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This work analyzes the rate of secondary carbides precipitation during the destabilization heat treatment
of a 17%Cr white iron. The experimental iron was characterized in the as-cast conditions to have com-
parable parameters with the heat treated samples. Destabilization heat treatments were undertaken at
temperatures of 900, 1000, and 1150 °C for between 5 min and 8 h; each sample was water quenched
immediately after being taken out of the furnace. Characterization was carried out by optical and electron
microscopy, image analysis, and energy dispersive spectroscopy (EDS) microanalysis; hardness and mi-
crohardness were also evaluated. It was found that most of the secondary carbides that precipitate (be-
tween 2-30% of the matrix volume) precipitated in less than 2 h for the lowest destabilization temperature
(900 °C). The secondary carbides volume fraction was found to increase for lower destabilization tem-
peratures and large soaking times. A very low carbide precipitation along with a stabilization of the
austenite phase occurred for heat treatments at 1150 °C. The results are discussed in terms of the solubility
of chromium and carbon in the austenite phase at the different treatment temperatures.
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1. Introduction

High-chromium white irons are ferrous alloys containing
between 11-30%Cr and 1.8-3.6%C. It is also common to find
some alloying elements such as molybdenum, manganese, cop-
per, and nickel. The typical as-cast microstructure of these
alloys consists of primary and/or eutectic carbides (M7C3) in a
metastable austenitic matrix.[1] The hard eutectic carbides are
mainly responsible for the good abrasion resistance of these
alloys. Therefore, these alloys have been widely used for ap-
plications where stability in severe environments is the main
requirement, such as the mineral processing industry, cement
and paper production, and the steel manufacturing industry.[2]

Both carbides and matrix contribute to wear resistance and
fracture toughness. Eutectic carbides have a hexagonal crystal-
line structure and solidify as colonies of plates or bars (eutectic
grains). Once solidified, carbide morphology is relatively im-
mune to a subsequent modification by heat treatment. The as-
cast austenitic structure, in contrast, is readily heat treated for
destabilization and for obtaining small secondary carbides pre-
cipitated in a matrix that is a mixture of martensite and retained
austenite.[3]

The commonly applied heat treatment for maximum
strengthening is denoted destabilization, which consists of
heating the alloy at temperatures within 800-1100 °C, soaking
at these temperatures, followed by an air quenching at room
temperature. During soaking, carbon and chromium from the
matrix react to form small-distributed carbide particles. The

new chromium- and particularly carbon-depleted matrix
readily transforms to martensite during the subsequent cooling
down. Therefore, the final structure after destabilization con-
sists of M7C3 eutectic carbides and a martensitic matrix with
secondary carbides distributed in it.[1] Secondary carbide pre-
cipitation and the transformed martensitic matrix promote an
even more brittle alloy. However, a martensitic matrix is rec-
ommended to obtain greater hardness and better wear proper-
ties; but this increase in hardness affects fracture toughness.
Such a phenomenon brings attention to the importance of op-
eration factors of the destabilization treatment to be studied to
determine the appropriate temperature and soaking time for
such a high level of hardness and fracture toughness.

Although relatively little systematic research on the second-
ary carbide precipitation phenomena and their effect on the iron
matrix have been developed, some works regarding this field
are relevant.[4-9]

2. Experimental Procedure

The experimental white iron for the present work was made
in a vacuum induction furnace by using high purity raw mate-
rials, therefore obtaining an impurities-free well-controlled
chemical composition alloy. The melt was poured at 1450 °C
into a metallic mold placed within the vacuum chamber and
a 6 cm diameter and 10 kg bar ingot was obtained. The ingot
was sectioned with an alumina abrasive cutting wheel in a
DISCOTOM (Buehler Inc., Waukegan, IL) by copious water
amounts. The cutting process, manually controlled, was as
slow as possible to avoid overheating the sample and rectan-
gular 12 × 12 × 4 mm samples were obtained.

Destabilization heat treatments were undertaken in a fur-
nace using electric heating elements at an air atmosphere. A
complete series of 10 samples was placed into the furnace for
a heat treatment; once the desired temperature was reached, the
samples were periodically taken out and water quenched to
ensure that the secondary carbides had precipitated during the
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soaking time only. Heat treatments were undertaken at 900,
1000, and 1150 °C for a range of 5 min and 8 h.

