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water quenching, air quenching, and furnace cooling. Results indicate that cooling
rate significantly regulates MnS precipitation behavior: under furnace cooling,
MnS forms coarse particles that aggregate along grain boundaries, leading to re-
duced properties; air cooling produced spherical or short rod-shaped MnS with
uniform distribution and optimal comprehensive properties; water cooling re-
sulted in fine, dispersed MnS with a martensite/bainite microstructure, enhancing
toughness but requiring tempering treatment. A nonlinear relationship between
cooling rate and average MnS diameter was established, providing theoretical
support for optimizing air cooling processes.
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1. Introduction

Non-quenched and tempered steels have gained widespread application in automotive and mechanical
manufacturing due to their excellent energy efficiency, low cost, and good machinability [1-4]. Medium-carbon
microalloyed non-quenched and tempered steels (such as the typical grade 46MnVS5) achieve a favorable bal-
ance between strength and toughness through precipitation strengthening and microstructure control, emerg-
ing as a key development direction for high-performance forged steels [5-8]. However, the MnS inclusions com-
monly present in such steels significantly impact material processing properties, toughness, and fatigue life due
to their morphology, size, and distribution characteristics. These inclusions represent one of the key factors
limiting their further engineering applications [9-11].

Cooling rate is a core process parameter governing MnS precipitation behavior and microstructural evo-
lution in steel [12-15]. Studies indicate that rapid cooling effectively suppresses MnS growth and segregation,
promoting its fine and dispersed distribution; conversely, slow cooling facilitates MnS coarsening and aggre-
gation along grain boundaries or dendrites, thereby exacerbating anisotropy in material mechanical properties
[16, 17]. Furthermore, cooling rate influences the material's ultimate comprehensive properties by affecting sec-
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ondary dendrite average spacing (SDAS) and the type of phase transformation microstructure. Although pre-
vious studies have examined the impact of cooling regimes on inclusion behavior, in-depth quantitative re-
search remains scarce regarding the evolution patterns of MnS in non-quenched-and-tempered steels across a
wide cooling rate range, as well as the systematic correlation between these patterns and microstructure-me-
chanical properties [18].

For this purpose, this study selected 46MnVS5 non-quenched and tempered steel as the research subject.
Systematic experimental investigations were conducted on three typical cooling processes: water cooling
(~60.47 K/s), air cooling (~8.14 K/s), and furnace cooling (~1.13 K/s), corresponding to high, medium, and low
cooling rates, respectively [19, 20]. Water quenching is suitable for small-section or thin-walled components
(e.g., connecting rods) requiring high strength-toughness balance, achieving MnS refinement and microstruc-
tural refinement. Air cooling, the most common post-forging cooling method, is widely used for medium-sec-
tion parts (e.g., crankshafts), effectively suppressing excessive MnS coarsening while maintaining favorable
strength-toughness matching. furnace cooling is predominantly used for large or complex forgings to reduce
thermal stresses and improve machinability, though it often results in significant MnS coarsening. By system-
atically investigating microstructural and MnS inclusion characteristics under different cooling regimes, com-
bined with optical microscopy (OM), scanning electron microscopy (SEM), and the Aspex automated inclusion
analysis system, we characterized the variation in MnS morphology, size distribution, and number density with
cooling rate. Further correlations were established between secondary dendrite spacing and microstructural
analysis to elucidate the intrinsic mechanism by which cooling rate influences MnS distribution and its syner-
gistic evolution with microstructure. Ultimately, a quantitative relationship model linking cooling rate to aver-
age MnS size was developed, aiming to provide theoretical and experimental basis for process control and
performance optimization of MnS inclusions in non-quenched-and-tempered steels.

2. Test Method

2.1. Experimental raw materials and equipment

The test steel was sourced from industrially produced 46MnVS5 non-quenched and tempered steel con-
tinuous cast billets (200x200 mm), with specific chemical composition as shown in Table 1. After cutting and
grinding the cast billets, 300 g were precisely weighed using an electronic balance for testing.

The experiment employed an HLLG1217 vertical high-temperature tube furnace with a rated voltage of
380 V for melting and cooling. This equipment operates at a maximum working temperature of 1700 °C and
can perform the entire heat treatment process under a high-purity argon protective atmosphere. The experi-
mental setup is shown in Figure 1.

