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Abstract: From the present study, niobium additions of 1.79% and 3.98% were added to a 15% Cr–3%
C white iron, and their effects on the microstructure, hardness and abrasive wear were analyzed.
The experimental irons were melted in an open induction furnace and cast into sand molds to obtain
bars of 45 mm diameter. The alloys were characterized by optical and electron microscopy, and X-ray
diffraction. Bulk hardness was measured in the as-cast conditions and after a destabilization heat
treatment at 900 ◦C for 30 min. Abrasive wear resistance tests were undertaken for the different
irons according to the ASTM G65 standard in both as-cast and heat-treated conditions under three
loads (58, 75 and 93 N). The results show that niobium additions caused a decrease in the carbon
content in the alloy and that some carbon is also consumed by forming niobium carbides at the
beginning of the solidification process; thus decreasing the eutectic M7C3 carbide volume fraction
(CVF) from 30% for the base iron to 24% for the iron with 3.98% Nb. However, the overall carbide
content was constant at 30%; bulk hardness changed from 48 to 55 hardness Rockwell C (HRC) and
the wear resistance was found to have an interesting behavior. At the lowest load, wear resistance
for the base iron was 50% lower than that for the 3.98% Nb iron, which is attributed to the presence
of hard NbC. However, at the highest load, the wear behavior was quite similar for all the irons,
and it was attributed to a severe carbide cracking phenomenon, particularly in the as-cast alloys.
After the destabilization heat treatment, the wear resistance was higher for the 3.98% Nb iron at any
load; however, at the highest load, not much difference in wear resistance was observed. Such a
behavior is discussed in terms of the carbide volume fraction (CVF), the amount of niobium carbides,
the amount of martensite/austenite in matrix and the amount of secondary carbides precipitated
during the destabilization heat treatment.
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1. Introduction

High-chromium white irons are widely used in the mineral processing industry due to their
excellent wear behavior under abrasive conditions. A microstructure consisting of a network of
hard eutectic M7C3 carbides in a mainly austenitic (as-cast) or martensitic (after a heat treatment)
matrix makes these irons very suitable for severe wear applications [1–4]. To improve abrasive
behavior in the as-cast iron, an increase in carbon and chromium would increase the carbide volume
fraction. Other way to improve wear behavior is to apply a destabilization heat treatment to precipitate
secondary carbides and to transform the austenitic matrix into a martensitic one [5–10]. However,
these two actions would decrease fracture toughness in the alloy; which is important, particularly
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when abrasive wear is accompanied by repetitive impact. Under this basis, big efforts have been made
to improve wear behavior without affecting considerably fracture toughness in the as-cast conditions.
A strategy for this has been to reinforce the as-cast austenitic matrix with harder primary carbides
such as niobium, vanadium or titanium carbides. The use of titanium is commonly limited to amounts
lower than 2% in these alloys due to difficulty of adding higher amounts in an open furnace during the
alloy making [11–13]. Additions of more than 2% titanium would only be possible by using a vacuum
induction furnace. To get primary vanadium carbides, at least vanadium amounts of 5% are necessary,
other way vanadium only reinforces the M7C3 carbide [14–16]. In the case of niobium, most works
studying the effect of this carbide-forming element are limited to amounts of less than 3% [11,12,17–23]
but up to 5% have been also produced along with high amounts of Mo and W [24]. Niobium forms
primary carbides in the liquid and are later enclosed by austenite upon solidification; the size and
distribution of which depends on the solidification rate (thickness of the casting). Thin castings may
produce small well distributed NbC while thick castings will produce large segregated NbC carbides.
The wear behavior of these Nb alloyed irons will depend the amount, size and distribution of these
carbides which are much harder than the eutectic M7C3 (2400 HV and 1500 HV respectively) [25].
The present work analyzes the effect of 2% and 4% Nb in a 15% Cr–3% C iron cast into 45 mm diameter
bars, and the abrasive wear behavior is described as a function of the NbC content and the applied load.

2. Experimental Procedure

The experimental alloys for the present work were melted in an open induction furnace by using
high purity raw materials. Three 15% Cr–3% C irons with 0%, 2% and 4% Nb were cast at 1500 ◦C into
sand molds to obtain bars of 45 mm diameter. Chemical analysis was undertaken by spectrometry
from chill samples obtained during casting for each alloy, and the results are shown in the next section.

