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Abstract. This article concerns distortion of a workpiece after induction-hardening under various 
conditions. It focuses particularly on the effects of quenching water temperature, PAG polymer 
concentration and the rotation speed of the workpiece during induction hardening. Electrical as well 
as non-electrical quantities which affect the process were monitored. They included the current 
passing through the inductor, the power frequency, quenching water temperature, the flow rate of 
the quenchant through the spray-quench device, the speed of rotation of the workpiece and some 
others. The workpiece was a cylinder 70 mm in length which contained a drilled off-axis through 
hole. Prior to hardening, dimensions of the workpiece and the hole were measured on three planes 
set in different distances from the bottom face. The measurement was repeated after induction 
hardening and the findings are reported in this article. Post-process hardness was measured on the 
cylindrical surface of the workpiece. Hardening depths obtained with different quenchants were 
measured. 

1. Introduction 

The first section of this article describes the induction hardening process of the cylindrical 
workpiece shown in Fig. 1. It details the induction system and measuring system parameters and the 
handling of the workpiece in the process. The second section deals with measurement of dimensions 
and material properties in workpieces after hardening with various quenchants and rotation speeds. 
The purpose of this experiment was to characterize the impact of these two variables, predominantly 
on distortion and surface hardness. Testing conditions are mentioned in Table 1. 

Table 1. List of tested various conditions 

 Workpiece 
identification 1,2,3 4,5, 6 7, 8, 9 10, 11, 

12 
13, 14, 

15 
16, 17, 

18 
19, 20, 

21 
22, 23, 

24 
Polymer 

concentration [-] 4.2 8.2 12.5 - - - - - 

Water temperature [°C] 24 24 24 20 35 55 20 20 
Speed [rev·s-1] 11.1 11.1 11.1 11.1 11.1 11.1 6 20 
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Fig.1. Cylindrical workpiece 

Fig. 2. Inductor, spray-quench device and cylindrical workpiece in the initial position 

2. Induction Hardening Process  

Induction system parameters 
In these experiments, a full-bridge 
IGBT generator and a HF transformer 
with a serial compensation on its 
primary side were used. The resonant 
frequency was 25 kHz. Components 
of the induction system (generator, 
transformer, capacitor, inductor, 
cold-crucibles and calorimeters)   
were water-cooled, where the water 
temperature was measured on the 
inlet and outlet. The water flow rate 
was measure as well. Input electric 
parameters (power consumption, 
phase currents, phase voltage etc.) of 
the generator were measured, as was 
the inductor voltage and current, the 
current on primary side of the 
transformer and the voltage at the 
outlet terminals of the generator. 
Detailed information about this induction system can be found in [1], [2]. 
 
Electric parameters of hardening process 
 
The induction system was set up to ensure that the desired surface temperature of the cylindrical 
load is obtained. Depending on the relative positions of the workpiece and the inductor, the highest 
workpiece surface temperature varied in the range of 920–1050°C (more details are given in section 
2.4). This temperature is sufficient for obtaining austenite in a surface layer of at least 2 mm 
thickness. Workpiece dimensions are given in Fig. 1. Using various heating parameters, 
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Fig. 3. Dimensions of the inductor, the spray-
quench device and the workpiece whose travel 
during hardening is indicated in the drawing 

