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ABSTRACT 

This article describes some fundamental principles, specific features and the technological 

capabilities of a new method of quenching steel surface by turning without separation of chips. 

The underlying process of this method is a deformational cutting which is based on the 

undercutting and deformation of surface layers that remain attached to the workpiece. The 
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energy released in the area of deformational cutting is used to heat the undercut layer up to 

the temperatures of structural and phase transformation of workpiece material. This type of 

process results into a hardened structure formed at the surface which consists of inclined thin 

undercut layers tightly packed and stuck (glued) together and form a single solid body. The 

resulting hardened structures achieved in steels workpieces are presented in the article. The 

samples hardened by deformational cutting showed a higher wear resistance compared to 

samples with traditional quenching. This paper also describes an estimation of the thermo-

physical parameters of the deformational cutting process. 

KEYWORDS 

Case hardening, surface quenching, phase transformation, wear resistance, deformational 

cutting, heating rate. 

 

NOMENCLATURE  

ap - depth of cut (mm), 

b - interfin gap width (mm), 

Cp - specific heat capacity (J/(kg∙oC)), 

d- the length of the contact zone (mm), 

f - feed per revolution (fin pitch) (mm), 

G - mass flow rate of metal passing through the treatment area (g/s), 

lf - path length of friction (mm), 

Kr, - side cutting edge angle (◦), 

N - power which is released in the cutting zone (W), 

Pz  - tangential cutting force component (N),  

pDC  - specific cutting force (Pa),  

q  - volume flow rate of metal passing through the DC zone (cm3/s), 

Q - energy to volume ratio (kJ/cm3),  

t - time, during which the metal remains in the heating area (s), 

V  - cutting speed (m/s),  

Vheat - rate of heating (◦C/s),  

ρ -  specific weight (kg/m3), 

e - end cutting edge angle (◦), 

W – wear rate of the sample (m3/(m•N) 

Δh  - volume loss during wear after one hour of testing (mm3).  

Fn - load applied during tribological tests (N) 
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1. STATE OF ART 

1.1 Machining for surface quenching  

Surface quenching is one of the efficient and cost-effective methods of increasing 

hardness and wear resistance of machine parts. In machines and mechanisms operating under 

high contact load with relative speed, abrasive wear is a real challenge for keeping parts in 

their original shape and performance [1]. There exist a number of surface quenching 

technologies, most of which require specialized equipment to achieve structural and phase 

transformations during quenching of steels [2]. A relatively new method of surface hardening 

is a direct quenching workpiece machine tools without addition equipment. Here, the 

temperatures required for quenching are reached in the cutting process due to plastic 

deformation and friction in the contact area between the tool and workpiece. The combined 

effect of severe deformation, high local temperatures, and rapid quenching rates causes the 

machined surface to undergo both physical and metallurgical transformations [3].  

Quench hardening by machining can be undertaken with single point cutting tools that 

have a well-defined geometry of the cutting edges and grinding process. The effect of 

increasing surface hardness in turning process was underlined by Guo et al. [4]. Naik et al. [5] 

used a cutting tool with a zero-clearance angle to enhance friction between workpiece and 

tool. Kundraket et al [6] also observed hardening of surface using cutters with negative rake 

angles in turning. 

Quench-grinding is a process where the grind wheel is driven into the workpiece in a 

way that the heat generated within the cutting zone is used for heating and hardening the 

surface layer of the part, which is the only process similar to the DC quenching presented 

here. Forced grinding can be applied to steels with over 0.3% of carbon to achieve Quench-
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grinding. This mode of grinding has a number of advantages compared to hardening based on 

quench-turning. Here, the thickness of the hardened layer relative to the removed defective 

layer is 0.3-0.5 mm, and the heat affected zone reaches up 2 mm, with a surface hardness up 

to 50-60 HRC [3,7]. The depth of cut in this force grinding ranges from 0.2 mm to 1.2 mm, 

and the longitudinal feed of the grinding wheel can be from 0.3 to 1.2 m/min. In this process, 

the application of cooling fluids is not of importance since cooling is achieved by heat 

dissipation into the underlying cold workpiece layers [8]. This innovative process of force-

grind hardening is developing rapidly, and DMG/Mori Seiki has introduced CNC grinding 

machines that provide additional quenching operation using specialised grinding wheels. The 

productivity of grind-hardening is about 4-15 sec/sq in (0.4-1.5 sm2/s) [9] and after grind-

hardening an additional process is required to remove the defective surface layer. 