Materials characterization in both as-cast and heat treated
conditions was undertaken by optical and electronic micros-
copy, energy dispersive spectroscopy (EDS) microanalysis, x-
ray diffraction (XRD), and image analysis.

Samples were prepared for metallography in the traditional
way: grinding on abrasive paper of different mesh sizes (80,
180, 320, 400, 600, and 1200). Samples were then polished on
nylon cloth with 6 �m diamond paste as the abrasive and then
with 1 �m paste. Etching was carried out with two different
solutions depending on the purpose: Villela’s etchant (5 ml
HCl and 1 g picric acid in 100 ml ethanol) for 30-60 s to reveal
the microstructure, and a solution of 50 ml FeCl3 plus 20 ml
HCl in 930 ml ethanol, where the samples were immersed for
about 3 h, for a deep etching. This latter etching readily re-

moves part of the matrix on the surface allowing the naked
carbides to be observed.

As-cast eutectic carbide volume fraction was measured by
image analysis on digitized micrographs obtained at 250X on a
Nikon EPHIPHOT 3000 inverted metallurgical microscope
(Nikon, Melville, NY). For this purpose, the samples were
deeply etched, and 20 micrographs were processed by the Sig-
mascan (Jandel Scientific, San Rafael, CA) V.5 software on a PC.

XRD studies were also undertaken to identify the different
phases present in the alloy both before and after heat treat-
ment. Retained austenite quantification was also calculated by
XRD data by the technique described by Kim.[10] XRD tests
were carried out by using Cu-K� radiation in a 2� range of
30-130°. Further characterization was undertaken on a JEOL
(JEOL, Peabody, MA) 6400 SEM at 20 kV for imaging and
microanalysis, and a PHILIPS TECNAI TEM (Philips, Eind-
hoven, The Netherlands). Secondary carbides volume fraction
and size was obtained by point counting measurements on
SEM micrographs by using a transparent 250 point grid.

Bulk hardness and microhardness of the matrix were under-
taken on metallographic samples. Twenty tests for each sam-
ple were carried out by a diamond indenter and a 50 g load for
15 s, for Vickers microhardness (HV50). Bulk hardness was
undertaken in the Rockwell C scale.

3. Results and Discussion
Table 1 shows the chemical composition of the experimen-

tal high-chromium white iron, 16.9%Cr and 2.58%C, one of

Table 1 Chemical Composition of the Experimental
White Iron, wt.%

Carbon
Chro-
mium

Molyb-
denum Nickel

Vana-
dium

Sul-
phur

Phos-
phorus

2.58 16.90 1.98 1.80 1.98 0.007 0.006

Fig. 1 Microstructure of the as-cast experimental iron showing pro-
eutectic austenite areas (�) and the austenite-M7C3 eutectic; scanning
electron microscopy (SEM), Villela’s etching 30 s

Fig. 2 XRD pattern of the as-cast alloy showing the presence of austenite �, eutectic carbides M7C3, and carbides type M2C
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the most commercial high-chromium iron alloys.[1] Molybde-
num and nickel contents are close to 2%, enough to ensure a
good hardenability. Also, 2% vanadium was added to this iron
for further hardness. Higher as-cast hardness values in these
alloys have been reported when adding 2% vanadium as this
element partitions almost totally to the eutectic carbide making
the composition (Fe,Cr,V,Mo)7C3. Vanadium increases the
hardness of the eutectic carbide and also the carbide volume
fraction, which in turn increases the hardness of the alloy.[11]

3.1 As-Cast Structure

Figure 1 shows the typical as-cast structure of the alloy
where the austenitic matrix and eutectic carbides can be ob-
served. Because the alloy is hypoeutectic, austenite dendrites
are the first to solidify followed by the eutectic. Only eutectic
carbide and matrix phases can be observed from this picture;
however, two additional phases are present as shown by XRD
traces from Fig. 2. These additional phases present in small
amounts are martensite and a molybdenum rich carbide type
M2C. Micrographs at higher magnifications show the presence
of martensite at the matrix/carbide interface in the eutectic
zones (Fig. 3). It has been widely reported that martensite
forms due to the carbon and chromium depletion by diffusion
towards the carbide during the solidification and the subse-
quent cooling to room temperature.[3,12,13] The martensite
amount, as measured by XRD, is about 6%. The presence of
the M2C carbide was also detected by EDS in the SEM. Figure
4 shows the morphology and composition of this carbide; being
a molybdenum rich carbide its composition is of the type M2C,
typical for molybdenum carbide. The main role of molybde-
num in these irons is to improve hardenability; however, not all
the molybdenum contributes to this goal. The presence of car-
bon leads to the formation of the molybdenum rich carbide and
part of the molybdenum in these irons forms a eutectic carbide
type M2C at the end of the solidification stage.[14-19]

