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1. Introduction

Medium carbon steel is a carbon steel that contains 
0.3–0.6% carbon and is widely used for power transmission 
components such as gears, crankshafts, and sprockets [1]. 
This is due to its excellent combination of strength, tough-
ness, and hardenability, which makes medium carbon steel 
suitable for active mechanical components, for instance 
sprocket [2]. Sprocket is used in power transmission systems 
with high-speed ratios, therefore surface heat treatment is 
required to provide sufficient toughness to withstand the vi-
bration and adequate wear resistance [3]. Surface hardening 

is heat treatment process that object to enhance the surface of 
specimen but maintain the core toughness [4]. One of surface 
hardening methods that can be applied to sprocket is flame 
hardening [5].

Flame hardening is one of phase transformation process 
that thermally induced in which rapid localized heating caus-
es austenitization of the surface layer, followed by quench-
ing-induced transformation to martensite or mixed trans-
formation products [5, 6]. The resulting hardness and wear 
resistance are primarily determined by austenite grain size, 
carbon distribution, cooling rate, and the stability of retained 
phases [2, 7]. In modern industrial conditions, flame hard-
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The object of this study is a medium-car-
bon gear steel commonly used for sprockets 
and gears in mechanical drive systems. The 
problem to be solved in this study is the lim-
ited understanding of the integrated effect of 
austenitizing temperature, sprocket rotation 
speed, and quenching medium on surface 
hardness and microstructural evolution, 
that makes parameter selection of flame 
hardening in industry does not optimum. 
The experiments were conducted by heat-
ing the medium-carbon gear steel into aus-
tenitizing temperatures of 850°C and 900°C, 
rotation speeds of 1503 rpm and 1977 rpm, 
and using water and oil as quenching medi-
um. Specimens were evaluated by using 
Rockwell hardness tester (B scale) and opti-
cal microscopy. The result of this study 
reveals that the highest surface hardness 
of 120.08 HRB is achieved at austenitiz-
ing temperature of 900°C, rotation speed 
of 1503 rpm, and quenched by using water. 
This is also supported by the result of micro-
structural observations which show very 
fine martensite. The surface hardening is 
most affected by quenching medium, while 
rotation speed has no significant effect on 
the hardness enhancement. At austenitiz-
ing temperature of 900°C, the steel has been 
in austenite phase, so the increasing rota-
tion speed reduces hardness due to excessive 
heat input and austenite grain coarsening. 
The distinctive feature of these results lies 
in the identification of interaction mecha-
nisms between thermal exposure time and 
cooling rate. The findings can be practically 
applied to medium-carbon gear steel com-
ponents subjected to controlled flame hard-
ening with continuous rotation at speeds 
of 1503–1977 rpm, followed by water or oil 
quenching, particularly in small- and medi-
um-scale industrial heat treatment of gears 
and sprockets
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ening remains attractive due to its ability to implement steep 
thermal gradients and non-equilibrium cooling paths, which 
are highly relevant for tailoring surface microstructures.

Despite its widespread application, the fundamental 
relationships between flame hardening parameters and mi-
crostructural evolution are not yet fully understood [6]. 
Austenitizing temperature directly influences phase ho-
mogeneity and austenite grain growth, while component 
rotation speed affects heat input, thermal exposure time, and 
temperature uniformity along the treated surface [2, 8]. The 
choice of quenching medium determines cooling kinetics, 
which in turn control martensitic transformation, carbide re-
finement, and the suppression of diffusional transformation 
products [9, 10]. Existing literature largely examines these 
parameters independently, leaving a gap in understanding 
their coupled effects on phase transformation behavior and 
resultant hardness.

Elaborating the integrated effects of austenitizing tem-
perature, rotation speed, and quenching medium is essential 
for establishing robust process microstructure property cor-
relations in flame-hardened gear steels [3]. Such knowledge 
can contribute to the rational design of thermal cycles that 
promote refined martensitic structures while minimizing 
grain coarsening and undesirable phase formation. Based 
on a practical standpoint, these insights can support the op-
timization of industrial flame hardening practices, improve 
reproducibility of surface properties, and enhance the overall 
performance of gear components. Therefore, research devot-
ed to the systematic investigation of microstructural evolu-
tion and surface hardness as influenced by flame hardening 
parameters is scientifically and technologically relevant 
under modern materials engineering conditions.

