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Abstract: This study explores the effects of tempering on the precipitation behavior and impact
toughness of high-nickel steel. The specimens underwent double quenching at 870 ◦C and 770 ◦C,
followed by tempering at various temperatures. Advanced characterization techniques including
optical microscopy (OM), scanning electron microscopy (SEM), and transmission electron microscopy
(TEM) were used to elucidate precipitation phenomena. Additionally, electron backscatter diffraction
(EBSD) was employed to assess the misorientation distribution after tempering. Charpy impact
tests were performed on specimens tempered at different temperatures to evaluate their toughness.
The findings reveal that with increasing tempering temperature, the fraction of low-angle grain
boundaries decreases, which correlates positively with enhanced impact toughness. The results
demonstrate that tempering at 580 ◦C optimizes the material’s microstructure, achieving an impact
toughness value of approximately 163 J.
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1. Introduction

In recent years, significant advancements have been made in understanding the role
of nickel as an alloying element in steels. Nickel, particularly at concentrations around
4–5%, has been extensively studied for its effects on mechanical properties, including
toughness, strength, and ductility. For instance, studies have shown that the addition of
nickel enhances low-temperature toughness and resistance to brittle fracture, making it a
crucial component in steels used for cryogenic applications [1,2]. Additionally, nickel’s role
in stabilizing austenite and suppressing martensitic transformations at lower temperatures
has been well-documented, which is particularly beneficial in ensuring uniform mechanical
properties across a range of service conditions [3,4].

Specifically, research by Kim et al. [5] demonstrated that a nickel content of approxi-
mately 4.5% significantly improves the impact toughness of medium-carbon steels, whilst
maintaining a desirable balance with strength. This study aligns with other results [6],
which highlighted the synergistic effects of nickel and other alloying elements, such as
chromium and molybdenum, in enhancing corrosion resistance and mechanical robust-
ness. Furthermore, recent EBSD-based analyses have provided new insights into the
microstructural evolution during tempering, revealing complex interactions between pre-
cipitate formation and grain boundary characteristics [7,8]. For example, the work by
Liesegang et al. [9] utilized EBSD to correlate grain boundary misorientation with mechan-
ical performance, underscoring the importance of precise microstructural control.

Characterizing the misorientation between grains and within individual grains in
metals is crucial, as it significantly influences mechanical properties across different tem-
peratures, alongside physical, surface, and phase transformation properties. Misorientation
analysis, particularly of grain boundaries and sub-grain structures, is now effectively
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conducted using electron backscatter diffraction (EBSD). Understanding these aspects is
vital for optimizing mechanical performance and tailoring material properties for specific
applications [10–13]. By analyzing misorientation between lattices—expressed by rotation
axes and angles—researchers can gain a comprehensive understanding of the roles of differ-
ent phases in forming microstructures [14–16]. The ability to correlate misorientation data
with mechanical properties makes EBSD an essential technique for developing advanced
high-strength steels with improved performance characteristics.

Heat treatment is a critical method for enhancing the comprehensive mechanical
properties of materials. In particular, the quenching and tempering processes are essential
for improving the overall mechanical performance of nickel-alloy steels. The tempering
process is especially significant as it involves the precipitation of phases, which greatly
influences the mechanical properties of the material. Tempering involves heating the steel to
a temperature below its critical point, followed by cooling, to achieve the desired mechanical
properties through various transformation mechanisms. These mechanisms, which involve
either long-range or short-range atomic transport, can be categorized into distinct stages
based on microstructural evolution. The first stage of tempering (100–200 ◦C) involves
the precipitation of ε-carbides. These carbides nucleate due to modulated structures
formed during low-temperature aging, and at the end of this stage, martensite retains its
tetragonality. In low-carbon steels, this stage may not be prominent due to limited ε-carbide
formation [17]. The second stage (200–300 ◦C) is characterized by the decomposition of
residual austenite into ferrite and cementite, driven by carbon diffusion in the austenite.
During the third stage (200–350 ◦C), cementite appears with a Widmanstätten distribution,
characterized by a specific orientation relationship with the matrix. In the fourth stage
(400–700 ◦C), cementite particles coarsen and lose their crystallographic morphology, and
martensite lath boundaries are replaced by equiaxed ferrite grain boundaries [18–22]. By
optimizing the tempering parameters, the microstructure and mechanical properties of
high-nickel steel can be tailored to meet specific industrial requirements.

