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Abstract: Thermally-cryogenically assisted machining (TCAM), also known as Hybrid
machining, which consists of a combination of hot machining and cryogenic machining
processes is one of the attractive machining techniques for today’s industry. Previous
works attested that TCAM improves tool life and reduces cutting forces and chatter
vibrations. However, in spite of its significant influence on in-service part performance
and fatigue life, a little concern has been given to the TCAM induced residual stresses.
This paper discusses the residual stress distribution on hardened D2 tool steel machined
by TCAM and hard turning (HT) using PCBN cutting tools. The results showed that
TCAM induces larger compressive area and larger maximum compressive stress levels
below the machined surface comparatively to HT. When the cutting speed is increased,
surface residual stresses tend to be tensile and the compressive residual stress depth is
increased particularly in the case of TCAM.
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1. INTRODUCTION
Over the last decades, many advanced machining techniques have been developed in
order to improve the machining of hard-to-cut materials. In fact, the poor machinability
of such materials is related to their high strength, high hardness and to the tendency for
high strain-hardening during machining. Thermally assisted machining (hot machining)
becomes an alternative to conventional machining of hard-to-cut materials since the flow
stress and strain hardening rate of materials decrease with increasing temperature [Sun et
al., 2010]. Many previous study attested that hot machining may results to longer tool life
[Ginta et al. 2009], reduces cutting forces [Sun et al.2008] [Jomaa et al., 2011] and
produces smoother machined surfaces [Dandekar et al. 2010]. However, over heating the
workpiece material has less or negative influence on the reduction in tool wear [Yang et
al., 2008] [Tian et al., 2008]. Previous works reported that hot machining induces lower
compressive residual stresses [Germain et al., 2006] or tensile residual stresses [Germain
et al., 2008] and phase transformation [De Lacalle et al., 2004]. Hence, it is clear that

more effective methods for enhancing the chip formation process and cooling the cutting
tool without affecting the heating of the workpiece are needed [Sun et al., 2010]. In fact,
many studies attested that the use of cryogenic cooling during machining may reduces
tool wear and cutting forces [Yildiz et al., 2008] , induces thicker compressive zone
beneath the surface and reduces or preventing phase transformation [Kenda et al., 2011]
[Umbrello et al., 2011] [Pu et al., 2011]. Recently, a thermally-cryogenically assisted
machining, well known “hybrid machining”, is developed in order to overcome the
disadvantages of hot machining and to benefit from the contribution of the cryogenic
machining [Wang et al., 2003] [Dandekar et al., 2010] [Jomaa et al., 2011]. Nevertheless,
most works focused on the machinability aspect when thermally-cryogenically machining
is performed and a little concern has been given to the surface integrity and particularly
to the machining induced residual stresses.
Actually, the residual stresses are among the most significant quality-related
performance output in machining processes. Hence, to be a viable and attractive
technique, hybrid machining should be designed in a way to improve both the
machinability aspects and surface integrity characteristics as well, specifically, the
residual stresses. Therefore, the present work attempted to investigate the residual
stresses induced by thermally-cryogenically assisted machining of hardened AISI D2
cold work tool steel (59-61 HRC) using PCBN cutting tool. The experimental results for
hybrid machining are compared to those for conventional hard turning obtained under
similar cutting conditions.

2. EXPERIMENTS
The thermally-cryogenically assisted machining (TCAM) investigated in this work
(Figure 1) consists of preheating the workpiece before turning operations and cooling the
cutting tool/chip contact zone by liquid nitrogen jet during machining, i.e., cryogenic
cooling, LN2.

Figure 1; Thermally-cryogenically assisted machining; TCAM design
A torch, burning a mixture of liquid petroleum gas and oxygen, was used as a
heating source in TCAM experiments. The temperature was about 450°C and measured
using a thermocouple type-K. Chamfered and honed PCBN inserts (CB 7020) with a
square geometry and has an effective rake angle, γe = -28°, were used in the experiments.
The workpiece material was AISI D2 tool steel hardened and tempered to 59-61 HRC.

The specimens were machined at varying cutting speed (50, 100 and 150 m/min) and at
fixed feed (0.05 mm/rev) and depth of cut (0.25 mm) for both HT and TCAM. X-ray
diffraction technique was used to measure the residual stress distributions. The
measurements were performed accordingly to the ASTM E1426-91 standard. Cutting
forces were measured using a 3-component force Kistler dynamometer and machined
surface texture was analyzed using a scanning electron microscope (SEM).

3. RESULTS
The residual stress distributions induced by TCAM and HT in axial and circumferential
directions are shown in Figure 2. Only average values are used in the plots for better
lisibility. It is evident that the residual stress depth profiles differ between hoop (Figure
2-a) and axial directions (Figure 2-b). The residual stress distributions show compressive
stresses in the workpieces machined with tested processes.
When TCAM was performed, both in-depth maximum stress level and compressive
stress aerea were significantly increased compared to HT. Besides, surface residual
stresses were compressive in the two measured directions. Surface residual stresses
varied from -254 MPa to 157 MPa for HT and from -398 MPa to -58 MPa for TCAM,
depending on the measured direction and cutting speed (Figure 3). In fact, when cutting
speed was increased, two phenomena occurred: Firstly, surface residual stresses tend to
be tensile. Secondly, the pick position and the affected zone depth were increased
particularly for TCAM.
(a)
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Figure 2; Effect of machining processes on a) circumferential and b) axial residual
stresses at feed of 0.05 mm/mn and depth of cut of 0.25 mm
It is generally agreed that the residual stresses are one of the most relevant
characteristics of surface integrity that affects significantly the structural components life
and performance. Specifically, several studies found that tensile residual stress reduced
fatigue strength and compressive residual stress improved it [Hashimoto et al., 2006]. It
should be mentioned, here, that the results presented above are valuable since they shows
that larger compressive residual stress levels can be generated during TCAM of AISI D2
cold work tool steel. The TCAM seems to be an adequate machining technique that may

enhance the in-service part life by inducing a large compressive residual stresses
compared to HT.
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Figure 3; Effect of cutting speed on a) circumferential and b) axial residual
stresses at feed of 0.05 mm/mn and depth of cut of 0.25 mm