The elements distribution was analyzed by EDS in a random
area of the as-cast microstructure. Figure 5(a) shows an SEM
micrograph where some microanalyses were undertaken on the

matrix (Fig. 5b), on the carbide (Fig. 5c), and on a scan along
the line shown on the micrograph in Fig. 5(a), across an aus-
tenite dendrite arm (Fig. 5d).

Eutectic carbides are of the type M7C3 as revealed by XRD
(Fig. 2) and as reported for chromium contents of 17%.[7] The
elements present in the carbide phase can be seen from Fig.
5(b); despite being a qualitative analysis, the intensity of the
peaks indicates that chromium and iron are present in higher
amounts in the carbide. The carbide contains also vanadium
and maybe small amounts of molybdenum, which could not be
detected. However, the most important thing to highlight is the
presence of vanadium in the eutectic carbide. XRD traces did
not show the presence of vanadium carbide. Vanadium is a
carbide-forming element of the type VC; however, the solidi-
fication temperature for this carbide is below the solidification
temperature for the alloy. Therefore, vanadium carbide forma-

Fig. 3 SEM micrograph showing the presence of martensite at the
matrix/carbide interface; Villela’s etching, 45 s

Fig. 4 (a) SEM micrograph of a deep-etched sample showing a
molybdenum rich carbide type M2C formed at the last solidification
stage, etching solution 50 ml FeCl3 plus 20 ml HCl in 930 ml ethanol
for about 3 h; (b) EDS of the M2C carbide in (a)
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tion in this kind of irons is not likely. These vanadium carbides
are believed to form only when the vanadium content exceeds
3% as reported by Radulovic et al.[20] Therefore, the major
proportion of vanadium partitions to the carbide and the rest
remains dissolved in matrix, as shown in the EDS in Fig. 5(c).
A minor proportion of chromium related to iron can be ob-
served from this spectrum, contrary to the findings in the car-
bide microanalysis where the chromium:iron ratio is close to 1.
A high amount of molybdenum is also observed in matrix. This
element remains in matrix in major proportion contributing this
way to improve hardenability. From the same spectrum in Fig.
5(c), to the right of the last iron peak, a small peak correspond-
ing to nickel can be observed. Nickel remains totally in matrix,
contributing synergistically with molybdenum to hardenability.
Vanadium can also be observed in matrix but in much smaller
amounts than in the eutectic carbide. The scan on the line in
Fig. 5(a) shows the presence of chromium, carbon, and vana-
dium in matrix; a higher proportion of these elements is ob-

served at the edges of the graph. These ends include the carbide
phase as seen from the line. The presence of these elements in
matrix is the source for secondary carbides precipitation during
the heat treatment of austenite destabilization.

Eutectic carbide is a very important phase in the properties
of these alloys. It has been mentioned that eutectic carbide is a
3D network or an interconnected skeleton into the material;
however, the level of interconnection is much less than in
unalloyed white irons. This is due to the differences in prefer-
ential growing directions for cementita and the carbide M7C3.
M7C3 carbide has a hexagonal structure and a preferential
growing direction <0001> [7]; therefore, the typical morphol-
ogy of these carbides is bars or plates (Fig. 6). On a polished
surface these bars could be perpendicular to the surface, ap-
pearing to be isolated particles under the microscope; however,
deep-etching techniques on the SEM make it possible to ob-
serve that many bars may be separated at the surface but con-
nected at the base.

