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Abstract Tool chip contact length is an important parameter
in machining, as it provides an indication of the size of area
of interaction between the hot chip and the tool surface and
hence the interface heat transfer zone. Heat transfer and
thermally activated wear modes usually dominate tool wear
in the high speed machining of steels and machining of
titanium alloys at most cutting speeds. In this study, existing
models for the prediction of tool–chip contact length are
reviewed and examined for their suitability in high speed
machining of two widely used engineering alloys. Orthog-
onal turning tests for AISI 1045 steel and Ti6Al4V titanium
alloy are conducted for a range of cutting speeds from
conventional to high speeds. New contact length models are
presented for both materials covering a wide range of cutting
speeds. More significantly, these contact length models are
appropriate for high speed machining where thermal loads
significantly influence process performance. Additionally,
the work discusses how the machinability of engineering
materials influences the ability to predict contact length.

Keywords High speed machining (HSM) . Contact length
models . Dimensional analysis

List of Symbols

h1 Undeformed chip thickness (mm)
h2 Chip thickness (mm)
Lc Contact length (mm)

n Material constant
Vc Cutting velocity (m/min)
α Rake angle (degree)
θ Inclination of resultant force with shear plane (degree)
l Chip compression ratio
φ Shear angle (degree)

1 Introduction

1.1 High speed machining

High speed machining (HSM) can be considered as
machining at significantly higher cutting speeds and feed
rates compared to conventional practice which has also been
defined by other authors using various criteria [1, 2]. The
most popular definition of these is the one according to the
workpiece material as shown in Fig. 1. HSM provides
the opportunity to use optimum cutting parameters for
obtaining high production rates. Other benefits reported for
HSM include the ability for direct machining of hardened
materials, lower cutting forces and possibility for improving
surface finish [3]. The machining technology has gained
considerable success during the last few years in several
sectors due to the above advantages. However, much of the
knowledge in this field is still acquired empirically, and the
modelling of the process is relatively undeveloped [4].

In HSM, the chip formation process occurs at a very
high strain rate and nonlinear plastic deformation of the
workpiece material in the contact area. This generates
localised stresses in the cutting tool and a sharp rise in the
temperature at the interface. In addition, it has been
established that the process of plastic deformation in the
primary shear zone depends upon the condition of the
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sliding of the chip along the tool face. It is important,
therefore, to investigate the contact zone after the chip is
separated from the workpiece [5].

AISI 1045 carbon steel and Ti6Al4V titanium alloy are
selected for the present investigation. These two workpiece
materials cover a broad spectrum of engineering applica-
tions. AISI 1045 steel is a typical material for a variety of
automobile components such as crankshafts, piston rods,
steering components, axles, gears, etc. and is also used for
the manufacturing of rails, railway wheels and rail axles. It
has excellent performance in die forging and hot upsetting
processes. In addition, AISI 1045 steel is the focus of many
recent studies on numerical modelling of high speed
machining process [6–9]. In machining, AISI 1045 steel is
characterised by continuous chip formation and it is
relatively easier to machine.

Titanium alloys have been widely used in aerospace,
biomedical, automotive and petroleum industries because of
their good strength-to-weight ratio and superior corrosion
resistance. However, the machining of titanium alloys poses
a serious challenge for industry due to its tendency to work
harden during the machining process, high cutting temper-
ature at the tool–chip interface, high cutting pressures,
chatter and its reactivity with the cutting tool materials at
more than 500°C. In addition, its low thermal conductivity
and low modulus of elasticity impede its machinability
[10]. Titanium alloys have high temperature strength which
restricts plastic deformation of the metal in shear zone. The
thin serrated chips formed during the machining process
create small contact area resulting in heat concentration and
high stresses at the tool edge. Moreover, its chemical
affinity with tool materials during machining leads to
adhesion and chemical reaction, promoting tool degrada-
tion, which results in poor workpiece surface finish [11].
Titanium alloys are generally difficult to machine at cutting
speeds of more than 30 m/min with high speed steel tools
and more than 60 m/min with cemented tungsten carbide
tools, resulting in very low productivity [12].

