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Acidic corrosion BehAviour of nioBium-Added Welding overlAys fABricAted  
By self-shielded metAl-cored Wires

Both corrosion and abrasion remove materials from some engineering components such as impact coal crusher hammers, pul-
verizer rings, chute liner, and rolls or molds. intensive research has been done on improving the wear resistance of high chromium 
alloys, however, studies into corrosion resistance of high chromium alloys are insufficient. in order to determine the amount of 
ferroniobium addition in the wire to achieve the best corrosion resistance, and find out the mechanism of ferroniobium enhancing 
the corrosion resistance of the welding overlays, the high-cr iron-based welding overlays with different niobium addition were 
fabricated by using self-made self-shielded metal-cored wires and their acidic corrosion resistance in 3.5 wt.% nacl solution + 
0.01 mol/L hcl solution were investigated by electrochemical corrosion test. The microstructure and corrosion morphology were 
characterized by om, sem, XRD and eDs. The polarization curves and values of Icorr, Ecorr and Rc indicate the corrosion resist-
ance is at the highest with 3.6 wt.% niobium addition, and at the lowest when the niobium addition is 10.8 wt.%. The corrosion 
of welding overlay occurs in the matrix of microstructure. With the increase of niobium addition from 3.6 wt.% to 10.8 wt.%, the 
proportion of network eutectic structure in the welding overlay is increased. up to 10.8 wt.%, the microstructure is transformed 
from hypereutectic structure into eutectic one, leading to a higher acceleration of corrosion rate. When niobium addition reaches 
14.4 wt.%, the welding overlay is transformed into a hypoeutectic structure. The addition of niobium element consumes carbon 
element in the alloy, which makes the increase of chromium content in the final solidified matrix, leading to an improvement in 
corrosion resistance.
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1. introduction

Both corrosion and abrasion remove materials from some 
engineering components such as impact coal crusher hammers, 
pulverizer rings, chute liner, and rolls or molds [1-7]. high-cr 
iron-based alloys have excellent wear resistance which results 
primarily from the presence of high volume fraction of very 
hard chromium carbides in a strong supporting matrix within 
the microstructure [2-4]. moreover, the higher alloy content 
especially chromium can significantly improve the corrosion 
resistance of high-cr iron-based alloys to corrosive conditions, 
such as reducing acids [8,9]. The corrosion resistance of these 
high chromium alloys largely depended on the cr concentrations 
in the matrix and the volume fraction of carbides [10]. it has 
been reported by Ref [11]. that in the anodic polarization tests 

a passive film can form faster in the 27 wt.% cr high chromium 
cast iron than in the 20 wt.% cr high chromium cast iron, and 
the ferritic matrix in 36 wt.%cr high chromium cast iron was 
the most corrosion resistant in that it exhibited a wider passive 
range and lower current density than the pearlitic or austenitic/
martensitic matrices in 20 wt.% cr and 27 wt.% cr high chro-
mium cast irons. however, the intergranular corrosion of high-cr 
iron-based alloys easily takes place in a strong acidic medium 
because the free corrosive potential difference between carbide 
and matrix is the driving force of the inter-phase corrosion [9]. 

The change in volume fraction of the primary and eutectic 
carbides and refinement of primary carbide influenced the corro-
sion behavior of the hardfacing alloys [12]. it was demonstrated 
that the austenitic structured materials (for stainless steels and 
white cast irons) suffered lower overall material loss compared 
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with the martensitic structured materials in the acidic conditions 
[13]. Therefore, the microstructure of high-cr iron-based alloys 
play a key role in their corrosion resistance. The final state of 
microstructure mainly depends on the chemical composition 
of high-cr iron-based alloys [14-15]. since niobium is an 
important strengthening and modifying element in alloys, the 
previous research focused on that nb was added into the high-
cr iron-based alloys to change their microstructure remarkably 
and thus improve the wear resistance [15-19]. however, there 
are very few works investigating how to influence the corrosion 
resistance by niobium addition in the high-cr iron-based alloys. 
There are two objectives of the present work: one is to determine 
the content of ferroniobium added in the wire that contributes 
to the best corrosion resistance, and the other is to find out the 
influence mechanism of ferroniobium on the corrosion resistance 
of welding overlays. Therefore, we fabricated high-cr iron-based 
alloys with different niobium addition by using self-made self-
shielded metal-cored wires and investigated their microstructure 
and corrosion resistance. 