2. Literature review and problem statement

Flame hardening is widely applied as a surface heat 
treatment method to improve hardness and wear resistance 
through localized austenitization followed by rapid cooling. 
The work in [5] investigated the influence of flame tem-
perature, torch cap configuration, and quenching period on 
low-carbon steel. It was shown that flame temperature had the 
most significant effect on hardness enhancement. However, 
the study focused on low-carbon steel and evaluated the pa-
rameters independently, without analyzing the interaction be-
tween thermal exposure and cooling rate. This limitation may 
be associated with the experimental complexity of controlling 
multiple coupled parameters during dynamic flame heating.

A subsequent study in paper [6] employed a design of 
experiments approach to analyze flame temperature, torch 
distance, and quenching method. The findings identified 
temperature and quenching medium as dominant factors 
influencing surface hardness. Nevertheless, the investiga-
tion did not extend to phase transformation behavior or 
microstructural evolution under varying thermal exposure 
durations. The absence of integrated microstructural analysis 
may be attributed to the additional metallographic charac-
terization required, which increases experimental cost and 
analytical effort.

The effect of quenching media on mechanical properties 
was further examined in paper [9], where different cooling 
agents altered the yield strength and ductility of mild steel. 
However, the study emphasized bulk mechanical properties 
rather than localized surface-hardened layers produced by 

flame treatment. Thus, the specific influence of quenching 
medium on phase transformation in flame-hardened surface 
regions remained insufficiently addressed.

A similar investigation was reported in [11], where plas-
ma hardening was applied to AISI 420 steel. The results 
demonstrated that quenching medium strongly influenced 
martensite formation. Despite these findings, the combined 
interaction between heating parameters and cooling con-
ditions under rotational heating was not evaluated. This 
omission may stem from the difficulty of synchronizing heat 
input, rotational motion, and cooling rate within a single 
experimental framework.

The influence of rotational speed as a parameter to con-
trol heat input was examined in studies [12, 13]. Both studies 
showed that increasing rotation speed promoted microstruc-
tural refinement, particularly grain size reduction. While 
these findings highlight the role of thermal exposure time, 
they did not systematically correlate rotation speed with 
austenitizing temperature and cooling media in an integrated 
design. The gap may be attributed to the technical challenges 
associated with transient heat transfer control during contin-
uous rotation flame hardening.

The role of austenitizing temperature in phase formation 
was discussed in [14], where decreasing temperature from 
900°C to 860°C refined prior austenite grain size. Although 
higher austenitizing temperatures generally enhance carbon 
dissolution and potential hardness, the interaction between 
elevated austenitizing temperature and specific quenching 
media during flame hardening was not examined. As a re-
sult, the transformation kinetics under combined thermal 
and cooling conditions remained insufficiently explored.

Recent findings in paper [15] confirmed that water 
quenching produces higher cooling rates and refined mar-
tensitic structures, whereas oil quenching results in mixed 
bainite-martensite microstructures. However, these studies 
did not integrate controlled rotation speed with defined ther-
mal exposure in gear steel applications.

Thus, although temperature, cooling medium, and ro-
tation speed have individually been identified as influential 
parameters, their combined effect on phase transformation 
behavior and hardness evolution during flame hardening 
has not been comprehensively analyzed. The primary chal-
lenge lies in achieving controlled and reproducible coupling 
between thermal exposure, rotational motion, and cooling 
conditions.

All these considerations allow to assert that it is expedient 
to conduct a systematic study on the combined influence of 
austenitizing temperature, rotation speed, and quenching 
medium on microstructural evolution and surface hardness 
of medium-carbon gear steel under controlled flame harden-
ing conditions.

3. The aim and objectives of the study

The aim of the study is to identify the effects of combined 
parameters of flame hardening (austenitizing temperature, 
sprocket rotation speed, and quenching medium) on the mi-
crostructure and surface hardness of flame-hardened gear 
steel. The findings can be practically applied to medium-car-
bon gear steel components subjected to controlled flame hard-
ening with continuous rotation at speeds of 1,503–1,977 rpm, 
followed by water or oil quenching. The optimized param-
eter combination contributes to improved surface hardness 
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consistency and enhanced 
wear resistance, particularly 
in small- and medium-scale 
industrial heat treatment of 
gears and sprockets.

