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The present work investigated the effect of destabilization time on the mechanical properties and
microstructure evolution of high chromium cast iron, and scanning electron microscopy and electron
probe microanalysis techniques were employed. The results show that the hardness of hypoeutectic
high chromium cast iron is related to the size and volume fraction of secondary carbides precipitated
from the matrix. The hardness of the alloy continues to rise due to the continuous increase of the
volume fraction of the secondary carbide at the initial stage of destabilization. The alloy reaches its peak
hardness value at 950 °C and 1000 °C for 1 hour holding time. The solid solubility of carbon and alloying
elements in the matrix increases as the holding time extends, resulting in a large number of carbides
redissolved into the matrix, making the hardness of the alloy decrease; the hardness of the alloy at 14 h
is less than that at 10 min. Under 1050 °C, the size and density of the secondary carbide increase
significantly; extending the holding time will lead to the continuous reduction of the carbide rod that
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1 Introduction

Due to its excellent wear resistance, high chromium cast iron is
widely used in various wear-resistant fields, such as the power
industry, metallurgy, building materials and agricultural fields,
and has obtained good economic benefits. With its exceptional
wear resistance, high chromium cast iron is widely applied in
various wear-resistant sectors, encompassing industries like
power, mining, metallurgy, building materials, and
agriculture.”® Currently, the properties, morphology, and
distribution of carbides in the structure, as well as the matrix
structure of high chromium cast iron, are enhanced through
various techniques such as alloying, metamorphic treatment,
and optimized heat treatment. These approaches are utilized to
enhance the material's performance, resulting in improved
properties and a more refined microstructure.*

Most high chromium cast iron is used in the heat treatment
state, which is an important means to maximize the wear
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resistance of high chromium cast iron. The purpose of heat
treatment is to enhance the structural arrangement within the
material, thus enabling it to achieve an optimal balance of
strength, toughness, and wear resistance. Additionally, heat
treatment can also be applied to soften the material and
enhance the cutting performance of the alloy.® The as-cast
matrix of high chromium cast iron typically consists of
a significant proportion of residual austenite and a minor
amount of sheet martensite.®® The reason for the formation of
residual austenite is due to the fast cooling rate of the casting,
the element is not enough to diffuse, resulting in a large
amount of carbon and alloying elements in the matrix, which
makes the material hardenability increase at the same time, but
also makes the martensitic phase transition temperature (M)
drop below room temperature, and the austenitic structure is
retained to room temperature.’ The residual austenite in the as-
cast state has a high concentration of carbon and chromium,
the distribution of elements inside the grain is uneven and in
a susaturated state, also the stability is poor. Once the ther-
modynamic conditions are mature, it will be transformed to
a stable state, so high chromium cast iron needs to be heat
treated to meet the requirements of use. By heat treatment
process, these alloying elements are precipitated from susatu-
rated matrix in the form of secondary carbide so that the matrix
reaches a stable state. The distribution of secondary carbides
(volume fraction, density and size) has an important effect on
the wear resistance of high chromium cast iron.***

At present, the annealing process of high chromium cast
iron is the most widely used process. Destabilization refers to
the process where carbon and alloying elements in the matrix
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precipitate as secondary carbides due to the unstable super-
saturated residual austenite, under the influence of tempera-
ture. This results in the transformation of the matrix to achieve
a stable microstructure.’**® High chromium cast iron usually
contains a large number of residual austenite structure, which
contains a large number of carbon and alloying elements and
will lead to the component segregation. If not eliminated or
improved in time, the metastable structure will transformation
into martensite, accompanied by a large phase change stress,
leading to workpiece cracking or falling. The optimization of
the heat treatment process primarily involves controlling the
composition of the matrix phase and the characteristics of
secondary carbides, such as their size, volume fraction, and
density."*® This is achieved by carefully adjusting the temper-
ature and duration of the treatment in order to effectively
control the strength, toughness, and wear resistance of high
chromium cast iron. With prolonging of destabilization time,
the precipitation rate of secondary carbides enhanced, the
content of secondary carbides in the matrix continues to
increase, as well as the hardness and wear resistance of the
material.” However, if the temperature is too high or the
holding time is too long, the solid solubility of carbon and
alloying elements will heighten, leading to the dissolution of
the secondary carbides, resulting in a large number of carbon
and alloying elements. As the content of residual austenite
increases, the hardness of the matrix decreases. Therefore, it is
very important to explore a balanced destabilization system to
regulate the precipitation of secondary carbides and the phase
ratio of the matrix in the destabilization heat treatment.”*"*