Despite these advancements, there remains a lack of comprehensive studies focusing
on the optimization of tempering parameters specifically for high-nickel steels, especially
those with a 4.5% nickel content. This study addresses this gap by investigating the effects
of different tempering temperatures on the microstructure and mechanical properties of
such steels. By leveraging advanced characterization techniques, including SEM, TEM,
and EBSD, this research aims to provide a detailed understanding of the microstructural
mechanisms at play and their implications for industrial applications.

2. Experimental Procedures and Sample Characterization

In this study, high-nickel alloy steel samples were prepared with a chemical composi-
tion, as specified in Table 1. The steel plates were initially machined into cuboid specimens
with dimensions of 150 mm × 80 mm × 20 mm. Prior to heat treatment, all samples were
polished to remove surface oxides and then subjected to double quenching at 870 ◦C and
770 ◦C for 1 h. After quenching, the samples underwent tempering at various tempera-
tures (500 ◦C, 580 ◦C, and 620 ◦C) for 2 h. The phase transformation temperatures of the
material were measured using dilatometry (NETZSCH DIL 402 C, Hanau, Germany). As
shown in Figure 1, the Ac1 and Ac3 temperatures were determined to be 692.1 ◦C and
786.8 ◦C, respectively.

Table 1. Chemical composition of the high-nickel alloy steel (wt.%).

Element C Si Ni P Si S Mn Cr Cu V Mo

Content 0.1 0.2 4.5 0.01 0.25 0.01 0.5 1.5 0.2 0.06 0.5

After heat treatment, V-notch Charpy impact specimens with dimensions of
10 mm × 10 mm × 55 mm (as shown in Figure 2) were machined from the steel plates.
The Charpy impact tests were conducted at −20 ◦C to evaluate the impact toughness of
the specimens.
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For microstructural characterization, the samples were mechanically polished and 
etched using a 4% Nital solution. Optical microscopy (OM) was employed to observe the 
general microstructure. Scanning Electron Microscopy (SEM) analysis was conducted us-
ing a JEOL JSM-7800F microscope (Akishima, Japan), which offers high-resolution imag-
ing and elemental analysis capabilities. The accelerating voltage was set at 15 kV, and sec-
ondary electron imaging was utilized to observe surface features. Electron Backscatter Dif-
fraction (EBSD) was conducted on a field emission gun scanning electron microscope 
equipped with an Oxford Instruments HKL EBSD system. The EBSD data were analyzed 
to determine the crystallographic orientations and misorientation distributions. The sam-
ples were prepared for EBSD analysis by electropolishing to remove surface artifacts and 
achieve a clean and flat surface. Transmission Electron Microscopy (TEM) was performed 
using a JEOL JEM-2100 microscope (Akishima, Japan), operating at an accelerating volt-
age of 200 kV. The samples for TEM analysis were prepared using mechanical thinning 
followed by ion milling to obtain electron-transparent specimens. 

  

Figure 1. Dilatometry measurement of phase transformation temperatures.

Metals 2024, 14, x FOR PEER REVIEW 3 of 12 
 

 

 
Figure 1. Dilatometry measurement of phase transformation temperatures. 

After heat treatment, V-notch Charpy impact specimens with dimensions of 10 mm 
× 10 mm × 55 mm (as shown in Figure 2) were machined from the steel plates. The Charpy 
impact tests were conducted at −20 °C to evaluate the impact toughness of the specimens. 

 
Figure 2. Standard Charpy impact specimen (unit: mm). 

For microstructural characterization, the samples were mechanically polished and 
etched using a 4% Nital solution. Optical microscopy (OM) was employed to observe the 
general microstructure. Scanning Electron Microscopy (SEM) analysis was conducted us-
ing a JEOL JSM-7800F microscope (Akishima, Japan), which offers high-resolution imag-
ing and elemental analysis capabilities. The accelerating voltage was set at 15 kV, and sec-
ondary electron imaging was utilized to observe surface features. Electron Backscatter Dif-
fraction (EBSD) was conducted on a field emission gun scanning electron microscope 
equipped with an Oxford Instruments HKL EBSD system. The EBSD data were analyzed 
to determine the crystallographic orientations and misorientation distributions. The sam-
ples were prepared for EBSD analysis by electropolishing to remove surface artifacts and 
achieve a clean and flat surface. Transmission Electron Microscopy (TEM) was performed 
using a JEOL JEM-2100 microscope (Akishima, Japan), operating at an accelerating volt-
age of 200 kV. The samples for TEM analysis were prepared using mechanical thinning 
followed by ion milling to obtain electron-transparent specimens. 