The work presented here employs deformational cutting (DC) method [10] to quench 

the surface of steel workpieces [11].  The main difference of DC quenching from other 

methods of hardening based on the process of cutting is that: (1) chips are not separated from 

the workpiece and remain attached to the surface, thus forming a special reinforced structure; 

(2) a uniformity of hardness throughout the hardened surface layer; (3) the possibility of 

generating a composite structure with alternating hard and relatively soft thin inclined layers. 

The main difference between conventional cutting process and DC is that the chips are 

cut form one side whilst being straightened up as fins which remain as a functional part of the 

workpiece. A DC tool cuts and deforms the surface layers, forming a finned structure since 

the undercut layers are connected to the main body of the workpiece. 

DC technology has a wide range of fields of application [12]. DC machining allows 

increasing the surface area up to twelve-fold, which is an advantage in its applications in heat 

exchanging processes [13]. DC is used in the manufacture of boiling surfaces and capillary 
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structures for heat pipes [14], along with a range of applications in electrical joints [15, 16] 

and slotted screen pipes [17].  

1.2 Application of DC method for case hardening of steels. 

It is well known that in turning chips may be heated up to the temperatures exceeding 

the temperatures of phase transformations in steels which may lead to hardening of chips at 

relevant cooling rates. In turning processes, virtually all the power of the main drive measured 

in kilowatts is released in the cutting zone, which has a volume of only several cubic 

millimetres. Consequently, the mechanical energy applied externally, is localized within the 

plastic deformation area and in contact zones between chip and workpiece and is converted 

into heat energy. The material of chip is affected by such factors as shear strain, shear strain 

rate, high heating rate and high cooling rate. For example, when the C45E steel (AISI 1045) 

is machined at a cutting speed of V=2.7 m/s, the cutting temperature may reach 1030 °C, the 

shear strain can reach 400 %, the shear strain rate ranges up to 104 s-1, the heating rate shoots 

up 106 oС/s. Therefore, a cooling rate of 103 °С/s, leads to an average normal stress of 350 

MPa and an average shear stress of 250 MPa [18, 19]. 

During the DC process, the cooling rate of the fin material that is needed for hardening 

is achieved by the conductive heat transfer through the fin base into a cooler workpiece core. 

It is known that in heat treatment, high-frequency hardening and laser hardening can secure 

similar hardening cooling rates for hardening without cooling media. [20]. 

Figure 1 demonstrates the principle of quench turning in DC where chip separation 

does not occur. The DC tool 1 has one cutting edge 3 and one deforming edge 4. The 

deforming edge is unable to cut because it has considerable large negative rake angle (60o in 

this study). The undercut layer 5 slides on the tool rake face 6 whilst, its root still keep the 

strong original unbroken bond with the workpiece 2. During the process of deformation in 
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cutting, the intensive friction occurring between the tool and deformation in zone at the 

deforming edge generate intensive heat into the undercut layer and after exiting the contact 

with the tool the heat is transferred to workpiece core. Figure 2 illustrates the actual 

configuration of DC quenching process of a shaft.  

In performing DC to generate fins with and without gaps (tightly packed), the undercut 

layer may remain on the workpiece. The latter case with packed fins is depicted in Figure 3 

illustrating a DC process with no gap between the fins. The dotted line denotes the contour of 

the tool for the previous revolution of the workpiece. The cross-section ABCD of the 

forthcoming fin is cut by the cutting edge BH and moves along the tool rake surface that is 

indicated by the arrow. The deforming edge BK determines the final position of the fin marked 

as BEFG.  

The interfin gap b depends on the end cutting edge angle e, side cutting edge angle 

Kr, and the feed per revolution f, which determines the pitch of the fined structure. [17]. 

        rere KfKffb sinsinsinsin       (1) 

when angles φe and Kr are equal, the interfin gap b is theoretically and practically equal to 

zero. This means that DC allows obtaining densely packed structure without interfin gaps that 

could be considered as relatively non-porous, if one considers only the macro structure. Figure 

4 provides examples of such structures for a sample steels with different feed (pitch) f. 