1.2 Contact length

In metal cutting, when a continuous chip is formed, it
remains in contact with the tool rake face from the cutting
edge of the tool over a certain distance known as tool–chip
contact length. The tool–chip contact length plays an
important role in the metal cutting process. Along with
the shear angle, the tool rake face angle and the undeformed

Table 1 Summary of contact length models

Researcher Contact length model Workpiece material (cutting speed; m/min)

Lee and Shaffer [18] Lc ¼ h1
ffiffi
2

p
sin f sin 45�þf�að Þ Mild steel (not specified)

Abuladze [19] Lc ¼ 2h1 l 1� tanað Þ þ seca½ � –a

Poletika [20] Lc ¼ h1 2:05l� 0:55½ � Irona, steela, coppera, bronzea

Kato et al. [21],
Toropov and Ko [13]

Lc=2h2 Aluminium, copper, zinc, tin–lead alloy (50), Al 6061 (1,000),
Copper (800), AISI 1045 (300), AISI 304 (140)

Tay et al. [22] Lc ¼ h1 sin q
cosa sin f AISI 1016 (244)

Vinogradov [23] Lc ¼ h1 sinp4
sin f sin p

4þf�að Þ –a

Oxley [16] Lc ¼ h1 sin q
cosa sin f 1þ Cn

3 1þ2 1
4p�fð Þ�nC½ �

� �
Low carbon steel −0.16% C (6–60)

Zhang et al. [24]. Lc ¼ 8:677� 10�05h0:5151 V�0:065
c 90� � að Þ0:733 AISI 1045 (300)

Stephenson et al. [17] Lc ¼ 0:485þ 0:00280Vc AISI 1018 (82)
Marinov [15] Lc ¼ 1:61h2 � 0:28h1 AISI 1018 (291)
Sutter [5] Lc ¼ 1:92h2 � 0:09h1 XC 18 (3600)

Lc contact length, h1 undeformed chip thickness, h2 chip thickness, λ chip compression ratio, α rake angle, φ shear angle, Vc cutting velocity, n
material constant, C material constant, θ inclination of resultant cutting force to shear plane
a Information not available

Fig. 1 Cutting speed regimes for high speed machining [1]
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chip thickness, it defines the geometry of the chip
formation zone. Interface friction between the tool and the
chip and tool wear takes place along the contact length.
Thus, the contact length and the contact area control the
amount of heat generation in the secondary deformation
zone during the cutting process.

Previous work on contact length has been done on steels,
especially low and medium carbon steels [5, 13–17].
Table 1 summarises the contact length models available in
literature and the workpiece materials for which these
models were developed.

The equations in Table 1 show that almost all of these
contact length models are a function of the undeformed chip
thickness. Most of these models present tool–chip contact
length as a function of the undeformed and the actual chip
thickness. The contact length models of Lee and Shaffer [18]
and Vinogradov [23] are dependent on shear angle and are
very similar in their mathematical form, except for the factor
in the numerator. The model of Stephenson [17] is a function
of cutting speed only. For a zero cutting velocity, it gives a
contact length of 0.485 mm, which is unrealistic. It is
assumed that this factor 0.485 is specifically meant for the
workpiece tool material combination and cutting conditions
used. Oxley’s model [16] requires additional data for
evaluating ‘n’ and ‘C’, which can only be determined
experimentally, and for this reason, it is not included in this
comparison. Similarly, the model of Tay et al. [22] requires
force data for calculating inclination of the resultant cutting
force. As cutting forces are not the focus of this study, this
model is also not included in the comparison.

Using the split tool method, Kato et al. [21] reported that
the contact length is twice the deformed chip thickness.
Toropov and Ko [13] concluded the same result using slip
line field method. The model by Abuladze [19], for 0° tool
rake face angle, becomes similar to models by Kato et al.
[21] and Toropov and Ko [13], with a constant factor added
to it. Poletika [20], Marinov [15] and Sutter [5] used
dimensional analysis to define the contact length for
various workpiece materials; due to this reason, their
mathematical form is similar as well, though with different
coefficients. In addition, the difference in coefficients of
Marinov and Sutter contact length models can be attributed
to different cutting speeds used (using same workpiece
material). This clearly shows the dependence of tool–chip
contact length on workpiece material and cutting speed.

