Chapter 6

Effect of Copper Additions on Secondary
Carbide Precipitation in High Chromium
with Cast Iron

F.V. Guerra, A. Bedolla-Jacuinde, 1. Mejia, J. Zuno-Silva,
and E. Cardoso-Legorreta

Abstract This work analyzes the secondary carbide precipitation during the
destabilization heat treatment of a 15 % Cr white iron and copper additions between
0.5 and 2 wt%. The destabilization heat treatments were undertaken at temperatures
of 850, 950, and 1050 °C between 5 and 480 min. Characterization was carried
out by X-ray diffraction (XRD), optical and electron microscopy, image analysis,
and energy-dispersive spectroscopy (EDS) microanalysis; the resultant hardness
was also measured. It was found that the copper addition resulted in an increase in
discontinuity of the eutectic carbide in as-cast conditions. After the heat treatment,
the number of precipitated carbides increased with the copper addition, and they
were found smaller. There were an increase of precipitation for lower destabilization
temperatures and large soaking times.

Keywords High-chromium white cast iron ¢ Destabilization ¢ Precipitation ¢
Secondary carbides * Copper

6.1 Introduction

High-chromium white irons are ferrous alloys containing between 11-30 % Cr and
1.8-3.6 % C carbon, with molybdenum, manganese, copper, and nickel sometimes
added as additional alloying elements. The typical as-cast microstructure of these
alloys consists of primary and/or eutectic carbides (M7C3) in an austenitic matrix or
one of its transformation products [1]. The hard eutectic carbides and matrix present
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in the microstructure are responsible for the great abrasion resistance and fracture
toughness of these alloys; hence, these alloys are commonly used to applications
where abrasion resistance is the main required property [2]. If a high hardness is
needed, the as-cast austenitic structure is submitted to destabilization heat treatment
between 800 and 1000 °C to obtain small secondary carbides (SC) precipitated in
the matrix. During the treatment, the matrix decreases in chromium and carbon
content due to precipitation of carbides raising the temperature of martensitic
start transformation resulting in a mixture of martensite and retained austenite [3].
Some alloying elements like Cr, Mo, Ni, and Cu are added to promote a good
hardenability [4]. Temperature in combination with the soaking time and content
of alloying elements change the kinetic of precipitation of secondary carbides. The
addition of Cu contributes to hardenability but stabilizes the austenite and delays
the carbon diffusion [4]. Therefore, the presence of Cu has a strong influence in
the precipitation of secondary carbides modifying the time of precipitation. Time,
temperature, and Cu content are the variables used in this work, to analyze their
effect on distribution, velocity, and microhardness of precipitated carbides.

6.2 Experimental

The high-chromium white iron subject to experimentation was manufactured with
high-purity raw materials to control impurities and chemical composition. They
were melted in an induction furnace and poured in a sand mold to obtain bars of
10in. length and 1in. diameter. Four different compositions were obtained with
15% Cr,3% C, 1 % Mo, 1 % Ni, and 0, 0.5, 1, and 2 wt% Cu, respectively. The bars
were sectioned on samples of 1/2x1/2x 1/4 in. with an abrasive wheel in a Struers
metallographic cutter (Struers, Copenhagen, Denmark) Labotom-3 using coolant
to avoid overheating. The heat treatments were carried out on an electric furnace
at 850, 950, and 1050 °C and soaking times of 5, 15, 30, 60, 90, 150, 300, and
480 min for each composition; the samples were quenched in water to avoid further
precipitation during cooling. Samples were prepared for metallography by grinding
on abrasive paper of different mesh sizes. Samples were then polished on nylon
cloth with 6 um diamond paste as the abrasive and finally with 1 wm paste. Etching
was carried out with two different solutions: Vilella’s etchant (Sml HCI and 1g
picric acid in 100 ml ethanol) for 30-60 s to reveal the microstructure and a solution
of 50 ml FeCl; plus 20 ml HCI in 930 ml ethanol immersed during 8 h, for a deep
etching to remove part of the matrix to observe the eutectic carbides. As-cast eutectic
carbide volume fraction was measured by image analysis on digitized micrographs
obtained at 200x on a Nikon EPIPHOT 300 optical microscope (Nikon, Melville,
NY). For this purpose, the samples were deeply etched, and 20 micrographs were
processed by the SigmaScan (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 before and after heat treatment. Retained austenite after heat treatment
was calculated from XRD data by the technique described by Kim [5]. XRD tests
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were carried out by using Cu-Ka radiation in a 20 range of 30-130°. Further
characterization was undertaken on a JEOL (JEOL, Peabody, MA) 6400 SEM at
20kV for imaging and EDS microanalysis. Secondary carbide volume fraction
and size were obtained by point counting measurements on SEM micrographs.
Microhardness of the matrix was undertaken on metallographic samples. Twenty
tests for each sample were carried out by a diamond indenter and a 100 g load for
158, for Vickers microhardness (HV100).