Table 1. Experimental steel composition /wt.%.

C Mn Al Si P S \% N
0,45 1,3 0,009 0.5 0,015 0,025 0,14 0,013
Corundum tube ]
Il -E :::
.' o Silicon molybdenum rod heater
14 D D l:‘ Controller |/. -:: Thermocouple
— : ™ Corundum crucible
o0 @0 .-=-: Graphite crucible

1

Figure 1. The test equipment is shown in the figure below
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2.2. Test steps

The test employed a composite crucible system consisting of an alumina crucible as the inner liner and a
graphite crucible as the outer shell. Pre-treated specimens were placed within the alumina crucible before being
loaded together into a high-temperature tube furnace. This dual-crucible structure effectively suppresses high-
temperature molten steel splashing. After loading, high-purity argon gas was first introduced to displace air
within the furnace. Heating proceeded at a rate of 0.0833 °C/s to 1600 °C, followed by a 30-minute soak at this
temperature to ensure thorough and uniform melting of the specimens. Upon completion of melting, three
distinct cooling processes were applied:

1) Furnace cooling: After holding, the program was terminated. Samples remained in the furnace and
were removed using crucible tongs only after cooling to room temperature under argon protection. The
average cooling rate from 1600 °C to 800 °C was 1.13 K/s.

2) Air cooling: After holding, carefully remove the corundum crucible with crucible tongs, ensuring
safety and avoiding vibration. Place it on a refractory brick to cool naturally in air to room temperature.
The average cooling rate from 1600 °C to 800 °C was 8.14 K/s.

3) Water cooling: After holding, carefully remove the corundum crucible using crucible tongs, ensur-
ing safety and avoiding vibration. Place it directly into a container holding 20 L of water (25 °C). Wear
protective gear and allow it to cool to room temperature before removing the sample. The average cooling
rate from 1600 °C to 800 °C is 60.47 K/s.

The heat treatment process is shown in the curve diagram in Figure 2.
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Figure 2. Heat treatment process curve diagram

After the specimen cooled, a wire saw was used to cut a 10 mm x 10 mm x 10 mm cubic metallographic
specimen from the center section. The specimen was sequentially ground using 600- to 2000-grit sandpaper.
One side of the cube was selected as the working surface and polished with velvet polishing cloth. First, an
optical microscope (OM) was used for microstructure observation and image acquisition. Subsequently, com-
bine scanning electron microscopy (SEM-Scios03040702) with energy dispersive spectroscopy (EDS) for mor-
phological observation and compositional identification of MnS inclusions; Further statistical characterization
of each specimen was performed using the Aspex-Expex automated inclusion analysis system. Parameters in-
cluded: gray-scale threshold (70 % — 80 % of matrix gray-scale), size range 0.3 um — 30 um, detection area >16
mm?, and acquisition time per particle 200 ms. Classification rule: IF (5> 10 at.%) and (Mn > 10 at.%) then “MnS”,
enabling systematic acquisition of MnS inclusion size, morphology, and distribution parameters. Finally, sam-
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ples were etched for 60 s using a 4 % nitric acid-alcohol solution, rinsed with alcohol, air-dried, and photo-
graphed via scanning electron microscopy. Image software was employed to measure secondary dendrite arm
spacing (SDAS), establishing a quantitative relationship with cooling rate.

3. Analysis of experiment results

3.1. Morphology, size distribution and quantity of MinS inclusions

The morphology and spatial distribution of MnS inclusions in non quenched and tempered steel under
different cooling processes (water cooling, air cooling, furnace cooling) were observed under optical microscope
(OM), and the results are shown in Figure 3.

