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METALLURGICAL REASONS FOR GRINDING CRACKS AND THEIR DETECTION
Aggressive grinding can result in thermal damage and potential cracking of a ground part, 
but methods exist to detect grinding burns and cracks.

D. SCOTT MACKENZIE
SENIOR RESEARCH SCIENTIST - METALLURGY
HOUGHTON INTERNATIONAL INC.

GRINDING IS OFTEN A FINAL MACHINING STEP TO ACHIEVE 
desired surface finish or final dimensions. Grinding is a high-energy 
process where a lot of frictional energy is concentrated over a small 
region [1]. This localized energy is confined to the surface layers of 
the part being ground, resulting in a local rise in the surface tem-
perature. Depending on the increase in temperature, changes in the 
residual stress state and microstructure can result. Cracking is the 
limiting case of residual stress. 

Grinding defects can be classified into four categories [2]:
1. Oxidation burn
2. Thermal softening
3. Residual tensile stress
4. Re-hardening burn

The relative temperatures at which the various types of burning occur 
are shown in Figure 1.

Oxidation burn is primarily a discoloration of the workpiece. It 
is characterized by a typically blue temper scale on the part’s sur-
face. The freshly ground surface of a part will form an oxide that 
changes colors due to thin-film interference as the part is heated. 
The part’s color or oxide film indicates the part’s temperature. 
Typical colors and respective temperatures are shown in Figure 2. 
Oxidation burn is observed on the ground surface and in adjacent 
areas. The surface temperature, as evidenced by the temper colors, 
indicates aggressive grinding.

Thermal softening, which is a reduction of the hardness of the 
heat-treated part, occurs when the grinding temperatures exceed 
the tempering temperature. The temper colors can give an accurate 
indication if thermal softening has occurred. 

Residual tensile stress, with cracking as the limiting case, is due 
to thermal stresses exceeding the yield stress. This residual tensile 
stress can reduce the fatigue life of an in-service part. If the residual 
thermal stress exceeds the ultimate tensile stress, then cracking can 
result. This is illustrated in Figure 3.

The residual stress can be from either mechanical or thermal effects 
[5]. Mechanical effects and proper grinding result in a compressive 
residual stress at the surface. This is beneficial for fatigue. Thermal 
effect produces the opposite effect, with a residual tensile field at the 
surface. As the part is locally heated, the surface layer expands, but it 
is constrained by the lower undisturbed material. Compressive residual 
stress occurs at the surface. As the part cools, the surface layer contracts 
due to thermal contraction, resulting in a stress reversal — similar to 
that occurring during quenching. If the thermal stress is greater than 
the ultimate tensile strength, then cracking can occur. If the tempera-
tures developed during grinding exceed the austenitizing temperature 
of the steel, transformation to martensite also can occur. This austenite, 
when cooled, transforms to martensite. Martensite, upon transforma-
tion, has a volume expansion associated with transformation. This 

Figure 1: Different types of thermal damage occurring during grinding and the 
relative temperatures at which they occur [3]

Figure 2: Tempering colors of steel indicative of exposure temperatures [4] : (A) normalized; (B) as-quenched; (C) 350°F (176°C); (D) 400°F (204°C); (E) 440°F (227°C); (F) 
500°F (260°C); (G) 540°F (282°C); (H) 590°F (310°C); (I) 650°F (343°C); and (J) 730°F (388°C)
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expansion is on the order of 3 percent and is dependent on the percent 
of carbon present. This expansion, combined with the thermal stresses, 
can result in locally high residual stresses that can exceed the ultimate 
tensile strength and crack the part. This is known as re-hardening burn 
or cracking. This is illustrated in Figure 4 [5].

Burning also can occur without cracking. A martensitic transforma-
tion can occur, but no cracking occurs. A cross-section through the 
material would show a high surface hardness with a soft heat-affected 
zone (see Figure 5).

The carbon equivalent (CE) is a good measure of determining 
if the steel is prone to grinding cracks. It is identical to the carbon 
equivalent used to determine sensitivity to quench cracking. A com-
mon formula used to determine sensitivity to quench cracking and 
grinding cracks is the Dearden & O’Neill formula [6].