Traditionally, X-ray diffraction (XRD) and other single-phase
analysis methods are commonly employed to investigate the
impact of second-phase particles on the microstructure and
properties of hypoeutectic high-chromium cast iron. The
precipitation of secondary carbides in the heat preservation can
be divided into nucleation stage and coarsening and growing
stage.”* The length of nucleation stage depends on the level of
the destabilization temperature. Enhancing the destabilization
temperature will lead to the increase of the atomic diffusion rate
as well as the nucleation and precipitation rate of the secondary
carbides.” If the destabilization temperature is the temperature
range dominated by the precipitation of secondary carbides, the
extension of holding time is conducive to the thorough
precipitation of secondary carbides, and the content of carbon
and alloying elements in austenite is close to the solubility
under equilibrium conditions. Similarly, if the destabilization
temperature is the temperature range dominated by the
precipitation and dissolution of secondary carbides, with the
extension of time, the dissolution of secondary carbides will be
more complete and thorough, and the content of residual
austenite will increase.>*?” However, these methods do not
provide insights into the mechanisms underlying the influence
of destabilization treatment on the secondary carbides within
the matrix, as well as the regulatory patterns of the precipitated
phase components within the matrix.

In this paper, Electron Probe Micro-Analyzer (EPMA), Scan-
ning Electron Microscope (SEM) and other detection techniques
were employed to examine how the destabilization temperature
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and time affect the precipitation characteristics (size,
morphology, and volume fraction) of secondary carbides within
the matrix during destabilizing heat treatment. By employing
nucleation theory and observing the morphology and quantity
of matrix precipitates at different times, the influence of
extending holding time on the size and quantity of secondary
carbides at three temperatures was discussed. Results confirms
that controlling the destabilization conditions is a crucial factor
in achieving the desired morphology and performance of the
precipitates. The continuous extension of holding time reduce
the integral number of secondary carbides, increase the
residual austenite, and finally make the alloy hardness increase
first and then decrease.

2 Materials and methods

Tests were performed with high carbon steel specimens with
the following composition (wt%): 2.8% C, 0.28% Si, 0.61% Mn,
18.2% Cr and balance Fe. After deoxidation, the high carbon
steel was melted using medium-frequency induction in
a furnace and then cast into ingots. Based on the results of the
spectral composition test, the composition of the high carbon
steel is adjusted before it is placed in the furnace. The
temperature is carefully controlled within the range of 1500 to
1540 °C, and the pouring temperature is controlled within the
range of 1380 to 1400 °C. For casting, a $200 x 300 mm metal
mold is used with a mold thickness of 20 mm. The material
used for the mold is Q235 steel.

In this paper, Rockwell hardness (HRC) is tested by using
diamond indenter on HBRVU-187.5 Brovier optical hardness
tester, and the load is 1471 N. The matrix hardness was char-
acterized by Vickers hardness (HV), and the hardness was tested
by microindentation hardness tester (BUEHLER5104). The
Sirion 200 field emission SEM equipment produced by FEI
Company was used to observe the high-power microstructure of
high-chromium cast iron in the as-cast and heat-treated states,
and the micro-region composition analysis was carried out with
the supporting EDAX energy spectrum analyzer, the accelerated
voltage was 20 kV. The electron probe can quantitatively analyze
the chemical composition of the small region (micron level) in
the sample, especially for the analysis of light elements (C, N,