Other important factors that may influence the contact
length prediction are tool geometry and interface friction.
Sutter [5] used different rake angle tools (+5°, 0° and −5°)
for contact length measurement and reported large dispersion
for normalised contact length. Sutter noted that due to this
large dispersion in the results, a clear trend between rake
angle and contact length was not obvious. Thus, the model
was only developed using the zero degree rake angle contact

length data. This approach is however useful, as in
machining, once a solid tool or tool holder and insert are
selected, then the rake angle is set for the cutting conditions.

Iqbal et al. [25] reported a positive correlation between the
interface friction coefficient and contact length when data for
various chip compression ratios were considered. If a wide
range of cutting speeds is considered (high speed cutting),
then reduced friction coefficients are experienced at the
higher cutting speeds [26, 27]. Thus, a study of the effect of
cutting speed on contact length incorporates friction aspects.
This is useful, as in industrial machining, the coefficient of
friction is set by the choice of tooling and workpiece
materials and then changes with the cutting conditions.

A close look at Table 1 reveals that almost all of the
work on estimation of the contact length models is done at
low cutting speeds, except Sutter’s [5] work. Sutter used a
ballistic machining setup to go up to a cutting speed of
3,600 m/min with low carbon steel (~AISI 1018) and
uncoated carbide tool. It is also noted that the workpiece
materials used in all previous contact length investigations
are different grades of steel, copper, bronze and aluminium
alloy. As mentioned earlier, AISI 1045 steel, which is the
focus of many recent works on numerical modelling of
machining, has only been investigated at a maximum
cutting speed of 300 m/min. No work on the contact length
modelling of Ti6Al4V alloy is reported in literature.

1.3 Scope of current research

Literature review has shown that there are various contact
length models available and that these models have not
been developed for machining of Ti6Al4V alloy. In
addition, these models do not focus on the high speed
machining of steels. Thus, there is need to evaluate the
applicability of existing contact length models and to
further establish more accurate models for the above cases.
These models can contribute towards establishing a sound
machining process database, especially for the tool–chip
contact phenomenon. This is essential for the application of
finite element analysis for thermal modelling of the
machining process especially at high cutting speeds.

Table 2 Parameters for cutting experiments

Cutting parameter Work piece material

AISI 1045 steel Ti6Al4V

Cutting speed (m/min) 198 to 879 60 to 300
Undeformed chip thickness (mm) 0.1 to 0.3 0.1 to 0.3
Width of cut (mm) 2.5 2
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2 Experimental details

All the experimental tests were conducted on a commercial
lathe machine and under dry conditions (as the benefits of
cutting fluids are not so obvious at high cutting speeds
[28]). To reduce the variation of cutting speed across the
cutting edge, a large diameter workpiece were used. Table 2
summarises the cutting conditions for both workpiece
materials.

Commercially available tungsten-based flat triangular
uncoated cemented carbide inserts (grade, Sandvik TCMW
16T304 grade 5015) were used in these tests. This insert
geometry was selected because it had no chip breaker,
thereby not constraining the contact length. During the
tests, the inserts were rigidly mounted on right style holder
(STGCR 2020K-16), resulting in a 0° rake angle and 7°
clearance angle. Cutting tests were performed at different
speeds from the conventional to HSM range. The experi-
mental setup is shown in Fig. 2.

For the measurement of the contact length, cutting
inserts were examined using a Polyvar optical microscope

equipped with image processing software. The contact
tracks left by the chip on the tool rake face were utilised for
the identification of the contact area.

3 Results and discussion

The experimental results for the two workpiece materials
are presented in Figs. 3, 6, 7 and 8. These results compare
the variation of the contact length and the chip compression
ratio with the cutting speed and the undeformed chip
thickness.

