were identified using x-ray diffraction (XRD). 

2 .2  Corrosion Test and Electrochemical Testing 

An immersion test was carried out by placing the samples in 
a quiescent 0.5 mol/L NaCI solution open to the air. After the 
samples were cut into 15 by 15 mm blocks, lead lines were con- 
nected to the rear surfaces of the samples using electrically con- 
ductive resin. The samples were then placed in epoxy resin, 
forming the electrode. After that, the surfaces of the samples 
were sanded with silicon carbide sandpaper, finished with dia- 
mond paste (particle size 3 tam), rinsed with acetone, and com- 
pletely masked with silicone resin, leaving only an electrode 
area of 10 by 10 mm. Electrodes were then stored for 86.4 ks to 
allow the resin to harden and were then rinsed with ion exchange 
water and immersed in the corrosive solution. During the im- 
mersion test, the corrosion potentials of the samples were con- 
tinuously measured using a Ag/AgCl/saturated potassium 
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chloride electrode (SSE). Potential display conformed entirely 
to SSE standards, and the testing temperature was 303 K. After 
the corrosion test, the sample surfaces were rinsed thoroughly, 
using tap water then ion exchange water, After drying in cool air, 
the samples were placed in a desiccator. The corroded surfaces 
were then observed using scanning electron microscopy (SEM), 
and the elements were analyzed using energy dispersive spec- 
troscopy (EDS). In some cases, corroded samples were lightly 
polished to observe the changes. 

To assess the polarization behavior of  the samples in sodium 
chloride solution, polarization was carried out in the cathodic 
and anodic directions from the corrosion potential after 0.6 ks of 
immersion, at a scanning rate of 0.2 mV/s; the current flowing at 
that time was then measured. As the corrosion potentials were 
unstable in an aerated solution, a 0.1 mol/L sodium chloride so- 
lution through which high-purity argon gas had been passed for 
3.6 ks prior to the start of the experiment was used as the corro- 
sive solution. Small amounts of  gas were also introduced during 
the measurement process. Using this approach, potential-cur- 
rent density curves could also be measured with good sample re- 
producibility. 

3. Results and Discussion 

3.1 Microstructure of Overlay Weld Alloys 

Niobium carbide powder was uniformly supplied at a rate of 
2,4 kg/s, while the plasma weld current was varied between 60 
to 160 A. As shown in Fig. 1, good bead surface shapes were ob- 
tained at 90 and 100 A. In the lower levels of the bead cross sec- 
tion, the distribution density of NbC particles was higher. This 
phenomenon was verified for all aluminum substrates and was 
due to the fact that the density of the NbC particles was signifi- 
cantly higher than that of the aluminum alloys, causing the NbC 
particles to settle when the aluminum alloy substrates were in a 
melted state. Samples for the corrosion test and metallo- 
graphical examination were cut out of  overlay weld layer sec- 
tions in which NbC particles were dispersed in high densities. 

Figure 2(a) shows the distribution of the NbC particles for the 
overlay weld layers of the various aluminum alloys, and Fig. 
2(b) shows the microstructure of the matrix position of these 
layers. As shown in Fig. 2(a), the NbC particles were distributed 
uniformly, but minute hemispherical pores were also present in 
spots. The microstructures of the matrix alloys (Fig. 2b) were as 
follows: 4NAI was homogeneous, while crystalline phases were 
verified in 5052A1, 2017A1, and SAKG42A1. The XRD patterns 
of the overlay weld alloy matrix and crystalline phases for 
2017A1 are shown as examples in Fig. 3. The diffraction peaks 
of AI and NbC particles were observed in the matrix, in addition 

Table 1 Chemical  composition of the aluminum alloys 

to weak peaks of  AI3Nb and CuA12. Table 2 shows the identifica- 
tion results of the remainder of the aluminum overlay weld al- 
loys. Niobium carbide particles fused to a part of the surface 
during overlay welding process, suggesting that they bonded to 
the aluminum substrate. CuA12 crystalline phase was verified in 
2017A1, while silicon crystalline phase was verified in 
SAKG42AI. 