Fig. 1 The curves of hardness with soaking time at different destabi-
lization temperatures (a) 950 °C; (b) 1000 °C; (c) 1050 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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etc.), which has a higher accuracy than EDS spectrum. There- 3 Results

fore, the electron probe analyzer in this paper adopts JMA-8230

of Nippon Electronics, the acceleration voltage is 30 kv, and the ~3-1 Mechanical property

luminous filament is lanthanum hexaboride. Fig. 1 shows the hardness change curve of the alloy held at 950-

% 1050 °C for different times (10 min, 30 min, 1 h,3 h,6h,10h, 14
(] . . . .
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Fig. 3 The matrix and eutectic microstructure of the alloy treated at 950 °C for 20 min (a and b) matrix microstructure; (c and d) eutectic
microstructure.
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to macroscopic hardness, the micromechanical properties of
particles are also investigated. As can be seen from the figure,
the curve changes at 950 °C and 1000 °C are similar. During the
incubation period of 10 min to 1 h, the hardness rises rapidly,
and the hardness reaches the peak value when the incubation
period is 1 h. The peak hardness at 950 °C (62HRC) is higher
than that at 1000 °C (59.5HRC). With the extension of holding
time (1-14 h), the hardness showed a slow decline trend, and
the hardness decline of 1000 °C was greater than that of 950 °C.
At 1000 °C, the hardness of the alloy decreases from 59.5HRC at
1 h to 52HRC at 14 h, while when the temperature kept at 950 °©
C, the hardness of the alloy decreases from 62HRC at 1 h to
57HRC at 14 h. Different from the curve changes at 950 °C and
1000 °C, the hardness curve at 1050 °C shows a decreasing
trend, and the hardness of the alloy decreases from 55HRC at
the initial stage of insulation (10 min) to 43HRC at 14 h.

View Article Online
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3.2 Microstructure evolution

Fig. 2 shows the change curves of the size and volume fraction
of secondary carbides precipitated from the matrix at 950-
1050 °C for different time (10 min, 30 min, 1 h, 3 h, 6 h, 10 h,
14 h). It can be seen from the figure that the variation curve of
the volume fraction of secondary carbide and the hardness
curve are the same. The volume fraction of secondary carbides
at 950 °C and 1000 °C increased continuously from 10 min to
1 h, and reached a peak value at 1 h. The peak volume fraction at
950 °C (41%) was greater than that at 1000 °C (36%). However,
in the initial stage of insulation (10 min), the volume fraction of
secondary carbide at 1000 °C (31%) is greater than that at 950 °C
(26%). Increasing the insulation time from 1 hour to 14 hours
results in a gradual decrease in the volume fraction of
secondary carbides. At 950 °C, the volume fraction decreases
from 41% after 1 hour of insulation to 28% after 14 hours.
Similarly, at 1000 °C, the volume fraction decreases from 36%

Fig. 4 SEM images of secondary carbides treated at 950 °C for different time (a and b) 10 min; (c and d) 1 h; (e and f) 3 h; (g and h) 14 h.
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after 1 hour of insulation to 23% after 14 hours. These results
indicate that with prolonged insulation time, the formation of
secondary carbides gradually decreases. The volume fraction of
secondary carbide at 1050 °C is also the same as the hardness
curve, which decreases from 35% for 10 min to 13% for 14 h. At
all three temperatures, the size of the secondary carbides shows
an increasing trend. When the insulation time is increased from
10 minutes at 950 °C to 14 hours, the size of the secondary
carbides increases from an initial value of 0.15 um to 1.1 um.
Similarly, at the same insulation duration, at 1000 °C, the size of
the secondary carbides increases from 0.5 um to 1.3 pm,
resulting in a 260% increase. However, at 1050 °C, when the
insulation time is extended to 14 hours, the size only increases
by 1 um compared to 10 minutes.

