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Abstract: This study investigates the microstructural evolution and mechanical properties of high-nickel
shipbuilding steel during thermal processing using High Temperature Confocal Laser Scanning Microscopy
(HTCLSM). The in-situ observation of the heating and holding processes reveals critical insights into phase
transformations, grain growth behavior, and the formation of precipitates. The experimental results
demonstrate that austenitization begins at approximately 700°C, with significant grain boundary nucleation.
At900°C, the formation of black precipitates was observed, and their persistence up to temperatures exceeding
1000°C was confirmed. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)
analyses identified these precipitates as chromium carbides (Cr7C3), which significantly contribute to the
material's strength. The comprehensive analysis using Transmission Electron Microscopy (TEM) confirmed the
presence and distribution of Cr7C3 within the grains and along grain boundaries. These findings provide a
deeper understanding of the microstructural dynamics in high-nickel steels, guiding the optimization of heat
treatment processes to enhance mechanical properties for maritime applications.
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1. Introduction

The performance of materials is significantly influenced by various factors such as grain size,
grain size distribution, subgrain boundaries, phase composition, and the characteristics of
precipitates [1-3]. Thermal treatment and controlled rolling and cooling processes can enhance the
properties of materials by refining grain size, optimizing microstructure, and managing phase
transformations [4-7]. The evolution of microstructure, the formation of new phases, and grain
growth behavior during these processes play crucial roles in determining the mechanical properties
of materials. However, due to the limitations of experimental equipment and conditions, it is often
challenging to directly observe the microstructural evolution during hot processing [8,9]. This
limitation hinders the comprehensive understanding of microstructural changes and high-
temperature phase transformations.

Confocal Laser Scanning Microscopy (CLSM), developed in the 1980s, offers a solution for in-
situ observation of microstructural changes at high temperatures [10-12]. CLSM provides high
resolution and can generate clear three-dimensional images through simultaneous multi-
fluorescence observation, advantages not available with traditional optical microscopy. Lasertec
Corporation in Japan has advanced CLSM technology by integrating confocal laser scanning, infrared
heating, and tensile testing into the High Temperature Confocal Laser Scanning Microscopy
(HTCLSM) [13,14]. This innovation has become an essential tool for visually studying processes such
as melting, solidification, and high-temperature deformation of materials. The Lasertec confocal laser
scanning microscope uses a He-Ne laser source and precise confocal spatial filtering to form a
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conjugate image. The laser creates a point light source at the focal plane of the objective lens, scanning
the sample. Spatial filtering at the detection pinhole in the focal plane of the measurement lens
effectively suppresses stray fluorescence and interference from out-of-focus planes. This results in
high signal-to-noise ratio optical tomographic images. The laser's monochromatic nature and small
depth of focus yield high longitudinal resolution, enabling non-destructive layer scanning and
fluorescence intensity measurements at different sample depths. The optical sections from various
focal planes are reconstructed into a three-dimensional structure of the sample. The development of
HTCLSM has significantly advanced the in-situ observation of material microstructure
transformations, such as high-temperature phase changes in steel, high-temperature precipitation
processes, ferrite-austenite transformations, and austenite decomposition [15-17]

HTCLSM's capability to observe in real-time the microstructural changes under high
temperatures makes it indispensable for materials research and development. It is particularly useful
in studying phase transformations in steels, where rapid heating and cooling rates can be simulated
to mimic industrial processes. This allows for the investigation of phenomena such as austenitization,
martensitic transformation, and carbide precipitation, providing valuable insights into the kinetics
and thermodynamics of these transformations [18-20]. These advancements have deepened the
understanding of microstructural transformations in materials. Microstructural evolution during
thermal processing is a complex interplay of nucleation, growth, and coarsening of different phases
[21-23]. The precise control of these processes is vital for achieving the desired mechanical properties
in advanced materials. For instance, in steels, the formation and dissolution of carbides, nitrides, and
other intermetallic compounds during heating and cooling significantly affect hardness, strength,
and toughness [24-26]. Understanding these transformations at the microscopic level allows for the
development of heat treatment schedules that optimize performance characteristics for specific
applications.