6.3 Results and Discussion

The chemical composition of the experimental irons is shown in Table 6.1.

As shown in Table 6.1, the main difference in composition is regarding the copper
content. Therefore the changes in microstructure and properties are attributed to
copper addition. This copper addition was made to modify the time of precipitation
of secondary carbides because it is known that the copper addition can increase
the hardenability and decrease the carbon diffusion [6, 7] which modifies the time,
shape, and distribution of precipitated carbides.

6.3.1 As-Cast Structure

Figure 6.1 shows the as-cast structure of the alloy, where the eutectic M;C3 carbides
and the austenitic matrix can be observed; however, small amounts of martensite o
and molybdenum M, C carbides can be observed.

The presence of martensite can be observed in the periphery of the eutectic
carbide due to the carbon and chromium depletion by diffusion to the carbide,
which causes the raising of the martensite start temperature (Ms), giving place to the
martensitic transformation under cooling to room temperature [3, 8, 9]. The XRD
pattern of Fig. 6.2 shows the presence of austenite y, eutectic carbides M;Cj3, and
carbides type M,C in the alloy; no ferrite/martensite peaks are observed due to the
low volume content in as-cast conditions.

The presence of copper precipitate particles or segregation was not observed; as
shown in Fig. 6.3, copper is distributed uniformly in the matrix.

The quantification of eutectic carbide volume fraction is shown in Table 6.2.

Table 6.'1. Chemical' Alloy C Cr Mo | Ni Cu
composition of experimental N 297 11521 1102 1105 o
irons, wt% . . : .
B 3.15 | 14.79 |1.01 097 0.6
C 3.13 | 1547 1097 096 |1.1
D 296 |15.51 1097 |1.04 |2.1



64 EV. Guerra et al.

Fig. 6.1 As-cast
microstructure of the as-cast
experimental iron
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Fig. 6.2 XRD pattern of the D alloy in as-cast conditions

Fig. 6.3 SEM micrograph and chemical composition mapping for copper
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Table 6.2 Eutectic carbide CuWt% |0 0.6 1.1 21

Jume fraction (ECVsae,
volume fraction (ECVrrac.) ECVine 1265% 27% |275% |265%

Fig. 6.4 Eutectic
carbides/mm? as a function of
copper content
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There is no significant difference about the volume fraction of eutectic carbide,
but there is a different distribution. Figure 6.4 shows the number of eutectic carbides
per square millimeter.