3 .2  Corrosion Morphologies 

Figure 4 shows the surfaces of the various aluminum overlay 
weld alloys without dispersion of  NbC particles after being im- 
mersed for 288 ks in quiescent, 0.5 mol/L NaCI open to the air. 
4NAI and 5052A1 showed almost no evidence of corrosion nor 
any accumulation of corrosion products. In the case of  2017A1, 
indications are present that dissolution occurred in the vicinity 
of  the crystalline phases. According to EDS analysis, these crys- 
talline phases are a composition of aluminum-copper (CuAI2). 
SAKG42AI was completely covered with a film of corrosion 
products. 

Although not indicated in this paper, the corrosion potentials 
of  overlay weld alloys containing dispersed carbides changed 
over time as follows: immediately after immersion, SAKG42AI, 
5052A1, 4NA1, and 2017A1 (in that order) took on negative cor- 
rosion potentials; SAKG42AI and 5052A1 then moved in a posi- 
tive direction as immersion progressed. Almost  no change was 
seen in 4NAI and 2017A1, with all overlay weld alloys remain- 
ing in the -0.6 to -0.7 V (versus SSE) range after 288 ks of  im- 
mersion 

The morphologies of the alloy surfaces after 288 ks of im- 
mersion are shown in Fig. 5. As shown in Fig. 5(a), when NbC 
particles were dispersed in the various aluminum overlay weld 
alloys, a spotty accumulation of  corrosion products (white part) 
was noted on all alloys. The matrix sections of 4NAI, 5052A1, 
and 2017AI were all covered with coatings of  corrosion prod- 
ucts. Particle-shaped corrosion products covered SAKG42Ai, 
and groove-shaped depressions were visible in the vicinity of 
the NbC particles. Figure 5(b) shows the form after the accumu- 
lated corrosion products were removed from the surface. 
Groove-shaped traces of dissolution appeared on the NbC parti- 
cles and crystalline phase-matrix interfaces. Slight corrosion 
was seen in 4NAI and 5052A1, while marked corrosion was seen 
in 2017A1 and SAKG42AI, which contained large quantities of 
crystalline phase. 

Using EDS, the whisker-shaped crystalline phase of 2017A1 
was identified as copper-aluminum; the crystalline phase on 
SAKG42AI was identified as being made up mainly of silicon. 
This would suggest that overall corrosion of  the matrix alloys, 
crevice corrosion by NbC particles and crystalline phases near 

Si Fe Cu 
Composition, mass % 

Mn Mg Cr Zn Ti A! 

99 99% AI ( 4 N A 1 )  . . . . . . . . . . . . . . . . . .  _ _  
AI-Mg (5052) 0.11 0 23 0.06 0.03 2.51 0121 Trace 0.02 bal 
AI-Cu (2017) 0 32 0.22 4.07 0.43 0.45 0.0l 0 02 0.02 bal 
AI-Mg-Si (SAKG42) 7.56 0 15 0.00 0 12 1.90 Trace 0 .. bal 
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the matrix, and galvanic corrosion caused by contact with for- 
eign substances may all occur simultaneously. 

3 .3  Electrochemical Behavior 

Figure 6 shows the polarization behavior of various types of 
samples when placed in deaerated 0.1 mol/L sodium chloride 
solution using high-purity argon gas. Substrate 4NA1 (Fig. 6a), 
which did not undergo PTA treatment (virgin), showed corro- 
sion potential in the vicinity o f - 1 . 2  V; under anodic polariza- 
tion, the current started to flow, and a passive current density 
was shown. After that, the anodic current increased dramatically 
from --0.6 V, showing pitting potential. On the other hand, the 

cathodic polarization curve showed that the current increased 
gradually and increased linearly from around -1.3 V. With PTA- 
treated 4NAI substrate, the corrosion potential shifted slightly 
positive, and although the anodic and cathodic currents in- 
creased very slightly, this substrate showed similar polarization 
behavior to almost all untreated materials. For the 4NA1 with 
dispersed NbC particles, corrosion potential shifted greatly in 
the positive direction, and the anodic current increased immedi- 
ately and dramatically from corrosion potential. After the slight 
initial increase, the cathodic current increased in a straight line 
from -0.8 V. That is to say, the cathodic current of the 4NAI with 
dispersed NbC particles appeared to be much larger than that of 
the alloy without dispersed NbC particles. 

