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Abstract  
The engineering and economical aspects of optimization of steel shaft quenching and 
tempering were investigated. The mathematical model and method of computer 
simulation for prediction of fatigue properties quenched and tempered steel has been 
developed. Computer simulation of fatigue properties quenched and tempered steel has 
been applied in optimization of quenching and tempering of steel shaft. Proper heat 
treatment process was accepted based on economical analyse. Fatigue properties of 
quenched and tempered steel have been predicted based on microstructure composition 
and yield strength. Microstructure composition and yield strength have been predicted 
based on as-quenched hardness. Distribution of as-quenched hardness in workpiece 
was predicted by computer simulation of steel quenching using a finite volume method. 
The as-quenched hardness is estimated based on time of cooling and on Jominy test 
results. It was taken into account that mechanical properties of quenched steel directly 
depend on hardness and degree of hardening and microstructural constituents. Using a 
numerical simulation of microstructure and mechanical properties, it was found out that 
best fatigue properties investigated shaft has if it was machined or formed on proper 
geometry before proper quenching and tempering. By economical analise of 
investigated shaft manufacturing was found out that most suitable shaft manufacture 
process is to manufacture the shaft from the quenched and tempered bar. But in this 
case, heterogeneous microstruture of ferrite, perlite, bainite and martensite, with very 
low fatigue limit could appeare at some critical locations. 
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1 INTRODUCTION 
 

The numerical simulation of hardness distribution in quenched steel specimen has 
one of the highest priorities in simulation of phenomena of steel quenching, and in 
prediction of mechanical properties of quenched steel specimen. Hardness, yield 
strength, toughness and fatigue properties are in relation with each other.[1] Hardness 
distribution in quenched steel specimen could be predicted by computer simulation, and 
after that yield strength, toughness and fatigue properties can be predicted based on 
hardness distribution. 

Fatigue properties of quenched and tempered steel mostly depend on steel 
microstructure. For that reason, there are two main tasks that should be solved in 
simulation of steel quenching: (a) prediction of temperature field change; (b) prediction 
of microstructure composition. Mathematical model of microstructure composition in 
quenched steel can be based on characteristic time of cooling from 800 to 500°C (t8/5) 
during the quenching.[2,3,4] The hardness at specimen points can be estimated by the 
conversion of cooling time results to hardness by using both, the relation between 
cooling time and distance from the quenched end of Jominy specimen and the Jominy 
hardenability curve. The time of cooling at specimen point can be predicted by numerical 
simulation of cooling using the finite volume method.[4,5,6] 

 
2 PREDICTION OF QUENCHED AND TEMPERED STEEL HARDNESS 
 

The referent hardness at specimen points in the quenched and tempered state can 
be estimated from the referent as-quenched hardness, HRCquenched, by:[7,8] 
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where K is the factor between as-quenched and tempered hardness. Factor K can be 
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where Ttemp/K is the tempering temperature, t/h is the time of tempering, while A, B, C1, 
a, n1 and n2 are the material constants. Referent quenched and tempered hardness 
depends on minimum Rockwell C hardness which could be achieved in actual steel. 
Minimum Rockwell C hardness for actual steel is depends on chemical composition and 
tempering temperature. 
 
3 PREDICTION OF QUENCHED AND TEMPERED STEEL MICROSTRUCTURE 
 

Microstructure composition of as-quenched steel depends on the chemical 
composition, severity of cooling, austenitizing temperature and steel history. Actual steel 
hardness depends on microstructure composition: 
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Amount of phase’s portions is equal unity: 

 
( ){ } 1100%%%% =+++ martensitebainitepearliteferrite     (4) 

 
The austenite decomposition results can be estimated based on time, relevant for 

structure transformation. The characteristic cooling time relevant for structure 
transformation for most structural steels, is the time t8/5. If other heat treatment 
parameters are constant, the austenite decomposition results at some locations of a 
cooled specimen will depend only on the time t8/5. It could be written for Jominy 
specimen that phase hardness depends on chemical composition and cooling rate 
parameter that corresponds to actual distance d of Jominy specimen quenched end. It 
was adopted that cooling rate parameter is equal to log(t8/5).