To optimize the hot working process, particularly the heat treatment of high-nickel shipbuilding
steel, and improve its mechanical properties, this study employs HTCLSM for in-situ observation of
the microstructural evolution during heating and holding. Combining these observations with
scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) analysis, the study
discusses the precipitation of carbides in high-nickel shipbuilding steel. By providing a deeper
understanding of microstructural evolution in high-nickel steels, the research can contribute to the
development of more robust and reliable materials for applications. Additionally, the methodologies
employed in this study can be applied to other alloy systems, facilitating advancements in various
high-performance materials used in aerospace, automotive, and energy sectors.

2. Experimental Materials and Methods

2.1. Experimental Materials

The primary chemical composition of the steels used in this study is detailed in Table 1. The steel
ingots were produced using a 50 kg vacuum induction furnace and subsequently forged into blocks
with dimensions of 120x120x260 mm. These blocks were then soaked at 1200°C for a minimum of one
hour to ensure uniform temperature distribution and homogenization. Following the soaking
process, the blocks were hot-rolled into plates with a cross-sectional dimension of 20 mm x 150 mm.

Table 1. Chemical Composition of the Steel.

Element C Ni Si Mn Cr \Y

Wt pct 0.1 4.45 0.25 0.54 0.55 0.06

2.2. High-Temperature In-Situ Equipment

The in-situ observation of the material heating process was conducted using High Temperature
Confocal Laser Scanning Microscopy (HTCLSM). This sophisticated equipment integrates multiple
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advanced systems, including a high-temperature furnace, an imaging system, a temperature control
system, and a computer system. Additionally, it features a tensile furnace, a protective gas system, a
cooling system, a workbench control system, a tensile control system, and an image detection system,
as illustrated in Figure 1.

Figure 1. HTCLSM Schematic.

HTCLSM is particularly suited for observing the microstructural evolution of materials at
elevated temperatures. The high-temperature furnace provides precise thermal conditions required
for studying phase transformations, grain growth, and other high-temperature phenomena. The
imaging system, equipped with a He-Ne laser source, ensures high-resolution and high-contrast
images by utilizing confocal spatial filtering. This allows for the suppression of out-of-focus light and
stray fluorescence, resulting in clear, three-dimensional reconstructions of the sample's
microstructure. The temperature control system ensures accurate and stable thermal conditions
during the experiments, which is critical for reproducibility and reliability of the observations. The
integration with a computer system allows for real-time data acquisition and analysis, facilitating the
monitoring and recording of microstructural changes as they occur. The protective gas system,
usually involving an inert gas like argon, is employed to prevent oxidation and contamination of the
sample during high-temperature exposure. The cooling system is used to control the sample's cooling
rate, which is essential for studying the effects of different cooling regimes on the microstructure and
properties of the material.

The HTCLSM setup provides a comprehensive platform for in-situ high-temperature studies,
combining precise thermal and mechanical control with advanced imaging capabilities to enable
detailed analysis of microstructural evolution and its impact on material properties.

2.3. In-Situ Observation Samples

The samples used for in-situ microstructural observation were cylindrical with dimensions of
@7.5x3.5 mm, as shown in Figure 2. Prior to observation, the sample surfaces were meticulously
ground, polished, and cleaned. Due to the self-imaging capabilities of HTCLSM, etching of the
polished samples was not necessary.

Once prepared, the samples were placed into an Al20s crucible, which was then inserted into the
heating furnace. The furnace was evacuated to a vacuum pressure of 1x10° MPa, followed by the
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introduction of a protective gas to prevent oxidation and contamination during heating. Various
parameters of the HTCLSM were set to ensure optimal conditions for in-situ observation.

Figure 2. In-Situ Observation Sample.

The heating and holding procedures for the in-situ observation samples are depicted in Figure
3. The samples were initially heated at a rate of 250°C/min to 900°C and held at this temperature for
5 minutes. Subsequently, one group of samples was further heated to 1150°C at the same rate and

held for an additional 5 minutes before being rapidly cooled to room temperature. Another group
was directly cooled to room temperature after the initial hold at 900°C.
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Figure 3. Heating Procedure for In-Situ Observation.