  

Figure 2. Standard Charpy impact specimen (unit: mm).

For microstructural characterization, the samples were mechanically polished and
etched using a 4% Nital solution. Optical microscopy (OM) was employed to observe the
general microstructure. Scanning Electron Microscopy (SEM) analysis was conducted using
a JEOL JSM-7800F microscope (Akishima, Japan), which offers high-resolution imaging and
elemental analysis capabilities. The accelerating voltage was set at 15 kV, and secondary
electron imaging was utilized to observe surface features. Electron Backscatter Diffraction
(EBSD) was conducted on a field emission gun scanning electron microscope equipped with
an Oxford Instruments HKL EBSD system. The EBSD data were analyzed to determine the
crystallographic orientations and misorientation distributions. The samples were prepared
for EBSD analysis by electropolishing to remove surface artifacts and achieve a clean
and flat surface. Transmission Electron Microscopy (TEM) was performed using a JEOL
JEM-2100 microscope (Akishima, Japan), operating at an accelerating voltage of 200 kV.
The samples for TEM analysis were prepared using mechanical thinning followed by ion
milling to obtain electron-transparent specimens.

3. Results and Discussion

Tempering at temperatures below the Ac1 temperature is a critical step in heat treat-
ment, affecting the redistribution or precipitation of carbon and alloying elements as
carbides depending on the tempering temperature, which in turn enhances the mechanical
properties of steels. During tempering, the dislocation density decreases, and residual
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stresses from quenching are relieved. This section presents the detailed results of the
microstructural and mechanical property analyses performed on the high-nickel steel after
tempering at various temperatures. Figure 1 shows the SEM microstructures at various
tempering temperatures.

After tempering for 2 h, fine carbides precipitate, as observed in Figure 3b–d for
tempering temperatures of 500 ◦C, 580 ◦C, and 620 ◦C, respectively. At 500 ◦C, the mi-
crostructure shows a significant number of fine carbides distributed within the martensitic
matrix, predominantly precipitating along the lath boundaries and within the laths. This
distribution is critical in enhancing the steel’s hardness and wear resistance. Cementite
particles precipitate within the martensite and along lath orientations, contributing to the
overall hardness and stability of the microstructure [23–25].
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Figure 3. SEM images of steel at various tempering temperatures for 2h. (a) As-quenched; (b) 500 ◦C;
(c) 580 ◦C; (d) 620 ◦C.

The addition of alloying elements, such as nickel and molybdenum, significantly
affects the precipitation behavior during tempering. These elements play a crucial role
in stabilizing the carbides and preventing their coarsening. Notably, tempering at 580 ◦C
results in fine precipitates without significant coarsening, attributable to the segregation
of alloying elements at the carbide–ferrite interface. This segregation acts as a barrier to
carbon diffusion, thereby maintaining the fine precipitate size and ensuring a uniform
distribution throughout the matrix. The presence of alloying elements in the cementite
structure inhibits its coarsening during the fourth stage of tempering. This inhibition is
particularly beneficial as it helps maintain the mechanical properties of the steel, such as
toughness and hardness, over extended periods [26].

Although martensite lath boundaries remain stable up to approximately 620 ◦C,
considerable dislocation rearrangement occurs within the laths. This rearrangement leads
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to the formation of lath-shaped ferrite grains derived from martensite, as indicated in
Figure 3d. At 620 ◦C, the microstructure undergoes more pronounced changes. The
precipitates begin to coarsen significantly, and the martensitic laths transform into equiaxed
ferrite grains. This transformation is accompanied by a decrease in hardness and an increase
in toughness, as the steel’s microstructure becomes more stable and less prone to brittle
fracture.

