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Abstract: The subject of our study is the effect of the tempering duration /for up to 7 hours, at 180°C/ on the mechanical properties of 
20CrMo5 quenched steel samples. Possibilities were studied, including through eddy currents, to control the final tempering of parts which 
have gone through carburizing, double-quenching and interim high-temperature tempering. The parts were 20CrMo5 steel shafts, which had 
their carburized layer removed in certain zones before the thread was made. 

It has been established that a strong correlation exists between the HV50 quality indices and the eddy currents characteristic Z. 
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1. Introduction 
A number of carburized parts have sections which do not need 

to be quenched to a maximum hardness. Such areas have a specific 
function or they are located outside the main performance 
characteristics range [4]. For instance, in the hydraulic motor 
structure such examples are the external threads of output shafts 
with a conical coupling section. The threaded area is the object of 
special attention during carburizing due to the possible 
concentration of all kinds of defects resulting from this 
thermochemical processing: high levels of residual austenite, 
emergence of free carbides and a carbide network, deeper 
decarburized layers [1, 2]. On the other hand, the formation of 
threads through grinding or plastic deformation /rolling/, further 
deteriorates the negative consequences of carburizing. 

With thread made with a cutting tool, we can observe that the 
metal texture banding gets interrupted, while with parts with 
different texture and hardness, and with progressing tool wear, 
defect zones are formed at the base of the thread. 

  
Fig.1. Microstructure at the  
root between 2 thread crests,  
Scale 50µm. 

Fig.2. Microstructure at the  
root between 2 thread crests,  
Scale 100µm. 

 

  
Fig.3 Microstructure at the  
thread crests, Scale 50µm. 

Fig.4. Microstructure at the  
thread crests, Scale 100µm 

Another technological option is thread formation through plastic 
deformation [13]. The characteristic structure of such threads after 
thread-rolling and after carburizing is illustrated in Fig.1, 2, 3, 4. 
Depending on the steel properties, a zone of excessive density is 
formed in the area of maximum plastic deformation, Fig.2. When 

the material “flows out” towards the external diameter of the thread, 
two layers meet, which in certain circumstances do not weld 
together, and when the material is insufficient, the profile is not 
filled, Fig.4.The thread crest is saturated with carbide phases, and 
the residual austenite quantity is considerable, and unevenly 
distributed depending to the microstructure banding, Fig.3. A 
narrow oxidized layer can be observed on the surface. The 
microstructural banding in the excessive density area results in 
significantly decreased distances between the separate bands, Fig.2. 
Consequently, the chemical inhomogeneity effect is stronger, too. 
Apart from everything mentioned above, it should be taken into 
consideration that the degree of plastic deformation is different at 
the root and at the entry/exit point of the thread. 

With respect to carburizing, quenching and tempering, the 
threaded zone is especially sensitive to the processing mode. The 
smaller forms, in comparison with the shaft body, are heated up 
quickly, and take in carbon, which spreads and equalizes its 
concentration across the whole cross section. During cooling, prior 
to quenching, conditions develop in the profile for the release of 
carbon which exceeds the equilibrium quantity in the form of 
carbides and considerable amounts of austenite do not turn into 
martensite, Fig.3. If these peculiarities describe the microstructure, 
the inhomogeneity on a macrostructural level related to the 
outcomes of thermochemical processing increases due to the 
furnace unit specifics, the batch quantity, the fluctuations in the 
chemical composition within the same grade, etc. 

Regarding exploitation, the thread is under tensile stress, and 
when there is residual tensile stress [2, 5], the risk of premature and 
unpredictable destruction is increased. 

Taking these peculiarities into account, there are many possible 
technological measures for preventing premature destruction in the 
area of the thread, but some of them could be the following: 

1. Careful investigation of the effect of LTT technological 
factors, temperature and time, both for carburized and protected 
thread, as well as for the cases when the carburized layer has been 
removed. 