After the completion of the in-situ observation experiments, the samples were subjected to SEM
and EDS analysis to investigate their surface composition and microstructural characteristics. This
meticulous process ensures that the observed changes in microstructure are accurately captured and
analyzed, providing valuable insights into the behavior of the material under controlled thermal
conditions. The combination of HTCLSM's advanced imaging capabilities with precise thermal

control allows for a comprehensive study of microstructural evolution, critical for optimizing
material properties and processing techniques.

3. Results and Discussion

3.1. In-Situ Observation of Microstructural Transformation
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The in-situ observation of the microstructural transformation during the heating process was
conducted using High Temperature Confocal Laser Scanning Microscopy (HTCLSM). The changes
in the material's microstructure during heating are shown in Figure 4.
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Figure 4. In-Situ Observation of Microstructural Changes During Heating.

In Figure 4, the numbers in the top left corner indicate the time (seconds) and the real-time
temperature (°C) of the sample. Initially, at temperatures below 580°C, no significant microstructural
changes are observed, indicating that the material remains stable within this temperature range.
However, as the temperature reaches 700°C, the material begins to enter the austenitization phase.
During this phase, austenite nuclei first form at the grain boundaries, as indicated by the arrows in
Figure 4c. These nuclei appear as fine, discrete particles along the grain boundaries, highlighting the
initial stages of austenite formation. As the temperature increases further, these austenite nuclei grow
and coalesce, forming larger austenite grains, as shown in Figure 4e. By approximately 740°C, the
microstructure is predominantly composed of austenite. The transformation to austenite within the
temperature range of 700°C to 740°C is relatively rapid, occurring over approximately 12 seconds.
This rapid transformation can be attributed to the high mobility of grain boundaries at elevated
temperatures, facilitating the quick formation and growth of austenite grains.

When the temperature reaches 900°C, precipitates start to form within the microstructure. The
changes in microstructure and the formation of precipitates during the holding period at 900°C are
depicted in Figure 5.
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Figure 5. Microstructural Changes During Holding at 900°C.

Figure 5 illustrates that the sample reaches the set temperature of 900°C after 240 seconds, at
which point black precipitates begin to appear (Figure 5a). Comparing Figures 5a and 5b, it is evident
that the number of precipitates increases with holding time. After 50 seconds at 900°C, the quantity
of precipitates reaches its maximum, as shown in Figure 5c. These precipitates are likely to be carbides
or other intermetallic compounds, which form at specific nucleation sites such as grain boundaries
and dislocations. As holding continues, the size of the precipitates increases due to Ostwald ripening,
where larger precipitates grow at the expense of smaller ones, as illustrated in Figure 5d.

The dark appearance of these precipitates can be attributed to their interaction with trace
amounts of gases in the observation chamber, which may result in the formation of oxide layers on
the precipitate surfaces. Additionally, the high resolution and in-situ capabilities of HTCLSM allow
for the real-time tracking of these microstructural changes, providing valuable insights into the
kinetics of precipitation and growth mechanisms.

The evolution of the microstructure as the temperature is increased from 900°C to 1150°C,
followed by a 5-minute hold, is shown in Figure 6.
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Figure 6. Microstructural Evolution from 900°C to 1131°C.

As the temperature rises from 900°C to 1150°C, the microstructural changes are continuously
monitored. From 900°C to 1026°C, there is no significant change in the number of precipitates
(Figures 6a and 6b), indicating that the existing precipitates remain stable within this temperature
range. However, when the temperature reaches 1060°C, the precipitates begin to dissolve into the
matrix, as indicated by the arrows in Figure 6c. This dissolution process continues, and by 1131°C,
the precipitates have completely dissolved into the matrix, as shown in Figure 6d.

The dissolution of precipitates at high temperatures can be explained by the increased solubility
of the precipitate-forming elements in the matrix at elevated temperatures. This process is critical for
homogenizing the microstructure and eliminating potential sites for crack initiation, thereby
enhancing the overall mechanical properties of the material.