Fig. 5 (a) SEM micrograph of the structure of the as-cast experimental iron, (b) EDS corresponding to the eutectic carbide phase, (c) EDS
corresponding to the proeutectic matrix, and (d) vanadium, chromium, and carbon profile of matrix along the line shown in (a)

374—Volume 12(4) August 2003 Journal of Materials Engineering and Performance



3.2 Structure After Destabilization Heat Treatment

After destabilization heat treatment, some phenomena took
place, which altered the structure of the material. Such phe-
nomena are a function of temperature and soaking time as in
any heat treatment. The phases present in the as-cast alloy are

the same as in the heat treated samples, but the proportion has
changed. The XRD pattern from Fig. 7 is a representative proof
of what happens after heat treatment. The present phases are
austenite, martensite, M7C3 carbide, and M2C carbide. The
main difference that can be observed from this XRD compared
with that from Fig. 2 (as-cast material) is the higher intensity
for the martensite peaks (� phase). Therefore, the amount of
martensite is higher in the heat treated samples, except in those
treated at 1150 °C where the austenite phase was over-
stabilized (see Section 3.5). According to the XRD traces, sec-
ondary carbides precipitated in matrix are of the type M7C3, the
same as the eutectic, because no other type was detected. The
kind of secondary carbides precipitating depend on the alloy
composition and the destabilization temperature. The presence
of secondary carbides of the type M23C6 has been observed as
fine interconnected bars in irons with very high chromium
amounts (>25%).[5,7] On the other hand, secondary carbides of
the type M7C3 were observed as agglomerated plates in irons
with chromium contents between 15-20%.[5] These results
agree with the findings in the present work.

3.3 Secondary Carbide Volume Fraction

Figure 8 shows the obtained results for the volume fraction
of secondary carbides precipitated as a function of the soaking
time for each of the studied temperatures; the horizontal axis,
which corresponds to time, is plotted in logarithmic scale. At
900 °C, precipitation was observed to start at about 10 min and
a volume fraction of 2% was measured; after 8 h of treatment
the volume fraction was about 27%. At 1000 °C the precipi-
tation process was faster, 2% at 5 min up to 21% at 10 min;
from 10 min to 8 h, the volume fraction was about 22%. The
total volume fraction precipitated within the first 10 min; af-
terwards the coarsening of some carbides and the dissolution of
others occurred.

At 1150 °C a volume fraction of 15% occurred at only 5
min; subsequently the volume fraction diminished to 2% at 1 h
soaking. Figures 9, 10, and 11 show sequences of SEM micro-
graphs of some samples at different soaking times and at the
temperatures of 900, 1000, and 1150 °C, respectively. These
series of micrographs represent visually what is plotted in Fig.
8. At 900 °C the diffusion rate of chromium and carbon lead to
volume fraction of secondary carbides of 27% in 8 h. However,
most of the precipitation took place within the first 2 h, which
is not clear because the scale of time is plotted logarithmically.
Higher temperatures, such as 1000 °C, accelerated the precipi-
tation process due to the higher diffusion rate of the elements
that form the carbides, chromium, and carbon. At this tempera-
ture almost all of the volume of secondary carbides precipitated
within the first 10 min, reaching a total volume fraction of
22%. In contrast, at 1150 °C where diffusion rates for chro-
mium and carbon are higher, a carbide precipitation of 15%
was observed within the first 5 min, but it started to diminish
afterwards. It is likely that the initial amount of carbides had
precipitated during heating to the soaking temperature and
these carbides dissolved during soaking when the equilibrium
composition of chromium and carbon in austenite was reached.
According to the Fe-C phase diagram, austenite can dissolve
higher carbon contents as the temperature increases to the eu-
tectic.

Fig. 6 SEM micrographs with the 3-D structure of eutectic carbides
showing the real morphology; deep-etching with a solution of 50 ml
FeCl3 plus 20 ml HCl in 930 ml ethanol for 3 h
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As mentioned, at 900 °C a higher secondary carbide volume
fraction was observed; at lower temperatures, the ability of
austenite to dissolve carbon is lower. Therefore, there is a
higher amount of carbon to precipitate, which in turn is ob-
served as a higher carbide volume fraction. At higher tempera-
tures, austenite can retain carbon and chromium in higher
amounts, so there is very low raw material available to pre-
cipitate carbides,[5,8,9] and the final volume fraction is much
lower. It is difficult to explain the diminishing of carbide vol-
ume fraction observed at 1150 °C; it is likely the equilibrium
concentration of carbon in austenite will be higher than the
actual amount of this element in austenite, so that, during soak-
ing precipitation is void. Perhaps the volume fraction in the
first sample (15% at 2 min) precipitated during heating to the
soaking temperature and these 2 min at 1150 °C were not
enough for austenite to reach its equilibrium composition and

the secondary carbides did not dissolve. Samples treated for
longer times (10 and 60 min) show a precipitated volume frac-
tion of 2-5%; perhaps the equilibrium volume in the alloy is at
1150 °C.