24 cylindrical workpieces were induction-
hardened. The electrical parameters of the 
induction generator were identical for all 
workpieces.  
The output current of the generator was 75 A at a 
resonant frequency of 25 kHz. At these inductor 
generator parameters, the voltages at the terminals 
of the high-frequency transformer and the output 
terminals of the generator were 2120 V and 245 V, 
respectively. The transformation ratio of the high-
frequency transformer was 16:1.  
The voltage was the same at the capacitor bank 
connected in series with the transformer. The 
capacity of the capacitor bank was 0.3 uF. 
The active power input of the source was 13 kW. 
The entire induction system operated at 60% 
efficiency; the inductor alone at 88%. The power 
losses across the system were as follows: high-
frequency transformer: 3.3 kW, inductor: 0.9 kW, 
induction generator and capacitors: 0.8 kW. As a 
result, the power transmitted to the workpiece was 
8 kW. 
Pure resistance and inductivity were measured at 
the inductor terminals while the workpiece was 
placed inside the inductor. In this arrangement, 
inductivity was 200 nH and pure resistance was 
350 uOhm. Measurement of pure resistance and 
inductivity was also performed at the terminals of 
the primary side of the high-frequency 
transformer. The inductor, with a workpiece 
inside, was connected to its secondary side. In this 
arrangement, inductivity was 178 nH and pure 
resistance was 3 uOhm. The measurement was 
performed at 1 kHz frequency. Fig. 2 shows the 
copper inductor. It had two coil turns and an inside 
diameter of 32 mm. Its leads were approx. 
100 mm in length and the conductor had a 
diameter of 8 mm. The gap between the coil turns 
was 2 mm. 
 
Non-electric parameters of hardening process 
 
Fig. 2 also shows an in-house designed spray-
quench device. It was built from the PET 
material in a 3D printer. Its inside diameter was 
45 mm. Its internal wall with nozzles was 
inclined at 20°. There were 200 nozzles in four 
horizontal rows. These nozzles were cylindrical, 1 mm in diameter. The nozzles and the jets of 
quenchant are indicated in Fig. 3. 
Figs. 2 and 3 also show the cylindrical workpiece in its initial position before the start of hardening. 
In Fig. 3, changes in the position of the workpiece during hardening are indicated. When the 
workpiece is in its upper initial position in Fig. 3, the spray-quench device is in its initial position 
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before hardening. The entire process took 56 seconds. The workpiece was lowered 129 mm at 
varying speeds, until it reached its final bottom position. It is shown in this position at the bottom of 
Fig. 3.  
Hardening begins by starting the spray-quench device, the induction heating, rotating the workpiece 
and lowering it from its initial position. While travelling the first 9 mm over 9 seconds, i.e. at 1 mm 
s-1, the lower end of the workpiece begins to be heated to the quenching temperature. Over the next 
75 mm (37.5 s), the speed of travel of the workpiece is 2 mm s-1. At the end of this step, 45 seconds 
into the process, the induction heating is turned off. Then the workpiece falls by 20 mm (0.3 s) at 
75 mm s-1 to provide rapid cooling of its top end. Then it travels another 25 mm (8.3 s), while still 
being cooled, and finally leaves the working space of the spray-quench device. At this point, the 
hardening process is completed. 
The workpiece is aligned with, held between and transported during hardening by two revolving 
guide rods provided with conical tips.  
It is first hit by the quenchant at 15 seconds into the process, after having traveled 21 mm. At this 
point, the jets from the nozzles do not yet reach the cylindrical surface of the workpiece radially, but 
they do reach the guide rod. The quenchant therefore runs up the rod towards the face of the 
workpiece. The moment when all four rows of nozzles spray on the workpiece in the radial direction 
occurs after 23.5 seconds and 38 mm displacement. At 81 mm (45 s), the induction heating is turned 
off. At 84 mm (46.5 s), the workpiece slides rapidly into the quenchant jets and is cooled. It was 
found that following this abrupt change in the cooling sequence, quenching water with temperatures 
above 35°C lacked the necessary cooling efficiency, leaving the top end of the workpiece 
insufficiently quenched.  
As mentioned above, the electrical parameters (induction generator settings) were identical for all 
24 runs. The linear movement of the workpiece through the inductor and past the spray-quench 
device was identical in all runs as well. However, the quenching water temperature was varied in 
the range of 19–55°C between runs, as were the speed of rotation of the cylindrical workpiece, 
between 6 and 20 rev. s-1, and the polymer concentrations of 4.2–12.5%. These will be described in 
more detail below. To ensure that the measurement is statistically significant, each combination of 
parameters was applied to 3 workpieces. There were 9 combinations in total. The flow rate of the 
quenchant through the spray-quench device was constant, 0.175 kg.s-1. 
 
