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a b s t r a c t

The aim of this study was to examine the influence of carbon content on the microstructures and cor-
rosion characteristics. The results showed that the hypereutectic microstructure comprised primary
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(Cr,Fe)7C3 carbides and the eutectic colonies [�-Fe + (Cr,Fe)7C3]. The amounts of primary (Cr,Fe)7C3 car-
bides increased from 33.81 to 86.14% when carbon content increased from 3.73 to 4.85 wt%. The corrosion
resistance of the hypereutectic alloy with 4.85 wt% C was about 20 times higher than that with 3.73 wt%
C. The galvanic corrosion occurred in all claddings due to difference of corrosion potential between pri-
mary carbide and austenite. The dense distribution of primary carbides could retard the austenitic matrix
from selective corrosion. The austenite dissolved the Fe2+ ions and formed a Cr2O3 film under 3.5% NaCl
icrostructure

orrosion aqueous solution.

. Introduction

The superior abrasive and erosive wear resistance of Fe–Cr–C
lloys results from great amounts of hard carbides with excellent
orrosion resistance. The abrasion wear resistance is reported to be
ependent upon not only type, morphology, amount, and distribu-
ion pattern of the carbides precipitated from the melt, but also the
ype of matrix structure [1]. In general, the microstructure obser-
ations of Fe–Cr–C alloys have shown that these types of materials
ontain hypoeutectic, eutectic and hypereutectic structures [2–4].
he hypoeutectic microstructures consist of primary dendrites of
ustenite (�) phase and eutectic colonies (� + M7C3). The hyper-
utectic microstructures include the primary M7C3 carbides and
utectic colonies (�+ M7C3).

Much attention has been focused on the wear behavior of
e–Cr–C alloys and several models have also been developed for
he microstructure–property relationship of these alloys [5–11].
owever, the slurries are often corrosive in the oil sand produc-

ion. Erosion corrosion causes a serious problem for the oil sands
ndustry where handling and processing of essentially silica-based
olids results in extremely severe corrosion and wear conditions

12]. The Cr7C3 is well known for its excellent combination of high
ardness, excellent wear resistance as well as good corrosion and
xidation resistance, so it has been widely used as the reinforcing
hase in the composite coatings [13–16]. However, the information
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on the performance of these alloys in the corrosive environments
is yet limited in the open literature [17,18]. Therefore, it is very sig-
nificant to utilize this carbide to improve the corrosion and wear
properties.

The purpose of this study was to investigate the effect of car-
bon contents on the microstructures and corrosion resistance of
hypereutectic Fe–Cr–C claddings. The results of this research may
provide the criteria to be used for selecting the cladding surface for
corrosion applications depending on the microstructural features
of its microstructures.

2. Experimental procedures

The substrates (150 mm × 100 mm × 10 mm) for cladding the hypereutectic
Fe–Cr–C claddings were prepared from ASTM A36 steel plates, which were ground
and cleaned with acetone before welding. Various amounts of graphite and
chromium powders were added into flux cored wires to obtain hypereutectic
Fe–Cr–C claddings with various carbon contents. These claddings were usually
deposited in three layers to avoid dilution of top layer by substrate. Equipment was
used in the present study, as illustrated in Fig. 1. These claddings were deposited
using a flux cored arc welding technique with 2.8 mm diameter flux cored wire; the
welding conditions were 350 A, 33 V with travel speed of 0.005 m s−1, the interpass
temperature being 250 ◦C.

The chemical compositions of claddings were analyzed quantitatively by use of
the optical emission spectroscopy (OES), as listed in Table 1. OES was a method
of chemical analysis that used the intensity of light emitted from a spark at a
particular wavelength to determine the quantity of an element in a sample. The

wavelength of the atomic spectral line gave the identity of the element while the
intensity of the emitted light was proportional to the number of atoms of the ele-
ment. Microstructural evolutions were carried out on the top surface of the claddings
after polishing and etching. The etching solution was aqua regia (the ratio of HCl
and HNO3 was 3:1). The microstructure of these claddings was characterized using
the optical microscope (OM). This study used image analysis software to analyze

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:wwu@nchu.edu.tw
dx.doi.org/10.1016/j.matchemphys.2010.04.003


242 C.-M. Chang et al. / Materials Chemistry and Physics 123 (2010) 241–246

rc we

q
i
o
e

o
s

Fig. 1. Scheme diagram of flux cored wire a

uantitatively the amounts of primary (Cr,Fe)7C3, and measured result was shown

n Table 1. Ten pictures at 50 magnifications were taken for quantitative amounts
f primary (Cr,Fe)7C3. The chemical composition of each phase was carried out by
nergy dispersive spectroscopy (EDS).

