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The corrosion and erosion-corrosion (EC) processes of four metal-matrix composites (MMCs) in a simu-
lated cooling water environment have been assessed in this article. The MMCs consisted of two Ni-base and
two Fe-base matrices alloyed with different concentrations of chromium, molybdenum, boron, silicon, and
carbon; the matrices were reinforced with tungsten carbide (WC) particles. The corrosion behavior has
been investigated using a combination of potentiostatic polarization and post-tests surface analysis. The EC
processes were studied by in situ electrochemical techniques measuring the current density and corrosion
potential response at different slurry temperatures and sand content. At static conditions it was found that
as the temperature increased, there was a transition from a homogeneous corrosion of the matrix to an
interfacial corrosion mechanism. The Ni-base MMCs showed a better corrosion resistance and interestingly
a highly alloyed matrix did not significantly improved MMC�s corrosion resistance. In the in situ EC tests,
the Fe-base MMCs showed a constant increase in the current density at all sand contents. Whereas,
significant changes were not observed in the Ni-base MMCs below 0.5 g/L. Although sand content had an
effect on the monitored current density (the current increased as the sand content increased) this effect was
less pronounced above 3 g/L.

Keywords corrosion testing, erosion-corrosion, metal-matrix
composites, slurry transportation

1. Introduction

EC is a severe and complex degradation process in which
mechanical and electrochemical events interact, causing mate-
rial loss and component failure (Ref 1). The total material loss
results from the sum of the individual contributions of
mechanical and electrochemical degradation components and
an additional term knows as synergistic or additive effect
(Ref 1, 2). Several industrial processes are negatively affected
by EC. For instance, the oilsands extraction process (Ref 3-5),
power generation (Ref 6), phosphoric acid production (Ref 7),
metal and mineral extraction (Ref 8), acidic latching of
industrial minerals such as copper silicates and phosphate
rocks among others. In an EC process, the contribution of the
erosion damage results from solid particles impacting the
material surface at different angles and velocities; the erosion
mechanism and damage extent depends on the material
mechanical properties and impact conditions (Ref 9-11). For
instance, ductile materials absorb the impact energy by elastic

and plastic deformation, consequently craters, debris, and
material lips are formed and progressively removed by
subsequent impacts (Ref 12). On the other hand, brittle
materials dissipate the impact energy by the formation and
growth of microcracks and microfatigue; the microcracks
networks merge fracturing the material and producing material
loss (Ref 13).

Many studies have been carried out to understand the
contributions of corrosion to the material degradation under EC
conditions, for instance, some authors suggest that for active
materials the work-hardened layer and the material debris
formed by erosion, are removed by anodic dissolution (Ref 1).
In addition, the surface roughness is increased as a consequence
of the plastic deformation enlarging the surface area exposed to
EC. Furthermore, as studied by Xie et al. (Ref 14), the surface
strain energy of a high carbon low alloy steel increases as a
consequence of mechanical erosion. They concluded that high
strain energies enhanced the anodic dissolution of the steel
surface and moved its corrosion potential toward more active
values (Ref 14). In passive materials the protective layer can be
removed by solid particle impacts (Ref 15-18). There is a
competition between depassivation and repassivation pro-
cesses; if the surface is subjected to a continuous and severe
erosion degradation and the layer is removed, the unprotected
surface will be exposed to the aggressive media (Ref 15, 18).

For multiphase materials such as metal-matrix composites
(MMCs) corrosion can preferentially dissolve the matrix phase
and the hard phase-matrix interface (Ref 2, 19). The severity of
the selective dissolution depends on the matrix phase corrosion
resistance, the presence of additional precipitates and differ-
ences in the corrosion electrochemical potential (Ecorr) of the
matrix and the hard phase (Ref 20, 21).

In terms of EC, Wentzel and Allen (Ref 22) studied the EC
behavior of tungsten carbide (WC)-base hard metals with
different matrices in a water-silica slurry (7% mass of solids)
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at 6.5 m/s. They used gravimetric and potentiodynamic tech-
niques to evaluate the four different matrix compositions and
they concluded that alloying pure Co and Ni matrices increased
the erosion resistance of the hard metals. However, increasing
the passivation of their matrices did not significantly improve
their EC resistance (Ref 22).