3.2.1 Microstructure evolution of tested alloy at 950 °C.
Fig. 3 shows the precipitated morphology of the matrix and
eutectic structure at 950 °C for 20 min. It can be seen from the
figure that a large number of nanoscale secondary carbides are
precipitated in both the matrix and the eutectic structure, but
the morphologies of secondary carbides precipitated in the
matrix in different regions are different. The interface region
between matrix and eutectic carbide (I region) and the middle
region of matrix (II region) are taken as examples, as shown in
Fig. 3(b), the density of precipitated phase in region I is much
higher than that in region II, meanwhile, the color contrast of
secondary carbides in region I is whiter than that in region II.
However, for region II, the precipitated phase has a small
density, granular and square morphology with dark contrast,
and the austenite has not been completely decomposed. As can
be seen from Fig. 3(d), a large number of granular secondary

10 pm

10 pm

Fig. 5 SEM images of secondary carbides treated at 1000 °C for
different time (a and b) 10 min; (c and d) 1 h; (e and f) 10 h.
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carbides of nanometer size are also precipitated in the matrix
region between the eutectic carbides.

Fig. 4 shows the precipitated morphology of the matrix at
950 °C for holding time. As shown in Fig. 4(a) and (b), when the
insulation time is 10 minutes, secondary carbides continuously
precipitate from the substrate, accompanied by the decompo-
sition of some remaining austenite. The precipitation of
secondary carbides starts from the edges of the matrix (as
indicated by the arrows) and progresses along the center of the
matrix. As time progresses, the quantity of precipitated
secondary carbides continuously increases, and their volume
fraction reaches a maximum after 1 hour of insulation. When
the insulation time is increased from 1 hour to 3 hours, the
secondary carbides begin to coarsen, and their density and
volume fraction slightly decrease. Additionally, a small amount
of rod-like secondary carbides with an aspect ratio of around 2~
3 and a length of 0.7-0.9 um is observed by Image ] software.
When the insulation time reaches 14 hours, the secondary
carbides continue to coarsen, and the content of rod-like
secondary carbides increases. The length of the rod-like
secondary carbides also increases to the range of 1.3-1.8 pm.

3.2.2 Microstructure evolution of tested alloy at 1000 °C.
Fig. 5 exhibited the morphology of the base structure after
different insulation time at 1000 °C. As shown in the figure, the
amount and size of secondary carbides precipitated from the
matrix are larger than those at 950 °C in the same period
when the heat is held for 10 min, the residual austenite in the
as-cast state has basically decomposed completely. Different
from 950 °C, the secondary carbide held at 1000 °C for 10 min
contains rod and granular morphologies. When the holding
time reached to 1 h, the size and volume fraction of the
secondary carbide increase synchronously, and the volume
fraction get to a peak value. With an extended insulation time of
10 hours, the coarsening of the secondary carbides in the matrix
becomes more pronounced, with a noticeable decrease in both

10 pm

Fig. 6 SEM images of secondary carbides treated at 1050 °C for
different time (a) 10 min; (b) 1 h; (c) 6 h; (d) 10 h.

RSC Adv, 2024, 14, 7459-7467 | 7463
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Fig. 7 Microstructure of eutectic carbides treated at 1050 °C for 1 h
and 14 h (a) 1050 °C for 1 h; (b) 1050 °C for 10 h.

Fig. 8 EPMA mapping microstructure of eutectic carbides treated at
1050 °C for 10 h (a) microstructure; (b) mapping of Fe; (c) mapping of
C; (d) mapping of Cr.

the distribution density and volume fraction. The length of the
rod-like carbides measures between 1.6 and 2.0 pm.

3.2.3 Microstructure evolution of tested alloy at 1050 °C.
Fig. 6 displays the microstructure of the matrix of the alloy after
insulation at 1050 °C for varying amounts of time. As illustrated
in the figure, after 10 minutes of insulation, the density of the
secondary carbides precipitated in the matrix is at its highest,
surpassing those formed at 950 °C and 1000 °C in terms of size
and density. The morphology of the carbides precipitated in the
center of the matrix is primarily rod-shaped, with a length
ranging from 2.5 to 3.0 pm. With increase the insulation time,
the length of the rod-like carbides decreases continuously,
while the width increases. Both the density and volume fraction
of the secondary carbides show a significant decrease. Addi-
tionally, the corrosion resistance of the sample enhanced, and
the time for the sample color to turn gray during corrosion
process is obviously longer.