To achieve this aim, the 
following objectives were ac-
complished:

– to determine the varia-
tion of surface hardness un-
der different combinations 
of austenitizing tempera-
ture, rotation speed, and 
quenching medium;

– to analyze the mi-
crostructural changes and 
phase transformation be-
havior resulting from the 
combined influence of ther-
mal exposure and cooling 
conditions;

– to identify the dominant mechanisms responsible for 
hardness enhancement or reduction during flame hardening;

– to establish optimum flame hardening conditions for 
achieving maximum surface hardness with refined micro-
structure.

4. Materials and methods

4. 1. The object of the study, hypothesis, and meth-
odological framework

The object of this study is a medium-carbon gear steel 
commonly used for sprockets and gears in mechanical drive 
systems [15]. The material used in this study was medi-
um-carbon gear steel equivalent to AISI 1045, commonly 
applied in gear and sprocket manufacturing. The steel con-
tained approximately 0.42–0.50 wt.% C, 0.60–0.90 wt.% Mn, 
with trace amounts of Si, P, and S. Prior to flame hardening, 
the material exhibited a ferrite–pearlite microstructure with 
an average hardness of 85–88 HRB. The study focuses on the 
surface layer of the steel subjected to flame hardening, where 
phase transformations induced by rapid thermal cycles deter-
mine the resulting hardness and microstructural state.

The main research hypothesis is that the surface micro-
structure and hardness of flame-hardened gear steel are not 
controlled by individual processing parameters alone, but by 
the combined interaction of austenitizing temperature, rota-
tionally induced thermal exposure, and quenching severity. It 
is assumed that variations in rotation speed primarily affect 
heat input and exposure time during austenitization, while 
the quenching medium determines cooling kinetics and 
transformation pathways.

Several assumptions and simplifications were adopted in 
this work. The chemical composition of the gear steel was 
considered uniform and representative of industrial materials. 
Heat losses due to convection and radiation were assumed to 
be consistent across all experiments. The flame characteristics, 
such as fuel composition and flame geometry, were main-
tained constant and were not treated as independent variables. 
Additionally, the analysis was limited to surface hardness 
and qualitative microstructural features, without considering 
residual stresses or distortion effects. Fig. 1 illustrates the ex-
perimental methodology employed in this study.

Fig. 1 presents a schematic overview of the experimental 
methodology adopted in this study. The workflow begins 
with specimen preparation of medium-carbon gear steel, 
followed by flame hardening under controlled austenitizing 
temperatures and rotation speeds with different quenching 
media. Subsequently, surface hardness is evaluated using the 
Rockwell B method, while microstructural characterization 
is conducted through optical microscopy and Python-based 
image analysis in Google Colab to support phase identification 
and quantification.

4. 2. Material and specimen preparation
The material investigated was a medium-carbon gear 

steel widely employed in industrial sprocket and gear applica-
tions [3]. Specimens were machined into sprocket geometries 
representative of practical components to ensure realistic 
thermal boundary conditions during flame hardening, as 
shown in Fig. 2. Prior to heat treatment, all specimen sur-
faces were mechanically cleaned and degreased to minimize 
oxidation and ensure uniform heat absorption.

Fig. 2 illustrates the geometry and principal dimensions 
of the sprocket specimen used in the experimental investiga-
tion. The specimen was designed to represent an industrial 
gear component, ensuring that the geometric features and 
dimensional characteristics provide realistic thermal bound-
ary conditions during flame hardening. The combination of 
a schematic drawing and an actual photograph highlights 
the overall profile, tooth geometry, and key dimensions of the 
specimen employed throughout the experimental procedures.

4. 3. Flame hardening procedure
Flame hardening was performed using a controlled flame 

heating system suitable for surface treatment of rotating 

Fig. 1. Experimental methodology flowchart
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components [16, 17]. Austenitizing temperatures were set 
at 850°C and 900°C, corresponding to typical industrial 
practice for medium-carbon steels [18]. During heating, 
the sprocket specimens were rotated at constant speeds of 
1503 rpm and 1977 rpm to control thermal exposure time 
and heat distribution. Rotation speed in rotary flame hard-
ening controls surface heat exposure, thermal penetration, 
and microstructural uniformity. The selected speeds of 
1503 rpm and 1977 rpm represent moderate and high expo-
sure rates commonly used in industrial practice. A range of 
1500–2000 rpm is widely applied for small- to medium-di-
ameter cylindrical components, providing balanced thermal 
uniformity, controlled heat input, and stable processing con-
ditions. Immediately after reaching the target temperature, 
the specimens were quenched using either water or oil as 
the cooling medium. These quenching media were selected 
to provide different cooling severities. All other processing 
parameters were maintained constant to isolate the effects of 
temperature, rotation speed, and quenching condition.

