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Abstract
A popular hardfacing alloy consisting of high chromium white iron (HCWI) was deposited on low carbon steel using shielded 
metal arc welding. The wear-resistant alloys are not only used in applications requiring wear resistance but also used in 
applications involving fluids of a range of pH values. It is well known that chromium containing alloys have good corrosion 
resistance due to the presence of passive film. In this study for understanding the film formation on carbides and eutectic 
austenite matrix, HCWI alloy were exposed to potentials (0.157 V vs. SCE and 0.758 V vs. SCE) derived from potentiody-
namic studies in highly alkaline solution of pH 14, simulating Bayer refining process in alumina industry. Electrochemical 
impedance spectroscopy (EIS) technique was used to analyse the impedance of films. The thickness and the composition 
of film properties at various potentials were investigated by time-of-flight secondary ion mass spectrometry (ToF-SIMS). 
At potential 0.157 V versus SCE, chromium carbide had a thick layer of oxide film consisting of mainly FeO with minor 
amounts of CrO. The eutectic austenite matrix consisted of a much denser and slightly thinner film of FeO. It is proposed 
in this study that for the formation of an oxide film on carbides, the carbides would have to dissociate on the surface. This 
dissociation of carbides may likely render the hardfacing alloy less effective in wear-resistant applications. The results were 
explained through superimposing the Pourbaix diagram of chromium carbides and iron (Fe).
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1  Introduction

Hardfacing alloys of high chromium white iron (HCWI) are 
used in the Bayer refining process in alumina industry to 
withstand wear in slurry pumps and pipelines. However, The 
Bayer process solution is highly alkaline with concentrated 
sodium hydroxide which causes severe corrosion of HCWI 
as well [1, 2]. There are only limited studies [1–5] done 
on the corrosion behaviour of HCWI in alkaline solutions 
with contrasting results. In some studies, HCWI consisting 
of (Cr7C3 + Cr3C2) primary, eutectic carbides, and eutectic 
austenite matrix when exposed to sodium hydroxide pH 14 
was found to have the eutectic austenite matrix corroded 
in preference to carbides [1, 2, 4, 6]. Studies of Nelson [2] 

and Mcleod [1] proposed that corrosion of eutectic austenite 
matrix occurred mainly due to depletion of chromium in the 
matrix. In contrast, Salasi [5] and Varmaa et al. [3] found 
that corrosion of HCWI occurred in primary and eutectic 
carbides rather than eutectic austenite matrix.

In the study conducted by Radhesh [7] on exposing 
HCWI in alkaline solution of 2 M NaOH through electro-
chemical impedance spectroscopy (EIS) found that HCWI 
hardfacing alloys showed high impedance values at higher 
anodic potential than the open circuit potential. It was pro-
posed that the alloy had developed a film on its surface. The 
study conducted by Salasi et al. [8] on HCWI for analys-
ing the passive oxide films using nano secondary ion mass 
spectrometry (NanoSIMS) in 0.2 M Na2SO4 solution found 
that thicker iron oxide (FeO) passive film formed on eutectic 
austenite matrix. The film on carbide was thinner than that 
on the matrix which was iron dominated.

Olsson et al. [9] found that solubility of chromium in 
stainless steel increases in alkaline solution. In other stud-
ies, Fajardo et al. [10] conducted passive film analysis using 
SIMS on low-nickel and AISI 304 austenitic stainless steels in 
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highly alkaline solution and found that a duplex layer of pas-
sive film with domination of FeO in outer layer with rich CrO 
in the inner layer was formed. Iron element is stable in alkaline 
solution compared with chromium. Similar results were also 
proposed by other investigators on stainless steels in alkaline 
solution [11, 12].

Formation, and protective nature, of passive film due to 
chromium is well known. However, it was not clear how the 
formation of oxide film in HCWI affects the corrosion behav-
iour. Varmaa et al. [3] proposed that the formation of oxide 
film would result in the dissociation of chromium carbide 
albeit only on the surface. If the chromium carbides dissociate, 
it is likely that the hardfacing alloy will suffer more loss when 
subjected to erosion–corrosion. In this experimental study, the 
nature of oxide film on HCWI in alkaline environment and its 
effect on corrosion behaviour was investigated. It is hoped that 
this study will lead to development of better hardfacing alloys 
and protection methods for these alloys.