According to the current literature reports,*® M,C; eutectic
carbides do not change during the destabilization heat treat-
ment process. Fig. 7 shows the morphologies of eutectic
carbides held at 1050 °C for 1 h and 10 h. As shown in the figure,
the eutectic carbide did not change at 1050 °C for 1 h, and the
surface of the carbide was smooth with sharp and clear edges.
When the holding time reached 10 h, the edges and corners of

7464 | RSC Adv, 2024, 14, 7459-7467
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the eutectic carbide appeared inactive. Compared with the
morphology of the eutectic carbide held for 1 h, the sharp edges
and corners became smooth, and some of the eutectic carbides
showed micropore morphology inside.

Fig. 8 shows EPMA plane analysis of eutectic carbides held at
1050 °C for 10 h. As shown in the figure, the second phase
particles are precipitated inside the eutectic carbide, the size of
that is nanometer, and its components are mainly carbon,
chromium and iron, possibly M;C, M,C; or M,;Cs. Due to the
size of the eutectic carbide, the probe cannot quantitatively
analyze its composition, and the kinetics and types of its
precipitation need to be further studied.

4 Discussion

According to the research results of Efremenko®® on the
precipitation behavior of secondary carbides in high chromium
cast iron, the precipitation of secondary carbides in the process
of destabilization heat treatment can be divided into nucleation
stage and coarsening growth stage, and the coarsening growth
stage is the Ostwald ripening process. When the size and
volume fraction of secondary carbides precipitated from the
matrix increase synchronously, it indicates that the nucleation
stage begins at this time. While if the size of the secondary
carbide increases, but the total volume fraction decreases, the
grain begins to enter the coarsening and growing stage. It can
be seen from Fig. 1 that at 950 °C and 1000 °C, the nucleation
stage of crystal nucleus is 0-1 h, and the crystal nucleus
continues to coarsen and grow in the following 13 hours. In
contrast, at 1050 °C, the crystal nucleus mainly forms in the first
10 minutes and grows in the following holding time.

Fig. 9 shows the influence of destability time and tempera-
ture on the precipitated phase of the matrix. As shown in the
figure, in the first ten minutes of heat preservation, the size and
content of secondary carbides precipitated from the matrix at

950°C/10min 950°C/1h 950°C/10h
nuclear stage growth stage

1000°C/10min 1000°C/1h 1000/10h
nuclear stage growth stage

1050°C/10min 1050°C/1h 1050°C/10h

growth stage growth stage

Fig. 9 Effection of destabilization conditions on the secondary
carbides precipitated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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different temperatures are different, and the rule is 1050 °C >
1000 °C > 950 °C. From the nucleation theory it can be observed
that, the higher the temperature, the faster the diffusion rate,
the faster the nucleation rate, the larger the critical nucleation
size and the larger the volume fraction.” For 950 °C, 1000 °C
and 1050 °C, all belong to the nucleation stage, the size and
volume fraction of secondary carbides increase synchronically.
With the increase of temperature, the higher the nucleation
rate, the larger the critical nucleation size, as a result, the size
and volume fraction of secondary carbides at 1050 °C are the
largest. At the same time, it can be observed from Fig. 3 that the
size and density of secondary carbides in the nucleation stage in
the surrounding region of the matrix are larger than that in the
middle region of the matrix. This is because the thermal
expansion coefficients of the matrix and eutectic carbides are
different. In the process of temperature change, a large number
of crystal defects such as lattice vacancies, dislocations and slip
bands appear. These crystal defects reduce the nucleation work
of secondary carbides, greatly increase the diffusion rate of
atoms, and longer destabilization times result in an increase in
the chromium-to-carbon ratio of secondary carbides, longer
lengths of rod-like secondary carbides, and a higher overall
content of these secondary carbides.

At the same time, it can be observed from Fig. 3 that the size
and density of secondary carbides in the nucleation stage in the
surrounding region of the matrix are larger than that in the
middle region of the matrix. This is because the thermal
expansion coefficients of the matrix and eutectic carbides are
different. In the process of temperature change, a large number
of crystal defects such as lattice vacancies, dislocations and slip
bands appear. These crystal defects reduce the nucleation work
of secondary carbides, greatly increase the diffusion rate of
atoms, and lead to larger critical nucleation size and faster
nucleation rate of secondary carbides in the region around the
matrix.