2. experimental procedures 

The method of making the self-shielded metal-cored wire 
comprised the steps of forming a composite wire by deforming 
a low carbon steel strip having a flux into a sheath enclosing 
a core wire and then reducing the diameter of the composite 
wire. The chemical composition of the low carbon steel strip was 
C ≤ 0.10 wt.%, Si ≤ 0.03 wt.%, Mn: 0.30-0.55 wt.%, P ≤ 0.030 
wt.%, S ≤ 0.030 wt.%. The flux contained ferroniobium, high 
carbon ferrochrome, ferroboron, electrolytic ferrosilicon, man-
ganese, graphite and iron. fig. 1 shows flow chart for manufac-
ture of metal-cored wires. a flux filling rate of the wire was 55%. 
Different additions of fe-nb (containing 60 wt.% nb) adding 
into core wire was 6 wt.%, 12 wt.%, 18 wt.%, and 24 wt.%, 
which means the addition of added niobium was 3.6 wt.%, 
7.2 wt.%, 10.8 wt.% and 14.4 wt.%, respectively. The balance 
was made up of iron powders. The diameter of the final wire 
was 2.4 mm.

Roll Powder 

Seam 

Metal-cored wire 

H08A sheath 

fig. 1. flow chart for manufacture of metal-cored wires

The consumables used were self-shielded metal-cored 
wires. mild steel with the dimensions of 50×70×150 mm was the 
substrate and five layers were deposited on its surface for each 
specimen. The welding parameters: welding current 280-340 a, 

arc voltage 28-32 v, welding speed 2.5-3.0 m·min–1, electrode 
angle to plate surface 10° and electrode polarity of positive.

The top surface of metallographic samples was suitably sec-
tioned after the deposition process and polished using standard 
metallographic techniques. The polished samples were etched 
using the agent (15 mL of 38% hydrochloric acid solution, 50 mL 
h2o, 3 mL of 68% nitric acid solution and 3 g ferric chloride) 
to reveal the microstructure. microstructural examination of the 
specimens was carried out using standard optical microscopy and 
scanning electron microscopy. The phase compositions of these 
specimens that were not etched after polishing were analyzed 
using a X-ray diffractometer.

The electrochemical corrosion test was carried out by using 
the Preceton-versa sTaT3 electrochemistry workstation. The 
software in the electrochemical workstation can automatically 
measure the electrochemical corrosion. it included potential 
dynamic polarization, corrosion potential measurement, Tafel 
curve fitting and ac impedance testing. The data fitting analysis 
of ac impedance was completed by zsimpwin software. The con-
ventional three electrode electrochemical corrosion test cell was 
used for electrochemical corrosion test. The working electrode, 
counter electrode and reference electrode are inserted into the test 
unit, and the maximum solution volume of the cell was 100 ml. 
The sample to be tested was 10×10×5 mm welding overlays. The 
electrochemical test solution was 3.5 wt.% nacl + 0.01 mol/l 
hcl, the reference electrode is mercurous sulfate electrode, and 
the counter electrode was 15×15×0.3 mm platinum plate. The 
scanning rate of polarization curve was 0.5 mv/s, and the scanning 
range was –0.4 v ~ 1.5 v vs. ocP in acidic solution. The ac 
impedance test parameters ranged from 0.01 hz to 100 000 hz.