Souza and Neville (Ref 23) studied the corrosion and EC
behavior of WC-Co-Cr cermet coatings. The tests were carried
out in a 3.5% NaCl solution at 18 �C and two solids loadings
(0.2 and 0.5 g/L). From their anodic polarization results, two
breakdown potentials (Eb) were observed. They concluded that
the first Eb was related to localize interfacial corrosion whereas;
the second was attributed to pitting of the binder. They reported
that the EC damage mechanisms were dominated by erosion
and the corrosion current density (icorr) was significantly
increased under EC conditions compared to that at static
corrosion (Ref 23). Neville et al. (Ref 2) assessed the corrosion
and EC of four Ni-base MMCs reinforced with different WC
grains particles sizes. The testing solution simulated a recycle
cooling water environment at 25 and 65 �C and the slurry sand
content was 5 wt.%. They reported little differences in the static
corrosion behavior of the MMCs and they suggested that the
corrosion degradation process started around Boron-rich phases
embedded in the matrix. They concluded that under EC
conditions at 65 �C, corrosion significantly deteriorated the
WC particles support from the matrix phase, increasing the total
material loss compared to that at 20 �C (Ref 2). Chromium has
been extensively used to improve the corrosion resistance of
MMCs and therefore, erosion-corrosion (EC) performance
(Ref 2-19). However, as previously mentioned (Ref 22) under
very aggressive conditions, increasing the Cr content did not
significantly increase the MMCs EC resistance. It is important
to indicate that due to Cr toxicity there have been efforts to
substitute it by other active protection methods (Ref 24).

In situ electrochemical studies under EC conditions have
been carried out by several authors. For instance, Hu and
Neville (Ref 15) studied the electrochemical response of
stainless steels in liquid-solid impingement. They found a
critical solid loading at which, the passive layer was dramat-
ically deteriorated by particle impacts. Additions of solids to
the testing solution (above the critical point) promoted a linear
increase of the monitored current density (Ref 15). Guo et al.
(Ref 1) studied the effect of sand concentration on the anodic
current density of carbon steel. They found a linear relationship
between sand concentration and anodic current density when
the steel was tested in a rotating cylinder electrode (RCE)
system at different sand concentrations (0-40 wt.%). Zhou et al.
(Ref 25) also used a RCE, potentiodynamic polarization and
cathodic protection to analyze the synergy between erosion and
corrosion on mild carbon steel. They observed that the anodic

behavior of the steel was significantly affected by erodent
additions (alumina) and rotating velocity. Finally, they con-
cluded that corrosion did not have a significant effect on
erosion in conditions of active dissolution and passive state
(obtained polarizing the sample) (Ref 25). In previous studies
published by the authors on the EC behavior of Nibase (Ref 26)
and Febase (Ref 27) MMCs, it was observed that in concentrated
slurries, the anodic polarization behavior of the MMCs showed
little change when the erosivity of the slurries, expressed as
sand content, was increased above 10 g/L.

In this article, the electrochemical response under EC of
WC-MMCs with different matrices composition is investigated.
The aim of this work is to describe the overall effect that the
sand content, matrix phase and the microstructural features
have on the current density response of the MMCs. The MMCs
were also exposed to different fluid temperatures to assess the
influence of increasing the slurry corrosivity (increasing fluid
temperature) on the MMCs electrochemical response.

2. Experimental Procedure

2.1 Materials

Four different MMCs [two nickel-base (Nibase) and two
iron-base (Febase)] were analyzed in this study. The MMCs
were obtained by mixing the WC reinforcing phase particles
(�65 wt.%) and the matrix phase powders. The chemical
composition of the matrix powders reinforced with WC
particles is presented in Table 1.

The Nibase MMCs were obtained using two variations of
Ni-Cr (nickel-chromium) matrices, one with a lower concen-
tration of alloying elements (WC-NiCrBSi) and one with
additional alloying elements such as molybdenum (Mo) and
tungsten (W), (WC-NiCrMoWB). The Febase MMCs were
developed using two variations of Fe-Cr-C alloys; one with a
low concentration of Cr and C (WC-FeCr) and one with a
higher concentration of alloying elements (WC-FeCrC). The
matrix microhardness was measured using a 100 g load on the
as-polished samples and the results are also presented in
Table 1.

2.2 Corrosion Behavior of the MMCs in Static Conditions

A conventional three electrode electrochemical cell was
used in the static corrosion and the in situ EC tests. A potassium
chloride (KCl) saturated Ag/AgCl electrode and a platinum rod
were used as reference and counter electrodes, respectively.
The MMC was the working electrode and it was prepared by
welding a conductive wire to square MMCs samples

Table 1 Chemical composition (wt.%) of the hardfacing matrix powders and MMCs microhardness

Material Microhardness (HV100) C B Si Fe Cr Ni Mo W

WC-NiCrMoWB 1160± 142 0.32 2.89 4.57 3.77 17.5 Bal 12.7 �5
WC-NiCrBSi 834± 64 0.45 2.27 3.27 2.32 12.44 Bal na na

Material Microhardness (HV100) C Mn Si Cr Mo Fe S

WC-FeCrC 1135± 91 2.8 0.6 0.6 27.2 0.5 Bal na
WC-FeCr 1216± 100 0.007 na 0.5 12.5 na Bal 0.01

na: not available
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(�3.3 cm2) and mounted using a nonconductive epoxy resin.
For the potentiostatic test, the testing electrolyte had a
concentration of 1000 ppm of chloride and a pH of 8.5
adjusted by additions of NaOH. The electrolyte temperature
was increased from 20 to 70 �C at a rate of 0.66 �C/min. The
potential was held constant at 30 mV above the corrosion
potential (Ecorr) and the current density (i), measured in
lA/cm2, was plotted against the electrolyte temperature.
Potentiostatic tests in static conditions were conducted to study
the effects of temperature on the electrochemical response of
the MMCs; the potential was chosen to reduce the damage
experienced by the materials due to polarization. The Arrhenius
plots and the apparent activation energies were obtained to
assess changes in the corrosion process and to define the
corrosion mechanisms. The corrosion tests in this investigation
were carried out following the ASTM G3 and G5 standards
guidelines (Ref 28, 29).

