
FLAME HARDENING: 
PROCESS, MICROSTRUCTURE, AND 
MARTENSITE FORMATION

Introduction
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Flame hardening is a surface heat treatment process used to increase the hardness and 
wear resistance of steel components while maintaining a tough and ductile core. The 
process involves rapidly heating the surface of a steel component to its austenitizing 
temperature using an oxy-fuel flame, followed immediately by quenching. This rapid 
cooling transforms the heated surface into martensite, producing a hardened case. 

Common applications include gears, sprockets, rails, cams, shafts, machine ways, wear 
plates, and other components requiring a hard, wear-resistant surface with a tough 
core.

Figure 1. Principle of Progressive Flame Hardening



Basic Principle of Flame Hardening 
The flame hardening process consists of three primary stages:

Steel Microstructure Before Flame Hardening 
Most flame-hardened components are manufactured from medium-
carbon steels such as:

1. Heating

2. Austenitization

3. Quenching

A flame head heats the surface of the steel to the austenitizing temperature, typically:
•	 1450°F to 1650°F (790°C to 900°C)
•	 Depending on carbon content and alloy composition
The heating rate is extremely rapid and is concentrated at the surface.

As temperature increases above the critical transformation temperature, the steel’s 
microstructure transforms to austenite. 

The original ferrite and pearlite structure dissolves, allowing carbon atoms to enter 
solid solution within the face-centered cubic (FCC) austenite crystal structure.

Prior to hardening, the microstructure typically contains:

•	 1045
•	 1050
•	 4140
•	 4340
•	 4150
•	 1541

Water or polymer quench immediately follows the heating source.

Rapid cooling prevents carbon diffusion and forces the austenite to transform into 
martensite, producing a hardened surface layer.



Formation of Austenite

Martensite Formation

Ferrite

Pearlite

Ferrite is a relatively soft phase of iron with low carbon content.
Characteristics:
•	 Body-centered cubic (BCC) crystal structure
•	 Soft and ductile
•	 Low hardness

Pearlite consists of alternating layers of ferrite and cementite.
Characteristics:

•	 Moderate hardness
•	 Good strength
•	 Lamellar appearance under magnification

The combination of ferrite and pearlite provides machinability and toughness before 
heat treatment.

During heating, the steel reaches its critical temperature.
At this point:
•	 Ferrite begins to dissolve.
•	 Cementite breaks down.
•	 Carbon diffuses into the iron matrix.
•	 The structure transforms into austenite.

Austenite possesses a face-centered cubic (FCC) crystal structure which can dissolve 
significantly more carbon than ferrite.

This transformation is essential because martensite can only form from austenite.

Martensite is produced when austenite is cooled rapidly enough to prevent carbon 
diffusion.

Unlike other transformations, martensite forms through a diffusionless transformation.



As the steel cools:

•	 Carbon atoms become trapped.
•	 The FCC austenite structure collapses.
•	 The crystal lattice distorts into a body-centered tetragonal (BCT) structure.

This distortion creates tremendous internal stress within the crystal lattice, resulting in 
very high hardness.

Martensite possesses:
•	 Extremely high hardness
•	 Excellent wear resistance
•	 High compressive strength
•	 Reduced ductility
Typical hardness values: 

Only the heated surface transforms to martensite.
Below the hardened layer, temperatures remain below the critical range.
The result is a gradient consisting of:

Actual hardness depends upon:
•	 Carbon content
•	 Alloy composition
•	 Heating temperature
•	 Quench severity
•	 Prior microstructure

Characteristics of Martensite

Case Depth Development

Material Surface Hardness
1045 50-55 HRC
1050 52-58 HRC
4140 52-58 HRC
4340 55-60 HRC

Surface Layer
•	 Martensite
•	 Maximum hardness



Transition Zone

Fine Austenitic Grain

Coarse Austenitic Grain

Core

•	 Mixed microstructure
•	 Partial transformation

Produces:
•	 Better toughness
•	 Improved fatigue resistance
•	 More uniform hardness

Produces:
•	 Increased brittleness
•	 Reduced toughness
•	 Greater cracking risk

Excessive heating temperature or prolonged heating time can cause grain growth.

Proper flame hardening practice minimizes time at temperature to maintain a fine grain 
structure.

•	 Original ferrite/pearlite structure
•	 Retains toughness and ductility

This combination provides the major advantage of flame hardening: 
Hard surface + tough core

Typical effective case depths:
•	 0.040” to 0.250”
•	 Larger depths possible on heavy sections

Grain Structure Considerations
Proper grain size is critical for achieving optimal mechanical 
properties.



Tempering After Flame Hardening
Following hardening, many components are tempered to reduce 
internal stresses.

Tempering:
•	 Improves toughness
•	 Reduces brittleness
•	 Relieves residual stresses
•	 Slightly lowers hardness

Typical tempering temperatures:
•	 300°F–500°F (150°C–260°C)

The final structure becomes tempered martensite.

•	 Increased wear resistance
•	 Improved fatigue strength
•	 Minimal distortion compared to through hardening
•	 Economical for large components
•	 Selective hardening of critical areas
•	 Retention of tough core properties

Flame hardening is commonly used on:
•	 Gears
•	 Sprockets
•	 Crane wheels
•	 Rails
•	 Shafts
•	 Rollers
•	 Cam surfaces
•	 Wear plates
•	 Machine guideways
•	 Heavy equipment components

Advantages of Flame Hardening

Common Industrial Applications



CONCLUSION
Flame hardening is an efficient surface hardening process that selectively transforms the surface 
of medium-carbon steels into martensite while preserving a tough core.

Through controlled heating, austenite formation, and rapid quenching, components achieve 
improved hardness, wear resistance, and fatigue performance. Understanding grain structure 
evolution and martensitic transformation is essential for producing consistent, high-quality flame 
hardened components in industrial applications.