 

The yield strain and friction of the undercut layer over the tool working surfaces are 

the sources of heat generated in the DC area. When the temperature of undercut layer exceeds 

the phase transition temperature and the cooling rate is high enough, the undercut layer 

undergoes quench hardening, which is illustrated in Figure 5a. The highest temperature in the 

undercut layer occurs in the contact area with the tool rake face, and, this kind of gradient 
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heating is used to quench fins with partially hardened section across the thickness, as depicted 

in Figure 5b. The alternation of fully hardened layers with softer layers is engineered to 

increase the functional wear resistance of sliding friction pairs.  

 

2. EXPERIMENTAL PROCEDURE 

The experimental work was undertaken using normalized ferrite-pearlite steels 20 

(AISI-1020), 35 (AISI-1035) and 40Kh (AISI-5140) with workpieces of 60-80 mm in 

diameter. The chemical composition and initial hardness of the steels samples is presented in 

table 1.  

 

Table 1. Chemical composition and hardness of steels used in the experiments.  

 
Steel 20 (AISI-1020) 

190 HB 

Steel 35 (AISI-1035) 

207 HB 

Steel 40Kh (AISI-5140) 

190 HB 

C 0.17-0.24 0.32-0.4 0.36-0.44 

Si 0.17-0.37 0.17-0.37 0.17-0.37 

Mn 0.35-0.65 0.5-0.8 0.5-0.8 

Ni ≤ 0.25 ≤0.25 ≤ 0.3 

S ≤ 0.04 ≤0.04 ≤ 0.035 

P ≤ 0.04 ≤0.035 ≤ 0.035 

Cr ≤0.25 ≤0.25 0.8-1.1 

Cu ≤ 0.25 ≤0.25 ≤ 0.3 

 

For the machining process, a 11.0 kW lathe with maximum spindle speed of 1600 

RPM was used for the DC tests. The angle  on the tool side cutting edge was equal to the angle 

on the end cutting edge,  Kr=e=42º. The cutting speed V ranged from 3 to 5 m/s, with a feed 

rate of f=0.05-0.4 mm/rev, and the depth of cutting was ap=1.0-2.0 mm. 
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The measurements of the surface of undercutting layers were carried out using a 

measurement (IRTIS-2000S) with a resolution of 200 μm between two measured points at a 

distance of 200 millimeters from the object of measurement.  The accuracy of measurement 

was +/- 1% of the measured range, the calibration was carried out continuously during 

temperature measurements between the frames embedded in the thermograph by a black body. 

The thermograph measurement range was from -60o to + 1700 °C.  

For metallographic studies and microhardness measurement, transverse cross-sections 

were cut from DC hardened samples using wire spark erosion machine. The cut specimens 

were polished, etched and prepared using standard procedures for metallographic 

examinations, which were carried out on the Olympus GX51. The micro hardness was 

automatically measured on the hardness tester EMCOTEST DuraScan 70 using Vickers 

indenter with a 100 g load. 

The friction tests were carried out for steel 40Kh (AISI-5140) samples on the Amsler 

A135 friction machine. Here "disc to disc" method was used with relative slip velocity of 0.08 

m/s and load of Fn=185 N. The material of the counter-face was a cemented carbide disk (92 

% WC, 8 % Co) with a hardness of 87.5 HRA. Droplets of industrial bobbin oil I20A were 

supplied as lubricant into the friction zone. The oil had a coefficient of kinematic viscosity 

about 31,6 mm2/s at 40°C, and was delivered at a rate of 4 - 6 droplets per minute.  The Linear 

wear, relates to the radius, of the sample was measured with a dial indicator that had a 

resolution of 1 micron and the readings were taken at regular intervals of 1 hour during the 

testing.  Comparative results are given by putting side by side the performance of the 

samples.   Wear rate (W) for each sample was calculated using the following expression: 

W=Δh/(Fn•lf),        (2) 
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where Δh, [mm3]  is the volume of wear loss after an hour of testing, lf, [mm]- path length of 

friction.  

Friction results for DC quenched samples without tempering and with low tempering 

(200 oC within 40 min) are compared with friction results for samples made from the same 

steel grade subjected traditional hardening with cooling in water and standard low tempering 

with the same process parameters.  