Figure 3 shows the variation of the contact length with
the cutting speed for both workpiece materials. For AISI
1045, the contact length shows a decreasing trend with
increasing cutting speed. The same decreasing trend is
observed for all undeformed chip thickness values. The
contact length increases with the increasing undeformed
chip thickness value. For Ti6Al4V alloy (as shown in
Fig. 3b), the contact length shows a different trend. Here,
the contact length initially increases and then decreases
with the cutting speed. The cutting speed of 180 m/min at
which the contact length is maximum lies within the
transition range between the conventional and high speed
machining range for titanium alloys (Fig. 1). This initial
increase and then decrease in contact length, for Ti6Al4V
alloy at higher feed rates, can be attributed to the
phenomena of shear banding.

As mentioned earlier, titanium alloys are characterised
by low thermal conductivity, diffusivity and poor machin-
ability. Due to low thermal conductivity, adiabatic shear
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Fig. 2 Schematic of the experimental configuration for the orthogonal
cutting tests
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Fig. 3 Variation of contact
length with cutting speed for
AISI 1045 steel (a) and
Ti6Al4V alloy (b) for various
values of undeformed chip
thickness

Table 3 Critical cutting conditions to form shear localised chips

Workpiece material Thermal conductivity (W/m-K) fVc [29]

Ti6Al4V 6.70 0.0040
AISI 304 16.2 0.0054
AISI 4340 44.5 0.0060
AISI 1020 51.9 0.0970
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banding is favoured in this alloy. Chip segmentation by
shear localisation occurs in a certain range of cutting
velocities. This phenomenon can be desirable in reducing
cutting forces and improving chip evacuation. This strain
localisation is accompanied by a large local growth of
temperature which is a necessary condition to have
adiabatic shear bands. Workpiece materials with high
thermal conductivity manifest no adiabatic shearing be-
cause heat diffusion tends to make the temperature uniform
in the specimen.

Bayoumi and Xie [29] studied the effect of the cutting
conditions on the formation of shear bands in four different
alloys (Ti6Al4V alloy, AISI 304, AISI 4340 and AISI 1020
steel). For each workpiece material considered, there
existed a critical value of the product of cutting velocity
and feed rate at which shear localised chips were observed.
The critical cutting conditions to form shear localised chips
for four different workpiece material are given in Table 3,
and the thermal conductivity of the workpiece materials is
also added to aid the discussion. The values for parameter
‘fVc’ listed in the table suggest that the shear banding
frequency increased with an increase in feed rate or a
decrease in cutting speed.

AISI 1020, which is close to AISI 1045 as compared to
all other materials, has the highest value of thermal
conductivity and highest parameter ‘fVc’. This implies that

shear banding will occur at far higher cutting speeds for
steel compared to titanium alloys. This supports a decreas-
ing trend of contact length at the transition to HSM cutting
speeds as shown in Fig. 3a for AISI 1045 in comparison to
Ti6Al4V alloy in Fig. 3b.

For higher cutting speeds, Molinari et al. [30] discussed
the phenomena of adiabatic shear banding of Ti6Al4V alloy
and used two cutting speed ranges (0.6 to 72 m/min and
600 to 4380 m/min). Molinari et al. did not report any
experimental results between cutting speed range of 72 to
600 m/min. They suggested that for titanium alloys with
cutting velocities lower than 72 m/min, that chip serration
was related to the development of deformed shear bands,
which are the manifestation of thermo-mechanical instabil-
ity. However, at these low values of the cutting velocity, the
instability process is weak and the localisation is not sharp
as for high cutting velocities. For cutting velocities higher
than 720 m/min, the adiabatic shear bands had marked
boundaries and seemed to be transformed bands in which
phase change had occurred. They have reported that shear
bandwidth decreases with increasing cutting speed. In
addition, the width of shear band increases with increasing
feed rate for Ti6Al4V, as shown in Fig. 4a.