2. Protection of the threaded zones from carburizing [4]. 
3. Removal of the carburized layers, thread cutting and final 

quenching of parts [4]. 
4. Manufacture of the threaded part from a different 

material. 
The need for strict measures like those mentioned above lies in 

the fact that the early destruction in the area of the thread leads to 
the end of life of the engine as a whole, and on the other hand, it 
puts the safety of the personnel operating it, and others surrounding 
them, at risk. 
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Just like all other threaded connections, this type, does not 
guarantee any tensile strength either, nor the plastic or performance 
properties after carburizing, quenching and tempering [6]. That is 
why, the determination of the mechanical properties of the base 
material throughout the technological process is of primary 
importance for the reliability of the hydraulic motor. 

2. Object of research 
Samples of 20CrMo5, WN 1.7264 steel were made for 

mechanical trials and hardness measurements. 
Steel is the main material for the manufacture of hydromotor 

shafts and has the following chemical composition, Table 1. 

Таble 1. Chemical composition of steel 20CrMo5 
 %С %Si %Mn %P %S %Cr %Mo 

Min. 0.18 0.15 0.90   1.10 0.20 

Max. 0.23 0.35 1.20 0.035 0.035 1.40 0.30 

The trials carried out involved the following sequence of stages: 

1. Меchanical processing and first quenching from 860 °С. 
2. High-temperature tempering - 695 °С/4 h. 
3. Final quenching from 860 °С. 
4. Tempering at 180 °С for 30, 60, 120, 240, 420 min. 

The given sequence aims to study the changes in the carburized 
steel core. The difference from real parts lies in the lack of 
carburizing. 

3. Objectives of research 
The research aims to determine the mechanical properties of 

steel in the area of the thread after going through the described 
modes of thermochemical and mechanical processing. Also, it aims 
to draw up a control plan, to determine the area for quality control 
of every shaft and draw up a control plan, and to determine the 
tensile strength class of the thread according to ISO 898-1:2009 
[12].  

4. Меthodology of research 
Measurements were made of Vickers hardness - HV50, БДС 

EN ISO 6507-1[10] and the eddy current characteristic, Z [7, 8, 9]. 
Mechanical trials were conducted in accordance with BDS EN 
10002-1[11] and the tensile strength Rm was established, as well as 
the conditional yield strength Rp0,2. The results were presented 
graphically and correlations were analysed. The results were 
evaluated in the light of the Hollomon-Jaffe correlation [3, 4], i.e. 
considering the joint effect of the two technological factors of LTT: 
temperature and time. 

(1) Pa=T*(C+log τ) 

where: C is a constant value, in this case equal to 20; Т - 
temperature [°К]; τ - time [min]. 

5. Test results 
The test results are presented in Table 1. 

Таble 1. Mechanical properties and the eddy current characteristic 
depending on LTT duration 

TAUan 
[min] 

Pa (HJ) HV50 Z Rm 

[MPa] 
Rp0,2 

[MPa] 
Rp0,2*100/ Rm 

[%] 

0 9060 438 4,4 1467 1129 76.9 

30 9729 434 5 1457 1160 79.6 

60 9866 456 2,25 1456 1166 80 

120 10002 424 5,25 1439 1160 80.6 

240 10138 424 4,7 1433 1171 81.7 

420 10248     394 6,25   1435  1182 82.4 

Fig. 5, 6, 7, 8 are the graphical representation of the correlations 
of hardness, the eddy current characteristic and the conditional 
tensile strength and yield strength values. 

The eddy current characteristic, Z is recorded at different 
operating frequencies. With operating frequency of 5 KHz, Fig.5., 
the test measured the highest correlation coefficient with hardness 
HV50 . 

 
Fig.5. Variations in the eddy current characteristic Z depending on the 

LTT duration 

It was established that the HV50 hardness smoothly changes 
with the increased LTT duration. The “jumps” in the variation of 
hardness for TAUan = 60 min were confirmed by means of the 
eddy current testing and they need to be further investigated through 
additional experiments. A significant change in the hardness 
occurred after 240  min. 