3. RESULTS  

The results obtained using DC machining with full quenching through fin thickness 

are shown in Table 2. 

Table 2. Hardness of samples after DC hardening with full quenched fins. 

 

Feed per 

revolution 

(fin pitch), 

f, mm 

Initial 

hardness, 

(HV0.1) 

Average hardness 

after DC quenching 

HV0.1 

 

Hardness 

conversion 

HV0.1 to HRC 

See 

figure 

Steel 20 (AISI-1020) 0.1 190  464 46  

Steel 35 (AISI-1035) 0.05 207  650 58 6b 

Steel 35 (AISI-1035) 0.15 207  670 59 6a 

Steel 40Kh(AISI-5140) 0.05 190  680 59 6c 

Steel 40Kh(AISI-5140) 0.1 190 760 63  

 

Figure 7 illustrates the distribution of hardness as a function of the depth for DC 

quenched steel 35 (AISI-1035) with pitch f=0.05 mm, (curve 1) alongside with the hardness 

distribution for laser quenched steel ASTM 4118 [21] (curve 2). Here, it is seen that the DC 

hardening hardness stays almost constant up to 0.5 mm in depth from the outer surface in 

quenched zone, whereas the hardness of laser processing linearly decreases with depth. 

The speed of deformational cutting V significantly affects the structure of the hardened 

layer. Higher cutting speeds (about 5 m/s) generated enough flux to heat the entire thickness 
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of the fin up to the quenching temperature. A fully quenched fin had a hardness of 670 HV0,1 

(59 HRC) and this is shown in Figure 8a.  For decreased speeds, only part of fin in direct 

contact with tool rake face reached the quenching temperatures. Consequently, lowering the 

speed resulted into a laminated structure composed of inclined layers of different hardness as 

shown in Figure 8b and 8с. For laminated structures with alternating hard and mote soft layers, 

the measured hardness was 560 HV0,1 and 360 HV0,1respectively. The latter hardness is 

representative for strain hardening under high degrees of deformation in the process of DC. 

All DC process parameters such as grade of the processed material, the feed rate and 

tool geometry, depth of cut have a direct effect on the structure of the hardened layer. The 

minimum speed at which it was possible to achieve a fully hardened surface layer was 2.5 

m/s. 

 

4.  ANALYSIS AND DISCUSSION 

For thermal analysis of DC performance, the following process parameters were used 

for quenched hardening of steel 40Kh (AISI-5140): feed rate f=0.1 mm/Rev, cutting depth 

ap=1.0 mm, cutting speed V=3.0 m/s. The tangential cutting force component measured with 

a Kisler dynamometer was Pz=700 N. The process temperature T in the cutting zone was 

measured with a dynamic thermocouple was T=1100 °C. In this non-standard thermocouple, 

the tool and the work material are the two elements of the thermocouple.  The tool is 

electrically insulated from the tool holder thus has no electrical connection with the machine 

bed. The EMF generated between the tool and workpiece during cutting was measured using 

a high precision millivoltmeter. This is a commonly used method and can be found in 

text books and numerous papers, [22]. 

The volume flow rate of metal q passing through the DC zone was defined as: 
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./3.0 3 scmVfaq p 
      

 (3) 

The mass flow rate of metal G passing through the treatment area can be expressed as:  

sgqG /36,2  ,        (4) 

where ρ=7,85∙103 kg/m3 is the specific weight of steel 40Kh (AISI-5140). 

The power N which is released in the cutting zone was calculated as: 

2,4zN P V kW  
        (5) 

Assuming that all the heat generated in the treatment area is used to heat the undercut layer, 

the fin temperature was estimated as follows: 

  CGCNT p

1533 ,       (6) 

where Cp = 663 J/(kg∙oC) - is the specific heat capacity for the temperature range 20-1200 oC 

for medium carbon low alloyed steel [23]. However, there are some discrepancies between 

the calculated temperature and the temperature measured using the dynamic thermocouple. 

This is explained by the fact that not all the heat generated in the DC zone is induced into the 

undercut layer. Part of this heat flows into the tool and into the surrounding environment due 

to convective heat transfer and radiation. Another part of the heat goes directly into the bulk 

of the workpiece, bypassing the undercut layer. Another art of the energy that is consumed for 

elastic deformations, shattering of grains (increase in interface boundaries between grains), 

formation of new surfaces, formation of dislocations and their motion [24], and phase 

transformations. 