As shown in Fig. 6.4, the number of carbides/mm? increases with increasing
the copper addition, but the volume remains almost constant; this is seen as more
discontinuous eutectic carbide. The above agrees with the observations of Choi et al.
[10] for irons with higher content of copper. This modifying effect has been widely
reported for different researchers [11-15] and is based necessarily on segregation
during the solidification process, due to the lower solubility on at least one of the
phases. Similar effect has been found by Liang and Su [14] in low-chromium white
irons, where the addition of 5 wt% of rare earths (RE) changes the leader phase
during the solidification process from austenite to cementite. They found cementite
blocks instead of a common ledeburitic structure. It seems that the presence of
copper limits the growth in certain directions, obtaining a higher number of eutectic
carbides with a constant volume. But it not necessarily limits the precipitation;
according to Qingxiang et al. [11], rare earth addition suppresses the M3;C growth
in a Ni-Cr iron in the [010] direction. Also, they observed that this addition of
RE promotes the growing in [100] and [001] directions helping the formation of
carbides in the form of isolated blocks.
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6.3.2 Structure After Destabilization Heat Treatment

The heat treatment changes the volume of phases, increasing the volume of carbide
and martensite at the expense of austenite with the increase in the soaking time,
except in those treated at 1050 °C where the austenite phase was overstabilized as
will be shown later. The number and size of precipitated carbides are functions of
temperature, time, and chemical composition.

6.3.3 Number and Average Diameter of Secondary Carbides

Figure 6.5 shows a sequence of micrographs (a—d) from the iron with 1 % of copper
addition, heat treated for 15, 60, 120, and 480 min, respectively, at 850 °C.

From Fig. 6.4, we can observe an increase in precipitation with the increase of
the exposure time. Figure 6.5 shows the average number of precipitated carbides
per square micrometer. For the different alloys, the average number of precipitated

Fig. 6.5 SEM micrographs of 1% of copper iron heat treated for 15, 60, 120, and 480 min at
850°C
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carbides increases with the holding time at 850 °C; this is because at this temper-
ature, the rate of diffusion to reach the equilibrium is low and the precipitation
continued until the longer times.

Therefore, as shown in Fig. 6.4, the microstructures of the heat-treated alloys
at 850 °C show a very small-size secondary carbide distribution. Copper additions
produce a delay of carbide precipitation for short periods of time as shown in Fig. 6.5
because copper stabilizes the austenite phase in accordance with Krishnadev and
Sudan (see JW Choi, 1992) [10]. For holding times longer than 90 min, a remarkable
increase in the number of secondary carbides on higher-copper content samples is
shown. This effect is attributed to the ability of copper to reduce the diffusion of
carbon in austenite; therefore, the elements which form the precipitates (Cr and C)
are expelled from the matrix during the destabilization process, and due to the
presence of copper, they move shorter distances. As a result, we have a greater
number of particles but of smaller size as we can see on Figs. 6.6 and 6.7 with the
copper addition.

As we can see, the samples with higher copper content show precipitated carbides
with smaller diameter. Figure 6.6 shows that the precipitation occurs in short
periods of time in the samples with lower copper content, but there are only some
large particles of diameters between 0.20 and 0.25 wm. After the average diameter
decreases due to precipitation of particles of smaller size, precipitation continues
until 150 min. Subsequently the particles start to grow up to a diameter between 0.17
and 0.19 pm. By contrast, samples with copper contents of 1 and 2 % at longer times
of 15min have precipitated particles of very small diameters of about 0.06 pm.
Precipitation occurs in uniformly throughout the matrix. These particles start to
grow at times greater than 150 min; this effect is attributed to the copper’s ability to
decrease the carbon diffusion in austenite. Therefore carbon and chromium expelled
from the matrix tend to move shorter distances. As mentioned above the case has
been reported by some researchers as Choi et al. [10] in the presence of copper
secondary carbides; therefore, it can be acting as nucleating since it has a greater
number of smaller precipitates of smaller size.
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Fig. 6.8 SEM micrographs showing secondary carbide precipitation during destabilization heat
treatment at 850 °C. (a) Base alloy, (b) 2 wt% of copper alloyed white iron

Figure 6.8 shows the micrographs for comparative purposes for the alloys treated
for 480 min at 850°C; we can observe a notable increment on the number of
precipitated carbides and of smaller size in the 2 % of copper alloy.

Figure 6.9 shows a sequence of micrographs (A-D) from the iron with 1 % of
copper addition, heat treated for 15, 60, 120, and 480 min, respectively, at 950 °C.