4. 4. Hardness measurement
Surface hardness was measured using the Rock-

well B (HRB) method in accordance with standard testing 
procedures which is ASTM E18 [19]. Hardness testing was 
performed using a Rockwell hardness tester (Tinius Olsen) 
with load capacities ranging from 10 to 150 kgf. The HRB 
scale was selected, as flame hardening is a surface hardening 
process that produces a hardened layer over a relatively soft-
er core, making the B scale more appropriate for evaluating 
surface-modified medium-carbon steels without excessive 
indentation depth. In contrast, the HRC scale is generally ap-
plied to fully hardened materials with uniformly high hard-
ness throughout the cross-section. All measurements were 
conducted in accordance with standard Rockwell testing 
procedures. The measurements were conducted under appro-
priate Rockwell scale conditions in accordance with standard 
testing procedures. Multiple indentations were performed on 
each specimen at different surface locations to reduce local 
variability and improve statistical reliability.   

4. 5. Microstructural characterization and image 
analysis using Python

Microstructural characterization was conducted us-
ing optical microscopy. Specimens were sectioned per-
pendicular to the hardened surface, mounted, ground, 
polished, and etched following standard metallographic 
procedures to reveal phase constituents. Microstructural 
observations were conducted using a metallurgical optical 
microscope (Nikon Eclipse MA100) at 200× magnifica-
tion after standard metallographic preparation and Nital 
etching. In addition to qualitative optical examination, 
quantitative microstructural analysis was performed using 
Python-based image processing implemented in the Goo-
gle Colab environment, employing OpenCV and NumPy 
libraries for grayscale conversion, threshold segmentation, 
and quantitative phase analysis [20, 21]. Digital micro-
graphs were uploaded to the Colab platform and processed 
using open-source Python libraries for scientific comput-
ing and image analysis. The workflow included grayscale 
conversion, noise reduction, contrast enhancement, image 
segmentation, and threshold-based phase differentiation 
to distinguish microstructural constituents such as mar-
tensite and bainite based on grayscale intensity and mor-
phological features.

This computational approach was employed to support 
objective and reproducible microstructural assessment by re-
ducing operator bias inherent in manual interpretation. The 
same image processing parameters were applied consistently 
across all samples to ensure comparability of the analyzed 
microstructures.

5. Results of flame hardening  
on medium-carbon gear steel

5. 1. Surface hardness response under different 
flame hardening conditions

The effect of austenitizing temperature, sprocket rotation 
speed, and quenching medium on the surface hardness of 
medium-carbon gear steel was evaluated through systematic 
flame hardening experiments. The average surface hardness 
values obtained under different processing conditions are 
summarized in Table 1.

Table 1

Surface hardness of flame-hardened gear

Temperature (°C) Speed (rpm) Quench Hardness (HRB)
Base metal 105.50

850 1503 Water 117.17
850 1503 Oil 110.50
850 1977 Water 117.58
850 1977 Oil 109.75
900 1503 Water 120.08
900 1503 Oil 108.83
900 1977 Water 113.33
900 1977 Oil 106.50

Table 1 presents the surface hardness values of the gear 
steel before and after flame hardening. The base metal ex-
hibits a surface hardness of 105.50 HRB. Following flame 
hardening, the surface hardness increases to values ranging 
from 106.50 to 120.08 HRB, depending on the applied pro-
cessing parameters.

As shown in Table 1, the base metal exhibits a sur-
face hardness of 105.50 HRB. After flame hardening, 
the hardness values increase to a range between 106.50 
and 120.08 HRB, depending on the applied processing pa-
rameters. For specimens treated at an austenitizing tem-
perature of 850°C, water quenching produces higher hard-
ness values, ranging from 117.17 to 117.58 HRB, compared 
with oil quenching, which results in hardness values be-
tween 109.75 and 110.50 HRB. A similar trend is observed 
at an austenitizing temperature of 900°C, where the highest 
hardness value of 120.08 HRB is achieved at a rotation 
speed of 1503 rpm with water quenching. Oil-quenched 
specimens at 900°C show comparatively lower hardness 
values, ranging from 106.50 to 108.83 HRB.