From micrographs in Fig. 9, 10, and 11, and particularly
from Fig. 12, the morphology of secondary carbides can be
observed. Secondary carbides are bars connected within the
bulk matrix. It has been reported[5] in white irons of similar
composition that secondary carbides precipitated after destabi-
lization treatments are of the type M7C3, having a hexagonal
structure and a preferred growing direction <0001>. Figure 13
shows some TEM micrographs of secondary carbides and a
diffraction pattern of these particles, which agree well with the
findings in Ref. 5.

3.4 Precipitated Carbides, Size, and Number

Figure 14 shows the particle size as a function of the soak-
ing time; these measurements are taken as the diameter of the
carbide bar. It is well known that precipitation processes are
favored by temperature, because temperature accelerates dif-
fusion of the elements dissolved in matrix. A higher diffusion
rate of elements is observed for precipitation processes under-
taken at high temperatures. Because precipitation takes place
by nucleation and growth phenomena, particles of a certain size
are formed, which depend on the treatment temperature. In the
current study, when the iron was treated at 900 °C the second-
ary carbides diameter was about 120 nm within the first 2 h;
afterwards, they coarsened up to 300 nm for 8 h soaking time.
At temperatures of 1000 °C the initial diameter is close to 200
nm and gradually coarsens up to 250 nm for 8 h soaking time.
According to this sequence it would be expected that the di-
ameter of secondary carbides formed at 1150 °C to be higher;
however, their size is only about 160 nm. Because the volume
of material that precipitates in equilibrium as secondary car-

Fig. 7 XRD pattern of the simple destabilized at 1000 °C for 1 h showing the detected phases, austenite, martensite, M2C, and M7C3

Fig. 8 Volume of secondary carbides precipitated as a function of
the soaking time during destabilization for each of the studied tem-
peratures
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bides at this temperature is almost void, there is not enough
material to precipitate coarse carbides.

What is important to highlight is the precipitation behavior
at 900 and 1000 °C (Fig. 15). This figure shows the number
precipitated particles per �m2. At 900 °C the number of car-
bides went from 2 particles per �m2 for 10 min soaking time to
14 particles for 90 min. Within the next 3 h the number of
carbides remained at 14 and afterwards decreased to 8 particles
per �m2 for 8 h soaking time. This finding indicates that the
precipitation process occurred during the first 90 min; during
the next 3 h there was no new precipitation, just coarsening of
the existing particles. Finally, during the next 4 h, dissolution
of some carbides occurred contributing to the coarsening of
some others thermodynamically more stable. Similar phenom-
ena during destabilization heat treatments have been reported
by Kuwano et al.[8] All these phenomena are better observed
from SEM micrographs (Fig. 9, 10, and 11). Note that from the
current study, the secondary carbides precipitation was ob-
served homogeneously in matrix. According to Powell and

Bee[9] and Bee et al.,[21] secondary carbides precipitate at slip
bands and sub-grain boundaries within austenite. Such slip
bands and sub-grain boundaries may form due to stresses gen-
erated by differences in the thermal expansion coefficients of
carbides and matrix. On the contrary, Kuwano et al.[8] reported
that the secondary carbides precipitation progressed from the
periphery, adjacent to the eutectic carbides towards the center
of the dendrite in low carbon irons. In high carbon alloys, the
contrary occurred—precipitation progressed from the center of
the dendrite towards the periphery. They attributed this phe-
nomenon to chromium and carbon micro-segregation towards
the periphery of the dendrites.