The contact time t, during which the cut layer remains in the heated contact zone was 

estimated over the contact length d between undercut layer and tool face and cutting speed. 

The contact length is the maximum length of plastic contact between undercut layer and tool 

face.  This length is the distance between points A and E in figure 3 taking into account the 
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inclination of the tool face. For the processing conditions above mentioned, the contact length 

was d=1.2 mm. Therefore, the contact time 

sVdt 4100.4/          (7) 

This short time (impulse), lead to a virtually instantaneous change in the phase composition 

of the processed material.  The heating rate Vheat from room temperature 20o to 1100 °C in the 

DC contact zone was estimated as: 

sKtTVheat

6107.2          (8) 

The estimated heat rate in DC (eq. (8)) process exceeds the heating rate generated in laser 

quenching that is typically 106 °C /s [25]. The ratio Q of energy to material volume generated 

in the DC contact zone due to plastic deformations, internal and external friction was defined 

as: 

30.8 cmkJqNQ         (9) 

The specific cutting force pDC was defined as the ratio of the tangential force Pz of the DC to 

the cross section of the undercut layer and was expressed as:  

GPaafPp pzDC 0.7)/( 
      

(10) 

For comparison sake of the level of energies involved in DC process one can see that 

the density of emitted energy in DC zone exceeds the volumetric energy release in some 

chemical explosives which is around 4.5-7.5 kJ/sm3 [25], alongside with the pressure in the 

DC contact zone is comparable to the pressures arising at explosion (< 10 GPa) [26]. 

Consequently, the response of the material in terms of properties and behaviour in these 

extreme conditions, cannot be described within the framework of conventional machining 

approaches. Therefore, one can postulate that the material flow undergoes a level of 

superplasticity which was observed at certain stages in this process in the form of quasi 

viscous flows along the rake face of the tool. This is illustrated in Figure 6d with some 
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microstructures, where it is seen that the hardening process is accompanied by extremely fast 

deformations that stretched the grains, similar to volcanic lava flow (see Figure 8). Equally 

the spitting of undercut material on the blank surface is also visible in figure 6b. 

Heated layers, as in laser quenching, are cooled by heat dissipation into the main bulk of the 

workpiece core.  Here, a thermograph (IRTIS 2200SH) with a resolution of 200 μm between 

two measured points at a distance of 200 millimeters from the object of measurement was 

used to assess thermal gradients in DC process.  The accuracy of measurement was +/- 1% of 

the measured range, which was -60 ° C - + 1700 ° C. The cooling rate in DC quenching was 

assessed based on the temperature difference of the surface of undercutting layer which was 

900 oC, and the surface temperature of the neighbouring fin after one full revolution of the 

workpiece. The recorded difference in temperature was 450°C. The workpiece rotated at 1200 

RPM, taking 0.05 s per full revolution which provided a cooling rate of Vcool= 9.0∙103 °C/s, 

that is far greater than 103 °C/s achieved in laser quenching [27]. 

The examination of the results in this work showed that the surface of the hardened 

shaft had a degree of defects, and Figure 6 depicts some of these defects at the tops of fins in 

the transverse sections.  The fact that the defects are located at the edges of the fins makes it 

easy to be removed relatively simply by hard turning using PCBN or ceramic tool on the same 

lathe or by grinding as a separate operation.    

To estimate the performance of the DC process, a shaft of 48 mm in diameter was 

hardened at a rate of  0.12 m per minute, achieving up to 1 mm depth of hardened layer, which 

is cost effective with reference to laser and  conventional quenching processes. Wear 

resistance tests were undertaken, and Figure 9 presents the results obtained from DC hardened 

workpieces, where it is seen that the DC-quenching samples have 10 to 40 % higher wear-

resistance compared to the samples quenched by standard hardening.  
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Figure 10 presents micrographs of metallographic sections of samples, illustrating bulk 

material along with hardened layer and worn surface (located between white lines). It is 

observed here, that there are no visible defects, in terms of microcracks, chipping or 

microstructural modifications on worn surface and in the sublayers. The microhardness of the 

sublayer at the depth of 0,05 mm from worn surface was identical to the average hardness of 

the top layer. 