5. 2. Microstructural evolution of medium-carbon 
gear steel after flame hardening

The microstructural observations presented in Fig. 3 are 
intended to complement the surface hardness data by pro-
viding a visual description of the phase constituents formed 
under different flame hardening conditions.

Fig. 3 presents the optical microstructures of the medi-
um-carbon gear steel flame hardened at an austenitizing 
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temperature of 850°C under different rotation speeds and 
quenching media. The micrographs correspond to: 

– Fig. 3, a – 1503 rpm with water quenching;
– Fig. 3, b – 1503 rpm with oil quenching;
– Fig. 3, c – 1977 rpm with water quenching;
– Fig. 3, d –1977 rpm with oil quenching. 
For specimens quenched in water, as shown in Fig. 3, a, c, 

the microstructures are dominated by very fine martensitic 
features distributed uniformly across the observed surface 
region. In contrast, specimens quenched in oil, shown 
in Fig. 3, b, d, exhibit microstructures consisting of marten-
site accompanied by regions of lower bainite. While Fig. 4 
presents the optical microstructures of the medium-carbon 
gear steel flame hardened at an austenitizing temperature of 
900°C under different rotation speeds and quenching media.

Fig. 4 presents the optical microstructures of the medi-
um-carbon gear steel flame hardened at an austenitizing tem-
perature of 900°C under different combinations of rotation 
speed and quenching medium. The micrographs correspond to:

a) 1503 rpm with water quenching;
b) 1503 rpm with oil quenching;
c) 1977 rpm with water quenching;
d) 1977 rpm with oil quenching.
The microstructure in Fig. 4, a is characterized by very fine 

martensite distributed uniformly across the observed region. 
Fig. 4, b presents a microstructure consisting of martensite with 
the presence of lower bainite. At a higher rotation speed, the 
specimen quenched in water, shown in Fig. 4, c, exhibits a fine 
martensitic microstructure. In contrast, the specimen quenched 
in oil at 1977 rpm, presented in Fig. 4, d, presents a microstruc-
ture composed of martensite accompanied by upper bainite.

Python-based image analysis was employed to comple-
ment the optical microstructural observations by quantita-
tively estimating the phase constituents formed under differ-
ent flame hardening conditions. The following Fig. 5 presents 
the corresponding phase estimation results.

As shown in Fig. 5, the results of automatic phase classi-
fication into three distinct phases based on microstructural 
intensity and texture. The spatial distribution of colors indi-
cates the presence of homogeneous microstructural zones, 
transition regions, and areas with high feature density asso-
ciated with intensive plastic deformation. Based on the Py-
thon-based analysis, the estimated phase constituents formed 
under each treatment condition are summarized at Table 2.

Table 2 indicates that, at 850°C, the phase distributions 
are relatively comparable across different rotation speeds, 
with only minor variations between water- and oil-quenched 
specimens. Similarly, Fig. 6 presents the automatic phase 
classification results for specimens austenitized at 900°C.

Table 2

Estimated phase distribution of medium-carbon gear steel 
flame hardened at an austenitizing temperature of 850°C 

obtained using Python-based image analysis

Speci-
men

Rotation 
speed 
(rpm)

Quench-
ing 

medium

Martensite 
(Fine / very 

fine) (%)

Bainite 
(lower / 

upper) (%)

Martensite 
(coarser / tran-

sitional) (%)
a 1503 Water 33.65 32.71 33.64
b 1503 Oil 33.64 33.02 33.34
c 1977 Water 33.04 33.05 33.91
d 1977 Oil 32.91 33.24 33.85

Fig. 3. Microstructure of medium carbon gear steel at austenitizing temperature of 850°C: a – sprocket rotation of 1503 rpm 
with water quenching; b – sprocket rotation of 1503 rpm with oil quenching; c – sprocket rotation of 1977 rpm with water 

quenching; d – sprocket rotation of 1977 rpm with oil quenching

Very fine martensite Martensite + lower bainite 

Very fine martensite Martensite + lower bainite 

a

Very fine martensite Martensite + lower bainite 

Very fine martensite Martensite + lower bainite 

b

Very fine martensite Martensite + lower bainite 

Very fine martensite Martensite + lower bainite 

c

Very fine martensite Martensite + lower bainite 

Very fine martensite Martensite + lower bainite 

d
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Fig. 4. Microstructure of medium carbon gear steel at austenitizing temperature of 900°C: a – sprocket rotation of 1503 rpm 
with water quenching; b – sprocket rotation of 1503 rpm with oil quenching; c – sprocket rotation of 1977 rpm with water 