Each specimen was covered in waterproof tape, leaving an exposed area of 1 cm2

n the cladding surface under 3.5 wt% NaCl solution at 30 ◦C was used as a corro-
ion medium. Potentiodynamic polarization tests were performed to evaluate the

Fig. 2. Microstructure of hypereutectic Fe–Cr–C claddings with vario
lding for depositing the Fe–Cr–C claddings.

overall corrosion behavior of the specimens. A typical three-electrode cell was used

for electrochemical corrosion tests. Electrical current from a potentiostat shifted
a working electrode from its free corrosion potential or Ecorr to a potential value
determined by the magnitude of the current. Changing an electrode potential from
its Ecorr was referred to as polarization. To maintain electrode electrical neutrality,
electrical current had to be concurrently drawn from a test electrode when current
was supplied by potentiostat to a counter-electrode. The working electrode polar-

us C contents: (a) 3.73 wt% C, (b) 4.21 wt% C and (c) 4.85 wt% C.
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Table 1
Chemical compositions and amounts of primary (Cr,Fe)7C3 carbides for claddings and substrate.

Claddings Composition (wt%) Amount of primary (Cr,Fe)7C3 carbides (%)

C Si Mn Cr Fe

0.09 bal. –
26.70 bal. 33.81
27.08 bal. 61.19
27.31 bal. 86.14
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Substrate (A36) 0.18 0.15 0.55
Cladding A 3.73 2.28 2.33
Cladding B 4.21 2.00 2.26
Cladding C 4.85 1.96 2.28

zation was measured as a potential difference between the reference and working
lectrode. The polarization resistance was measured with a potential scanning rate
f 0.5 mV s−1 within the potential range of Eoc ± 10 mV. The Eoc is the open circuit
otential of material under the test condition. The silver–silver chloride electrode
as regarded as a reference electrode. After polarization test, the corroded surface
as observed by OM.

. Results and discussion

.1. Microstructure

Previous researchers [19–22] indicated that the morphology of
7C3 carbides included blade-like and rod-like shape in Fe–Cr–C

laddings. Fig. 2a–c presents the microstructures of hypereutec-
ic Fe–Cr–C claddings with various carbon contents. The primary
Cr,Fe)7C3 carbides and the eutectic colonies [�-Fe + (Cr,Fe)7C3]
ccurred in all hypereutectic Fe–Cr–C claddings. According to the
iquidus projection for the Fe–Cr–C ternary system [23–26], the
hemical composition of all claddings located in M7C3 liquidus
urface, as shown in Fig. 3. Therefore, the molten liquid phase
ransformed into the (Cr,Fe)7C3 carbides as primary phase dur-
ng solidification. Then, the eutectic reaction [L → �-Fe + (Cr,Fe)7C3]
roceeded as the temperature of molten liquid decreased at the
utectic point. Finally, primary (Cr,Fe)7C3 carbides and the eutectic
olonies [�-Fe + (Cr,Fe)7C3] were remained under the room tem-
erature.

Based on Fig. 2, the amounts of primary (Cr,Fe)7C3 carbides
or each cladding were measured by image analysis, as shown in
able 1. The amounts of primary (Cr,Fe)7C3 carbides in claddings
ncreased from 33.81 to 86.14% when carbon content increased
rom 3.73 to 4.85 wt%. This could be explained by the viewpoint

f the degree of undercooling. For an off-eutectic composition, the
iquidus temperature was much higher than the eutectic tempera-
ure. Thus, the corresponding primary phase was high undercooling
nd tends to grow faster than the eutectic [3]. Moreover, the addi-
ion of carbon lowered the eutectic temperature in Fe–Cr–C alloy

Fig. 3. Liquidus projection for the Fe–Cr–C ternary system [23–26].
Fig. 4. Potentiodynamic polarization curves of claddings with various C contents
under 3.5 wt% NaCl at 30 ◦C condition.