Figure 6.10 shows the number of secondary carbides precipitated as a function
of the soaking time during destabilization at 950 °C.

As we can see, the number of precipitated carbides is lower and reaches a
maximum at 90 min and subsequently decreases; this is because the precipitation is
performed by nucleation and growth phenomena; at this temperature the diffusion
coefficient is higher than at 850°C. At the temperature of 950°C, the delayed
precipitation is also observed with the increase in the copper content, but as
observed in the treatment at 850 °C and after 60 min of treatment, the number of
precipitated particles increases notably. As the temperature increases, precipitation
occurs in shorter times; this increase in temperature accelerates the diffusion of
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Fig. 6.9 SEM micrographs of the alloy with 1% of copper heat treated for 15, 60, 120, and

480 min at 850 °C
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dissolved elements in the matrix. The aforementioned effect is shown in Fig. 6.11
where precipitated carbides are observed for two samples of the same composition.
Figure 6.11a corresponds to the sample heat treated at 850 °C and Fig. 6.11b at
950 °C; we can observe the reduction in number of precipitates but an increase in
size due to increased diffusivity. The average diameter of the precipitated carbides
at 950 °C is shown in Fig. 6.12.
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Fig. 6.11 Comparative micrographs of 1% copper alloyed iron heat treated for 300 min.
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Fig. 6.12 Average diameter of precipitated carbides as a function of soaking time at 950 °C

As observed at 850 °C, in the samples with lower copper addition, the precip-
itation occurs in short periods of time, but there are only some large particles of
diameters; after, the average diameter decreases due to the precipitation of particles
of smaller size; after 30 min, the present particles start growing. In the case of
the samples with copper contents of 1 and 2 %, the precipitated particles are of
small diameter, precipitation continues until 90 min, and then the particles begin
to grow; the average diameter is small and the particles are uniformly distributed.
Compared with treatment at 850 °C, the average diameter is significantly higher;
this is because, as temperature increases, the elements that precipitate from the
matrix can travel longer distances and can form bigger carbides due to increased
diffusion; therefore, carbides reach an average diameter of up to 0.262 um in the
longer treatment times. The average diameter is greatly increased in comparison
with the treatment at 850 °C, wherein the average maximum diameter reached at
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Fig. 6.13 SEM micrographs of the alloy with 1% of copper heat treated for 15, 60, 120, and
480 min at 1050 °C

480 min was 0.19 um. Figure 6.13 shows a sequence of micrographs (a—d) from
the iron with 1% of copper addition, heat treated for 15, 60, 120, and 480 min,
respectively, at 1050 °C. We can observe the presence of secondary carbides for
short times, but after 60 min, there is a decrease in the number; for exposure times
longer than 90 min, the matrix is almost free of secondary carbides.

Figure 6.14 shows the quantification of a number of secondary carbides per
wm?; precipitation is observed for short times. Complementarily, Fig. 6.15 shows
the average diameter of the precipitated carbides at 1050 °C; the average diameter
of the precipitates found in short periods of time was significantly greater than
those observed at 850 and 950 °C. However, at times over 300 min, the matrix is
substantially free of precipitates, as shown in micrographs ¢ and d of Fig. 6.13.

It is possible that the secondary carbides observed at times below 300 min are
precipitated during heating, aided by the segregation product of the solidification
process, but these dissolve at longer times when the equilibrium composition
of carbon and chromium in the austenite is reached. It is possible that at this
temperature, the equilibrium concentration of carbon in austenite can be higher than
the carbon content that is dissolved in the matrix. In support of the above assertion,
Fig. 6.16 is presented where the dissolution of eutectic carbides is observed, which
has not been reported by other researchers; according to Tabrett [1], eutectic
carbides are not affected at the destabilization temperatures.
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Fig. 6.16 SEM micrographs of the alloy with 2 % of copper: (a) as-cast conditions (b) heat treated
at 1050 °C for 480 min. Note the decrease in volume of the iron carbides
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The reason why increasing the treatment temperature decreases precipitation of
secondary carbides is explained by the Fe-C diagram. The austenite can dissolve
a larger amount of carbon as the temperature increases until the eutectic; this
decreases the amount of carbon that can be ejected to form secondary carbides.