Sutter et al. [31] performed similar experimental inves-
tigation using plain carbon steel for very high cutting
speeds and reported similar trend for shear bandwidth (as
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shown in Fig. 4b), but for higher cutting speeds with higher
feed rates, as compared to titanium alloy. Similarly, the
frequency of chip segmentation increased with increasing
cutting speed for both workpiece materials, as shown in
Fig. 5a and b. From this figure, the chip segmentation
frequency for plain carbon (reported by Sutter et al. [31])
was around 20 kHz as compared to 300 kHz for titanium
alloy (reported by Molinari et al. [30]) at the same cutting
speed (600 m/min).

Molinari et al. reported that the phenomenon of adiabatic
shear banding is weak and not established at low cutting
speed. This might be responsible for the increased contact
length at low cutting speeds (as reported in Fig. 3b). In
addition, increased chip segmentation frequency (estab-
lished shear bands) can support reduction in contact length
at higher cutting speed as reported for titanium alloys
(Fig. 3b). Moreover, it also supports less deterministic trend
for contact length for titanium alloy compared to steel, and
hence high scatter in contact length data.

Nuri et al. [32, 33] reported a trend of increase in contact
length for cutting speed greater than 400 m/min after an
initial decrease. The workpiece material used was AISI
4140 steel with uncoated and different coated carbide tools.
The cutting speeds range used was 200 and 1,200 m/min.
According to Table 3, the parameter ‘fVc’ for AISI 4340

steel (which is close to AISI 4140 steel) is high as
compared Ti6Al4V alloy. In the light of above discussion
and results reported in Figs. 3a and b, 4a and b, 5a and b
and Table 3, it might be possible for the contact length to
increase for AISI 1045 steel beyond the cutting speeds
reported in this study.

Figure 6 shows the contact length variation with the
undeformed chip thickness. For both workpiece materials,
the contact length increases with the increasing value of
undeformed chip thickness. A similar trend was reported by
Sadik and Lindstrom [34] for turning SS1572 (0.35% C,
quenched and tempered) steel, by Marinov [15] for turning
AISI 1020 at low cutting speeds and by Sutter [5] for
cutting XC18 (0.18% C) steel at very high speeds using
ballistic machining setup. For AISI 1045 steel, at high
cutting speeds, the contact length appears to be insensitive
to undeformed chip thickness. For Ti6Al4V alloy, the
contact length variation shows an increasing trend with a
steep slope at the cutting speeds of 120 and 180 m/min. For
the other three cutting speeds, i.e. 60, 240 and 300 m/min,
the increase in contact length is low. It is interesting to note
that cutting speeds of 120 and 180 m/min fall within the
transition cutting speed range for titanium alloys (Fig. 1).
However, the effect of transition cutting speed range is not
pronounced for AISI 1045 steel. As discussed earlier, it
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might be attributed to the phenomena of chip segmentation.
It is also noted that the changes in the contact length for
various cutting speeds are more pronounced for higher feed
rates. This appears reasonable, as at higher feed rates,
increased chip thickness and cutting forces are encountered.
Thicker chips are more difficult to deform and hence
associated with increased contact length.

Chip compression ratio is an important parameter in
evaluating the heat flux and approximating the degree of
deformation during machining process. It is a measure
of the efficiency of chip formation [3]. A lower value of
chip compression ratio leads to higher shear angle, which,
in turn, leads to lower strain in the chip and reduced energy
consumption. Chip compression ratio can be defined by
Eq. 1 as:

l ¼ h2
h1

ð1Þ

where h1 is the undeformed chip thickness (set by the feed
rate in the depicted orthogonal turning) and h2 is the actual
chip thickness.

Figure 7 shows the variation of the chip compression
ratio with the undeformed chip thickness. For AISI 1045,
the chip compression ratio follows a decreasing trend with
increasing undeformed chip thickness. The chip compres-
sion ratio is a crude estimate of the amount of strain
experienced in machining. This implies that in this case,
strain inducing mechanisms are more prevalent when taking
lighter cuts (HSM is typically done at lighter cuts). In
addition, the chip compression ratio decreases with increas-
ing cutting speed. The chip compression ratio for all the

cutting speeds used follows a consistent and even trend.
However, for Ti6Al4V alloy, the chip compression ratio
shows two distinct trends for the five cutting speeds used.
For the cutting speeds of 120, 180 and 300 m/min, the chip
compression ratio shows a decreasing trend with increasing
undeformed chip thickness. Furthermore, the chip com-
pression ratio drops drastically for undeformed chip
thickness from 0.1 to 0.2 mm. For the cutting speed of 60
and 240 m/min, there is a slight increase in chip
compression ratio at undeformed chip thickness of
0.2 mm, and then it finally decreases. The chip compression
ratio values at the undeformed chip thickness of 0.3 mm are
very close for all cutting speeds used.