The solidification sequence and the final microstructure for each iron was predicted by JMatPro®

version 9.0 (Sente Software LTD, Guildford, UK) and verified during the subsequent characterization.
For the three alloys, a destabilization heat treatment was undertaken at 900 ◦C for 30 min followed for
an air cooling to room temperature. Samples for metallographic characterization and wear tests, were
undertaken from the bars in the as-cast and heat treated conditions. Sample cutting was carried out by
mean of abrasive discs; cutting was driven as slow as possible in order to avoid excessive overheating
that may cause cracking in the samples. Additionally, copious amounts of water as coolant were used.

Samples for metallographic characterization were prepared in the traditional way of abrasive
paper and then polished on nylon cloths by diamond paste (6 µm and then 1 µm). Once polished,
the specimens were etched with Villela’s reagent (5 mL HCl and 1 g picric acid in 100 mL ethanol)
for 30 s to reveal the microstructure. Carbide volume fraction was measured by image analysis on
digital micrographs from deep etched samples. Phase constitution was undertaken by X-ray diffraction
(XRD) in a BRUKER D8 (Bruker, Karlsruhe, Germany), diffractometer by using Co-kα radiation in a 2θ
range of 30◦–130◦. An SEM JEOL 6400 (JEOL LTD, Peabody, MA, USA) was also used for imaging by
secondary and backscattered electrons. The wear behavior of the high- chromium irons in the as-cast
and heat treated conditions was undertaken under abrasive wear by using a rubber wheel testing
machine and silica sand as abrasive.

The abrasive wear tests were undertaken for the different irons according to the ASTM G65
standard in both as-cast and heat-treated conditions under three loads (58, 75 and 93 N). were done
by placing the rubbing surface of the wheel against a 25 × 25 mm2 surface of the iron sample and
pouring the abrasive particles between the surfaces at a flow of 3.5 cm3 s−1. Figure 1 shows a schematic
draw of the wear test; and Figure 2 shows two SEM micrographs of the abrasive sand used for the
tests to evidence size and shape; the mean size of the abrasive particles was 185 µm. The rubbing
surfaces were sliding during 15 min at a speed of 500 rpm. The iron samples were polished to a
roughness of 0.25 µm before the test. Three tests were undertaken for each condition and the mean
value was plotted. The volume loss for each sample was measured by an optical profiler (NANOVEA
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PS50 3D Non-Contact Profiler, Irvine, CA, USA). Worn surfaces and worn surface cross-sections were
characterized by Scanning Electron Microscopy (SEM).
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Figure 2. Scanning Electron Microscopy (SEM) micrographs showing the shape and size of the abrasive
sand particles used for the wear tests. (a) 500 µm, (b) 200 µm. Note the presence of sharp particles of a
mean size of 185 µm.

3. Results and Discussion

Table 1 shows the chemical composition for the three white cast irons. During making Iron 2 and
Iron 3, the niobium additions (as ferro-niobium) were done at the last stage of the melting process
before pouring the liquid into the sand molds. Since the ferro-niobium additions were done in a 5 kg
based liquid alloy, for higher additions of Fe–Nb less amount of the other elements were expected. This
can be seen from Table 1, most element content decreases as the niobium content increased. Niobium
contents were 0.014% for Iron 1, 1.795% for Iron 2 and 3.983% for Iron 3; variations in the rest of the
elements are considered small for the behavior of the alloys and the effect will focus on the niobium
content to describe the alloys behavior.

Table 1. Chemical composition for the three niobium-added irons.

Alloy %C %Cr %Mo %Ni %Si %Mn %Nb %Fe

Iron 1 3.12 15.10 3.02 0.56 0.532 1.11 0.014 Balance
Iron 2 3.03 14.89 2.91 0.53 0.492 1.00 1.795 Balance
Iron 3 2.82 14.63 2.88 0.89 0.512 0.93 3.983 Balance

3.1. As-Cast Microstructure

Figure 3 shows the solidification sequence as predicted by JMatPro for two of the experimental
irons; (a) Iron 1 (No Nb), and (b) Iron 3 (3.98% Nb). The solidification path is as follows: for Iron 1
solidification starts with the formation of austenite dendrites followed by the eutectic austenite/M7C3

and at the end of the solidification process, the formation of small amounts of carbide type M2C
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(Molybdenum carbide). In the case of the Iron 3, the first phase to solidify is MC (niobium carbide)
then the sequence is the same than that for the Iron I, formation of austenite dendrites, the eutectic
austenite/M7C3 and finally small amounts of M2C. Therefore, the predicted microstructure for the
base iron (Iron 1) is composed by a network of carbides M7C3 in a matrix of austenite with some M2C
carbides, and for the case of the irons with niobium additions, the microstructure is the same as that
for the Iron 1 but the difference is the presence of the NbC phase within the austenitic matrix.
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Table 2. Phases measured and predicted by JMatPro® for the three experimental irons. 