quenching; d – sprocket rotation of 1977 rpm with oil quenching

Very fine martensite Martensite + lower bainite 

Fine martensite Martensite + upper bainite 

a

Very fine martensite Martensite + lower bainite 

Fine martensite Martensite + upper bainite 

b

Very fine martensite Martensite + lower bainite 

Fine martensite Martensite + upper bainite 

c

Very fine martensite Martensite + lower bainite 

Fine martensite Martensite + upper bainite 

d

Fig. 5. Automatic phase classification of the microstructure at an austenitizing temperature of 850°C, obtained using Python-based 
image analysis in Google Colab: a – sprocket rotation of 1503 rpm with water quenching; b – sprocket rotation of 1503 rpm with 

oil quenching; c – sprocket rotation of 1977 rpm with water quenching; d – sprocket rotation of 1977 rpm with oil quenching

a b

c d
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A similar phase estimation was conducted for specimens 
austenitized at 900°C as shown in Fig. 6, and the results are 
summarized in Table 3.

Table 3

Estimated phase distribution of medium-carbon gear steel 
flame hardened at an austenitizing temperature of 900°c 

obtained using Python-based image analysis

Speci-
men

Rotation 
speed 
(rpm)

Quenching 
medium

Martensite 
(fine / very 

fine) (%)

Bainite 
(lower / up-

per) (%)

Martensite 
(coarser / tran-

sitional) (%)

(a) 1503 Water 33.20 32.92 33.89

(b) 1503 Oil 32.80 33.29 33.91

(c) 1977 Water 33.14 33.09 33.77

(d) 1977 Oil 33.63 33.04 33.33

The corresponding phase fractions are summarized 
in Table 3. Compared with the 850°C condition, the re-
sults at 900°C indicate a redistribution of martensitic 
and bainitic morphologies, particularly at higher rotation 
speed and under oil quenching. These trends suggest that 
increased thermal exposure prior to quenching alters 
phase transformation behavior. Overall, the combined op-
tical and computational analyses demonstrate a clear rela-
tionship between processing parameters, microstructural 
evolution, and surface hardness, providing a coherent 
interpretation of the flame hardening response of medi-
um-carbon gear steel.

5. 3. Dominant mechanisms responsible for hard-
ness enhancement during flame hardening

The dominant mechanism that is responsible for surface 
hardness enhancement on medium-carbon gear steel is due 
to microstructural phase formation that is influenced by 
flame temperature and quenching medium. Table 4 shows 
the hardness test result and microstructural of medium-car-
bon gear steel with several variations.

Table 4

Comparison of hardness test results and microstructural 
phase of medium-carbon gear steel

Speci-
men

Tempera-
ture (°C)

Speed 
(rpm)

Quenching 
medium

Dominant micro-
structure

Hardness 
(HRB)

1 850 1503 Water Very fine martensite 117.17

2 850 1503 Oil Martensite + lower 
bainite 110.50

3 850 1977 Water Very fine martensite 117.58

4 850 1977 Oil Martensite + lower 
bainite 109.75

5 900 1503 Water Very fine martensite 120.08

6 900 1503 Oil Martensite + lower 
bainite 108.83

7 900 1977 Water fine martensite 113.33

8 900 1977 Oil Martensite + upper 
bainite 106.50

Table 4 shows the comparison result of hardness test and 
microstructural phase formation of medium-carbon gear steel. 

Fig. 6. Automatic phase classification of the microstructure at an austenitizing temperature of 900°C, obtained using 	
Python-based image analysis in Google Colab: a – sprocket rotation of 1503 rpm with water quenching; 	

b – sprocket rotation of 1503 rpm with oil quenching; c – sprocket rotation of 1977 rpm with water quenching; 	
d – sprocket rotation of 1977 rpm with oil quenching

a b

c d
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Based on this table, it can be observed that the dominant 
mechanism influencing the increase or decrease in surface 
hardness is grain refinement, which is primarily governed by 
the austenitizing temperature and the cooling rate. The results 
further indicate that specimen 5, processed at an austenitizing 
temperature of 900°C, a rotation speed of 1503 rpm, and water 
as the quenching medium, exhibited a very fine martensitic 
phase and achieved the highest hardness value.

5. 4. Optimized flame hardening conditions for 
maximum surface performance

Table 5 presents the optimum flame hardening param-
eters that resulted in the highest hardness value and the 
corresponding microstructural phases formed.