 
Fig.6. Variations in the HV50 hardness depending on LTT duration 

A correlation analysis was used to examine the HV50 hardness 
and the eddy current characteristic, Z. The analysis defined a strong 
negative correlation with a correlation coefficient R= -0,911, while 
the correlation analysis of Z and the conditional tensile strength and 
yield strength defined a weak and a missing correlation, 
respectively. 
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Fig.7. Variations in the conditional tensile strength depending on LTT 
duration 

The conditional tensile strength Rm diminishes smoothly for the 
duration of 240 min, after which it remains almost constant, Fig.7.         

If we ignore the intermittent “jumps” in yield strength for 60 
min of LTT, Fig.8, we can accept that there is a rising tendency in 
the studied mechanical property. The absolute values of the two 
maximum variations of the tensile strength and the yield strength, at 
the start and the end of the process are approximately the same: 30-
50 MPa. 

 
Fig.8. Variations in the conditional yield strength Rр0,2  depending on  

LTT duration 

 
Fig.9. Variation in the correlation Rр0,2 / Rm depending on the LTT 

duration. 

The variation in the Rр0,2/Rm correlation is important for defining 
the thread strength property class. According to ISO 898-1:2009, 
class 12.9 Rm requires a minimum of 1220 MPa, the yield strength – 
a minimum of 1100 MPa, and the ratio between the two properties 
must be 90%. These values are purely conditional as the 
requirement for minimum 380°C temperature of tempering has not 
been met. The two strength characteristics have values which 
considerably exceed the required minimum. Their setting to lower 
levels would require tempering temperatures, which would lower 
the hardness below 59 HRC as well as other properties in the 
carburized and quenched zones of parts. With such limitations the 
thread quality is mainly dependent on the relative elongation A%. 

The results obtained, Fig.9; 10, show that with 180°С LTT and 
an increasing duration, there is a tendency of rising and 
approximating the 90% ratio. After 240 min of tempering this 
tendency is mainly maintained by the increased yield strength. 

Considered in the light of the Hollomon-Jaffe dependence, the 
variation in the ratio between the two strengths gives the possibility 
to complement the existing data with such for LTT temperatures, 
which are different from the studied one here - Fig.10. 

 

 
Fig.10. Variation in the Rр0,2 / Rm correlation depending on the 

tempering parameter Ра. 

The polynomial interpolation of the data shown in Fig.10 is 
with a high coefficient of determination R2=0.994 and it enables us 
to calculate the tempering parameter forecast value which will 
ensure a 90% ratio between the two strengths. With a temperature of 
LTT Tan=180°С, this result will take 40000 min to achieve, or more 
than 670 h, i.е. Pa=11160. If we accept that the Hollomon-Jaffe 
correlation is fully valid for LTT, the same value for Pa is possible 
to achieve at Tan=200°С and TAUan= 3870 min, or at Tan=220 °С 
and TAUan= 425 min. 

6. Conclusions 
Predictably, the existence of at least 2 zones of different surface 

hardness after carburizing, quenching, and LTT on the same 
workpiece presupposes an automatic increase in the number of 
control points. The differentiation of a control point in the area with 
removed carburizing is related to the formation of a special surface 
area for hardness measurements and eddy current testing. This must 
feature in the control plan as well as the respectively prescribed 
requirements. The periodical mechanical testing for defining the 
tensile strength class can be carried out much less frequently if there 
is accumulated data of parts from a number of batches/lots. The 
non-destructive eddy current testing allows checking all parts within 
a short time. The results make it clear, that although conditionally, 
the requirement for the relation between the tensile strength and the 
yield strength can be met if the LTT duration is long enough, which, 
however, is not cost-effective and would be a great obstacle for the 
production rhythm. That is why, in view of the primary effect of 
temperature as a technological index, it would be appropriate to 
carry out LTT at higher temperatures, e.g. 220 °С. The results 
obtained can also lead to defining the sensitivity of the eddy current 
testing to the LTT technological factors. The search for optimal 
operating frequencies can be assisted by a correlation analysis. 
There is evidence which confirms the joint influence of the two 
technological LTT factors, temperature and time, on the mechanical 
properties of parts. 
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