The corrosion mechanisms and surface degradation evolu-
tion were established by microscopic analysis of the MMCs
surface after potentiostatic tests. The samples were immersed in
the testing solution at 20, 45, and 65 �C for 90 min under
potentiostatic control at a potential of 0.03 V above the Ecorr.
The testing temperatures were selected to analyze the corrosion
mechanism at low temperature (20 �C), a temperature slightly
above the critical temperature according with the Arrhenius
plots (as presented later in this article) and at 65 �C for
comparison purpose with previous studies carried out by the
authors (Ref 26, 27).

2.3 Electrochemical Behavior of the MMCs
Under EC Conditions

Potentiostatic tests were carried out in situ to establish the
influence of sand content and slurry temperature on the
electrochemical response of the MMCs under different EC

conditions. The EC tests were carried out using a submerged jet
impingement apparatus based on a previous design developed
by Zu et al. (Ref 30); the main equipment characteristics have
been described elsewhere (Ref 26).

The electrochemical cell arrangement and the testing
solution were the same as for the static corrosion tests. The
sand used in this study was Ottawa silica sand 50/70 and the
particles size was in the range of 200-300 lm; for all tests
the angle of impingement was 90� and the velocity was 14 m/s.
The influence of the sand content in the current response and
Ecorr were analyzed in situ while the sand content was increased
from 0 to 50 g/L (static condition, solids-free flow, 0.03, 0.05,
0.1, 0.2, 0.5, 1, 2, 3, 10, 25, and 50 g/L) at temperatures of 20
and 65 �C.

3. Results

3.1 General Microstructural Aspects

The MMCs studied in this article comprise a complex
microstructure which consists of a reinforcing phase (WC) and
several secondary phases (carbides, borides, silicides, and
W-rich phases). A detailed analysis of the MMCs microstruc-
ture is not the main purpose of this research article, however,
general information regarding the microstructural characteriza-
tion of the MMCs has been published by the authors elsewhere
(Ref 26, 27), additional structural and solidification studies are
under investigation. Previous findings relevant to this research
work are summarized as follows:

1. The microstructure of the WC-FeCrC MMC (Fig. 1a) con-
sisted of WC reinforcing particles and W-rich secondary
phases embedded in a Fe-rich matrix phase. The calculated

Fig. 1 Scanning electron micrographs showing general aspects of the MMCs microstructure: (a) WC-FeCrC, (b) WC-FeCr, (c) WC-NiCrBSi,
and (d) WC-NiCrMoWB
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volume fractions of the MMC microstructural components
were as follows: WC reinforcing particles, 39%; W-rich
secondary phases, 25%; and the Fe-rich matrix phase cov-
ered 36% of the MMC microstructure. The secondary
phases found in the WC-FeCrC MMC were mainly
primary chromium carbides, herringbone carbides, and
iron-tungsten carbides (Ref 31). The evolution of these
secondary phases promoted the formation of Cr-depleted
zones and chemically dissimilar sites around them.

2. The microstructure of the WC-FeCr MMC is shown in
Fig. 1b). The calculated volume fractions of the WC-FeCr
MMC microstructural components were 33% of the MMC
was covered by the WC reinforcing particles, 33% by the
W-rich secondary phases, and 35% by the Fe-rich matrix
phase. The secondary phases formed in the WC-FeCr MMC
were similar to those formed in the WC-FeCrC MMC.
However, it was found that the iron-tungsten carbides in the
former were larger than those found in the latter (Ref 31).

3. The microstructure of the WC-NiCrBSi MMC is shown
in Fig. 1(c). The calculated volume fractions of the
WC-NiCrBSi microstructural components were WC rein-
forcing particles, 56%; W-rich secondary phases, 11%;
and Ni-rich matrix phase, 33%. The WC-NiCrBSi matrix
phase was composed of a globular c-Ni structure and a
eutectic mixture containing nickel borides and silicides.
The elongated W-rich secondary phases in the micro-
structure of the WC-NiCrBSi MMC (Fig. 1c) were com-
plex (W,Cr,Ni)-carbides (Ref 26, 31).

4. Finally, the WC-NiCrMoWB microstructure is shown in
Fig. 1(d). It was calculated that 56% of its surface was
covered by the WC particles, 24% by secondary phases,
and 20% by the Ni-rich matrix. The WC-NiCrMoWB
MMC secondary phases were also complex
(W,Ni,Mo,Cr)-carbides. It was found that the Mo and
other alloying elements available in the matrix powder,
contributed to the formation of very large secondary
phases therefore, those elements were scarce in solid
solution in the matrix phase.