2 � Experimental Method

The HCWI-based hardfacing alloys were deposited on low car-
bon steel using shielded metal arc welding. The typical chemi-
cal composition of the deposited hardfacing alloys is given in 
Table 1. The alloy, called 9E, mainly had high chromium and 
carbon contents which form primary carbides and eutectic car-
bide and austenitic matrix [13, 14]. The recommended welding 
parameters provided by the manufacturer of the hardfacing 
alloys are given in Table 2. After the welding was performed, 
samples were prepared from the weld deposits for microstruc-
tural observations. The samples were etched in 20 ml distilled 
water, 10 ml HCl, 30 ml HNO3 and 5 g of FeCl3 [15].

Electrochemical potentiostatic tests were conducted using 
a Gamry Reference 3000 potentiostat and a three-electrode 
cell. The 9E alloy (sample area = 0.63 cm2) was the working 
electrode exposed to 2 M NaOH solution of pH 14 which was 
measured using a pH Cube. A platinum mesh (1 cm2 area) 
and a saturated calomel electrode (SCE) were the counter 
and reference electrodes, respectively. Open circuit potential 
(OCP) was measured after stabilisation for 10 min, and then 
the potentiostatic tests were conducted at Potential 1 (0.157 V 
vs. SCE) and Potential 2 (0.758 V vs. SCE) in pH 14 [16]. 
Two potentials were selected based on previously published 
potentiodynamic polarisation data for this alloy [3]. These 
Potentials 1 and 2 are displayed on the regions of superim-
posed chromium carbide (Cr7C3)–iron (Fe) Pourbaix diagrams 
in Fig. 1 [3, 17]. Potential 1 in the potentiodynamic test was 
selected in the middle of a region where there was a slow 

current increase with potential. Potential 2 was at a potential 
where the alloy corroded rapidly. After the potentiostatic tests, 
EIS tests were conducted at the OCP (− 0.451 V vs. SCE) and 
at selected DC potentials (Potentials 1 and 2). The EIS tests 
are normally done at OCP but in this investigation EIS tests 
were conducted at two different potentials. It was anticipated 
that the true film behaviour may be ascertained if the tests 
were conducted at higher anodic potentials. The samples were 
polarised at these potentials and EIS tests were performed for 
15 min by superimposing small amplitude of 10 mV ac voltage 
signals with a frequency ranging from 100 kHz to 0.01 Hz. 
The resulting impedance data were analysed using Echem 
Analyst software. The microstructure was examined using an 
optical microscope and scanning electron microscopy (SEM, 
Philips XL 30 series). Energy dispersive X-ray spectrometry 
(EDS) was used to study the chemical composition of samples 
held at different potentials. In order to ascertain the crystal 
structure of the constituents of the microstructures, the sam-
ples were investigated with X-ray PANalytical diffractometer 
(Empyrean) using Copper Kα X ray source.

The time-of-flight secondary ion mass spectrometer (ToF-
SIMS) was used to determine the nature and depth of films 
on the samples at three different potentials. For depth pro-
filing, 1 keV Cs+ ion beam was used to sputter 10 × 10 µm2 
crater area of the carbide and the eutectic austenite matrix 
phases separately for 300 s. These studies are likely to pro-
vide information on the thickness of surface film. A testing 
scheme is provided in Fig. 2.

3 � Results and Discussion

3.1 � Microstructural Characteristics of 9E Alloy

The microstructure of the weld deposit is as shown in Fig. 3. 
The SEM microstructure consisted of polygonal shaped 
chromium-rich primary carbides (a), eutectic carbides (b) 
and eutectic austenitic matrix (c). The extensive amount of 
hard chromium carbides and tough eutectic austenite matrix 

Table 1   Chemical composition 
(wt%) of 9E alloy

Alloy type C Cr Mn V Si Ni Mo Fe

9E alloy 4.8 30.0 1.1 0.2 1.4 0.5 1.7 Bal

Table 2   Welding parameters used in the study

Welding 
type

Welding 
voltage (V)

Welding 
current (A)

Welding 
speed (mm/
min)

Depositing 
numbers

SMAW 32 V 100–150 A 120–
200 mm/
min

4 layers, 5 
beads
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withstand granular abrasion at medium loads [14]. The for-
mation of finer eutectic carbides (b) was seen adjacent to 
primary carbides (a) [18].