Just a few works on the kinetics of secondary carbide pre-
cipitation have been published. Powell and Laird[5] suggested
that precipitation occurs during the first 25 min at the soaking
temperature, and keeping the alloy for longer periods of time
only causes coarsening of carbides. Kuwano et al.[8] felt that
precipitation occurs within very short periods of time such as 1
min at temperatures between 950-1000 °C, which disagree with

Fig. 9 Series of SEM micrographs showing secondary carbide precipitation during destabilization heat treatment at 900 °C of the experimental
white iron. (a) 20 min, (b) 1 h, (c) 2 h, and (d) 8 h. Villela’s etching, 45 s. Matrix is composed of martensite, retained austenite, and secondary
carbides.
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the findings from this work. What has been observed and
widely accepted by most researchers is that once carbides have
formed, longer periods of time at the treatment temperature
increase the size and volume fraction of them. Furthermore,
still longer periods of time at the soaking temperature cause the
coarsening of carbides at the expense of others’ dissolution
(Ostwald ripening process), reducing the number of carbides.[8]

This effect can be observed in Fig. 15.

3.5 Retained Austenite After Destabilization

Figure 16 shows the results of retained austenite as mea-
sured by XRD. As discussed above, secondary carbide precipi-
tation depletes the austenitic matrix in chromium and car-
bon.[4,10] Such depletion produces an increase in MS and it is
more likely to obtain martensitic structures. Such an effect is
observed in Fig. 16; at 900 °C and long soaking times, a re-
duction in the retained austenite content is observed from 48%
at 10 min to just 8% for 8 h soaking time. This means an

increase in the martensite volume fraction. At this temperature
and long soaking times, the volume fraction of secondary car-
bides was 27%. The chromium- and carbon-depleted matrix
transformed almost totally to martensite during the subsequent
cooling. Something similar occurred during destabilization at
1000 °C; residual austenite decreased from 52% for 5 min
soaking time to 15% for 8 h. In this case, the volume fraction
of secondary carbides was less than in the alloy treated at 900
°C; a clear indication is that chromium and carbon dissolved in
matrix are higher in the alloy treated at 1000 °C and such
elements contribute to lower the MS temperature. Therefore,
the alloy treated at 1000 °C showed a higher amount of residual
austenite. These results are in agreement with the findings of
some authors[5,8,9] in high- and low-chromium white irons. On
the contrary, retained austenite increased with soaking time for
the iron treated at 1150 °C. For a 5 min soaking time, retained
austenite was 25% and for 1 h the whole matrix became aus-
tenitic after heat treatment. In this case, the high temperatures
allowed carbon and chromium to dissolve completely in matrix
and inhibited the driving force for secondary carbides precipi-

Fig. 10 Series of SEM micrographs showing secondary carbide precipitation during destabilization heat treatment at 1000 °C of the experimental
white iron: (a) 5 min, (b) 10 min, (c) 1 h, and (d) 6 h. Villela’s etching 45 s. Matrix is composed of martensite, retained austenite, and secondary
carbides.
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tation. Chromium- and carbon-rich austenite is stable under
these conditions and remains stable during cooling to room
temperature.[1,22,23]

3.6 Microhardness of Matrix and Bulk Hardness of the
Alloy After Destabilization

Figure 17 shows the microhardness values obtained for the
iron’s matrix after each heat treatment. At 900 °C for 10 min,
microhardness was 800HV50 and increased to a maximum of
1300HV50 after 2-3 h soaking time; afterwards it decreased to
900HV50 for a destabilization of 8 h. The increase in micro-
hardness of the matrix is influenced by two factors as the
soaking time increased: the precipitation of secondary carbides
that strengthens the matrix by particle dispersion together with
the increase in martensite volume fraction. However, dimin-
ishing microhardness after 3 h soaking time is attributed to the
secondary carbide coarsening. At this stage, longer times pro-
mote a major diffusion of elements, favoring coarsening of
some carbides at the expense of others’ dissolution; such a
phenomenon leads to a diminishing number of particles in the
matrix (Fig. 15). The final structure of the matrix is therefore
highly martensitic with relatively few coarse secondary car-
bides. For the structures of the irons with maximum hardness,
a highly martensitic matrix was also observed but it contained
a higher number of fine well-dispersed secondary carbides.

A similar effect occurred for the iron treated at 1000 °C;
however, maximum hardness (1159HV50) was obtained at
shorter times (30-60 min). Higher destabilization temperatures
allowed higher diffusion, leading to a reduced amount of
coarse nuclei (Fig. 14 and 15). Under this situation, the
strengthening due to dispersed particles is lower. Furthermore,
at these higher temperatures, austenite can dissolve higher car-
bon contents, so that the amount of secondary carbides is also
minor. The above phenomena lead to a higher retained austen-
ite content in the final structure, which reduced matrix hard-
ness.