3. results and discussion

fig. 2 shows XRD analysis of self-shielded metal-cored arc 
welding overlays with different niobium additions. it can be seen 
that the microstructure of niobium-containing welding overlays 
is composed of (cr, fe)7c3, (cr, fe)3c, nbc carbides, martensite 
and austenite. With the increase of the addition of niobium, the 
diffraction peak of nbc is increased gradually, which indicates 
that the content of nbc is increased. 

fig. 3 shows the om micrograph of self-shielded metal-
cored arc welding overlays with different niobium additions. 
With the increase of the addition of niobium, the size of pri-
mary m7(c, B)3 carbide in the microstructure of the welding 
overlay is decreased, but the gray black nbc phase is increased. 
moreover, the microstructure of the welding overlay becomes 
finer. it is difficult to find the primary m7(c, B)3 carbide when 
the addition of niobium is 10.8 wt.%. The microstructure of 
the overlay is mainly composed of nbc and eutectic structure, 
and nbc has a large-scale quadrilateral structure. since the ad-
dition of niobium is further increased to 14.4 wt.%, dendritic 
hypoeutectic austenite is precipitated and nbc is distributed 
continuously and intensively. The microstructure of the weld-
ing overlay has changed from eutectic to hypoeutectic. hence, 
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with the increase of the addition of niobium addition in metal-
cored wire, the microstructure of the welding overlay gradually 
changes from hypereutectic to eutectic and hypoeutectic, and 
the microstructure is refined continuously. 

The affinity of niobium for carbon is so great that niobium 
may easily combine with carbon to form niobium carbides [18]. 
in hypereutectic high chromium welding overlay, nbc carbides 
are formed firstly, and then the m7(c, B)3 carbides are formed 
around the nbc precipitates. since the formation of nbc is an 
enrichment of cr and c between the nbc and the matrix, the 
rapid cooling after welding offers propitious conditions for 
the nucleus formation of chromium carbide. Thus, nbc can be 
used as carbide heterogeneous nuclei, which refines the primary 
m7(c, B)3 carbides. on the other hand, the consuming of carbon 
to form nbc, leading to the change of the microstructure of the 
welding overlay. similar microstructure evolution was found in 
Ti doped hardfacing alloy owing to the formation of Tic which 
consumed carbon [20].

fig. 4 shows sem micrograph of self-shielded metal-cored 
arc welding overlays with different niobium additions, which is 
in agreement with the results of fig. 3. moreover, the niobium 
is rich in the gray black nbc phase but not the other phase in 
the microstructure (fig. 4e).

fig. 5 shows the polarization curve of self-shielded metal-
cored arc welding overlays with different niobium additions 
in 3.5 wt.% nacl solution + 0.01 mol/L hcl solution. at the 
niobium addition of 3.6 wt.%, the polarization curve is at the 
highest position. With the increase of niobium addition in the 

fig. 2. XRD analysis of self-shielded metal-cored arc welding overlays 
with different niobium additions

(a)

(c)

(b)

(d)

fig. 3. om micrograph of self-shielded metal-cored arc welding overlays with different niobium additions (a) 3.6 wt.% nb, (b) 7.2 wt.% nb, (c) 
10.8 wt.% nb, (d) 14.4 wt.% nb
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welding wire, the polarization curve position is decreased firstly, 
and then increased. When the addition of niobium is 10.8 wt.%, 
the curve is in the lowest right area, the self-corrosion potential 
is at the lowest point, and the self-corrosion current increases 
sharply. Thus, the corrosion resistance is at the highest with 
3.6 wt.% niobium addition, and at the lowest when the niobium 
addition is 10.8 wt.%.

fig. 6 shows Icorr and Ecorr of self-shielded metal-cored arc 
welding overlays with different niobium additions. When the ad-
dition of niobium is 3.6 wt.%, the self-corrosion potential Ecorr is 
at the highest value of –0.956 v, and Icorr is at the minimum value 
of 2.53 a/cm2, and the corrosion resistance of the alloy is the best 
among all the overlays. however, the overlay with 10.8 wt.% 
niobium addition has the lowest self-corrosion potential Ecorr of 

(a)

(c)

(e)

(b)

(d)

fig. 4. sem micrograph of self-shielded metal-cored arc welding overlays with different niobium additions (a) 3.6 wt.% nb, (b) 7.2 wt.% nb, 
(c) 10.8 wt.% nb, (d) 14.4 wt.% nb, (e) the distribution of nb in fig. 4(d)
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–0.975 v, and the maximum self-corrosion current density Icorr 
is 215.18×10–6 a / cm2, which indicates that the surfacing alloy 
has the lowest corrosion resistance. it can be seen that with the 
increase of niobium addition, the corrosion resistance of the 
welding overlay is decreased as a whole.