[9] 
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where N is normalizing, and BHVmax  is hardness of lower bainite. Characteristic value of 

HV, KM, KB, KP+F and t8/5 in Eq.(5), Eq.(6) and Eq.(7) has to be evaluated for investigated 
steel combined with Jominy test results. Hardness of quenched structures with 
characteristic percentage of martensite can be predicted by using the diagram of 
hardness at different percentages of martensite vs. carbon content after Hodge and 
Orehoski[10] and Jominy curve. Similar as for martensite, the regression relations 
between the time t8/5 and characteristic pearlite fractions have to be established.[9] If the 
total hardness and hardness of microstructure constituents separately are known, and if 
the phase fraction of one of microstructure constituents is known, it is not difficult to 
predict fractions of other phases by the Eq.(3) and Eq.(4). 
 
4 PREDICTION OF QUENCHED AND TEMPERED STEEL FATIGUE PROPERTIES 
 

Relation between hardness, HV, and yield strength, Rp0.2/MPa is equal to:[11] 
 

( ) 20017003.024.020 C-HVCRR ,pe ++==        (8) 

 
Coefficient C which is ratio between the actual hardness and hardness of martensite 

in Rockwell C hardness, should be taken in account since as-quenched and quenched 
and tempered steel properties depends on degree of quenched steel hardening.[1] 
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In comparison with yield strength the fatigue resistance properties additionally 
depend on microstructure, especially it depend on ferrite phase composition. The effect 
of tempering and microstructure composition is relatively small for region 2 growth rates, 
but the effect may be large near the threshold in region 1 growth rates. Continuous 
ferrite phase reduces fatigue crack growth resistance near the threshold. With 
segregation of ferrite phase in form of continuous network substantial reducing in fatigue 
crack growth resistance near the threshold is possible. 

Controlling microstructural unit for low- to medium-strength steels is reversed plastic 
zone size, Rp±, which is useful to compare with the grain size. Cyclic slip will not proceed 
if the grain size, d, is greater than the reversed plastic zone size. Substituting that          
d = Rp± the fatigue crack initiation threshold, ∆Kth, below which fatigue cracks would not 
initiate at specimen points in the quenched and tempered state, can be estimated by:[12] 
 

21)12( dRK eth π=∆           (9) 

 
Including the microstructure effects, it could be find out that: 
 

21dnARK eth =∆           (10) 

 
where n is the parameter depending of ferrite volume, while A is the material constant. 
 
 
5 APPLICATION 
 

The established method for prediction of fatigue resistance of quenched and 
tempered steel is applied in design of heat treatment of steel shaft made of steel 
42CrMo4 (DIN). The chemical composition of steel is 0.38 %C, 0.23 %Si, 0.64 %Mn, 
0.019 %P, 0.013 %S, 0.99 %Cr and 0.16 %Mo. Jominy test results of steel 42CrMo4 are 
shown in Table 1. 
 
Table 1. Jominy test results of steel 42CrMo4 

Jominy 
distance/mm 

1.5 3 5 7 9 11 13 15 20 25 30 

Hardness/HV 610 605 590 576 555 524 487 446 379 344 324 
Jominy 

distance/mm 
35 40 45 50 55 60 65 70 75 80 - 

Hardness/HV 311 303 297 293 292 291 289 288 288 288 - 

 
Based on the Jominy test results the diagram of microstructure composition in 

dependency of cooling times from 800 to 500°C, t8/5, was done. Calculated 
microstructure compositions vs. time t8/5 of investigated steel are shown in Figure 1. 
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Figure 1. Microstructure compositions vs. time t8/5; (P+F) - Pearlite + Ferrite; B - Bainite; M – Martensite. 

 
Geometry of steel shaft is shown in Figure 2a. Three different manufacture 

processes of the steel shaft were designed. In the first manufacture process before final 
cutting process the shaft was quenched in oil with the severity of quenching equal to 
0.25. In the second manufacture process the shaft was quenched in oil with the severity 
of quenching equal to 0.4. And finally in the third process steel shaft was manufacture 
from the quenched and tempered bar of diameter of 130 mm. The steel shaft in the third 
process was quenched in oil with the severity of quenching equal to 0.4. The tempering 
temperature in all three processes was 600°C. Geometry of steel shaft prepared for the 
heat treating processes are shown in Figure 2b and Figure 2c. In Figure 2b and      
Figure 2c geometry of steel shaft after final machining is shown by dashed line. 
Parameters of heat treatment processes are shown in Table 2. 
 