3.2 Static Corrosion Behavior and Corrosion
Mechanisms of the MMCs

The potentiostatic scans of WC-FeCrC andWC-FeCr MMCs
as temperature is increased are shown in Fig. 2(a). Both Febase
MMCs exhibited a significant rise in the monitored current
density with the WC-FeCr MMC, showing the highest i at all
temperatures. Interestingly, the WC-FeCr MMC showed the
greater i and the largest volume fraction of W-rich secondary
phases. On the other hand as shown in Fig. 2(b), the Nibase
MMCs exhibited a significantly lower i compared to the Febase
MMCs (more than 10 times lower) and the WC-NiCrBSi MMC,
showed the lowest i over the entire temperature range.

An Arrhenius plot was used to assess the effect temperature
has on the MMCs corrosion process. The plot was obtained by
plotting the logarithmic value of the reaction rate (i) versus the
inverse of temperature. The apparent activation energies were
obtained by solving the graphical form of the Arrhenius
equation (Ref 32, 33):

k ¼ Ae�Ea=RT ; ðEq 1Þ

where k is the rate constant for the reaction, A is a propor-
tionality constant that varies from one reaction to another,

Ea is the apparent activation energy for the reaction, R is the
ideal gas constant in J/mol K, and T is the temperature in
Kelvin. For the graphical form, the natural logarithm of both
sides of the equation is incorporated in the Eq 1 as follows:

ln k ¼ lnA� Ea=RT ðEq 2Þ

Then, Eq 2 is rearranged into a linear graphical format to
determine the slope and y-intercept from the Arrhenius plot:

ln k ¼ Ea=RT ½1=T � þ lnA ðEq 3Þ

According to Eq 3, the plot of ln k versus 1/T gives a
straight line with a slope of �Ea/R and the value of the Ea can
be calculated.

The Arrhenius plots of WC-FeCrC and WC-FeCr MMCs
are shown in Fig. 3(a). They showed two distinct slopes
(regimes), connected by a transition point (critical temperature,
TC), where the rate control switched from one regime to the
other. For the WC-FeCr MMC, regime I (T< 36 �C) has a
calculated Ea of 232± 15 kJ/mol whereas, for the WC-FeCrC
MMC, regime I (T< 39 �C) has a calculated Ea 155± 3 kJ/mol.
Finally, a lower Ea was calculated in regime II (T> TC) for
both Febase MMCs. The Ea of the WC-FeCr MMC was reduced
to 30.6± 3.9 and 45± 1.9 kJ/mol for the WC-FeCrC MMC.
Note that the testing temperature range for the potentiostatic
test was from 20 to 70 �C. Therefore, the lower temperature of
regime I was 20 �C and the higher temperature of regime II was
70 �C.

Fig. 2 Current density (i) as a function of temperature for the
MMCs: (a) WC-FeCrC and WC-FeCr MMCs and (b) WC-NiCrBSi
and WC-NiCrMoWB MMCs
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Remarkable differences were observed in the corrosion
behavior of the Nibase MMCs as can be seen in Fig. 3(b). The
WC-NiCrBSi MMC showed a more linear Arrhenius plot
compared to the rest of the MMCs, the values of the control rate
(ln i) were also significantly lower and the calculated Ea was in
the range between 37 and 45 kJ/mol. Finally, for the
WC-NiCrMoWB MMC, TC was between 43 and 45 �C and
the calculated Ea was 77±7 kJ/mol in regime I and 53±3 kJ/mol
in regime II.

3.3 Surface Analysis After the Potentiostatic Tests

The surface of the MMCs was analyzed after the potentio-
static tests at three different temperatures; at 20 �C to study the
corrosion mechanisms in regime I far from TC, at 45 �C to
assess the microstructural degradation slightly above TC, and at
65 �C to elucidate if there is any change in the MMCs
corrosion mechanisms in regime II.

Figure 4 shows the optical micrographs of the MMCs
surfaces after the potentiostatic tests at 20 �C. First, the Febase
MMCs (Fig. 4a, b) seem to be more affected by corrosion
attack than the Nibase MMCs (Fig. 4c, d) for instance, all the
microstructural features (secondary phases, matrix, and inter-
face regions) were clearly revealed in the Febase MMCs. It can
be observed that in the WC-NiCrBSi MMC (Fig. 4c) and the
WC-NiCrMoWB MMC (Fig. 4d), the eutectic was the most
affected phase whereas, the integrity of the WC grains and the
majority of the secondary phases were not significantly
degraded.