-0.98

-0.97

-0.96

-0.95

Icorr
Ecorr 
 

Niobium addition / wt. %

E c
or

r /
 V

3.6 7.2 10.8 14.4
0

5

200

205

210

215

220

I c
or

r /
 1

0-6
A

/c
m

2

 fig. 6. Icorr and Ecorr of self-shielded metal-cored arc welding overlays 
with different niobium additions

fig. 7 shows nyquist curve of welding overlays with differ-
ent niobium additions. fig. 8a exhibits equivalent circuit model 
for the impedance spectra measured in 3.5 wt.% nacl solution 
+ 0.01 mol/L hcl solution, which is available to the welding 
overlay with 0 wt.%, 3.6 wt.%, 7.2 wt.% and 14.4 wt.% niobium 
addition. however, the equivalent circuit model shown in fig. 8b 
which belongs to concentration polarization corrosion electrode 
system applies only to the welding overlay with 10.8 wt.%.

TaBLe 1 shows the values of the equivalent circuit ele-
ments for the impedance spectra measured in 3.5 wt.% nacl + 
0.01 mol/L hcl solution, and fig. 9 summarizes their change 

trend of Rc values. it can be seen that when the niobium addition 
is 3.6 wt.%, Rc exhibits maximum value of 1.194×106 Ω·cm2. 
Rc is deceased to the minimum value (1216 Ω·cm2) with the 
niobium addition increasing to 10.8 wt.%, which indicates 
a worst corrosion resistance.
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 fig. 5. Polarization curve of self-shielded metal-cored arc welding 
overlays with different niobium additions in 3.5 wt.% nacl solution + 
0.01 mol/L hcl solution
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fig. 7. nyquist curve of welding overlays with different niobium addi-
tion in 3.5 wt.% nacl solution + 0.01 mol/L hcl solution (a) 3.6 wt.% 
nb, 7.2 wt.% nb and 14.4 wt.% nb, (b) 10.8 wt.% nb
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fig. 8. equivalent circuit model for the impedance spectra measured 
in 3.5 wt.% nacl solution + 0.01 mol/L hcl solution (a) for 3.6 wt.% 
nb, 7.2 wt.% nb and 14.4 wt.% nb, (b) for 10.8 wt.% nb
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TaBLe 1
values of the equivalent circuit elements for the impedance spectra 

measured in 3.5 wt.% nacl solution

Additions 
of nb 

(wt.%)

equivalent circuit elements

Rs (Ω·cm2) Q (Ω·cm2) Rc (Ω·cm2) Rw (Ω·cm2)

0 1.095×104 8.686×10–11 6.878×105 —
3.6 1.125×104 1.121×10–10 1.194×106 —
7.2 1.157×104 1.381×10–10 4.950×105 —
10.8 3.589×102 3.859×10–6 1.216×103 3.262×10–3

14.4 1.102×101 8.788×10–11 4.348×105 —

fig. 10 shows om micrograph of self-shielded metal-
cored arc welding overlays with different niobium additions 
in 3.5 wt.% nacl + 0.01 mol/L hcl solution. The corrosion of 
welding overlay occurs in the matrix of microstructure. With the 
increase of niobium addition from 3.6 wt.% to 10.8 wt.%, the 
proportion of network eutectic structure in the welding overlay 
is increased. up to 10.8 wt.% of the welding overlay, the micro-
structure is completely transformed from hypereutectic structure 
into eutectic one. although the content of nbc carbide in the 
overlay is increased with the increase of niobium addition, the 
proportion of eutectic structure is increased, and the network 
eutectic structure greatly increases the reaction interface in the 
corrosion process, which greatly speeds up the corrosion rate 
and thus reduces the corrosion resistance. The om images also 