Controlled and measured parameters of induction hardening 
 

The electrical input parameters were measured using a Nemo 96HD power meter. The total power 
input was the most important variable. The average power input calculated across all workpieces 
was 13 kW. Losses in all components of the induction system were measured using calorimetry. 
When these losses are subtracted from the power input, the power transmitted to the workpiece is 
obtained. It was 8 kW in all cases. 
 

 
Fig. 4. Losses in induction heating system 
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Surface temperature profiles for workpieces passing through the inductor are plotted in Fig. 5. They 
were measured using a Kleiber 273 pyrometer in the gap between inductor coil turns. This means 
that they are not the highest surface temperatures achieved in the workpiece but, in fact, the 
temperatures at its mid-length. As the workpiece moved through the inductor and beyond the 
measuring point, its temperature increased above these values. The workpiece temperature would be 
best to measure at the exit from the inductor but the very narrow gap between the inductor and the 
spray-quench device precluded this. In addition, temperature measurement in this location would be 
hampered by splashes of quenchant. The workpiece surface thus begins to be measured 
approximately 9 seconds into the process – and ends after 43 seconds. When the workpiece is 
outside this temperature measurement location, temperature is also measured on the guide rods. 

Fig. 5. Temperature on workpiece surface measured between coil turns of the inductor  
 
The surface temperature of the workpiece was also monitored after the hardening process, using the 
Flir T640 thermal imaging camera. Profiles of these temperatures are plotted in Fig. 6 for individual 
workpieces. Only the hardening runs with polymer solutions were measured. The temperature 
profiles illustrate the effects of the quenchant concentration on the hardening process. Higher 
polymer concentrations resulted in slower cooling and to higher surface temperatures after 
hardening. The zero distance in Fig. 6 indicates the top face of the workpiece. 
 

 
Fig. 6. Temperature on workpiece surface after hardening 

 

Fig. 7 is a plot of quenchant temperatures before entering the spray-quench device. Polymer 
solutions were the only quenchants which retained constant room temperature during the 
experiments. In all other cases, the quenchant temperature was different from room temperature, and 
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therefore changed during the process. The entire workpiece entered the array of jets 24 seconds after 
the start of heating. 
 

 
Fig. 7. Quenchant temperatures before entering the spray-quench device 

3. Experimental Material 

The experimental material was EN C35E steel (1.1181). It is a medium-carbon steel, widely used 
for light-duty machine parts. Given its limited hardenability, it is not suitable for heavy-duty parts. 
Chemical composition is in the Table 2. 
 

Table 2. Composition of EN C35E steel 
 

Element C Mn Si P S 
Content 
(%) 0.36 0.6 0.22 0.011 0.015 

 
The material was obtained in a normalized condition. Surface-hardened parts made of this steel 
reach maximum hardness of 50–56 HRC when their diameters are under 40 mm, and 47–53 HRC 
when they are larger than 40 mm. As Fig. 8 shows, the initial microstructure prior to surface 
hardening consisted of ferrite and pearlite. A large portion of this pearlite was lamellar which was 
relatively fine. Prior austenite grain size was 5, as defined by EN ISO 643.  
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Fig. 11. Microstructure of hardened 
layer, magnification 500×  

Fig. 10. Microstructure of hardened 
layer, magnification 25×  

  
Fig. 8. Microstructure of EN C35E steel Fig. 9. Cross section through hardened 

workpiece 
 

The quenchant was water at 20°C, 35°C and 55°C. In addition, conventional quenching polymer 
Serviscol 98S-F1 was used. It one of PAG polymers for quenching. Polymer concentrations of 
4.2%, 8.2% and 12.5% were used at a temperature of 24°C. 