With the extension of holding time to 1 h, the volume frac-
tion of secondary carbides precipitated from the matrix at 950 ©
C and 1000 °C reaches the peak value, and the volume fraction
of secondary carbides precipitated from the matrix at 950 °C is
greater than 1000 °C, which is because the solid solubility of
carbon and alloy elements in the matrix at 1000 °C is greater
than 950 °C. When the holding time increases from 10 min to
1 h, the secondary carbides enter the coarsening and growing
stage at 1050 °C, and the secondary carbides are further
coarsened and the volume fraction is further reduced. When the
holding time increases from 1 h to 10 h, the secondary carbides
in the matrix enter the coarsening and growing stage under all
temperature conditions. The higher the temperature, the faster
the coarsening rate and the lower the volume fraction in the
matrix. Owing to the higher the temperature, the greater the
solid solubility of carbon and alloying elements in the matrix.

The secondary carbides precipitated from the matrix in the
process of destabilizing heat treatment can be divided into rod
shape and granular shape. According to the previous research
results, the chrome-carbon ratio of secondary carbides is the
key factor affecting the morphology of secondary carbides, and
the higher the chrome-carbon ratio, the more rod-shaped the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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morphology. Powell*® believe that the granular secondary
carbide precipitated at the initial stage of destabilization is
M,;Cs, and the rod-shaped secondary carbide is M,C;. With the
extension of time, the granular M,;Cs carbide is transformed
into rod-shaped M,C; carbide in situ, and the orientation rela-
tionship is [100]M,3C¢//[100]M,C;. The crystal face relation is
(015)M,3Ce//(010)M,C3. The influence of destability tempera-
ture and time on the precipitated phase of the matrix is
confirmed from the chemical point of view, according to the
equilibrium phase diagram calculated by Mohsen Mohammadi
Zahrani and Guangxin Wu,*"** in the composition of hypo-
eutectic high-chromium cast iron with a chromium content of
15-20 wt%, the stable phase of the secondary carbides precip-
itated from the matrix is M,Cj; carbides, while M,;Cg carbides or
M;C carbides are an unstable transition carbides. The granular
secondary carbides may be M,;C¢ carbides or M;C carbides in
the initial stage of instability, and extending the holding time
will make the metastable M,;C, carbides or M;C carbides
transform into stable rod-shaped M,C; carbides. When the
holding time is less than 1 hour, the initial metastable M,;C¢
carbides or M;C carbides continue to transform into stable
M,C; carbides, and the rod-shaped secondary carbides
continue to increase. When the holding time is increased to
10 h, the Cr/C ratio of rod-shaped M,Cj; carbides continues to
increase, and the length of carbides also continues to increase.
It can be seen that extending the holding time or increasing the
holding temperature will accelerate the atomic diffusion rate,
and the proportion of stable rod-shaped M,C; carbide will
increase, resulting in a decrease in matrix hardness. This
conclusion confirms that controlling the destabilization
conditions is a crucial factor in achieving the desired
morphology and performance of the precipitates.

5 Conclusion

(1) At temperatures of 950 °C and 1000 °C, the hardness curve of
the alloy shows an initially increasing and then decreasing
trend. The peak hardness is reached after a 1 h holding time.
Prolonging the holding time results in a decrease in alloy
hardness. After 14 hours, the alloy's hardness at 950 °C
decreases less than at 1000 °C.

(2) Under different tempering conditions, the content and
size of secondary carbides precipitated in the matrix differ, and
follow a pattern of 1050 °C > 1000 °C > 950 °C.

(3) The hardness of the matrix primarily depends on the
content and distribution of martensite, as well as the volume
fraction and size of secondary carbides precipitated on the
martensite. When the volume fraction of secondary carbides is
at its maximum and the size is the smallest, the matrix achieves
its highest hardness.
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