 

 

 

CONCLUSION 

The investigation in to DC-quenching presented here, raised a set of questions, such 

as optimization of tool geometry, selection of tool material, processes involved in the phase 

transformations in rapid heating and cooling under extremely high rates of deformations and 

pressures, and study of residual stresses in the hardened layer. It was shown that DC-

quenching has a set of advantages over known processes of hardening, these are:  

Eradication of heat treatment equipment due to hardening in a single operation; reduction of 

energy consumption due high intense heat delivered at the cutting zone; high productivity; 

ease to integrate in production; remove unnecessary transport operations for heat treatment.  

With reference to grind-hardening, DC-quenching produces no waste; secures a more uniform 

hardness distribution across the thickness of hardened layer; the possibility to engineer 

laminated layered structures with different hardness.  

 It is seen that, this investigation has opened a new area of further research, however 

the following conclusions were drawn for the presented work. 
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1. A new method of surface hardening by deformational cutting without chips formation was 

developed and evaluated.  

2. Within the deformational cutting, heating temperatures and cooling rates are sufficient high 

to induce phase transformations and quenching of the undercut layer material. The 

reduction of feed rate with an increase in cutting speed engender a complete hardening and 

a better homogeneity of the hardened layer. 

3. The heating and cooling rates in DC quenching is higher than those in laser hardening. 

Unlike laser hardening, phase transformations in DC occur at high pressures, high degree 

of plastic deformation and high strain rate. 

4. It has been demonstrated that it is possible to generate laminated structures with inclined 

layers having different hardness.  

5. The adoption of DC hardening method is cost-effective with higher productivity due to the 

simplicity of its integration into current production systems. This new method improves 

efficiency of the quenching operation, allows cutting down transport operations involved 

in heat treatment processes, reduces energy consumption, and possible redundancy of 

specialized heat treatment equipment. 
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Fig. 1. Concept of DC hardening. 1 - DC tool, 2 - workpiece, 3 - cutting edge, 4 - 

deforming edge, 5 - undercut layer, 6 - tool rake face, 7-hardened fins.  
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Fig. 2. Actual configuration of DC hardening process (а) and hardened of a shaft (b). 

a b 
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Fig. 3.DC Fin forming with zero width of interfin gap. 
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Fig. 4.Examples of deformational cutting on steels with a zero interfin gap.  

a- steel 30Kh (AISI 4140), f=0,4 mm;  

b- steel 20Kh (AISI 420), f=0,2 mm;  

c- steel 35 (AISI 1035). f=0,1 mm;  

d- armco-iron, f=0,1 mm. 
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Fig. 5. Variants of structures obtained during DC quenching:  

a- fully hardened fins, b – fins partially hardened over their thickness 
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Fig. 6. Full hardening over the thickness of fins. a- steel 35, f=0.15 mm, 670 HV0.1,  

b - steel 35(AISI-1035),  f=0.05 mm, 650HV0.1 , c - steel 40Kh(AISI-5140), f=0.05 mm, 

680HV0.1., d - steel 35(AISI-1035), f=0.15 mm, 670 HV0.1 with higher magnification. 
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Fig. 7. Hardness distribution curves along hardening depth: 

1- DC quenching; 2 laser quenching. 
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Fig. 8. Changing in the structure of hardened surface with decreasing the cutting speed. Steel 

35(AISI-1035). a - V=4.9 m/s, quenched all fin thickness, b - V=3.7 m/s, quenched half a fin 

thickness, c- V=2.95 m/s, quenched 1/8 of fin thickness. 
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Fig. 9. Wear rate: Steel 40Kh.  

1 - standard quenching (cooling in water) with low-temperature tempering (200oC, 40 min),  

2 - DC quenching without tempering,  

3 - DC with low-temperature tempering (at 200 oC for 40 min). 
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a)  

b)  

c)  

d)  

Fig. 10. Micrographs of hardened sections of 40Kh(AISI-5140) steel.  

a – DC quenching without tempering (x25),  

b – DC, low-temperature tempering (200 oC, 40 min) (x25),  

c – standard quenching (water cooling), low-temperature tempering (200 oC, 40 min) (x25),  

d –worn surface of "b" sample with microhardness indents (x120) 
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