4. Metallographic Assessment of the Hardened Layer 

The hardened layer was examined in the workpiece quenched with water at 20°C. The thickness and 
uniformity of the layer were the aspects which were studied first. The cross section in Fig. 9 shows 
that the layer thickness near the hole differs from its thickness in the other areas. It is due to the 
altered heat dissipation kinetics in this location. The material becomes austenitized to a greater 
depth in this location. A general view of the hardened layer is presented in Fig. 10. Fig. 11 shows a 
detail of the layer. The transition between the layer and the core is relatively gentle, providing the 
layer with toughness. If it were otherwise, the layer would be at risk of peeling off. Metallographic 
comparison of the hardeneds layer close to the hole and on the opposite side of the workpiece 
revealed no major differences. Both locations contained a hardening microstructure consisting of 
martensite and lower bainite (Fig. 11). Allotriomorphic ferrite was found on prior austenite grain 
boundaries. The reasons are twofold: C35 exhibits limited hardening capacity and, with induction 
heating, the curves in the CCT diagram shift to the left. 
 

  

 

Since the hardened layer extends all the way to the hole, distortion is likely to occur. It is because 
different phases in steel have different volumes. Opposite sides of the hole are shown in Figs. 12 
and 13. The microstructure in Fig. 12 contains approximately 50% large ferrite grains (white areas). 
The other areas contain martensite and fine pearlite. The region on the opposite side of the hole, 
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Fig. 13. Microstructure of hardened layer 
on the opposite edge of the hole from  

Fig. 12. Magnification 500×  

Fig. 12. Microstructure of hardened layer, edge 
of the hole. Magnification 200×  

closer to the workpiece axis, which is shown in Fig. 13 retains the initial microstructure of ferrite 
and pearlite. It is therefore clear that the shape of the near-surface region whose temperature was 
sufficient for developing homogeneous austenite is not a regular hollow cylinder. This fact will 
undoubtedly contribute to distortion in the workpiece. 
 

  

5. Hardness 

The basic inspection involved surface hardness. It was measured along three axial lines on the 
cylindrical surface (A, B, C). Six readings of HV30 were taken on each line (at 15 mm, 17 mm, 
33 mm, 35 mm, 53 mm and 55 mm from the cylinder face), Fig. 14.  
 

 
Fig. 14. Locations of hardness measurement  
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Fig. 15. Hardness profiles on workpiece surface 
 

Hardness profiles along the hardened workpiece are plotted in Fig. 15. The location which was 
hardened first (55 mm distance) frequently exhibits slightly lower hardness, owing to less intensive 
cooling. The reason is the slow dissipation of heat from the workpiece face. Beyond that location (at 
53 mm), hardness rises slightly, due to higher temperature of austenite and faster cooling. The mid-
length region shows somewhat lower hardness values. This finding is in agreement with lower 
austenite temperatures in this region. At 17 mm, the process parameters were the same as at 53 mm. 
Towards the end of the workpiece, hardness decreases as a result of slower cooling caused by the 
hardening sequence. Therefore, the decisive aspect for the hardness of the hardened layer is the 
procedure at end of the hardening sequence.  
With quenching water at 35°C and 55°C, the final third of the workpiece is not adequately 
quenched. Understandably, the amount of distortion in this region will differ from that after 
quenching with water at 20°C.  
The rank of quenchants which produced the highest hardness in the distance of 17 mm from the 
workpiece face is as follows: water at 20°C, polymer solution 4.2%, polymer solution 8.2%, 
polymer solution 12.5%, water at 35°C, water at 55°C. One can conclude that cooling intensities 
provided by the quenchants would rank the same.  
The rationale behind using quenchants which provide slower cooling rates than water at 20°C is to 
decrease the stresses induced in the part and the associated distortion. However, there are some 
fundamental requirements: the cooling rate past the pearlite nose should be sufficient and, at the 
same time, the cooling rate below the Ms (350°C) should be as low as possible. It is obvious that the 
cooling environment will also affect the hardening depth. The largest depth is obtained with water 
which provides the most severe quench.  
Uniformity of the hardened layer thickness was checked by measuring HV1 hardness on a 
transverse section through the workpiece cooled with water at 20°C (Fig. 16).  
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Fig. 16. Hardness profiles on workpiece cross section 
 
The graph shows that slightly stronger hardening was achieved along line A (near the hole). It is 
because heat was removed more slowly from this region, which was therefore heated to a greater 
depth. Up to 0.5 mm difference in depth is possible. Obviously, the distribution of the workpiece 
mass and the location of the hole must be taken into account in each particular case. The graph also 
indicates that, despite slower heat dissipation, this region experienced sufficiently fast cooling in the 
context of critical speed (the blue plot contains the highest hardness values). Austenitization was the 
governing process here.  