4. DISCUSSION
Analysis of the results referred to residual stresses induced by machining will be
discusses here in terms of machining process, cutting forces and surface defects. Special
attention will be given to the workpiece/process interaction.
4.1 Effect of machining process
Several parameters can explain the compressive residual stresses (at the surface and
below machined surface) generated by machining. As we mentioned previously, the
cutting tool used is a low CBN content cutting tool with the negative effective rake angle
(-28°). Several works claimed that the greater negative effective rake angle and the use of
chamfer plus hone radius insert induces a large compressive residual stresses [Dogra et
al., 2011]. Besides, machining a high hardness materials (HRc 59-61) with such cutting
tool edge preparation promote the generation of compressive residual stresses [Thiele et
al.,2000]. In fact, with the use of the chamfered tool, a very strong compressive
deformation state on the cutting edge. Thus, the burnishing process becomes a dominant
factor in chip formation due to the squeezing of the material under the cutting edge which
builds up severe elastic and plastic deformation in the machined surface resulting in
larger compressive residual stresses [Hua et al., 2005]. Since the work material were
preheated in TCAM, the cutting temperature will be high enough to favour chip
formation by plastic deformation rather than fracture resulting in reduced cutting forces
and so increased compressive residual stresses at the surface, comparatively to HT
(Figure 4).

Figure 4; Effect of cutting speed on cutting forces at feed of 0.05 mm/mn and depth of cut
of 0.25 mm; Fp: thrust force, Fc: main cutting force
The observed differences between residual stress levels induced by TCAM and HT
are largely in part due to the cryogenic cooling and heating temperature (450°C).
Specifically, the liquid nitrogen jet seems to play an important role in preventing or
reducing heat accumulation in cutting zone by providing better cooling effectiveness and
suitable cutting temperature, and reducing friction [Hong and Ding, 2001] [Hong et
al.,2001]. The results are in a good agreement with those obtained by [Ben Fredj et al.,
2006] [Umbrello et al.,2011] [Pu et al.,2011] who demonstrated that cryogenic cooling
increases the compressive area of machined components and reduces the white layer
thickness.
4.2 Effect of cutting speed
Surface residual stresses tend to be tensile when the cutting speed is increasing to 150
m/mn specifically for HT. In fact, when increasing the cutting speed the friction energy
increases too. Thus, high amount of heat is introduced into the workpiece leading to the
white layer and/or microcracks formation at the surface which are usually associated with
tensile residual stresses particularly in HT (Figure 5). This correlation is in agreement
with results reported by [Schwach et al., 2005].
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Figure 5; Hard turning induced microcracks on the machined surface at cutting speed of
50 m/mn, feed of 0.05 mm/mn and depth of cut of 0.25 mm

However, in contrast of HT, surface residual stresses still of compressive one even
though of speed increase in the case of TCAM. This may be explained by the prominent
role played by the cryogenic cooling in regulating the cutting temperature and
consequently decreasing the thermal effect and reducing the tendency for producing
tensile residual stresses [Kenda et al.,2011]. Nevertheless, the effectiveness of the
cooling effect depended significantly on the aerodynamic conditions around the cutting
zone. At lower cutting speed the tool/chip contact is practically elastic and liquid nitrogen
is dragged in that elastic contact zone by capillarity effect and is likely to enable more
effective cooling [Dhar et al.,2002]. However, with the increase in cutting speed the chip
makes fully plastic or bulk contact with the tool rake surface and prevents the fluid from
entering into the hot tool/chip interface which accentuates the thermal effect.
Additionally, further increase of the cutting speed induces; first, intense turbulent air flow
by the faster workpiece motion which may prevent the nitrogen jet from reaching the
tool/chip interface [Jomaa et al., 2011]. Second, the cooling process may not get enough
time to remove the heat accumulated at the cutting zone resulting in less reduction of the
temperature under cryogenic cooling at higher cutting speed and hence resulting to
decreased compressive residual stresses.
The results obtained in HT supports previous findings by [Arsecularatne et al., 2006]
who affirmed that the hard machining of the AISI D2 steel at speeds higher than 140
m/mn are not viable in the interest of tool life. It is shown in the present work that is not
also viable in the interest of residual stresses. However, the use of thermallycryogenically assisted machining could be an attractive process to increase the tool life,
reduces cutting forces [Jomaa et al., 2011] and improve the surface integrity of hardened
steels (residual stresses) at higher cutting speed thus offering potential for high speed
machining better than conventional hard turning.

CONCLUSIONS
In this work, the effect of thermally-cryogenically assisted machining and hard turning on
the residual stress distribution was discussed experimentally. The results show that
thermally-cryogenically assisted machining results to larger compressive area, larger
compressive residual stresses (at the surface and below machined surface) compared to
hard turning. Besides, by controlling the cryogenic cooling and heating temperature, it is
possible to generate tailor-made stresses (Maximum stresses occurred both for the levels
and for the depth) in the product by thermally-cryogenically assisted machining
technique. The use of thermally-cryogenically assisted machining can improve surface
integrity and consequently, may results to improved fatigue life and in-service
performance of machined high strength structural materials.
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