Figure 4 presents the misorientation distributions after tempering at 500 ◦C, 580 ◦C,
and 620 ◦C. And Figure 5 displays the misorientation angles within a single grain.
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Figure 5. Misorientation distribution within grains at different tempering temperatures (a,b) at
500 ◦C and (c,d) at 620 ◦C.

At 500 ◦C, low-angle boundaries (angles less than 10◦) exceed 75%, indicating a
high density of dislocations and sub-grain boundaries, which contribute to the material’s
strength but also to its brittleness, as shown in Figure 4a. At 580 ◦C, low-angle boundaries
decrease to about 70%, indicating that precipitation particles lose their orientations. This
reduction in low-angle boundaries is beneficial, as it leads to a more random distribution
of precipitates, which enhances the mechanical properties, particularly impact toughness.
The random distribution helps to interrupt crack propagation pathways, thereby increasing
the material’s ability to absorb impact energy. At 620 ◦C, low-angle boundaries further
decrease, as shown in Figure 4c, leading to coarsened precipitates as finer particles dissolve
into the matrix to support the growth of larger particles.

This coarsening effect is significant as it indicates the movement and redistribution
of alloying elements within the microstructure, which impacts the overall toughness and
ductility of the steel. Figure 5a,b show that at 500 ◦C, misorientation angles within a grain
do not exceed 5◦, suggesting a relatively uniform strain distribution within the grains.
However, at 620 ◦C, misorientation angles range from 5◦ to 12◦, as shown in Figure 5c,d,
suggesting a more heterogeneous strain distribution. The presence of misorientation angles
at these specific values suggests the formation of a mixed grain boundary character, includ-
ing both low-angle grain boundaries (LAGBs) and high-angle grain boundaries (HAGBs).
The histogram clearly demonstrates an increased frequency of higher misorientation angles,
correlating with the advanced stage of carbide coarsening. These higher misorientation
angles absorb less energy and provide minimal resistance to crack propagation, which can
lead to reduced toughness. This indicates that, while tempering at higher temperatures
can reduce residual stresses and dislocation densities, it can also introduce larger grain
boundary misorientations that might detract from the material’s overall toughness and
impact resistance.

The evolution of precipitation with increasing tempering temperature is shown
in Figure 6.

From Figure 6 it can be seen that the number of precipitates decreases slightly as the
tempering temperature rises. At 500 ◦C, precipitates typically follow a Widmanstätten
distribution, characterized by a specific crystallographic orientation. By 580 ◦C, precipitates
lose their distinct crystallographic morphology due to reduced dislocations and the onset
of spheroidization, where smaller precipitates begin to dissolve into the matrix. This disso-
lution provides carbon and alloying elements for the selective growth of larger particles.
At 620 ◦C, this phenomenon becomes more pronounced. The increased temperature accel-
erates the diffusion rates of carbon and alloying elements, leading to significant coarsening
of precipitates. Smaller particles dissolve, contributing to the growth of larger precipitates,
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which now dominate the microstructure. This coarsening results in a more homogeneous
distribution throughout the matrix, which can influence the steel’s mechanical properties.
The changes in precipitate size and distribution are crucial for understanding the impact of
tempering temperature on the material’s performance, particularly its impact toughness
and strength [27].
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TEM images of steel after tempering are shown in Figure 7, offering more detailed
insights than SEM and OM. The precipitation size distributions as a function of tempering
temperature were also counted, which are shown in Figure 8.

In the TEM images, fine carbides were observed and their morphology, size, and
distribution were analyzed. Figure 7a–c correspond to the samples tempered at 500 ◦C,
580 ◦C, and 620 ◦C, respectively. The precipitates were highlighted in these images by
marking them with circles for clarity and easy identification.