Based on Table 5, it can be concluded that the optimum 
parameters for enhancing the surface hardness of medi-
um-carbon steel are an austenitizing temperature of 900°C, 
a rotation speed of 1503 rpm, and water as the quenching 
medium. This condition significantly influences the surface 
hardening mechanisms of medium-carbon gear steel.

Table 5

Optimum parameter for maximum surface medium-carbon 
gear steel performance

Temperature 
(°C)

Speed 
(rpm)

Quenching 
medium

Dominant micro-
structure

Hardness 
(HRB)

900 1503 Water Very fine martensite 120.08

6. Discussion of the results of flame hardening effect 
on the properties of medium-carbon steel 

The experimental results demonstrate that the surface hard-
ness and microstructural evolution of flame-hardened medi-
um-carbon gear steel are determined by the combined effects of 
austenitizing temperature, sprocket rotation speed, and quench-
ing medium. As summarized in Table 1, all flame-hardened 
specimens exhibit significantly higher surface hardness than 
the base metal, confirming that surface phase transformation 
was successfully achieved under all investigated conditions [22]. 
Among the processing variables, the quenching medium exerts 
the most pronounced influence on surface hardness [3, 9]. 
Water-quenched specimens consistently show higher hardness 
values than oil-quenched specimens, reflecting the higher cool-
ing severity of water, which effectively suppresses diffusion-con-
trolled transformations and promotes a predominantly mar-
tensitic transformation during quenching, in agreement with 
widely reported behavior for medium-carbon steels [23, 24].

At an austenitizing temperature of 850°C, the effect of 
sprocket rotation speed on surface hardness is minimal. 
Water-quenched specimens exhibit nearly identical hardness 
values at both investigated rotation speeds, indicating that 
the thermal input at this temperature is sufficient to achieve 
uniform austenitization without inducing significant austenite 
grain growth [13]. In contrast, oil-quenched specimens treated 
at the same temperature show lower hardness, which cor-
relates with the formation of mixed martensite-bainite micro-
structures observed in Fig. 3. The presence of bainite, enabled 
by the lower cooling rate of oil, inherently reduces hardness 
relative to fully martensitic structures [9, 23, 25].

When the austenitizing temperature is increased to 900°C, 
the influence of rotation speed becomes more evident. As shown 
in Table 1, increasing rotation speed leads to a reduction in surface 

hardness, particularly under water-quenching conditions. This 
trend is attributed to prolonged thermal exposure during flame 
heating [5], which promotes austenite grain coarsening prior to 
quenching. Coarser prior-austenite grains reduce martensite nu-
cleation density and increase the austenite or bainitic transforma-
tion, ultimately resulting in lower hardness [26]. This interpreta-
tion is supported by the microstructural observations in Fig. 4, 
where coarser features are visible at higher rotation speed.

The microstructural observations in Fig. 3, 4 are further cor-
roborated by the Python-based image analysis results presented 
in Tables 2, 3. Although the estimated phase fractions appear 
numerically similar across several conditions, the redistribu-
tion among martensitic morphological categories and bainitic 
constituents reveals subtle but meaningful differences in micro-
structural refinement. At 850°C, phase distribution shows lim-
ited sensitivity to rotation speed, confirming that temperature 
dominates transformation behavior in this regime. At 900°C, 
however, increased rotation speed results in a measurable shift 
toward coarser martensitic morphologies and a higher contri-
bution of bainitic constituents, highlighting the role of rotation 
speed as an effective thermal exposure parameter rather than 
merely a mechanical variable. The integration of optical micros-
copy with Python-based phase estimation (Fig. 5, 6) reduces 
operator subjectivity and provides semi-quantitative validation 
of visual interpretations, representing a methodological im-
provement over purely qualitative metallographic analysis [21].

These results demonstrate that hardness evolution during 
flame hardening cannot be adequately explained by consider-
ing austenitizing temperature, rotation speed, or quenching 
medium in isolation. Instead, the interaction between thermal 
input, rotational exposure time, and cooling rate determines 
austenite stability prior to quenching and controls the result-
ing phase transformation pathways. Within the investigated 
parameter space, the combination of a 900°C austenitizing 
temperature, a rotation speed of 1503 rpm, and water quench-
ing represents a functioning balance between sufficient carbon 
dissolution, controlled thermal exposure that avoids excessive 
grain coarsening, and rapid cooling that ensures a dominant 
martensitic transformation. This condition yields the highest 
surface hardness (120.08 HRB) together with a refined mar-
tensitic microstructure, as evidenced in Table 1 and Fig. 3, 4. 
The results of this study are almost the same as the results of 
other studies which show that the highest hardness was ob-
tained in specimens with water cooling media, which reached 
301 HV with a conversion of 106 HRB [3].