[27,28]. The lower eutectic temperature promoted the growth of
primary carbides due to the high degree of undercooling. There-
fore, the amount of primary (Cr,Fe)7C3 carbides increased and that
of eutectic colonies decreased under the higher carbon contents.

3.2. Potentiodynamic polarization curves

Generally, the corrosion reaction of iron-base alloys in a solution
containing dissolved oxygen with near-neutral pH could be written
as follows [29]:

Anodicreaction : Fe → Fe2+ + 2e− (1)

Cathodicreaction : (1/2)O2 + 2H2O + 2e− → 2OH− (2)

Overallreaction : Fe + 2H2O + O2 → 2Fe2+ + 4OH− → 2Fe(OH)2↓
(3)

Dynamic polarization diagrams in 3.5% NaCl aqueous solution
for the hypereutectic Fe–Cr–C cladding with various carbon con-
tents were shown in Fig. 4. It was evident that the corrosion
potential of the cladding with 4.85% C (−486 mV) was higher than
that for 3.73% C (−594 mV). This indicated that more carbon con-

tent led to nobler corrosion potential for hypereutectic Fe–Cr–C
claddings. The corrosion potential of (Cr,Fe)7C3 carbide in hyper-
eutectic Fe–Cr–C cladding was believed to be nobler than that
of austenite. According to EDS analysis (Table 2), the chromium

Table 2
EDS results of primary (Cr,Fe)7C3 carbides and austenite phase.

Phase Composition (wt%)

C Si Mn Cr Fe

(Cr,Fe)7C3 10.23 0.00 2.11 51.59 36.07
Austenite 0.82 4.33 2.08 8.68 84.09
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ig. 5. Relationship between corrosion current and carbon content for hypereutectic
e–Cr–C claddings.

ontent of (Cr,Fe)7C3 (51.5 wt%) is higher than that of austenite
8.6 wt%). Therefore, the (Cr,Fe)7C3 is nobler than austenite. As a

esult, the more (Cr,Fe)7C3 carbides could move from the corrosion
otential of cladding to nobler direction.

Tafel extrapolation method was used to determine corrosion
urrent of these claddings. Tafel extrapolation method was intro-

Fig. 7. Corroded surfaces of claddings with various C contents after po
Fig. 6. Relationship between the corrosion resistance and the amount of primary
(Cr,Fe)7C3 carbide.

duced to illustrate the application of mixed potential theory to
aqueous corrosion. Fig. 4 shows polarization data for each cladding

with extrapolation of the cathodic Tafel slope back to the corrosion
potential, Ecorr. The intersection gave the corrosion rate or corrosion
current density, Icorr, as was demonstrated from mixed potential
theory. The relationship between corrosion current and the carbon

larization test: (a) 3.73 wt% C, (b) 4.21 wt% C and (c) 4.85 wt% C.
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Fig. 8. Illustration of galvanic corro

ontent of claddings were shown in Fig. 5. The corrosion current of
he cladding with 4.85 wt% C (1.24 �A) was reduced to about 1/30
f the cladding with 3.73 wt% C (35 �A). Obviously, the higher car-
on content was effective in increasing corrosion resistance in Cl−

ontaining environment.
The polarization resistance (Rp) was used in the current inves-

igation to evaluate the corrosion resistance of hypereutectic
e–Cr–C claddings since the corrosion current (Icorr) could relate
o the polarization resistance, their relationship can be written as
ollows:

p = B

Icorr
, (4)

here B was a constant depending on the corrosion system [30].
ig. 6 indicates the relationship between corrosion resistance
nd the amount of primary (Cr,Fe)7C3 carbides. It could be seen
hat the values of polarization resistance increased from 1.49
o 30.43 � cm2 when the amount of primary (Cr,Fe)7C3 carbides
ncreased from 33.81% to 86.14%. The corrosion resistance of the
ladding with 86.14% carbides was about 20 times higher than that
ith 33.81% carbides.

Consequently, the higher polarization resistance, nobler cor-
osion potential and lower corrosion current indicated a better
orrosion resistance for cladding. As a result, the best corrosion
esistance was obtained in the cladding with 4.85 wt% C, but the
orst one occurred in the cladding with 3.73 wt% C. The corro-

ion resistance of the hypereutectic cladding with 4.85 wt% C was
pproximately 20 times higher than that with 3.73 wt% C. The
hromium carbide was passive, but the surrounding chromium-
epleted austenite was attacked. The area of attacked austenitic
atrix relatively decreased as the amount of primary (Cr,Fe)7C3
arbides increased. Therefore, the corrosion resistance of cladding
as enhanced by the great amounts of primary (Cr,Fe)7C3 carbides.