Alloy 
Austenite M7C3 NbC M2C 

Measured Predicted Measured Predicted Measured Predicted Measured Predicted 
Iron 1 (0.01%Nb) 64% 70% 30% 29% - - 2% 1% 
Iron 2 (1.79%Nb) 65% 72% 26% 24% 3% 2% 1% 1% 
Iron 3 (3.98%Nb) 65% 74% 24% 20% 6% 5% 1% 1% 

Figure 3. Phases predicted by JMatPro for the irons. (a) no-niobium additions (b) the iron with
3.98% Nb.

Figure 4 shows the as-cast microstructure for the three experimental irons. Note the presence
of NbC in the matrix for the irons with 1.79% and 3.98% Nb, and that the amount and size of these
carbides increase with the niobium content. These SEM micrographs show the real microstructure
and Table 2 gives the measured amount of each phase and they are compared with the prediction of
JMatPro. Note that the predicted and measured amounts of each phase are close, but a small difference
was noticed since the real material does not solidify under equilibrium conditions as predicted by the
software. The observed microstructure has been widely reported by several authors [12,17–23] for
niobium alloyed white irons. For these measurements, the matrix was considered to be fully austenitic;
however, it is well known that some martensitic transformation follows the cooling down process
after solidification. Such a transformation takes place at the eutectic austenite and/or at the interface
pro-eutectic austenite/eutectic carbide. Figure 5 shows evidence of the presence of martensite and
M2C carbide in the 3.98% Nb iron; similar martensitic transformations were also observed for the
other as-cast irons. It has been widely reported [1,3,9] that during cooling down to room temperature
the austenite close to the eutectic carbide gets impoverished in carbon and it is prone to transform
to martensite [1]. The presence of molybdenum rich carbide M2C has been reported in white irons
containing Mo, since this element partitions partially to the matrix, partially to the M7C3 carbide and
also forms M2C [26–29].
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Table 2. Phases measured and predicted by JMatPro® for the three experimental irons.

Alloy Austenite M7C3 NbC M2C
Measured Predicted Measured Predicted Measured Predicted Measured Predicted

Iron 1 (0.01%Nb) 64% 70% 30% 29% - - 2% 1%
Iron 2 (1.79%Nb) 65% 72% 26% 24% 3% 2% 1% 1%
Iron 3 (3.98%Nb) 65% 74% 24% 20% 6% 5% 1% 1%Metals 2019, 9, x FOR PEER REVIEW 5 of 13 
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Figure 5. SEM micrographs showing evidence of the presence of martensite (a), and M2C (b) in the
microstructure of the 3.98% Nb as-cast iron.

3.2. As-Heat Treated Microstructure

The commonly applied heat treatment to destabilize the austenitic matrix in these irons, involves
holding at a temperatures usually between 900 and 1000 ◦C for 1–6 h depending on the size of the
casting. During soaking at these temperatures, secondary carbides precipitate in matrix reducing
its alloy content, particularly, the carbon content. The reduced alloy content of the austenitic matrix
increases the MS temperature, so that, on cooling to room temperature, the matrix is likely to transform
to martensite. Air-cooling from the destabilization temperature is usually sufficient to produce a
predominantly martensitic structure while avoiding quench cracking. For the present case, the irons
were heat treated at 900 ◦C for 30 min. The resulted matrix structure was composed of a mixture
of retained austenite, martensite and secondary carbides. These microstructures can be seen from
SEM pictures from Figure 6 and detail of the nano-sized secondary carbides (SC) can be observed in
Figure 7. The amounts of martensite and retained austenite were calculated according to the procedure
described by Kim [30] by using X-ray diffraction data and the results are shown from Table 3 where the
as-cast phases content are also included, and Figure 8 shows hardness values for both as-cast and heat
treated conditions.
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amounts of carbon to form the NbC which promotes a depletion of carbon in matrix. 
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(c) 3.98% Nb.
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As can be seen, hardness increases as the niobium content increased in the alloys (from 48 to
55 HRC). Furthermore, hardness increased for the heat treated irons and the same tendency was
observed when the niobium content increased. The presence of hard NbC contributed to increase
hardness of the irons and the precipitation of secondary carbides along with the partial transformation
of austenite to martensite in matrix also contributed to increase hardness during the heat treatment
(from 60 to 65 HRC). Table 4 shows the microhardness values for the matrix (as-cast and heat treated)
and also for the carbides M7C3 and NbC. As can be see, the high hardness of the NbC (about 1230 HV)
makes a strong contribution to the overall hardness of the iron. Hradness for the M7C3 remains
unchanged for the different Nb additions (around 1110 HV) but the matrix indeed reduces its hardness
hen niobium increased. Such a decrease in hardness is attributed to the smaller amount of carbon in
austenite as niobium oncreases; as explained above, niobium consumes high amounts of carbon to
form the NbC which promotes a depletion of carbon in matrix.
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Table 4. Microhardness HV15 of the phases present in the as-cast and heat treated conditions for the
three irons.