For 5052A1 (Fig. 6b), the corrosion potentials of the un- 
treated and PTA-treated materials were almost identical; the 
cathodic current increased linearly. Under anodic polarization, 
after very slight initial passivation, current increased dramati- 
cally from -0.4 V due to the generation of localized corrosion. 
Niobium carbide particles were dispersed with the result that a 

Fig. 1 Microstructures of the weld bead on aluminum alloy with dis- 
persed NbC particles. NbC powder feeding rate is 40 g/min 

Table 2 Crystalline materials in aluminum overlay weld 
alloys with dispersed NbC particles determined by x-ray 
diffraction method 

Alloy Phase 
AI (99.99% AI) AI, NbC, AhNb 
A1-Mg (5052) A1, NbC, AhNb 
A1-Cu (2017) AI, NbC, Al~Nb, CuAI2 
AI-Mg-SI (SAKG42) AI, NbC, AI~Nb, Si 

(a) 

(b) 

Fig. 2 Mlcrostructures of aluminum overlay weld alloys with dispersed NbC particles (a) Distribution of NbC particles. (bj Matrix area 
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slightly positive corrosion potential was created. The anodic 
current increased linearly; for in cathodic current, a slight initial 
stagnation was followed by a linear increase. 

In the case of  2017A1 (Fig. 6d), the corrosion potential was 
less negative than that of 4NA1; changes to anodic and cathodic 
current resulting from the dispersion of NbC particles were al- 
most equal. That is to say, the cathodic current from the corro- 
sion potential increased gradually at first, but a dramatic linear 
increase then followed. Under anodic polarization, a slight pas- 
sive region was observed, and current then increased dramati- 
cally from --0.5 V. 

SAKG42A1 (Fig. 6c) had the lowest corrosion potential for 
any of the untreated materials. A straight-line increase of 
cathodic current from the corrosion potential was observed. Un- 
der anodic polarization of SAKG42A1, an even constant current 

z < z  ~ z < z z < t  < ~  z z 

10 50 
Cu K,~ 2Oldegree 

Fig. 3 X-ray diffraction pattern of 2017 aluminum overlay weld al- 
loys with dispersed NbC particles 

100 

_ ' )  . , 

density of 5 • 10 2A/m" (passive regton) was observed between 
the corrosion potential and pitting potential, and the current in- 
creased dramatically from -0.5  V. The same trend was observed 
without dispersed NbC particles, and the corrosion potential of 
SAKG42A1 with dispersed NbC particles shifted slightly higher 
to -1 .0  V, and the cathodic current rose dramatically. Under an- 
odic polarization, after displaying passive current density, cur- 
rent increased dramatically from -0.5 V. 

Thus, the localized corrosion potentials of  all aluminum al- 
loys with dispersed NbC particles in deaerated 0.1 mol/L NaC1 
solution were approximately -0.6 V, which is the same value 
seen for specimens without the NbC particle dispersion. 

3 .4  Corrosion Behavior of Overlay Weld Alloys 

Aluminum overlay weld alloys, 2017A1 and 5052A! (Fig. 6) 
showed almost identical polarization behavior whether un- 
treated, PTA-treated, or NbC-dispersed alloys were used, mean- 
ing that no effect from PTA treatment or dispersion of  NbC 
particles could be verified. 