Table 2. Parameters of heat treating processes of steel shaft 
Process Machining Quenching Tempering 

Temperature Quenchant Temperature Time 
1 yes 850°C oil – no agitation 

H = 0.25 
600°C 1 hour 

2 yes 850°C oil – good agitation 
H = 0.4 

600°C 1 hour 

3 no 850°C oil – good agitation 
H = 0.4 

600°C 1 hour 
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a) b)  c)  
 

Figure 2. a) geometry of steel shaft, b) geometry of steel shaft prepared for processes 1 and 2,                 
c) geometry of steel shaft prepared for process 3. 
 

Distributions of hardness of as-quenched workpieces with different shapes are 
shown in Figure 3. Distributions of hardness and yield strength of quenched and 
tempered workpieces treated by process 1, 2 and 3, respectively, are shown in Figure 4, 
Figure 5 and Figure 6. 
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a)  b)  
 
 

c)  
Figure 3. Distributions of hardness of as-quenched workpieces, a) process 1, b) process 2, c) process 3. 
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a)  b)  
Figure 4. Distributions of mechanical properties of quenched and tempered workpiece treated by    
process 1, a) hardness, b) yield strength. 
 

a)  b)  
Figure 5. Distributions of mechanical properties of quenched and tempered workpiece treated by   
process 2, a) hardness, b) yield strength. 
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a)  b)  
Figure 6. Distributions of mechanical properties of quenched and tempered workpiece treated by   
process 3, a) hardness, b) yield strength. 
 

Location A is a critical place for possible fatigue crack growth (Figure 2b and      
Figure 2c). Predicted microstructure composition and fatigue resistance properties at 
location A are shown in Table 3. 
 
Table 3. Microstructure composition and fatigue resistance properties for location A 

Properties 
Process (Table 2) 

1 2 3 
Hardness/HRC 41 48 30 

Yield strength Re/MPa 696 794 541 

Phase fractions/% 
F+P 3.7 2.1 9.2 

B 52 33.3 85.1 
M 44.3 64.6 5.7 

Fatigue threshold, ∆Kth/MPam1/2 13.7 16.7 9.2 

 
It is visible that at location A the as-quenched microstructure of homogeneous 

martensite and bainite can be achieved only by process 2 or by process where 
workpiece was machined before quenching in oil with the severity of quenching equal to 
0.4 (Figure 3b). More heterogeneous as-quenched microstructure at surface locations 
will be achieved by processes 1 and 3, which leads to reduced fatigue crack initiation 
threshold. 

By economical aspects of simulation of investigated shaft manufacturing, most 
suitable shaft manufacture process is process 3, which means to manufacture the shaft 
from the quenched and tempered bar of diameter of 130 mm. But in this case, at critical 
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location A (Figure 2b and Figure 2c), heterogeneous microstructure of ferrite, perlite, 
bainite and martensite will be received, with lowest fatigue limit. Taking in account all 
circumstances it could be found out that proper process for manufacturing of the 
investigated shaft should be process 2. 
 
6 CONCLUSIONS 
 

A mathematical model for prediction of fatigue resistance of quenched and tempered 
steel was developed. The model is based on finite volume method. The mathematical 
model has been applied in optimization of the manufacturing of a quenched and 
tempered steel shaft. The hardness distribution in the quenched workpiece is estimated 
based on time of cooling from 800 to 500°C, t8/5, and on results of the Jominy test. 

The prediction of distribution of microstructure composition and yield strength is 
based on steel hardness. Fatigue resistance properties are predicted based on yield 
strength and microstructural constitution. 

It can be concluded that mechanical properties of quenched and tempered steel 
workpieces can be successfully calculated by the proposed method. For more efficient 
estimation of fatigue resistance, additional data about microstructure are needed. 
Proposed method can be successfully applied in optimization of the manufacturing of a 
quenched and tempered steel shaft. 

Using a numerical simulation of microstructure and mechanical properties, it was 
established that proper manufacture process of investigated shaft manufacturing should 
consists of machining or forming in proper geometry followed by proper quenching and 
tempering. For good fatigue resistance steel shaft should be quenched in oil with good 
agitation. 
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