These in-situ observations provide comprehensive insights into the phase transformations and
precipitation behavior of the material at elevated temperatures. Understanding these transformations
is essential for optimizing thermal processing parameters, such as heating rates, holding times, and
cooling rates, to achieve desired microstructural characteristics and mechanical properties. The real-
time data obtained from HTCLSM enables a detailed analysis of the dynamic processes occurring
within the material, facilitating the development of advanced materials with tailored properties for
specific applications.

3.2. SEM Analysis of Precipitates

Through in-situ observation using HTCLSM, it was evident that black precipitates formed
during the holding process at 900°C. These precipitates persisted even when the temperature was
increased to above 1000°C, indicating their thermal stability. The appearance of these precipitates
during the heating process likely influences the mechanical properties of the material. To further
investigate the nature and characteristics of these precipitates, a sample subjected to the same heating
rate and soaked at 900°C for 5 minutes was rapidly cooled to room temperature to preserve the dark
phase particles. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)
analyses were then conducted on the precipitates, as shown in Figures 7 and 8.
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Figure 7. SEM Morphology of In-Situ Observation Sample presents the SEM morphology of the
sample, highlighting areas with dark precipitates. The elemental compositions of three specific
positions marked by arrows in Figure 7 are detailed in Table 2.

Table 2. Energy Spectrum Analysis Results.

Position 0] Si \% Cr Mn Fe Ni
[ 10.65 161  6.46 4.13 73.06 4.09
II 18.78 0.46 1.11 6.13 5.57 64.31 3.64
I 22.12 2.13 10.17 62.80 2.78

) Electron Image 1 Cr Ka1
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Figure 8. Mapping Analysis of Alloying Elements in Precipitated Dark Phases.

In Figure 8, the mapping analysis of the alloying elements in the precipitated dark phases shows
areas similar to those marked by arrows in Figure 7, which contain dark particles. Initially, the
precipitates appear circular, but as they grow, their shapes become irregular. EDS was employed to
analyze the composition of these precipitated phases. The chemical compositions of the three
positions indicated in Figure 7 reveal that the dark phases contain significantly higher concentrations
of alloying elements such as Cr, V, and Mn compared to the matrix. This suggests that the
precipitation of the dark phases may be due to the segregation of these alloying elements during the
thermal process.

The presence of precipitates, especially those enriched with alloying elements like Cr, V, and
Mn, can have profound effects on the mechanical properties of the material. These elements can
influence the hardness, strength, and toughness of the steel. For instance, vanadium and chromium
are known to form carbides that can enhance the hardness and wear resistance of the material.
Manganese can improve the hardenability and tensile strength. The thermal stability of these
precipitates up to temperatures above 1000°C suggests they play a significant role in the high-
temperature performance of the material. The segregation and subsequent precipitation of alloying
elements at elevated temperatures could lead to localized strengthening or weakening of the
microstructure, depending on the nature and distribution of the precipitates.

Furthermore, the morphology of these precipitates can also impact the material properties. The
transition from spherical to irregular shapes as the precipitates grow suggests a complex precipitation
mechanism, possibly involving multiple stages of nucleation and growth. This morphological
evolution can influence the mechanical stability of the precipitates and their interaction with the
surrounding matrix. To elucidate the impact of these precipitates on the material's properties, it is
essential to correlate their presence with mechanical testing results. For instance, hardness tests,
tensile tests, and impact tests can provide insights into how these precipitates affect the material's
overall performance. By combining SEM and EDS analyses with mechanical testing, a comprehensive
understanding of the precipitate behavior and its influence on the material properties can be
achieved.

Understanding these precipitates' formation mechanisms and their impact on material
properties is crucial for optimizing heat treatment processes and improving the performance of high-
nickel steel. This knowledge aids in tailoring the microstructure to achieve desired mechanical
properties, enhancing the material's applicability in demanding environments. The insights gained
from this study can inform the development of advanced materials with superior high-temperature
performance and reliability.