Alloy Condition Matrix M7C3 NbC

Iron 1
(0.01%Nb)

As-Cast
Heat Treated

291 ± 11 1105 ± 55 -
509 ± 19 - -

Iron 2
(1.79%Nb)

As-Cast
Heat Treated

271 ± 07 1115 ± 31 2318 ± 31
489 ± 14 - -

Iron 3
(3.98%Nb)

As-Cast
Heat Treated

258 ± 11 1118 ± 41 2333 ± 36
470 ± 05 - -

3.3. Wear Behavior

Figure 9 shows an example of the topography of the worn surface as generated by the non-contact
profiler for the heat treated iron with 3.98% Nb. The volume loss for this particular test was 1.821 mm3

according to the software used to analyze the worn surface. Each surface after the wear test for each
material was analyzed under the profiler, and Figure 10 shows the obtained results of the volume
loss for both as-cast and heat treated irons; each point on the plots is the mean value of three tests.
As expected, wear increased as the applied load increased for both as-cast and heat treated conditions.
In addition, wear decreased as the niobium content increased, which could also be expected since
the presence of this element increased the hardness of the overall alloy. However, this behavior was
not clear for the tests under the highest applied load (93 N), where the wear behavior seemed to be
similar for the different irons in the as-cast conditions; the same behavior was also observed for the
heat treated irons. It is suggested that this behavior can be attributed to massive carbide cracking at
the very surface and also below the worn surface when the tests were undertaken at the highest load,
as explained below.

For the as-cast iron without niobium additions (Figure 10a), the volume lost after the wear test
at 58 N is 9.011 mm3 and it increased to 14.21 mm3 when the applied load increased to 93 N. For
this iron, carbide cracking was observed below the worn surface for all the applied loads. Obviously,
the intensity of carbide cracking was more severe for the load of 93N (see Figure 11). For the case of
the 3.98%Nb iron, a little of carbide cracking was also observed below the worn surface at 58 N load
but only for the M7C3 carbide and not for the NbC. On the contrary, at loads of 93 N, severe cracking
was observed for both M7C3 and NbC carbides (see Figure 12).
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Figure 10. Volume loss load after the wear tests as a function of the applied load for both (a) as-cast
and (b) heat treated irons. Note the increase in volume loss as the load increases, and the lower volume
loss for the heat treated irons.
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Figure 12. SEM micrographs showing the cross section below the worn surface for the as-cast 3.98%
Nb after the wear tests. The arrow on the upper part indicates the sliding direction during abrasion.
(a) General microstructure showing some cracks at the back of some M7C3 carbides (arrowed) for a
test load of 58 N. (b) Detail of the NbC carbide from Figure a to note there is no cracking on this hard
carbide, and (c) severe cracking of the NbC for the test load of 93 N.

Carbides cracking at/or below the worn surface has been highlighted by several authors [11,31–33]
to be an important cause of surface destabilization during the wear tests. Due to their hardness,
carbides are the main responsible for the acceptable wear resistance of these irons; however, if the
wear conditions are severe during the test, these carbides may be crushed or fragmented and under
these conditions the surface is prone to loss high amounts of material. For the as-cast irons at this high
load, the soft austenitic matrix does not offer the adequate support to the carbide phase. High levels
of plastic deformation at the surface transfer high stresses to the brittle carbides producing cracking,
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particularly for large carbides [32]. Figure 13 shows detail of the carbide trituration due to severe
plastic deformation of both M7C3 and NbC carbides at the surface of the as-cast 3.98% Nb iron.
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Figure 13. SEM micrographs showing severe carbide cracking below the worn surface for the as-cast
3.98%Nb iron after the wear test at 93 N; (a) M7C3 carbide, and (b) NbC carbide. The arrow indicates
the sliding direction.