6. Distortion 

Induction hardening is characterized by relatively high residual compressive stresses in the 
workpiece surface. They are caused by large volumes of martensite in the surface. Stresses of this 
kind are generally desirable in service. They improve the part’s resistance to propagation of cracks 
from the surface. Residual stresses in engineering parts are particularly important when distortion 
needs to be controlled during manufacture.  
On each workpiece, deviations of the workpiece diameter, the drilled hole diameter and 
displacement of the axis of the hole were monitored. This was performed on three planes illustrated 
in Fig. 17. The measurements were taken before and after hardening using Carl Zeiss Prismo 7 
Navigator coordinate measuring machine (CMM), whose maximum permissible error was 0.9 + L / 
350 µm.  
 
 
   
 
 
 
 
 
 
 

Fig. 17. Areas of distortion measurement 
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6.1 Workpiece diameter 
 
Measurement of deviations of the outer dimensions (Fig. 18) revealed that the workpiece diameter 
shrinks by several hundredths of millimetre in the central third of the workpiece length. The 
distortion is not uniform. Depending on the quenchant, a distorted part may take an hourglass or a 
barrel form. Hourglass shapes were only obtained with polymer quenching solutions. Quenching 
with water produced barrel shapes in the workpieces. At 1/3 of the workpiece length (50 mm), the 
largest distortion occurs upon water quenching. As the graph illustrates, the amount of distortion 
also depends on the temperature of quenching water. The largest distortions are seen in workpieces 
quenched with water at 20°C. According to the graph, distortion profiles are the most uniform in 
workpieces quenched with polymer solutions. The smallest distortions are achieved with 4.2% 
polymer solution, followed by 8.2% and 12.5% concentrations. This is in line with their cooling 
capacities.  
 

6.2 Hole diameter 
 
The hole diameter (Fig. 19) was checked using the same technique as the workpiece diameter. The 
hole diameter shrinks, as seen from average diameter deviations. These deviations are less than 
0.02 mm (except in the workpiece quenched with water at 55°C). The largest distortion occurs at 
mid-length of the workpiece (the 35 mm ordinate). Distortion decreases more or less symmetrically 
from the mid-length region towards the ends of the part. The most adverse distortions result from 
the use of polymer solutions, depending on their concentration. Among them, the best results are 
obtained with the 4.2% concentration. In terms of distortions of the hole, the best quenchant was 
water at 20°C applied at a workpiece speed of 20 revolutions per second.  
 

 
Fig. 18. Changes in workpiece outer diameter 
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Fig. 19. Changes in hole diameter 

 

6.3 Displacement of hole with respect to workpiece axis 
 

Displacements of the hole with respect to the workpiece axis are plotted in Fig. 20. Nominally, the 
axes of the workpiece and the hole were 5 mm apart. The graph shows a shift of the centre of the 
hole towards the centre of the part. This is not the case with the first third of the part (measured at 
50 mm), where quenching with water at 20°C, 35°C and 55°C led to only minimal displacements or 
even caused the hole to shift away from the centre of the part. The induction hardening process 
causes non-uniform distortion along the workpiece axis, most notably upon water quenching. At 
20 mm, the hole moves closer to the centre of the part in all cases. With respect to this 
displacement, polymer solutions appear to be a very good choice. Although their use leads to 
distortion, this distortion is uniform along the workpiece.  
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Fig. 20. Hole centre displacement 

7. Discussion of Results 

7. 1 Metallographic assessment 
 

Using metallographic observation, it was found that the drilled hole caused the hardened layer to 
become non-uniform. Clearly, the hole has an adverse impact on heat removal, leading to greater 
thickness of the layer near the hole. Yet, there is no difference in the phase compositions on the 
opposite sides of the workpiece (near and away from the hole). This is evidenced by the surface 
hardness values in A, B and C regions. An aspect which definitely contributes to distortion around 
the hole is the partial austenitization on its side near the cylindrical surface of the workpiece. On the 
opposite side, the Ac1 temperature has not been reached.  
 