From the results of Figures 7 and 8, it can been seen that fine carbides precipitate
during tempering, significantly influenced by temperature. At the tempering temperature
of 580 ◦C, the precipitates are fine and uniformly distributed, predominantly along specific
orientations within the martensitic structure [28]. These carbides are small, typically less
than 20 nm in diameter. At a tempering temperature of 580 ◦C, the precipitates become
slightly larger and more widely distributed. The carbides at this stage begin to lose their
preferential orientation, indicating the onset of spheroidization. The observed carbides
range from 20 to 25 nm in size without significant coarsening (Figure 8b). However, at
620 ◦C, there is notable coarsening of the precipitates, with many carbides exceeding 25 nm.
The microstructure reveals a more pronounced dissolution of smaller precipitates into the
matrix and the growth of larger particles, indicating advanced coarsening processes, as
evidenced by a second peak in the distribution curve (Figure 8c).
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To thoroughly understand the microstructural evolution and mechanical properties
of the high-nickel steel, it is essential to determine the phase composition of the precipi-
tates. Energy-dispersive X-ray spectroscopy (EDX), combined with transmission electron
microscopy (TEM), was used to analyze the chemical composition of the precipitates and
infer their phase nature. The analysis results for the precipitates and matrix at 620 ◦C
are shown in Figure 9. The EDX spectrum of the matrix reveals distinct peaks for Ni, Fe,
and C elements. In contrast, the EDX spectrum of the precipitates shows a prominent
peak for Cr, indicating that the precipitates are Cr-based alloy precipitates. Based on
the tempering temperatures used in this study and comparisons with other research, the
precipitates are tentatively identified as M7C3 carbides. The formation of these complex
carbides is attributed to the segregation of alloying elements at the carbide–matrix interface,
a phenomenon that becomes more pronounced at elevated temperatures [28].
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This redistribution and growth of carbides play a critical role in the resulting me-
chanical properties of the steel, such as impact toughness. Furthermore, the detailed TEM
analysis underscores the complex interplay between tempering temperature and carbide
evolution, emphasizing the necessity of precise temperature control during heat treatment
to achieve the desired mechanical properties. The influence of tempering temperature on
the impact toughness of steel is shown in Figure 10.

The impact toughness curve in Figure 10 reflects the evolution of carbides with increas-
ing tempering temperature. At 500 ◦C, there is significant variability in impact toughness
values. This is attributed to the orientation of the fine precipitates, as shown in Figure 3b,
and the prevalence of low-angle boundaries, as depicted in Figures 4a and 5b. The orien-
tation of fine precipitates and the high density of low-angle boundaries contribute to the
moderate impact toughness observed at this temperature.

At 580 ◦C, the orientation of carbides decreases (Figure 3c), and the proportion of low-
angle boundaries also diminishes (Figure 4b), resulting in a peak in impact toughness, with
an average value reaching 163 J. This improvement is due to the more random distribution
of precipitates and the enhanced dislocation mobility, which reduces variability in impact
toughness values and indicates more consistent mechanical properties. However, at 620 ◦C,
impact toughness begins to decline, and the variability in values increases. This is due to the
coarsening of carbides (Figure 8c), where larger, coarsened carbides become less effective
at impeding crack propagation, leading to reduced impact toughness. Additionally, the
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increase in high-angle boundaries at this temperature decreases the material’s ability to
absorb impact energy, further contributing to the reduction in toughness.
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4. Conclusions

This study comprehensively investigates the influence of tempering temperature on
the precipitation behavior, misorientation distribution, and impact toughness of high-nickel
steel. The following key conclusions can be drawn:

(1) Tempering high-nickel steel at different temperatures significantly influences the
precipitation of carbides. At 500 ◦C, the steel exhibits a prevalence of fine carbides. As
the tempering temperature is raised to 580 ◦C, the carbides start to lose their distinct
crystallographic morphology. By 620 ◦C, substantial coarsening of the carbides is
observed, with smaller precipitates dissolving and larger particles growing.

(2) The study indicates that the proportion of low-angle grain boundaries decreases
with increasing tempering temperature. At 500 ◦C, low-angle boundaries constitute
over 75% of the grain boundaries. This proportion decreases to about 70% at 580 ◦C
and further declines at 620 ◦C. The reduction in low-angle boundaries is associated
with the randomization of precipitate orientations, which enhances the steel’s impact
toughness up to 580 ◦C. However, at 620 ◦C, the formation of high-angle boundaries
and the coarsening of carbides adversely affect the toughness.

(3) The impact toughness of the steel improves with increasing tempering temperature,
peaking at 163 J at 580 ◦C. This peak corresponds to an optimal balance of fine,
randomly distributed precipitates. Beyond this temperature, specifically at 620 ◦C,
the coarsening of carbides and the rise in high-angle grain boundaries result in a
reduction in impact toughness. These findings highlight the critical importance of
precise temperature control during tempering to achieve the desired mechanical
properties in high-nickel steels.
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