For the case of the heat treated irons, the volume loss is obviously less than that for the as-cast
irons, since the former austenitic matrix has been transformed to a mixture of martensite plus retained
austenite plus secondary carbides. Such transformation has caused an increase in hardness of the
irons and also an increase in wear resistance as can be seen from Figure 10. Similarly to the as-cast
alloys, the volume loss after the wear tests increased with the applied load and decreased with the
niobium content. Again, for the highest applied load of 93 N, there was not much difference on the
wear behavior for the three irons. For the heat-treated iron without niobium additions (Figure 10b),
the volume loss after the wear test at 58 N was 5.015 mm3 and it increased to 9.521 mm3 when the
applied load increased to 93 N. For these irons, carbide cracking was also observed below the worn
surface for all the applied loads, but the intensity of carbide cracking was much less than that observed
for the as-cast alloys. For the 3.98%Nb iron, NbC carbide cracking was observed for the samples tested
at 75 and 93 N, and not for the iron tested at 58 N. For this later case, just M7C3 carbide cracking was
detected. Figures 14 and 15 show SEM micrographs of cross sections for the heat-treated iron without
niobium (Figure 14) and for the iron with 3.98% Nb also in the heat-treated conditions (Figure 15).
Note the intensity of M7C3 and NbC carbide cracking at the different applied loads.
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Figure 15. SEM micrographs of cross section of the heat-treated iron with 3.98% niobium tested at
(a) 58 N, (b) 75 N and (c) 93 N. The arrows indicate the sliding direction.

Figure 16 shows two SEM micrographs of the worn surface after a deep etching to remove part of
the matrix and to evidence the carbide cracking at the very surface in the 3.98% Nb heat-treated iron
tested at 93 N.
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Figure 16. SEM micrographs of the worn surface showing carbide cracking; (a) general view,
and (b) detail of cracks on a NbC carbide. Heat treated iron with 3.98% Nb tested at 93 N. The
large arrows indicate the sliding direction.

From these observations, it is evident again that carbide cracking at/or below the worn surface
determines the wear behavior of the irons. Previous works on silicon-alloyed irons [34] and
titanium-alloyed irons [33] have reported a linear relationship between wear rate and deep of
deformation under pure sliding wear tests. Such a deep of deformation is also related to the depth at
which carbide cracking occurs below the worn surface. Therefore, as highlighted by Fulcher et al. [32],
the role of the matrix should be to protect the carbides against bending due to the absorbed stresses
during the wear tests. For the heat treated irons, the matrix composed by martensite plus retained
austenite plus secondary carbides provides better support against carbide cracking than that offered
by the austenitic matrix in the as-cast irons.

Figure 17 shows plots of the wear intensity or specific wear rate for the experimental irons in both
as-cast (Figure 17a) and heat-treated (Figure 17b) conditions. As can be seen, the wear rate is a constant
for any load for the iron without niobium. At any load, the wear rate is the same since carbide cracking
was observed for all the tests on these irons. However, for the irons with niobium additions, the wear
rate increased with load and decreased with the niobium content. This behavior also evidence that for
high loads the presence of hard NbC carbides does not offer too much wear resistance due to carbide
cracking at these high loads.
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additions, the wear rate increased with load and decreased with the niobium content. This behavior 
also evidence that for high loads the presence of hard NbC carbides does not offer too much wear 
resistance due to carbide cracking at these high loads. 

  
Figure 16. SEM micrographs of the worn surface showing carbide cracking; (a) general view, and (b) 
detail of cracks on a NbC carbide. Heat treated iron with 3.98% Nb tested at 93 N. The large arrows 
indicate the sliding direction. 

  Figure 17. Wear coefficient against load for the (a) as-cast and (b) heat-treated irons. Note the lower
wear coefficient for the heat treated irons and that the niobium content makes no difference for the
highest loads used in this work.

4. Conclusions

For the as-cast conditions, niobium additions increased the hard NbC phase since since it is a
strong carbide-forming element. This caused a decrease in the eutectic M7C3 volume fraction from
30% for the iron without niobium to 24% for the iron with 3.98% Nb. However, NbC increased to
6%. The overall carbide volume fraction in the irons was about 30% but the presence of NbC in the
Nb-added irons increased hardness from 48 to 55 HRC.

After a destabilization heat treatment at 900 ◦C, secondary carbides precipitation occurred within
the matrix. The matrix then partially transformed to martensite during the subsequent cooling down.
The presence of martensite and secondary carbides in the matrix increased the overall hardness of the
irons from 60 to 65 HRC as the Nb content increased.

The abrasive wear resistance increased with Nb for both as-cast and heat-treated alloys due to the
increase in hardness. However, not much difference was noticed for the high load of 93 N, which is
attributed to the severe carbide cracking at and below the worn surface. Wear resistance also increased
for the heat-treated alloys due to the matrix strengthening by martensite and secondary carbides. Wear
intensity was constant at any load for the iron without niobium, while it increased with the Nb content
for both as-cast and heat-treated conditions.
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