Elemental analysis of primary carbide which is shown in 
Fig. 3 is given Table 3. From Table 3, it can be seen that the 
carbides were predominantly made up of chromium and iron. 
Lazic et al. [19] reported that (Cr,Fe)7C3 alloy carbides were 
formed by dissolving chromium in cementite phase by sub-
stituting iron atoms. From the atom percentages in Table 3, 
it appears that the primary carbides could be Cr3C2. Other 
published works [13, 14] suggest that the primary carbides 
could be Cr7C3.

The X-ray diffraction results shown in Fig. 4 identified 
that the carbides were Cr7C3 and Cr3C2. Cr3C2 carbides 
were of high intensity in XRD pattern and these carbides are 
most likely primary carbides. It is possible that the eutectic 

carbides could be Cr7C3.These carbon-rich chromium car-
bides (Cr7C3 and Cr3C2) are known to be stable at lower 
temperatures [20]. Literature available [13, 14] also nomi-
nate the matrix to be eutectic austenite and this was found 
to be the case from the X-ray diffraction results. Standard 
peaks for XRD for retained austenite and Cr7C3 are given 
in [21, 22].

The microstructure of the sample after the potentiostatic 
test at Potential 1 (0.157 V vs. SCE) in pH 14 solution is 
shown in Fig. 5. Corrosion occurred on eutectic and, par-
tially, primary carbides. The eutectic austenite matrix (b) 
remains unattacked. Similar microstructures were shown by 
Varmaa et al. [3] on corrosion of HCWI in alkaline solution 
pH 14. In Table 4, EDS chemical analysis shows the pres-
ence of oxygen on the corroded carbides. The presence of 
oxygen suggests the possible formation of passive layer on 

Fig. 1   Pourbaix diagram 
of Cr7C3–Fe in pH 14 with 
Potentials 1 and 2 of 9E sample 
[3, 17]

Electrochemical Impendance 
Spectroscopy studies at OCP,  
0.157V vs SCE and 0.758V vs 

SCE

High Chromium White Iron, C:3%, Cr:30%, Mn:1.1%, 
V:0.2%, Si:1.4%, Ni:0.5%, Mo:1.5%,Bal. Fe

Poten�osta�c tests at 0.157V 
vs SCE and 0.758V vs SCE

XRD, EDS, ToF-SIMS

Fig. 2   Testing scheme for the research Fig. 3   SEM Microstructure of 9E sample showing polygonal a pri-
mary carbides surrounded by b austenite and c finer eutectic carbides
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primary carbides. Chromium amounts in primary carbide 
have also reduced due to partial dissolution of carbides.

The microstructure of a sample after potentiostatic 
test at Potential 2 (0.758 V vs. SCE) in pH 14 solution 

is shown in Fig. 6. The potential is near the transpassive 
region of the potentiodynamic curve [3]. Eutectic and pri-
mary carbides were found to have corroded. The austen-
ite eutectic matrix seems to be less attacked. Corroded 
carbides (a) in Fig. 6 show formation of cracks. Similar 
microstructures were obtained by Varmaa et al. [3] for 
HCWI in alkaline solution pH 14. A possible reason for 
the presence of cracks is due to the very brittle nature of 
carbides and the presence of high residual stresses due to 
welding. More work is necessary to investigate this. The 
significant drop in percentage of chromium in carbides 
shown in Table 5 is due to the instability of carbides at 
these potentials.

In summary, it was found that at both Potentials 1 and 
2, eutectic and primary carbides corroded and the eutectic 
austenite matrix was less corroded. The EIS analysis of 
samples in pH 14 solutions at Potentials 1 and 2 will be 
discussed in following section.

Table 3   EDS analysis of 
primary carbide for 9E sample

9E Alloy Fe Cr C

(wt%) (At. %) (wt%) (At. %) (wt%) (At. %)

Primary carbide (a) 38.20 24.47 47.38 32.59 14.42 42.94

Fig. 4   XRD pattern of 9E sample showing carbides (Cr7C3 and 
Cr3C2) and austenite (Fe FCC)

Fig. 5   SEM microstructure of corroded eutectic and partially cor-
roded primary carbides (a) of 9E sample at 0.157 V versus SCE in pH 
14 solution. (b) is eutectic austenite matrix which is unattacked

Table 4   EDS analysis (wt%) of corroded primary carbide for 9E sam-
ple at 0.157 V versus SCE in pH 14 solution