indicate that the corrosion resistance of the welding overlays is 
decreased continuously with the increase of niobium addition 
from 3.6 wt.% to 10.8 wt.% (fig. 10a-c). When niobium ad-
dition reaches 14.4 wt.%, the welding overlay is transformed 
into a hypoeutectic structure. The addition of niobium element 
consumes carbon element in the alloy, which makes the increase 
of chromium content in the final solidified matrix, leading to 
an improvement in corrosion resistance. it can be seen from 
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fig. 10. om micrograph of self-shielded metal-cored arc welding overlays with different niobium additions in 3.5 wt.% nacl + 0.01 mol/L hcl 
solution (a) 3.6 wt.% nb, (b) 7.2 wt.% nb, (c) 10.8 wt.% nb, (d) 14.4 wt.% nb
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fig. 10d that the eutectoid austenite structure remains relatively 
intact after corrosion, which indicates that the corrosion resist-
ance of the welding overlay is increased to a certain extent due 
to the addition of 14. 4 wt.% niobium.

fig. 11 shows sem micrograph of self-shielded metal-
cored arc welding overlays with different niobium additions in 
3.5 wt.% nacl + 0.01 mol/L hcl solution. in accordance with the 
results of om observation, the corrosion reaction in fig. 11a-c 
is increased with the increasing proportion of eutectic structure. 
in fig. 11c, except that the surface of nbc and eutectic carbide 
is in good condition, the network corrosion pits are formed in 
eutectic structure matrix due to severe corrosion reaction. When 
the addition of niobium is increased to 14.4 wt.%, the depth 
of corrosion pit formed after corrosion is reduced compared 
with that in fig. 11d due to the increase of chromium content 
in the matrix.

4. conclusions 

in this study, the high-cr iron-based alloys with different 
niobium addition were fabricated by using self-made self-
shielded metal-cored wires and their microstructure and acidic 

corrosion resistance in 3.5 wt.% nacl solution + 0.01 mol/L 
hcl solution were investigated. from the results, the following 
conclusions can be drawn:
(1) at the niobium addition of 3.6 wt.%, the polarization curve 

is at the highest position. With the increase of niobium ad-
dition in the welding wire, the polarization curve position 
is decreased firstly, and then increased. When the addition 
of niobium is 10.8 wt.%, the curve is in the lowest right 
area, the self-corrosion potential is at the lowest point, and 
the self-corrosion current increases sharply. The values of 
Icorr, Ecorr and Rc are in agreement with the polarization 
curves. Thus, the corrosion resistance is at the highest 
with 3.6 wt.% niobium addition, and at the lowest when 
the niobium addition is 10.8 wt.%.

(2) The corrosion of welding overlay occurs in the matrix 
of microstructure. With the increase of niobium addition 
from 3.6 wt.% to 10.8 wt.%, the proportion of network 
eutectic structure in the welding overlay is increased. up to 
10.8 wt.% of the welding overlay, the microstructure is 
completely transformed from hypereutectic structure into 
eutectic one. although the content of nbc carbide in the 
overlay is increased with the increase of niobium addition, 
the proportion of eutectic structure is increased, and the 

(a)

(c)

(b)

(d)

fig. 11. sem micrograph of self-shielded metal-cored arc welding overlays with different niobium additions in 3.5 wt.% nacl + 0.01 mol/L hcl 
solution (a) 3.6 wt.% nb, (b) 7.2 wt.% nb, (c) 10.8 wt.% nb, (d) 14.4 wt.% nb
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network eutectic structure greatly increases the reaction 
interface in the corrosion process, which greatly speeds up 
the corrosion rate and thus reduces the corrosion resistance. 
When niobium addition reaches 14.4 wt.%, the welding 
overlay is transformed into a hypoeutectic structure. The 
addition of niobium element consumes carbon element in 
the alloy, which makes the increase of chromium content 
in the final solidified matrix, leading to an improvement in 
corrosion resistance.
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