The 2017A! and 5052A1 matrices possessed slightly more 
posit ive corrosion potentials than the other alloys, approach- 
ing the corrosion potential of  NbC particles.  However, NbC 
particles were stable in sodium chloride solution (Ref 13). 
The 2017A1 and 5052A1 matrices and the NbC particles, 
which are electrochemically similar, were covered by a thin 
passivating film, and the solubil i ty of  these films is thought to 
determine the corrosion resistance of  the carbide-dispersed 
overlay weld alloys. 

Fig. 4 Scanning electron micrographs of the corrosion surface of aluminum overlay weld alloys without dispersed NbC parncles after immersion test- 
ing during 288 ks in open-to-air 0 5 mol/L NaCI solution at 303 K 
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(a) 

(b) 

Fig, 5 Scanning electron micrographs of the corrosion surface on aluminum overlay weld alloys with NbC particles after immersion test during 288 ks 
m open-to-air 0.5 mol/L NaCI soluUon at 303 K. (a) After rinsing in distilled water (b) After repolishing 
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Untreated 4NAI and SAKG42AI both possessed extremely 
negative corrosion potentials, and passive current density was 
observed over a wide potential range until the localized corro- 
sion potential was reached. As a result of dispersed NbC parti- 
cles, the corrosion potential shifted in a positive direction, but 
localized corrosion potential remained almost unchanged. Un- 
der cathodic polarization, a hydrogen-evolution current was re- 
alized immediately. 

This tendency was almost unchanged in PTA-treated alloys, 
and the localized corrosion potential also remained almost un- 
changed. However, with dispersed-NbC particles, the cathodic 
reaction became much stronger while the corrosion potential of 
the overlay weld alloy was situated within the passive potential 
range. 

These findings imply that the NbC particles polarize the alu- 
minum matrix into the anode. In addition, the start-up potential 
of the cathodic current was located in the potential range in 

which the hydrogen evolution reaction occurs (Ref 14). Conse- 
quently, it seems that, in aqueous solution, the cathodic reduc- 
tion reaction progresses on the particle surfaces of aluminum 
overlay weld alloys with dispersed NbC particles, and while the 
aluminum matrix dissolves, the reaction that forms a passivating 
film progresses. As with aluminum-magnesium-silicon 
(SAKG42AI), the large potential difference between carbide 
particles and the matrix leads to the galvanic corrosion reaction 
so that the matrix dissolved fiercely into grooves in the vicinity 
of the NbC particle interface (Fig. 5). 

4. C o n c l u s i o n s  

The 4NAI, 5052A1, and 2017A1 overlay weld alloys yielded 
matrix surfaces covered with thin films of corrosion products, 
while the NbC particles remained unaffected. The SAKG42AI 

Journal of Thermal Spray Technology Volume 5(2) June 1996---159 



matrix alloy corroded. In all overlay weld alloys with dispersed 
NbC particles, the matrix alloys dissolved into groove shapes at 
the matrix interface between the crystalline phases and the NbC 
particles. This tendency was most marked in 2017A1 and 
SAKG42A1.  

In te rms of  anodic  polar izat ion characteris t ics ,  5052A1 and 
2017A!  showed  little difference whe the r  the al loys were un- 
t reated (i.e., no  PTA t rea tment  wi th  dispersed N bC  part icles)  or 
t reated with dispersed NbC particles.  W h e n  untreated,  
S A K G 4 2 A I  showed  ext remely  nega t ive  corros ion potential ;  
with d ispersed N b C  particles,  it s h o w e d  only sl ight m o v e m e n t  in 
the posi t ive  di rect ion and a large pass ive  current  densi ty  range.  
However ,  PTA t rea tment  or  NbC-par t ic le  d ispers ion hardly  af- 
fected their  local ized corrosion potent ia ls  at all. For  4NA1, PTA 
t rea tment  exer ted minimal  inf luence  on anodic  polar izat ion 
character is t ics ,  while  dispersion wi th  NbC part icles caused cor- 
rosion potent ia l  to move  in a posi t ive  direction,  approach ing  the 
local ized corros ion potential ,  and an immedia te  rise in anodic  
current  was observed ,  
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