9E alloy at 0.157 V versus SCE Fe Cr C O

Corroded primary carbide (a) 45.56 15.86 15.58 23

Fig. 6   SEM microstructure of corroded eutectic and primary car-
bides, a dissolved carbides of 9E sample at 0.758V versus SCE in pH 
14 solution
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3.2 � EIS Analysis

Samples were first exposed to Potentials 1 and 2 and EIS 
tests were carried out at OCP (− 0.451 vs. SCE). Samples 
were also tested at Potential 1 (0.157 V vs. SCE) and Poten-
tial 2 (0.758 V vs. SCE) and Nyquist plots were produced. 
The Nyquist plots are given in Fig. 7. In Fig. 7a, b, Nyquist 
curves show capacitive arc between high and intermediate 
frequencies followed by an inductive arc at low frequencies 
for the specimen held at 0.157 V versus SCE. The capacitive 
arcs define the charge transfer processes as well as the resist-
ance of the protective passive film that forms on the surface 
[23, 24]. The inductive loops can possibly be attributed to 
the formation of some intermediate species, which will be 
discussed later. In an earlier study by Varmaa et al. [3], the 
potentiodynamic curve did not display an ideal passive 
behaviour (potential independent current density region); 
instead it showed a gradual increase in current density with 
increase in potential. As the diameter of the capacitive arc 
of the samples exposed to Potential 1 (in the semi-passive 
region) is higher than that of the arcs of Potential 2 (in the 
transpassive region) it can be suggested that the presence of 
films on the surface is responsible for the high impedance 
value. Considering the microstructural variations shown by 

the alloy held at the two different potentials as seen in Figs. 5 
and 6, the Rp value of the specimen kept at Potential 2 in 
relation to that held at Potential 1 can be attributed to sig-
nificant dissolution of carbides at these potentials making 
them difficult to repassivate [25]. The formation of inductive 
loop in Fig. 7a, b at low frequencies for samples exposed at 
Potential 1 is due to absorption of species from the electro-
lyte with slow changes in surface properties [24, 26]. The 
presence of inductive loop may be related to the presence 
of stable passive film on the surface [27, 28]. The diffusion 
element identified in the sample exposed to Potential 2 at 
low frequencies in Fig. 7b may be due continuous diffu-
sion of corrosive species of electrolyte through the corroded 
products to the substrate [29].

3.3 � ToF‑SIMS analysis

ToF-SIMS depth profiles were recorded for understanding 
the films on carbide and eutectic austenite matrix of the sam-
ple exposed at Potentials 1 and 2 in pH 14 solution as shown 
in Figs. 8 and 9. Sputtering times are an indication of the 
thickness of films on the surface under depth profiling. Since 
the sputtering rates were not available, the profiles have not 
been converted to exact depth profiles. Also, since the ions 
detected in the spectra do not necessarily represent the state 
of species which exist in the oxide, the exact oxidation states 
of the ions could not be determined. Similar approach was 
also taken by Zang et al. [30, 31] as to the exact state of 
the oxides. Intensity values provide an indication of relative 
amounts of species present.

Table 5   EDS analysis (wt%) of corroded primary carbide for 9E sam-
ple at 0.758V versus SCE in pH 14 solution

9E alloy at Potential 2 Fe Cr C O

Corroded primary carbide (a) 48.91 2.18 18.52 30.40

Fig. 7   Nyquist plots of a 9E samples held at Potentials 1 and 2 and b then obtained at OCP in pH 14 solutions
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Figure 8 shows the depth profile of carbide and eutectic 
austenite matrix of samples at Potential 1 (0.157 V vs. SCE) 
in pH 14 solution, where the intensity of FeO in eutectic 
austenite matrix (14,331 counts) and carbide (12,311 counts) 
are significantly higher than CrO in eutectic austenite matrix 
(2090 counts) and carbide (2090 counts). The sputtering 
time to remove the FeO from the carbides was higher than 
from the matrix. This suggests that FeO on the carbides was 
thicker than on the eutectic matrix. However, in studies by 
Strehblow et al. [32, 33], Mcleod et al. [34] and Salasi [8] 
found that austenite matrix forms thicker and stable passive 
film than on primary carbide in highly alkaline solution. 
Hoppe et al. [33] stated that the dominance of FeO in passive 
layer is due to weak solubility of Fe species in alkaline solu-
tion. CrO layers are of lower intensity and are also thinner 
on both carbides and matrix as correlated to the sputtering 

time to remove these layers. CrO was found to be also a part 
of the film where FeO dominated both in the carbides and 
eutectic austenite matrix. The higher intensity of FeO in 
eutectic austenite matrix is possibly due to a denser and a 
more uniform film on the austenite matrix.