Shown in Fig. 5, after the potentiostatic tests at 45 �C
(slightly above TC) the MMCs presented a more pronounced
preferential corrosion attack. Voids and extensive interfacial
corrosion were observed on the WC-FeCrC MMC (Fig. 5a) and
the WC-FeCr MMC (Fig. 5b) and the reinforcing phases matrix

Fig. 3 Arrhenius plot of for the potentiostatic tests of the MMCs:
(a) WC-FeCrC and WC-FeCr MMCs, (b) WC-NiCrBSi and
WC-NiCrMoWB MMCs

Fig. 4 Optical micrograph showings the surface analysis of the MMCs after potentiostatic tests at 20 �C: (a) WC-FeCr, (b) WC-FeCrC,
(c) WC-NiCrBSi, and (d) WC-NiCrMoWB
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support was deteriorated. For the WC-NiCrMoWB MMC, the
preferential corrosion attack mechanism was dramatically more
pronounced at TC (Fig. 4d) than it was at 20 �C (Fig. 5d).
Similar behavior was observed in the WC-NiCrBSi MMC as
in Fig. 5(c) nevertheless, the preferential attack was less
extensive because the volume fraction of secondary phases
was smaller.

As the electrolyte temperature was increased the extent of
the preferentially attacked zones was enlarged and the number
of voids and ‘‘microcrevice-like’’ sites were increased in all the
MMCs. For instance, Fig. 6(a) shows the surface of the WC-
FeCrC MMC after the potentiostatic test at 65 �C (regime II)
where a reinforcing phase skeleton can be observed and voids
around some secondary phases were formed. A similar
degradation process was observed in the WC-NiCrBSi MMC
as shown Fig. 6(b).

There was a correlation between the enlargement of the
MMCs preferential corrosion damage and the changes in the
Arrhenius plot linearity. In regime I, there was temperature
dependence in the reaction rate but not in the Ea therefore, is
possible that the process was dominated by a more homoge-
neous corrosion process in the eutectic and interfacial zones,
which seemed to require higher activation energy to take place
below TC. Once TC is reached, some of the preferentially
attacked zones were further degraded to form voids and
microcrevice-like sites promoting an autocatalytic and more
heterogeneous process. Apparently, this change in surface
coverage of more reactive sites promoted a corrosion mecha-
nism which required a significantly lower Ea to proceed and
increased the rate of reaction (lower slope). Note that the
WC-NiCrBSi MMC has a smaller volume fraction of secondary
phases thus, less sites where preferential attack can progress.

Fig. 5 Optical micrograph showings the surface analysis of the MMCs after potentiostatic tests at 45 �C: (a) WC-FeCr, (b) WC-FeCrC,
(c) WC-NiCrBSi, and (d) WC-NiCrMoWB

Fig. 6 Scanning electron micrographs showing signs of interface degradation on the surface of the WC-FeCrC MMC: (a) and the WC-NiCrBSi
MMC (b) after potentiostatic test at 65 �C
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Its microstructure was less affected by corrosion and showed a
more linear Arrhenius plot therefore, temperature dependence
reaction rate.

3.4 Effects of Sand Content and Temperature on the Anodic
Current Density and Ecorr Response

Figure 7 shows current density measurements made on the
MMCs at different sand content exposed to the high energy
slurry. The values were recorded while progressively adding
sand at 5-min interval from 0 to 50 g/L. It was observed that the
Febase MMCs showed similarities on their electrochemical
response under EC conditions.

For instance:

1. Both Febase MMCs showed current peaks at every sand
loading (even at 0.03 g/L) and i increased continuously
during the 5-min interval (expanded zone in Fig. 7a).

2. Initially, the WC-FeCrC MMC showed higher i values,
however, above 10 g/L, the differences were significantly
reduced.

3. When the slurry pump was switched-off, the i recorded at
static conditions, showed a pronounced decay reaching the
values exhibited in the transition between 2 and 3 g/L.

The following observations emerged from the analysis of
the potentiostatic scans of the Nibase MMCs (Fig. 7b):

1. The i showed a relatively steady behavior below 1 g/L.
2. A small current peak was observed at 0.5 g/L on both

Nibase MMCs, but unlike the Febase MMCs, the current
density remains steady during the 5-min period.

3. Pronounced current peaks were detected between 2 and
3 g/L with the WC-NiCrMoWB MMC showing higher i
value compared to the WC-NiCrBSi MMC.

4. From 3 g/L and onwards, the current peak was not fol-
lowed by steady behavior but, by a slightly decrease in
the current density values (expanded region Fig. 7b).

Figure 8 shows the Ecorr of the MMCs as a function of the
sand content at 20 �C. The information obtained from the Ecorr

versus time plot of the WC-FeCr and WC-FeCrC MMCs is
summarized as follows:

1. A shift in the negative direction of the Ecorr in static con-
ditions (from 0 to 5 min) was interrupted under solids-
free conditions (from 5 to 10 min).

2. The Ecorr exhibited by the Febase MMCs started to over-
lap from 0.1 g/L sand concentration and onward.

3. There was a correlation between increments in the cur-
rent density (Fig. 7a) and the shift in the negative direc-
tion of the Ecorr (Fig. 8a).