3.3. Determination of Precipitate Composition

To identify the types of precipitates formed during the heating process, Transmission Electron
Microscopy (TEM) was employed to analyze the samples. The results are shown in Figure 9.
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Figure 9. Microstructure at the Inner Surface of Specimen: (a) Optical Micrograph; (b) and (d) TEM
Micrograph; (c) Diffraction Pattern.

From Figure 9, it is evident that precipitates are formed and distributed within the grains, along
the grain boundaries, and at the martensite lath boundaries, as illustrated in Figure 9a. Figures 9b
and 9d show TEM micrographs where the precipitation particles are clearly visible. These images
indicate that the particles tend to form at the boundaries and dislocations, which act as nucleation
sites for the precipitates. The diffraction pattern in Figure 9c confirms that the particles are chromium
carbides, specifically Cr7C3. The presence of Cr7C3, which is significantly harder than ordinary
cementite, can substantially increase the steel's strength. This is due to the fact that Cr7C3 carbides
have a higher hardness and wear resistance, providing enhanced reinforcement to the steel matrix.
Additionally, Cr7C3 precipitates impede dislocation movement, thereby increasing the material's
yield strength and hardness.

The importance of Cr7C3 in enhancing mechanical properties has been well-documented in the
literature. Bowen A.W. and Leak G.M. have investigated the diffusion behavior of Cr7C3 in ferrite
and austenite phases [27], as shown in Figure 10.
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Figure 10. Diffusion Coefficient Curve of Cr7C3 Carbide.

The variation in the diffusion coefficient of Cr7C3 aligns with the in-situ observation results
presented earlier. As seen from the diffusion coefficient curve, when the temperature exceeds 1000°C,
the diffusion coefficient increases by at least two orders of magnitude. This explains why, at 1026°C,
the particles begin to dissolve into the matrix and completely dissolve at around 1131°C,
corroborating the previous findings.

The identification of chromium carbides (Cr7C3) as the primary precipitates provides significant
insights into the thermal stability and mechanical enhancement of the high-nickel steel [28]. The
formation of Cr7C3 at grain boundaries and dislocations suggests a strong interaction between these
precipitates and the microstructural features of the steel, contributing to the observed increase in
strength.

The diffusion behavior of Cr7C3, with a marked increase in the diffusion coefficient above
1000°C, highlights the dynamic nature of these precipitates during thermal processing.
Understanding this behavior is crucial for optimizing heat treatment protocols to control the
distribution and size of Cr7C3 precipitates, thereby tailoring the material's properties to specific
applications.

In conclusion, the TEM analysis has provided a comprehensive understanding of the precipitate
composition and its implications for the mechanical properties of high-nickel steel. The formation of
Cr7C3 precipitates and their interaction with the microstructure play a pivotal role in enhancing the
strength, thermal stability, and possibly the corrosion resistance of the material. These findings
contribute to the broader knowledge required for developing advanced materials with superior
performance, facilitating the design of more robust and reliable engineering solutions.

4. Conclusions

This research significantly advances the understanding of microstructural transformations in
high-nickel steels and demonstrates the critical role of advanced microscopy techniques in material
science. The comprehensive insights gained from HTCLSM, SEM, EDS, and TEM analyses provide a
robust framework for optimizing the heat treatment processes of high-nickel shipbuilding steel. The
key findings are summarized as follows:

(1)The study successfully utilized High Temperature Confocal Laser Scanning Microscopy
(HTCLSM) to observe the in-situ microstructural evolution of high-nickel shipbuilding steel during
heating and holding processes. It was determined that austenitization begins at approximately 700°C
with nucleation primarily occurring at grain boundaries, leading to significant microstructural
changes.
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(2)At 900°C, the formation of black precipitates was observed, which persisted even when the
temperature exceeded 1000°C. These precipitates were identified as chromium carbides (Cr7C3)
through SEM and EDS analyses. The Cr7C3 precipitates contribute to the material's overall
mechanical strength due to their hard, dispersed nature.

(3)The study found that the Cr7C3 precipitates begin to dissolve into the matrix at temperatures
above 1026°C, with complete dissolution occurring around 1131°C. This dissolution behavior aligns
with the increased diffusion coefficients of Cr7C3 at elevated temperatures.
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