6.3.4 Secondary Carbide Volume Fraction (SCVp,,.)

From measurements of the number and diameter of precipitate carbides, precipi-
tates, calculation of the SCVg,.. was performed. The results are presented below.
The SCVEy,. for the samples thermally treated at 850 °C is shown plotted against
time in Fig. 6.17.

It is noted that the volume fraction of carbide precipitates increases with exposure
time in the thermal treatment for four different compositions. It is also noted that
at short times, the volume of secondary carbides is lower in samples with higher
copper content. For times greater than 150 min, the samples with higher copper
content increase their SCVggqc.

The maximum volume of 32.5 % was obtained by the sample with 1 % copper,
which agrees with the results obtained by Bedolla et al. [16] in a white iron with
2.6% C, 17% Cr, 2% Mo, and 2 % V. It is possible that the measurement results
of SCVgy,. for the samples with lower copper content have been influenced by the
carbon and chromium migration to coarsening the eutectic carbide; therefore, the
SCVgp,e. was lower for this samples.

As can be seen in the micrograph of Fig. 6.7a, there is a darker secondary
carbide free region in the vicinity with the eutectic carbide; such region is depleted
of chromium and carbon, which has also been observed by Duppin et al. [17] in
some high-chromium irons. By contrast, in the samples with higher copper content,
this phenomenon is not as evident, which is attributed to the ability of copper to
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Fig. 6.18 SCVpy,. as a function of the soaking time at 950 °C

reduce the diffusion of carbon in austenite forming a diffusion barrier preventing
the migration of carbon to the eutectic carbide during solidification. A similar
phenomenon has been observed in nodular iron with the addition of copper, where
this element segregates at austenite-graphite interface acting as a barrier to the
diffusion of carbon into graphite nodules [18]. Figure 6.18 shows the SCVE;,.. for
the samples heat treated at 950 °C.

As was observed in the treatment at 850 °C, there is an increase in the SCVgpe.
as the time increases. It is appreciated that the SCVgy,. increases faster than
treatment at 850 °C; this is because the increase in temperature causes an increase
in the diffusion. However, the SCVpg,. is much lower; this is caused by an
increased solubility of carbon in austenite which decreases precipitation. Figure 6.19
corresponds to the measurement of SCVg,. for the treatment at 1050 °C.

The SCVgyy, is diminished by the increased solubility of carbon in austenite;
therefore, it is remarkably lower compared with the previous two temperatures.
In addition for longer times up to 90 min, it is observed that SCVgy is almost
null. Noticeably as the temperature increases, there is a lower precipitation, since
according to the Fe-C diagram, the austenite phase can dissolve higher amount of
carbon at higher temperatures until the eutectic. This is reflected in the decrease in
volume of secondary carbides precipitated. In contrast at lower temperatures, the
capacity of austenite for dissolving carbon is lower, so there is greater amount of
carbon to precipitate, which is reflected in a higher volume of secondary carbides.
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Fig. 6.20 Retained austenite volume fraction as a function of soaking time at 850 °C

6.3.5 Retained Austenite Volume Fraction

The results of the measurement of retained austenite after heat treatment are shown
in Figs. 6.20, 6.21, and 6.22 heat treated at 850, 950, and 1050 °C, respectively.

In a general way, the samples treated at 850 °C for 480 min show low retained
austenite values. The increase in exposure time at this temperature results in a higher
precipitation of secondary carbides, thereby decreasing the volume of retained
austenite, since as the treatment time increases, the matrix is reduced in dissolved
alloying elements, which increases the volume of material to be transformed to
martensite during subsequent cooling. As mentioned above, the precipitation of
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Fig. 6.21 Retained austenite volume fraction as a function of soaking time at 950 °C
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Fig. 6.22 Retained austenite volume fraction as a function of soaking time at 1050 °C

secondary carbides during heat treatment depletes the austenitic matrix in carbon
and chromium mainly [5, 19]. Such depletion in dissolved alloying elements in
the matrix causes an increase in the Ms temperature, so martensitic structures are
present.