On the other hand, it was noted that corrosion resistance
uddenly increased from 1.49 to 7.88 �cm2 when the amount
f primary (Cr,Fe)7C3 carbides increased from 33.81% to 66.14%.
or hypereutectic Fe–Cr–C cladding.

The corrosion resistance was dominated by the austenite while
the amount of primary (Cr,Fe)7C3 carbides was below 50%. As
the amount of primary (Cr,Fe)7C3 exceeded 50%, the influence of
resistant (Cr,Fe)7C3 carbides on the corrosion resistance was pre-
dominant. Consequently, the corrosion resistance increased rapidly
with increasing of the amount of primary (Cr,Fe)7C3 carbides as the
amount of primary (Cr,Fe)7C3 carbides exceeded 50%.

3.3. Corrosion behavior

After polarization tests in 3.5% NaCl aqueous solution, the
galvanic corrosion was observed, as shown in Fig. 7a–c. These
results indicated that the primary (Cr,Fe)7C3 carbides exhibited
more corrosion resistance than the austenite. Otherwise, the
austenitic matrix were attacked and corroded. Fig. 8 illustrates
the schematic diagram of the galvanic corrosion for hypereutec-
tic Fe–Cr–C claddings. Because the primary (Cr,Fe)7C3 carbides
was more corrosion resistant, the corrosion potential of primary
(Cr,Fe)7C3 carbides was higher than that of austenitic matrix.
The primary (Cr,Fe)7C3 carbides became nobler and the austenitic
matrix became more active. Therefore, The primary (Cr,Fe)7C3 car-
bides and austenitic matrix caused a galvanic couple. However, the
amount or area of each phase was also important for the corrosion
behavior. The area of corroded austenitic matrix was less and the
corrosion resistance will be improved at the same time. As long as
the resistant primary (Cr,Fe)7C3 carbides increased, the corrosion
resistance of claddings enhanced. Finally, the corrosion resistance
was proportioned to the amount of resistant phase. Besides, the Fe
atoms of �-Fe were dissolved into 3.5% NaCl solution during the
electrochemical condition. The Fe2+ reacted with OH− to produce
the Fe(OH)2. Simultaneously, the Cr atoms of �-Fe were combined

with O2 to form the Cr2O3. Fig. 9a and b shows the Pourbaix dia-
grams of iron and chromium [30], which indicated the iron atoms
dissolved Fe2+ ions and chromium atoms formed the Cr2O3 in pH = 7
with the potential between −1.0 and −0.2 mV. Therefore, it was
concluded that the �-Fe dissolved into the Fe2+ ions and Cr2O3 film.
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Fig. 9. Pourbaix diagram of (a) iron and (b) chromium [30].

. Conclusions
In this study, FCAW process was utilized to clad hypereutec-
ic Fe–Cr–C claddings on the ASTM A36 steel. The claddings were
esigned to various carbon contents to discuss the microstruc-
ure and corrosion behavior. Moreover, the relationship between

[
[
[
[
[

and Physics 123 (2010) 241–246

microstructure and corrosion behavior of claddings was discussed.
The results can be summarized as follows:

1. The series of hypereutectic Fe–Cr–C claddings consisted of
the primary (Cr,Fe)7C3 carbides and the eutectic colonies [�-
Fe + (Cr,Fe)7C3]. The amount of primary (Cr,Fe)7C3 carbides
increased with the carbon content of hypereutectic Fe–Cr–C
cladding.

2. The increase in carbon contents promoted the corrosion poten-
tial drifted towards noble side and reduced the corrosion current.
As a result, the increment of carbon content can improve the
corrosion resistance of the hypereutectic Fe–Cr–C claddings.

3. The corrosion form of hypereutectic Fe–Cr–C cladding was gal-
vanic corrosion. The austenitic matrix became more active, and
the primary (Cr,Fe)7C3 carbides became nobler.

4. The corrosion resistance was proportioned to the amount of
resistant primary (Cr,Fe)7C3 carbides.
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