The present findings demonstrate that optimal surface prop-
erties arise from a balanced interaction among thermal input, 
exposure duration, and quenching kinetics [27]. These results 
are consistent with general trends reported in flame hardening 
literature, while extending current understanding by explicitly 
accounting for the coupled influence of rotational motion and 
thermal history in flame-hardened gear components [5, 16]. 

Despite these contributions, several limitations of the pres-
ent study should be acknowledged. The investigation focuses 
primarily on surface hardness and microstructural character-
ization, without direct assessment of residual stresses, wear 
resistance, or fatigue performance, which are critical for gear 
service applications. In addition, the Python-based image anal-
ysis provides relative phase estimation rather than absolute 
phase quantification, and its accuracy depends on image quality 
and segmentation parameters. Despite these limitations, the 
scientific novelty of this study lies in the combined evaluation of 
rotation speed, quenching medium, and controlled flame heat-
ing on the surface hardening behavior of medium-carbon gear 
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steel. The results clarify the previously unresolved relationship 
between rotational kinematics during flame hardening and re-
sulting hardness-microstructure gradients, thereby addressing 
the research gap identified in the literature. 

Future work should therefore incorporate mechanical per-
formance testing under simulated service conditions, residual 
stress measurement, and numerical simulation of transient 
thermal fields to further elucidate the process-structure-prop-
erty relationships and enhance the industrial applicability of 
the proposed flame hardening strategy. Despite these needs for 
further investigation, the present findings already demonstrate 
practical relevance. The results are applicable to flame harden-
ing of gears and sprockets used in automotive, agricultural, and 
industrial machinery, particularly under continuous rotational 
flame heating with controlled quenching. The expected effects 
include improved surface hardness uniformity, enhanced wear 
resistance, and extended service life of gear components.

7. Conclusion

1. The variation of surface hardness under different flame 
hardening has been identified clearly. There are differences 
in function about austenitizing temperature, rotation speed 
of sprocket, and quenching medium on surface hardness that 
has been measured. According to the measurements, the spec-
imen quenched in water achieved a higher surface hardness of 
120.08 HRB, compared to the oil-quenched specimen. 

2. The results demonstrate that the combined influence of 
thermal exposure and cooling conditions significantly affects 
phase transformation behavior. Water quenching at 900°C and 
1503 rpm produced a predominantly martensitic microstruc-
ture with the highest hardness of 120.08 HRB, indicating rapid 
transformation from austenite to martensite. In contrast, oil 
quenching at 850°C and 1503 rpm resulted in a mixed marten-
site–bainite structure with a maximum hardness of 110.5 HRB, 
reflecting slower cooling rates and partial diffusion-controlled 
transformation. These findings confirm that higher austenitizing 
temperature coupled with rapid cooling promotes more complete 
martensitic transformation and greater hardness enhancement. 

3. The dominant mechanism that responsible for the surface 
hardness enhancement or reduction during flame hardening 
is the combined effect of increased austenitizing temperature 
and higher cooling rate. Increasing the austenitizing tem-
perature from 850°C to 900°C, coupled with water quenching 
at 1503 rpm, resulted in the highest hardness of 120.08 HRB, 
compared to 110.5 HRB obtained under oil quenching at 850°C 
and 1503 rpm. This improvement is associated with enhanced 
carbide dissolution and carbon enrichment of austenite, promot-
ing more complete martensitic transformation. Even though the 
excessive temperature with prolonged thermal exposure may 
reduce the hardness. Rotation speed significantly affects the 
thermal input and austenitizing uniformity, where at the lower 

speeds (1503 rpm) allowing more complete martensitic transfor-
mation and higher surface hardness.  

4. The optimum flame hardening condition for achieving 
maximum surface hardness and fine microstructure can be 
identified in the combination of austenitizing temperature at 
900°C, rotation speed of sprocket at 1503 rpm, and water quench-
ing. These combination parameters achieve the highest surface 
hardness that accompanied by fine martensitic microstructure.
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