The same trend can be seen in Fig. 6.21, which corresponds to the thermal
treatment at 950 °C. However, at this temperature, there is a greater volume of
retained austenite compared to treatment at 850 °C. This is explained using the iron-
carbon diagram, where at higher temperature austenite can dissolve more carbon,
causing a lower precipitation of secondary carbides. Therefore, by increasing
temperature, a greater amount of chromium and carbon is dissolved in the matrix,
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which lowers the Ms temperature, obtaining thus a larger volume of retained
austenite at room temperature. It has been widely reported by several researchers
[8, 16, 20, 21]. The retained austenite volume fraction decreases with increasing
the exposure time for the four compositions; therefore, the minimum volume of
retained austenite occurs in the maximum time of 480 min. In Fig. 6.9 that was
showed above, it was observed that the number of secondary carbides decreases,
but the precipitation of elements of the matrix continues to give rise to the growth
of existing particles; therefore, the residual austenite decreases due to depletion
of chromium and carbon matrix which raises the Ms transformation temperature,
transforming the matrix to martensite during cooling. In the graph of Fig. 6.22, it
shows the retained austenite volume fraction in the iron treated at 1050 °C; it is
noted that the austenite volume increases with increasing the soaking time in the
heat treatment. This is explained as follows: As the treatment temperature increases,
there is a greater dissolution of chromium and carbon in austenite, which stabilize
the matrix. Therefore, the austenitic structure is stable during cooling due to the
high content of dissolved alloying according to Kim [5].

6.3.6 Microhardness of Matrix After Destabilization

Figure 6.23 shows the microhardness values obtained for the iron matrix after heat
treatment. At a temperature of 850 °C, for a treatment time of 5 min, the four com-
positions practically start with a hardness value around 500 HV ¢o; microhardness
for all compositions increases with increasing time. Samples with the lower copper
content reach a maximum hardness at 90 min, achieving hardness between 1017
and 1030 HVgo. For times greater than 150 min the hardness decreases as the
secondary carbides grow and begin to diminish in number. Furthermore, the samples
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with higher copper content continue to harden; this is because in these samples
precipitation process starts more slowly. The carbides are of very small size and
uniformly distributed; therefore, these reach values of hardness until 1336 HV .

According to the above exposed, the increase in the microhardness values as
the treatment time increases is explained by the precipitation of secondary carbides
which harden the matrix and the increase in the martensite content. The decrease
of the hardness after 150 min in the samples with lower copper content is attributed
to the coarsening of carbides, since long exposure times produce an increase in
diffusion of elements, resulting in growth of carbides from the dissolution of others.
Furthermore, this decrease in hardness is attributed to the formation of martensite
of low carbon content due to the low solubility of carbon in austenite and the
high precipitation of secondary carbides. The secondary carbides present in the
samples treated at 950°C are much larger than those observed at 850 °C, and
although the precipitation decreases, the hardness is only slightly lower than that
obtained at 850 °C; further to 850 °C the hardness of the matrix decreases drastically
after 90 min for samples with lower content of copper due to the formation of
martensite of low carbon content; this phenomenon has been reported by Maratray
[22] and Karantzalis [23] (0.31 Ni, 0.47 Cu); both obtain lower hardness values
at low temperatures. At 950 °C this phenomenon does not occur due to a lower
precipitation; the hardness is maintained between 900 and 950 HV 1¢y. In the case of
samples with higher copper content, the precipitation is slower, but the precipitated
particles are smaller. This precipitation continues until long times, resulting in a
saturated matrix of fine secondary carbides uniformly distributed increasing the
hardness of the matrix.