Fig. 7 In situ potentiostatic scan showing the effect of sand content
on the electrochemical response of the MMCs under different EC
conditions at 14 m/s and 20 �C: (a) WC-FeCrC and WC-FeCr,
(b) WC-NiCrBSi and WC-NiCrMoWB. The sand content values are
expressed in g/L

Fig. 8 In situ potentiostatic scan showing the effect of sand content
on the Ecorr of the MMCs under different EC conditions at 14 m/s
and 20 �C: (a) WC-FeCrC and WC-FeCr, (b) WC-NiCrBSi and
WC-NiCrMoWB. The sand content values are expressed in g/L
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The information obtained from the Ecorr versus time of the
WC-NiCrBSi and WC-NiCrMoWB MMCs is summarized as
follows:

1. The Ecorr showed a significant shift in the negative direc-
tion under solids-free conditions (Fig. 8b).

2. The shifts in the negative direction while adding more
sand to the slurry were more pronounced from 0.5 to
10 g/L (expanded region, Fig. 8b).

3. Above 2 g/L, the WC-NiCrBSi MMC showed a nobler
Ecorr and ennoblement was observed at sand contents
from 2 to 50 g/L.

The mean value of the logarithm of the current density as a
function of the sand content at 20 �C is presented in Fig. 9(a).
Note that there was a breaking point between 2 and 3 g/L at
which, the current density increment rate felt dramatically.
Although sand content had an effect on i (the current was
increased as the sand content was increased) this effect was less
pronounced above 3 g/L. The correlation coefficient (R2) values
were greater for the Febase MMCs perhaps because the Nibase
MMC showed very low i at sand contents below 1 g/L (Fig. 7b).

The effects of the temperature in the electrochemical response
of the one Febase MMC (WC-FeCr) and one Nibase MMC
(WC-NiCrMoWB MMC) as a function of the sand content is
presented in Fig. 9(b). It was clear that the slurry temperature
considerably affected the electrochemical response of theMMCs
and at 65 �C the materials showed significantly higher current
density compared to that monitored at 20 �C as expected.
Nevertheless, it was observed that the critical sand content range
still was between 2 and 3 g/L supporting the fact that, above this
range, the current density increase rate felt dramatically.

4. Discussion

4.1 Corrosion Behavior and Degradation Mechanisms
of the MMCs

The MMCs studied in this research work presented a
multiphase microstructure which, as observed in Fig. 1,
consisted of at least three main components: a reinforcing
phase (WC) embedded in a matrix phase (FeCr, FeCrC,
NiCrBSi, and NiCrMoWB) and additional secondary phases.
The formation of the secondary phases depends on the
dissolution of the WC particles, the amount of alloying
elements available in the matrix and the deposition process
(Ref 9, 34). If a lower concentration of W, C, and other alloying
elements (such as Cr, Mo, B, and Si) is available during the
solidification of the MMCs, a smaller volume fraction of
secondary phases can be formed (Ref 35). The large concen-
tration of these phases in the WC-NiCrMoWB MMC can be
explained by its highly alloyed matrix phase.

There was a correlation between the anodic current
monitored at static conditions (Fig. 2) and the microstructure
of the MMCs. For instance, the Febase MMC showed the lower
corrosion resistance since they presented the higher i compared
with the WC-NiCrBSi and WC-NiCrMoWB MMCs. Differ-
ences in i between both Febase MMCs can be explained by the
larger fraction of secondary phases in the matrix of the
WC-FeCr MMC and the presence of a preferential dissolution
process affecting the interfacial zones. The WC-NiCrMoWB
MMC also showed a higher i compared to the WC-NiCrBSi
MMC especially above TC (Fig. 2b).

Changes in the corrosion extent and control rate can be
explained by analyzing the Arrhenius plots (Fig. 3a, b) and the
surface of the MMCs after the potentiostatic tests (Fig. 4-6).
For instance, two slopes were observed in the Arrhenius plot of
the WC-FeCr and WC-FeCrC MMCs (Fig. 3a). The change in
Ea in regime II indicates that less energy was required to
proceed with the corrosion process (electrochemical reaction).

The presence of a catalytic process to accelerate the
degradation of the MMCs as the temperature is increased is a
possibility. For instance, a change toward lower Ea with
increasing temperature is linked to a change in the rate-
determining mechanism. In chemical reactions (Ref 36-40), the
presence of a catalyst considerably increases the rate control
and decreases Ea. For example, in their study of the atmo-
spheric corrosion kinetics of iron and zinc, Cai et al., reported a
reduction of Ea for corrosion of iron exposed to a sulfur dioxide
atmosphere. They discussed that the oxidation of absorbed
sulfite, S(IV), to sulfate, S(VI), was catalyzed by the Fe(II)/
Fe(III) redox couple. They concluded that the Ea fell as the
ferrous and ferric species became available to promote the
catalytic reaction (Ref 41).