(a),(b).Furnace cooling; (c),(d).Air cooling; (e),(f).Water cooling
Figure 3. Morphology and distribution of sulfides at different cooling rates

As shown in Figure 3 (a) and (b), under the furnace cooling condition, the low cooling rate promotes the
full diffusion and growth of MnS inclusions, forming the morphology of coarse size and uneven distribution,
and some inclusions precipitate along the grain boundary, which is easy to lead to the decline of impact tough-
ness and fatigue life of steel. Under the air cooling conditions shown in Figures (c) and (d), the size of MnS
inclusions is between furnace cooling and water cooling, and the distribution is relatively uniform without
obvious aggregation. Moderate cooling rate can effectively inhibit the excessive growth of MnS, and avoid the
dispersion segregation caused by rapid cooling, which is helpful to obtain better comprehensive mechanical
properties of steel. In addition, MnS is mostly spherical or short rod-shaped under air cooling, which has little
adverse effect on the plasticity and toughness of the matrix, so it can be regarded as a compromise cooling
method that takes into account the microstructure and properties and process feasibility. However, under wa-
ter-cooled conditions (Figure (e) and (f)), the higher cooling rate significantly inhibited the diffusion and coars-
ening of MnS, resulting in a dispersion morphology of fine size and uniform distribution. Such fine and dis-
persed inclusions help to improve the impact toughness of steel, reduce the formation of crack sources, and
improve the strength and fatigue resistance of materials.
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Comprehensive analysis shows that compared with furnace cooling and water cooling processes, the size
of MnS inclusions under air cooling conditions is relatively small. The main reason is that the moderate cooling
rate provided by air cooling can not only suppress the sufficient diffusion of Mn and S elements during the
solidification process, limit the growth time of sulfides, but also avoid compositional fluctuations and local
segregation caused by rapid cooling, thereby allowing MnS to precipitate uniformly in smaller sizes. In contrast,
the furnace cooling conditions are similar to the equilibrium solidification process, where Mn and S atoms have
sufficient diffusion time to promote the continuous growth of MnS inclusions after nucleation, ultimately form-
ing coarse structures. Under water-cooled conditions, the extremely high cooling rate leads to an increase in the
undercooling of the melt. Although the overall composition is uniform, Mn and S elements are prone to transi-
ent enrichment at the front of the solid-liquid interface during rapid solidification, causing local concentration
supersaturation and resulting in the concentrated precipitation of large-sized MnS inclusions at specific loca-
tions.

A comparative analysis of the number density and size distribution of MnS inclusions under three cooling
methods—furnace cooling, air cooling, and water cooling—was conducted using the Aspex-Expre automatic
inclusion analysis system. The results are shown in Figure 4.
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(a). Number density and average aspect ratio of inclusions; (b). Size distribution of inclusions
Figure 4. The influence of different cooling methods on the morphology, number density, and size distribution ratio

of MnS inclusions

From Figure 4, it can be seen that as the cooling rate increases, the number density of MnS inclusions
significantly increases, and the average aspect ratio significantly decreases. Its shape gradually transitions from
a long strip shape under furnace cooling conditions to a short rod-shaped shape under air cooling conditions
and a nearly spherical shape under water cooling conditions. Under the condition of furnace cooling (~1.13 K/s),
the aspect ratio of MnS inclusions is the highest (about 2.8), with a large proportion of large-sized inclusions
(>8 um) and the lowest number density (about 2.0/mm?), indicating that slow cooling provides sufficient growth
and directional growth conditions for MnS. Under the condition of air cooling (~8.14 K/s), the size of MnS is
mainly distributed in the range of (2-5) um, with an aspect ratio reduced to about 2.0 and a moderate number
density (about 3.5/mm?), exhibiting good size uniformity and distribution consistency, which helps to achieve
a balance between the mechanical and processing properties of steel. Under the condition of water cooling
(~60.47 K/s), the aspect ratio of MnS is further reduced to about 1.5, and the proportion of small-sized inclusions
(0-2) um is close to 60 %, with the highest number density (about 6.5 mm2), showing the effective suppression
and dispersion effect of rapid cooling on MnS growth, which is conducive to improving the toughness and
fatigue resistance of the material.
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3.2. The influence of sulfide distribution in steel on microstructure

The specimen was etched for 60 seconds using a 4 % nitric acid-alcohol solution, then rinsed with alcohol.
After air-drying, scanning electron microscopy was employed to capture the microstructure morphology, as
shown in Figure 5.