7.2 Hardness testing 
 

Hardness profiles have the form of waves. This is caused by the physics of induction hardening. On 
both ends of the workpiece, the hardness levels fall, due to slower heat dissipation and, 
consequently, cooling rates. At about 1/3 of its length, the hardness peaks, owing to a favourable 
combination of austenite temperature and cooling rate. Yet, hardness profiles need not be the same 
in all cases. This particular variant is characteristic of this particular induction hardening sequence. 
Sequences of this type are the most widely used in industrial practice. In reference to this sequence, 
it should be noted that the top of the workpiece remained insufficiently hardened when quenched 
with water at 35°C and 55°C. This issue can be corrected by adjusting the quenching process at the 
end of the workpiece travel.  
 

7. 3 Workpiece distortion inspection 
 
Measurement of the workpiece diameter revealed that water quenching imparted a barrel shape to 
the product. By contrast, quenching with polymer solutions caused the central region of the 
workpiece (20 mm to 50 mm) to develop an hourglass shape. Polymer solutions are valuable in that 
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they lead to much more uniform post-quench distortion, regardless of their concentration. The 
distortion reflected in the outer diameter decreases with the water temperature. In all cases, the outer 
diameter shrank.  
Changes in the hole size are not uniform along the axis. Distortion increases towards the mid-length 
region of the workpiece. The hole diameter decreased in all cases, regardless of the quenchant used. 
Considering the changes in the hole diameter, the optimal quenchant is water at 20°C applied when 
the workpiece rotates at 20 revolutions per second. The hole diameter is adversely affected by low 
cooling intensity. This is evidenced by severe distortion of the hole in the location where the surface 
hardness was a mere 331 HV30 after the workpiece had been cooled with water at 55°C. 
The last distortion parameter of interest was the displacement of the centre of the hole with respect 
to the centre of the workpiece. The direction of this displacement is towards the centre of the 
workpiece. This distortion is not always symmetric. In water-quenched workpieces, it increased 
with the travel of the workpiece. In those quenched with polymer solutions, it was more uniform 
along the workpiece axis. 
 

7. 4 Corrections of induction hardening process 
 
Metallographic evaluation, measurement of distortion and particularly the workpiece hardness 
levels suggest that the end of the induction heating sequence needs to be corrected for future 
experiments. This correction should ensure that the prescribed hardness of cylindrical workpiece is 
achieved even with quenchant temperatures above 35°C. This correction will be performed by 
adjusting the handling of the workpiece after the end of induction heating, i.e. after 45 seconds. 

8. Conclusion  

These experiments have led to the following definite conclusions: 
 
The travel of the workpiece in the final stage of induction heating must be adjusted to ensure that 
the resulting distortion is symmetric; 
The hardening depth will be larger in less massive regions of the part; 
Hardness varies in the longitudinal direction, depending on the temperature obtained by heating and 
on the cooling intensity; 
Changes in the outer diameter at mid-length of the workpiece (20 mm through 50 mm) caused by 
quenching with polymer solutions lead to an hourglass shape; 
Changes in the outer diameter at mid-length of the workpiece (20 mm through 50 mm) caused by 
quenching with water lead to a barrel shape; 
Quenching with polymer solutions produces more uniform distortion on the outer diameter of the 
workpiece; 
Distortion in the hole is not uniform along its axis. It increases towards the mid-length of the 
workpiece; 
The hole diameter decreased, regardless of the quenchant used;  
Induction hardening causes the centre of the hole to shift towards the centre of the part. 
 
The above investigation was funded by the Ministry of Education under the project LQ1603 entitled 
“Výzkum pro SUSEN”. The work was carried out in a large infrastructure designated as “Udržitelná 
energetika (SUSEN)” which had been built under project CZ.1.05/2.1.00/03.0108. This article was 
also supported under project nos. SGS-2018-023 and SGS-2016-036. 
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