Although, the Ea shown in regime I by the Febase MMCs
falls in the range of a activation control reaction (>50 kJ/mol)
(Ref 38), they are much higher than those reported for the
anodic dissolution of mild steel in seawater (60 kJ/mol)
(Ref 39), corrosion of chromium in acid environments
(�67 kJ/mol) (Ref 40), or atmospheric corrosion of steel
(115-170 kJ/mol) (Ref 41). A possible explanation to the high
Ea in regime I is more than one electrochemical and chemical
reactions are taking place simultaneously on the Febase MMCs
surface. Therefore, the calculated Ea represents the global
degradation mechanism rather than a single electrochemical or
chemical reaction.

Fig. 9 Mean value of current density as a function of sand content
and temperature at 14 m/s: (a) 20 �C and (b) 65 �C
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Interestingly, the Ea of the Nibase MMCs in regime I was
similar to that calculated by Grigorev et al. (Ref 42) for the
anodic dissolution of nickel in acid solutions in the presence of
chloride ions. They reported a Ea equal to 57.4 kJ/mol, slightly
above Ea calculated for the WC-NiCrMoWBMMC (53 kJ/mol)
or that one calculated for the WC-NiCrBSi MMC (45 kJ/mol).
Therefore, it is possible that for the Nibase MMCs, the homoge-
neous dissolution of the Ni-rich eutectic phase was the rate-
determining mechanisms in regime I. It is proposed that once TC
was reached, a considerable number ofmore reactive sites (voids,
microcrevice-like, severe interface attack among others) were
formed. These sites catalyzed the corrosion process therefore
reduced the Ea. Considering the aforementioned, a schematic
representation of the MMCs corrosion mechanisms based on the
existence of a selective degradation process, supported by the
Arrhenius plots and surface analysis, is shown in Fig. 10.

The structure of the MMCs before the potentiostatic tests is
sketched in Fig. 10(a). The interfacial zones are starved of
carbide-forming alloying elements such as Cr and W and are
more susceptible to corrosion attack than the relatively
chemically inert hard phase (WC and secondary phases).
Furthermore, the presence of different microstructural compo-
nents facilitated the development of microgalvanic cells as
studied by others. For instance, Sutthiruangwong et al. (Ref 43)
studied the corrosion behavior of Co-based cemented carbides
and indicated that the corrosion potential (Ecorr) of the WC was
approximately 0.14 V versus Ag/AgCl which is considerably
more noble than the Ecorr of Fe-rich and Ni-rich alloys (�0.36
and �0.21 V versus Ag/AgCl, respectively) (Ref 9). Neville
et al. (Ref 44), Zhan et al. (Ref 45), and Cooper et al. (Ref 20)
analyzed the corrosion behavior of multiphase materials. They
concluded that differences in Ecorr between the microstructural
constituents of multiphase materials act as a driving force
which favors the selective corrosion process (Ref 20, 44, 45).

When the temperature reached TC the selective attack was
deeper and voids (as those observed in Fig. 6a) and microcre-
vice sites were formed. The autocatalytic nature of this
corrosion mechanism aggravated the structural degradation of
the MMCs. It was clear that the smaller volume fraction of
secondary phases in the matrix phase of the WC-NiCrBSi
MMCs contributed to its better corrosion performance (lower
current density values) and to retard or attenuate the initiation
of selective attack (less pronounced change in the Arrhenius
plot).

4.2 Electrochemical Behavior Under EC Conditions

The anodic current density of the MMCs in this investiga-
tion was monitored while increasing the sand content in the

testing slurry. The WC-FeCr and WC-FeCrC MMCs showed a
continuous increase of i at all sand contents, indicating that
even at the lowest value (0.03 g/L), the electrochemical
response of the Febase MMCs surface was affected by erosion.
Although in the Arrhenius plot the change in the slope was in a
temperature range between 36 and 39 �C (Fig. 3b), the initial
measurements showed very high i as shown in Fig. 2(a), which
demonstrates the poor corrosion resistance of the Febase MMCs.

Increments in current density while increasing the sand
content could be a consequence of the surface roughness
generated by erosion (Ref 9), the generation of microstrain due
to the mechanical deformation (Ref 14) and as presented in
Fig. 8(a), changes in the Ecorr. The more active values of the
Ecorr indicate that as the sand concentration was periodically
increased, the Febase MMCs were energetically more prone to
suffer corrosion attack.

At low sand content, the Nibase MMCs electrochemical
response was entirely different under EC conditions as can be
observed in Fig. 7(b) and 8(b). It was observed that below
0.5 g/L the monitored current density did not show a consid-
erable increase. It is a possibility that semi-protective Ni oxide-
hydroxides were formed on the surface of Nibase MMCs which
were not dramatically affected by erosion at contents below
0.5 g/L. For instance, Boudin et al. (Ref 46) studied the
formation of semi-protective films on Ni alloys which retarded
their anodic dissolution.