The mechanism of quench cracking and grinding cracks is identical. 
The cracks are typically intergranular and follow prior austenite grain 
boundaries. The cracks, when opened, may have a light oxide film on 
the crack faces [7].

EVALUATION OF SURFACE INTEGRITY
There are four primary methods for the detection of grinding burns: 
nital etch, eddy current, X-ray diffraction, and Barkhausen noise. 

Nital etching involves immersing the part in a solution of nitric 
acid and either water or alcohol. This method is a large-scale method 
similar to that used for metallographic examination. The typical 
concentration of nitric acid is 5 to 10 percent depending on the 
process specification. While alcohol (methanol) provides the best 

results, its use in a production facility is limited due to severe fire 
risk. Environmental and fire regulations often preclude the use of 
nital etching as an inspection method.

Nital etching is time-consuming and not typically suitable for high 
production. It is still used for 100-percent inspection of low-volume 
aerospace applications, such as the grinding of landing gears. This 
method cannot be automated and requires an operator to make 
a judgment on the severity of the burn. In some applications, the 
presence of any evidence of burn is cause for rejection (see Figure 6).

One problem with nital etching is the potential to cause hydrogen 
embrittlement. This is particularly true if the heat-treated hardness is 
above 36 HRC. To avoid hydrogen embrittlement, it is necessary to 
perform a hydrogen embrittlement stress relief. This is performed at 
275-350°F (135-176°C) for up to 24 hours.
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Figure 3: Illustration of the residual stress field resulting from normal
and abusive grinding

  Figure 4: Mechanical and thermal effects from grinding [5]
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Eddy current is an effective method to detect grinding burns and 
does not suffer the environmental or fire hazards of nital etching. 
Like nital etching, eddy current testing will only detect a grinding 
burn if a metallurgical transformation has occurred. It can detect 
surface softening but is not able to detect residual stresses. It is an 
effective method for determining if a part has cracks.

Eddy current testing can be automated but requires the method to 
have appropriate standards developed for the application. 

X-ray diffraction is the most sensitive method to residual stress. It is 
quantitative, but slow. It is performed in a laboratory setting and yields 
quantitative results. Examination of residual stress as a function of depth 
is possible but requires laborious surface removal. This can often obscure 
results if proper care is not taken to remove the progressive surface layers.

Barkhausen noise is named after German scientist Heinrich 
Barkhausen at the Technische Hochscule Dresden, who discovered 
the Barkhausen effect in 1919. He discovered that when a changing 
magnetic field is observed in a ferrous material, the magnetism of the 
material changes in a series of small jumps. These discrete jumps in 
the magnetic field are the result of magnetic domains suddenly mov-
ing past lattice defects.  This method is sensitive to residual stress and 
hardness, and it has a significant penetration depth [8]. It is readily 
automated. It also is recognized by specification for aerospace and 
automotive applications [9].

A comparison of the methods for detection of grinding burns is 
provided in Table 1.

CONCLUSIONS
Grinding is used in many applications during final finishing of heat-
treated parts. It is a high-energy process with much of the energy 
converted to heat. This heat can cause detrimental residual stress and 
microstructural changes that can reduce product life. Proper control 
of the grinding operation is critical to reduce grinding burn. 
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Figure 5: Hardness distribution near the surface due to abusive grinding

Figure 6: Illustration of abusive grinding detected by localized nital etching

Feature Nital Etch
Eddy 

Current
X-ray 

Diffraction
Barkhausen 

Noise

Non-destructive No Yes Yes Yes

Standardized Yes Yes Yes Yes

Use of Chemicals Yes No No No

Automated No Yes Yes Yes

Objective No Yes Yes Yes

Quantitative No Yes Yes Yes

Reliable No Yes Yes Yes

Evaluation Through Coatings No Yes No Yes

Danger of Hydrogen
Embrittlement

Yes No No No

Influenced by Both Stress 
and Microstructure

No No Yes Yes

Fast No Yes No Yes

Can Easily Examine
Large Areas

Yes Yes No Yes

Table 1: Comparison of different methods to evaluate grinding burns [10]
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