ToF-SIMS depth profile of carbide and eutectic austenite 
matrix of sample at Potential 2 (0.758 V vs. SCE) in a pH 14 
solution is shown in Fig. 9. In general, the intensity values 
for all the elements are significantly lower in the case of the 
specimen exposed at 0.758 V vs. SCE than the one that was 
held at Potential 1. The lower intensity for chromium in both 
the cases in relation to iron indicates the fact that Cr being 
unstable in highly alkaline solution is low in the carbides 
leaving the corroded region rich in FeO. The significant drop 
of intensity values of chromium at Potential 2 is due to dis-
solution of carbides. The study conducted by Varmaa et al. 
[3] on hardfacing alloys in alkaline solution also showed 
that when chromium carbides dissolve, chromium element is 
significantly reduced. The superimposed Cr7C3–Fe Pourbaix 
diagram of Fig. 1 also shows that Potential 2 is in the cor-
rosion region consisting of CrO4

2− and FeO4
2−. Hence, the 

low levels of chromium.
In summary, it can be said that during oxide film forma-

tion in carbides, FeO dominates as iron is the more stable 
element in carbides in a pH14 solution.

The studies done on microstructure, EIS and ToF-SIMS 
show that sample at Potential 1 (0.157 V vs. SCE) formed 
thicker and stable film of FeO on carbide. In any case, the 
formation of FeO on carbides is itself a result of dissociation 
of chromium carbide. Further, a passive film from chromium 
in stainless steels forms due to chromium being distributed 
as a solute in steel matrix [35] and chromium is not in a 
combined form as it is in chromium carbide. Hence, it is pro-
posed that although there may be some film on the carbide, 
dissociation of carbides on the surface is required to form 
the film. This renders the hardfacing alloy a less effective 
wear-resistant material when pH 14 solutions are involved in 
wear applications. In applications involving wear and corro-
sion, the passive layer may be removed by abrasive particles 
resulting in further corrosion. It is possible that corrosion 
dominates the erosion–corrosion mechanism. The study also 
reveals that FeO dominates over CrO on eutectic austenite 
matrix and this was also found by Salasi et al. [8].

A possible remedy for mitigating corrosion would be 
to place the HCWI in the “immune” region as shown in 
Pourbaix diagram in Fig. 1. The stability of carbides at 
cathodic potentials (CP) may also be affected by formation 
of methane gas when hydrogen combines with carbon as 
shown in Fig. 10. Carbon Pourbaix diagram is superimposed 
on the Chromium carbide–Iron Pourbaix diagram and this 
shows a stable region of methane at these potentials. Further 
investigation is necessary to ascertain the effect of applying 
cathodic potentials.
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Another remedy could be adding nitrogen to hardfacing 
alloys to form nitrides or carbo-nitrides which are likely 
to provide a good combination of hardness and corrosion 
resistance [37, 38]. The experimental work is being carried 
under in our laboratory to add nitrogen as a shielding gas 
in Gas Metal Arc Welding process.

4 � Conclusions

The microstructural, EIS and ToF-SIMS analysis of a 
chromium carbide-based hardfacing alloy was investigated 
at Potentials 1 and 2 in pH 14 solution.

1.	 Optical microstructures consisted of primary carbides 
and eutectic carbides and austenite. XRD analysis iden-
tified the carbides to be Cr7C3 and Cr3C2 and another 
phase identified was austenite.

2.	 ToF-SIMS showed that a thicker FeO film forms on the 
primary carbide. CrO layers were thin on both chromium 
carbide and eutectic austenite. EIS studies showed that 
at Potential 1 (0.157 V vs. SCE) the sample showed high 
corrosion impedance and this may be due to the forma-
tion of a film on the surface of the sample.

3.	 A denser and more uniform FeO film was found on 
eutectic austenitic.

4.	 The formation of oxide films on carbides could result in 
the dissociation of chromium carbides and this dissocia-
tion could make the hardfacing alloy less effective in an 
erosion–corrosion application involving pH 14 medium.
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