Flat noodles
martensite/bainite

Needle like
martensite/bainite

(a),(b).Furnace cooling; (c),(d).Air cooling; (e),(f). Water cooling
Figure 5. Morphology and distribution of sulfides at different cooling rates

Under furnace cooling conditions (Figure (a), (b)), a lower cooling rate allows the austenite grains to grow
sufficiently, forming a coarse microstructure. At the same time, MnS inclusions tend to aggregate and coarsen
at grain boundaries, forming distinct localized enrichment zones. The combined effect of coarse grain structure
and inclusion segregation can easily lead to a decrease in material toughness and trigger transgranular fracture
under stress.

Under air cooling conditions (Figure (c), (d)), faster cooling effectively inhibits austenite grain growth,
significantly refines the structure, and generates a certain proportion of lath martensite/bainite duplex structure.
Under this cooling system, the distribution of MnS inclusions tends to be uniform, and the degree of enrichment
at grain boundaries is significantly reduced, which helps to improve the comprehensive mechanical properties
of the material. In addition, faster cooling also suppresses the diffusion of impurity elements, further reducing
the adverse effects of inclusions on performance.

Under water-cooled conditions (Figure (e), (f)), the extremely high cooling rate promotes further refine-
ment of the microstructure, forming fine needle like martensite/bainite structures. Rapid cooling effectively
suppresses the aggregation of MnS, reducing its size and making its distribution more uniform, which helps to
improve the strength, toughness, and fatigue performance of the material. However, water cooling also leads
to a significant increase in hardness and material brittleness, so tempering treatment is often required in engi-
neering applications to achieve synergistic control of strength and toughness.

3.3. The relationship between secondary dendrites and cooling rate

A cotton swab dipped in a nitric acid aqueous solution of specific concentration was used to etch the spec-
imen for 60 seconds. Following etching, the secondary dendrite morphology was observed and imaged using
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a scanning electron microscope (SEM). Subsequently, the secondary dendrite spacing (SDAS) was measured
using Image software. Based on the empirical relationship between SDAS and cooling rate, the corresponding
cooling rate values were calculated. The specific results are shown in Table 2.

Table 2. Secondary dendrite spacing measured under different cooling methods/um

Furnace cooling Air cooling Water cooling
183 97 52

The relationship between secondary dendrite spacing and cooling rate is given by equations (1) and (2) [21].

4,=(169.1-720.9[C]) - R**** 0<[C]<0.15% 1)
22 =143.9R(;O'316 3 [C](0.5501—1.996[C]) ,[C]>015% (2)
where:

A - secondary dendrite spacing/pm;
Rc - cooling rate/(K/s).

Based on the actual chemical composition of the experimental steel, empirical formulas matching the car-
bon content were selected for calculation to obtain the cooling rates corresponding to different cooling methods.
The results are shown in Table 3.

Table 3. Cooling rates corresponding to different cooling methods /K-s!

Furnace cooling Air cooling Water cooling
1.13 8.14 60.47

Based on the average diameter data of MnS inclusions in experimental steel at different cooling rates, a
nonlinear fitting relationship between cooling rate and inclusion size was established. The mathematical ex-
pression is shown in equation (3), and the fitting curve is shown in Figure 6.

y = 6.8649 x-0154 3)

R?>=0.9997
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Figure 6. Fitting curve between cooling rate and inclusion diameter
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4. Conclusions

(1) Under furnace cooling conditions, MnS inclusions significantly grow and precipitate along grain
boundaries, leading to reduced material toughness and fatigue life; Under air-cooling conditions, MnS inclusion
sizes are concentrated between (2-5) um, exhibiting uniform morphology (aspect ratio approximately 2.0) and
moderate number density (approximately 3.5/mm?), which contributes to the optimization of comprehensive
mechanical properties. Water-quenching treatment effectively refines MnS inclusions, enhancing the material's
toughness and fatigue resistance.

(2) Cold quenching leads to coarse microstructure and MnS grain boundary segregation, causing perfor-
mance degradation; water quenching yields an extremely fine microstructure with dispersed MnS, but its high
hardness requires tempering; air quenching achieves microstructure refinement and uniform MnS distribution,
offering the most optimal overall performance and representing the best process for achieving balanced prop-
erties.

(3) A nonlinear fitting relationship was established between the cooling rate and the average diameter of
MnS inclusions, expressed as y = 6.8649 x0184,
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