The aforementioned is supported by the fact that under
solids-free conditions the Ecorr of the Nibase MMCs became
more negative and the potential was stabilized after approxi-
mately 20 min under EC conditions. In a previous study, Kear
et al. (Ref 47) investigated the flow-influenced electrochemical
corrosion of a nickel-aluminum-bronze alloy. They found that
the flow dependence of Ecorr (more negative as the flow
velocity was increased) was a consequence of a diffusion-
controlled process occurring on the surface of the alloy. The
shift of the Ecorr of the Nibase MMCs in the negative direction
can be an indication of the formation of a semi-protective layer,
which was severely damaged when the sand concentration was
increased above 0.5 g/L. Consequently, it can be concluded that
for the Nibase MMCs at 0.5 g/L, there was a transition between
a flow-induced corrosion to an EC process. In addition, above
3 g/L the electrochemical response of the Nibase MMCs was not
significantly affected by increments in sand contents.

For the Febase MMCs a transition between flow-influenced
corrosion to an EC process, such as that proposed for the Nibase
MMCs, was not identified since the monitored i showed
increments at all sand contents. Nevertheless, interesting
observation can be made from analyzing Fig. 9(a). For
instance, there was a significant and rapid increase of i below

Fig. 10 Schematic representation of the corrosion mechanisms of the MMCs under static conditions
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3 g/L which was stabilized above that point and little changes
in the Ecorr were observed at 10, 25, and 50 g/L (Fig. 8a).
Finally, above 3 g/L a large area of the MMCs surface could be
saturated by particle impacts and a further increase in the sand
content, will not significantly affect the Febase MMCs current
response.

It is suggested in this article that above the breaking point, a
large area of the MMC surface was subjected to sand particles
impacts. For instance, assuming that all particles coming out of
the nozzle reached the MMC surface, at 3 g/L the surface is
subjected to more than 1.29 105 impacts per second (impacts/s).
Considering the number of impacts per second and the
calculated area covered by every impact scar (Ref 26, 31), it
was calculated that almost 30% of the MMC surface area could
be saturated with impacts every second at 3 g/L. In addition,
given that the matrix phase makes between 24 and 35% of the
total MMC area, it is possible that the whole matrix (the phase
susceptible to corrosion attack) was saturated with impacts. In
terms of the impact scars and EC damage, it was previously
reported by the authors (Ref 26, 31), that although the sand
particle diameter was between 200 and 300 lm, the footprint
(impact scar) produced by the impact was between 20 and
30 lm size. Figure 11 shows a schematic representation of the
impact footprint formed on the MMC surface as a consequence
of a sand particle impact.

Considering the aforementioned, a further increase in sand
content caused a greater mechanical damage and the MMCs
electrochemical response is slightly affected. Indeed, the critical
ranges of sand here proposed, are related to the effects of
increasing sand content in the electrochemical response of the
MMCs and are not necessarily linked the contribution of
corrosion to the total EC damage. Although, the breaking point
location and the current density response plateau (between 2
and 3 g/L, Fig. 9a) was material independent, the current
density values monitored in the in situ potentiostatic tests were
considerably higher for the Febase MMCs compared with the
Nibase MMC. This can be explained given that the Nibase
MMCs (especially the WC-NiCrBSi MMC) showed lower i
values in the potentiostatic test (Fig. 2b) hence, slower charge
transfer process. Therefore, it can be expected the monitored i

values from the eroded Febase MMCs surface to be higher than
those showed by the eroded Nibase MMC surface. Finally, when
the corrosivity of the slurry was increased (solution at 65 �C) as
observed in Fig. 9(b), although the current density was
significantly higher than at 20 �C, the current density changes
observed above 3 g/L were also significantly smaller than those
measured below.

5. Conclusions

1. The corrosion behavior and degradation mechanisms of
the MMCs in static conditions were linked to the corro-
sion resistance of the matrix phase and the volume frac-
tion of secondary phases embedded in the matrix.
Changes in the slope of the Arrhenius plot and micro-
scopic analysis suggested the existence of a transition
zone from a more general corrosion process to a severe
selective corrosion process which took place mainly at
the interfacial zones.

2. Changes in the slope of the Arrhenius plot and micro-
scopic analysis suggested the existence of a transition
zone from a more general corrosion process (below
regime I) to a severe selective corrosion process (regime II)
which took place mainly at the interfacial zones and the
eutectic.

3. Under EC conditions, the Febase MMCs showed higher
current density values compared to the Nibase MMCs. For
the Nibase MMCs below 0.5 g/L, sand content did not
drastically affected their electrochemical response given
the little change observed in the monitored current den-
sity. However, between 1 and 3 g/L there was a signifi-
cant and rapid increase of current which was stabilized
above 3 g/L.

4. In order to reduce the partial dissolution of WC particles
in the MMCs it is recommended to try Co- or Ni-coated
WC particles which are now commercially available. If
WC dissolution is reduced, it may help to reduce the
concentration of C in the melted matrix prior to solidifi-
cation therefore, the formation of a large volume fraction
of secondary phases can be reduced.
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