In contrast, for the iron treated at 1150 °C, hardness of the
matrix diminished since the beginning. For this case, a stabi-
lized austenitic matrix was obtained. Such a matrix was solid
solution strengthened by chromium, carbon, nickel, molybde-
num, etc., but not by particle dispersion. Secondary precipita-
tion occurred only in the early stages of the heat treatment.

Regarding bulk hardness, the alloy showed a behavior simi-

Fig. 11 Series of SEM micrographs showing secondary carbide pre-
cipitation during destabilization heat treatment at 1150 °C of the ex-
perimental white iron. (a) 2 min, matrix is composed of martensite,
retained austenite, and secondary carbides; (b) 20 min, matrix com-
posed of austenite mainly; and (c) 1 h, matrix is totally austenitic.
Villela’s etching 45 s

Fig. 12 SEM micrograph showing the real morphology of the sec-
ondary carbides precipitated during destabilization treatments. Deep-
etching was with a solution of 50 ml FeCl3 plus 20 ml HCl in 930 ml
ethanol for 15 min.
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lar to that for matrix microhardness. Figure 18 shows the re-
sults for hardness where maximum values can be observed for
the different temperatures. For the iron treated at 900 °C, maxi-
mum hardness was 68 HRC and was obtained for1-2 h soaking
time. For the iron treated at 1000 °C, maximum hardness was
60 HRC obtained for 30 min. Finally, for the iron treated at
1150 °C, hardness remains constant (45 HRC) during the first
20 min of treatment and decreases afterwards. The strengthen-
ing of the matrix is the main factor responsible for the modi-
fications in the iron’s hardness. Microhardness of matrix and
the eutectic carbide volume fraction are the factors that con-

tribute to strengthening of the alloys. For this case, the carbide
volume fraction was constant (24%); therefore the strengthen-
ing of matrix caused the changes in bulk hardness.

These strengthening phenomena are similar to those found
in aging processes of some alloys and are explained in terms of
the diffusion of elements that participate in the precipitating
phase. Such diffusion in turn is a function of treatment tem-
perature and soaking time. Kuwano et al.,[8] Powell and
Laird,[5] and Powell and Bee[9] have found similar behaviors
for high- and low-chromium irons in studies of precipitation
and hardness.

Fig. 13 Bright field TEM micrographs showing some secondary carbides (SC) in (a) sample treated at 900 °C for 1 h, and (b) sample treated at
1000 °C for 1 h. The selected area diffraction pattern (SADP) on the particle arrowed in (b) indicates the crystallographic nature of these carbides
to be hexagonal M7C3.

Fig. 14 Diameter of the precipitated particles as a function of the
soaking time during destabilization heat treatment

Fig. 15 Number of precipitated particles in a square micron (�m2) as
a function of the soaking time during destabilization heat treatment
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4. Conclusions

• The structure of the as-cast alloy was composed of 24%
eutectic carbides, about 5% martensite, and 70% austenite;
small amounts of the molybdenum-rich carbide Mo2C
were also present.

• Vanadium carbide was not detected in the alloy; nonethe-
less, the iron contained 2% vanadium, a carbide-promoting
element. Vanadium was observed to partition to the car-
bide and in minor amounts to the matrix.

• According to the studied temperatures, the secondary car-
bide precipitation level decreased with higher tempera-
tures, being the highest for the samples treated at 900 °C
(27% of matrix).

• High temperatures like 1150 °C over-stabilized the aus-
tenitic matrix, which led to a secondary carbides free aus-
tenitic matrix after heat treatment.

• The amount of precipitated particles showed an increase
with time for the samples treated at 900 and 1000 °C,
reaching a maximum and then decreased due to dissolution
of some carbides and coarsening of some others.

• Matrix hardness showed a maximum when plotted against
soaking time due to these precipitation processes and to
the transformation of austenite to martensite. Maximum
hardness was obtained for the samples treated for 1-2 h at
900 °C where the structure showed a high volume fraction
of martensite and a high amount of fine, well-dispersed
secondary carbide particles.
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