The described effect is attributed to the addition of copper, which, as mentioned
above, reduces the diffusion of carbon in austenite, causing it to move shorter
distances. Some researchers as Choi et al. [10] have reported the presence of copper
in the secondary carbides, so it is believed that copper may act as nucleating
causing a remarkable increase in the number of precipitates. Figure 6.24 shows the
microhardness of the matrix for the treatment of 950 °C where there is a peak for
samples with lower contents of copper in 60 min and 90 min for the samples with
higher copper content, which coincide with the maximum values in the number
of secondary carbide precipitates. Then the hardness of the matrix has a slight
decrease, due to the growth of these particles. The highest values of microhardness
are obtained due to the increase in the volume of martensite.

The maximum hardness value was obtained for samples with lower copper
content, reaching a maximum of 975 HVy for a time of 60 min in the sample
with 0.5 % Cu.

The above effect at 850 °C due to copper addition is no longer observed, even
when it has a greater number of precipitates in samples with higher copper content;
the temperature increase produces a greater diffusion, so that the precipitated
particles tend to grow rapidly, decreasing the hardness matrix. The decrease in
hardness of the matrix compared to treatment at 850 °C is because the amount
of precipitated carbides at 950 °C is lower, since the austenite phase can retain in
solution higher quantities of carbon and chromium.
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Fig. 6.24 Vickers
microhardness of the iron
matrix as a function of
soaking time at 950 °C

Fig. 6.25 Vickers
microhardness of the iron
matrix as a function of
soaking time at 1050 °C
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By increasing the treatment temperature, the formation of a fewer number of
nuclei of larger size due to the increased diffusion was observed, allowing the atoms
to travel longer distances. This causes a lower precipitation hardening, due to the
morphology and distribution of these particles. The lower precipitation of secondary
carbides regarding at 1050 °C implied a higher content of retained austenite in
the structure reaching lower hardness values in the matrix. Figure 6.25 shows
the microhardness values on the heat-treated iron matrix at 1150 °C. In this case
we found a phenomenon that has not been reported before during destabilization:
the matrix microhardness increased with the soaking time without secondary
carbide precipitation.

Unlike the other two temperatures, the volume of residual austenite was increased
with time; therefore, for long exposure times, there is not precipitation of secondary
carbides and therefore decrease in hardness would be expected. However, hardening
was due to solid solution of carbon and chromium, due to the dissolution of part of
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the eutectic carbide. At 1050 °C the maximum hardness of the matrix was of 884
HV g for the sample with 0.5 % copper treated by 480 min. For short periods of
time, samples with higher copper content show lower microhardness values, and
on the previous temperatures, a delay in the precipitation of secondary carbides
is observed. However, for long times, the difference is not significant, because all
the samples show an almost fully austenitic matrix absent of secondary carbides,
hardened only by solid solubility of elements such as carbon and chromium mainly.
The above-explained phenomenon was showed previously in Fig. 6.15. In this case,
a stabilization of the austenite phase at longer times has led to a structure free of
secondary carbides, which was only hardened by solid solution with elements such
as carbon, chromium, and molybdenum from the eutectic carbide dissolution.

6.4 Conclusions

Copper additions resulted in more discontinuous eutectic carbide in as-cast condi-
tion. After the heat treatment, an increase in number of precipitated particles for
lower temperatures of treatment was observed. The smaller diameter of secondary
carbides and a more uniform distribution of these were observed in samples with
the greater contents of copper heat treated at 850°C. The volume fraction of
secondary carbides was found to increase for lower destabilization temperatures
and large holding times. The volume fraction of retained austenite increased as the
temperature of treatment was increased; therefore, very low carbide precipitation
along with a stabilization of the austenite phase occurred for heat treatment at
1050°C; in addition, for large soaking times, dissolution of eutectic carbides
was observed. Microhardness was observed to decrease with the temperature of
heat treatment due to the decrease of secondary carbides and therefore a lower
transformation level of austenite to martensite.
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