Figure 8 shows the variation of chip compression ratio
with the cutting speed. Again, for AISI 1045 steel, the
variation of the chip compression ratio shows a decreasing
trend with increasing cutting speed within a narrow band
and without any scatter, whereas for Ti6Al4V alloy, at
undeformed chip thickness of 0.1 mm, the chip compres-
sion ratio increases until the cutting speed of 180 m/min.
After that, there is a sharp drop in the chip compression
ratio at the cutting speed of 240 m/min, but it starts to
increase again at the cutting speed of 300 m/min. The
scatter in the chip compression ratio with increasing speed
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Table 4 Dimensional analysis of tool–chip contact length

Parameter Symbol Dimension

Tool–chip contact length Lc Length
Tool’s rake face angle α –
Undeformed chip thickness H1 Length
Chip thickness H2 Length

h2 / h1

0

L c 
/ h

1

0

1

2

3

4

5

6

Experiment- AISI 1045 
(Lc/ h1 ) =1.56 (h2 /h1 ) + 0.09

1 2 3 4

Fig. 9 Experimental results for the tool–chip contact and proposed
contact length model (Eq. 3) for AISI 1045 steel
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is not high for undeformed chip thickness value of 0.2 and
0.3 mm.

4 Dimensional analysis

A dimensional analysis, similar to the one reported by
Marinov [15], is performed to identify the cutting param-
eters which strongly influence the tool–chip contact length.
For a given combination of tool and workpiece material,
three quantities in addition to Lc are necessary to complete-
ly define the geometry of the chip formation zone: the tool
rake face angle ‘α’, the undeformed chip thickness ‘h1’ and
the actual chip thickness ‘h2’. In the case of two-
dimensional orthogonal cutting, the width of cut does not
affect the geometry of the chip formation. Cutting velocity
‘Vc’ is known to change the chip–tool contact length and
the shear angle, but only indirectly, through its influence on
the cutting temperature and hence the work material
properties.

The main parameters which are involved in the determi-
nation of Lc are those listed in Table 4. The normalised
tool–chip contact length as a function of the undeformed
chip thickness ‘h1’ and the actual chip thickness ‘h2’ is
given by:

Lc
h1

¼ f
h2
h1

� �
ð2Þ

where Lc
h1

is the normalised contact length and h2
h1

is the chip
compression ratio.

Figure 9 shows the experimental results for AISI 1045
steel. These results are correlated with a coefficient of
correlation of 0.84 and a coefficient of determination of
0.71. The linear equation defining the contact length for
AISI 1045 for a wide range of cutting speeds is obtained as:

Lc ¼ 1:56h2 þ 0:09h1 AISI 1045 steelð Þ: ð3Þ

Figure 10 shows the variation of normalised contact
length (Eq. 3) with the chip compression ratio for AISI
1045 steel, along with other contact length models
presented in Table 1, covering a wide range of cutting
speeds. As mentioned earlier, for 0° tool rake face angle,
the contact length models by Abuladze [19], Kato et al. [21]
and Toropov and Ko [13] turns out to be the same; hence,
they overlap. In addition, the contact length models by
Oxley [16] and Tay et al. [22] require additional input
parameters to define contact length, so they are excluded
from this discussion. The proposed contact length model
given by Eq. 3 shows that ‘Lc’ tends near to zero as the chip
compression ratio ‘h2/h1’ approaches zero. The Marinov’s
model [15], based on the same formulation, has a similar
slope to that of Eq. 3 but a different intercept. The new
model has an intercept value closer to zero, thus represent-
ing a more realistic case for machining. The slope of
Poletika model [20] is steeper as compared to the new
model (Eq. 3) and so is that of Sutter’s model [5]. Lee and
Shaffer’s model [18], which is strongly dependent on the
shear angle and in turn on chip compression ratio, is closest
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Fig. 10 Comparison of various tool–chip contact length models with
the contact length model (Eq. 3) obtained in the present work for AISI
1045 steel
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to Eq. 3. This might be due to a very small scatter in the
experimental data points for chip compression ratio, as
shown in Figs. 7 and 8. On the other hand, Vinogradov’s
model [23], which is very similar in mathematical form to
Lee and Shaffer’s model, provides a more conservative
estimate of contact length as compared to the new model
(Eq. 3). The models by Kato et al. [21], Toropov and Ko
[13] and overestimate contact length compared to Eq. 3,
whereas contact length predicted by Abuladze’s [19] model
overestimates Eq. 3 by a large margin.

Figure 11a shows the experimental results for normalised
contact length and chip compression ratio of Ti6Al4V alloy.
Due to the poor machinability characteristics of Ti6Al4V
alloy and resulting high degree of scatter in contact length
data, the linear equation fitted has very low coefficient of
correlation value of 0.053. The resulting linear equation
gives a normalised contact length of 2.35 at zero chip
compression ratio. This would suggest that predicting
contact length for titanium alloys is severely changed by
the material behaviour.

After excluding outlier data points using statistical
analysis technique (based on minimising the standard error
of mean), the experimental results are correlated with a
coefficient of correlation of 0.79 and a coefficient of
determination of 0.62. The linear equation (as shown in
Fig. 11b) for contact length in this case is obtained as
shown in Eq. 4.

Lc ¼ 1:15h2 þ 0:70h1 Ti6Al4V alloyð Þ ð4Þ
Figure 12 shows the variation of normalised contact

length model, given by Eq. 4 with the chip compression
ratio for Ti6Al4V alloy, along with other contact length
models presented in Table 1, covering a wide range of
cutting speeds. The models by Lee and Shaffer [18] and
Vinogadov [23] show similar trends and are different from

all other contact length models. The normalised contact
length predicted by these models is almost constant for
increasing chip compression ratio. It is noted that the form
of these contact length models (Table 1) is similar and is
strongly dependent on shear angle ‘φ’, which, in turn, is
dependent on the chip compression ratio ‘h2/h1’. From
Fig. 7, the chip compression ratio for Ti6Al4V alloy shows
a larger scatter as compared to AISI 1045 steel. For the rest
of the contact length models, the normalised contact length
shows an increasing trend with increasing ratio of ‘h2/h1’.
The model given by Eq. 4 has a different slope than the rest
of the models. This is due to the fact that the experimental
basis for all the contact length models presented in Table 1
are mostly for different grades of steel as the workpiece
material. Due to poor machinability of titanium alloys and
the resulting large scatter of the experimental data, the
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contact length relation given by Eq. 4 gives deviation from
zero when ratio ‘h2/h1’ reduces to zero.

Figure 13 shows the comparison of the proposed contact
length models (Eqs. 3 and 4) with other reported experi-
mental results. The experimental tool–chip contact length
data for Ti6Al4V are not reported in literature. The
experimental data selected here for comparison are reported
by Toropov and Ko [13] (AISI 1045 steel, Vc=80 to 300 m/
min, h1=0.1 to 0.25 mm, tool rake face angle=−5° and 20°,
h2/h1>1.75, tool: uncoated cemented carbide) and Sutter [5]
(~AISI 1018 steel, Vc=1,020 to 3,600 m/min, h1=0.02 to
0.65 mm, tool rake face angle=0°, h2/h1<1.75, tool:
uncoated cemented carbide). These two experimental data
sets cover a wide range of cutting speeds, i.e. from 80 to
3,600 m/min. Toropov’s experimental data points are more
towards high normalised contact length and slightly
overestimate Eq. 3 (AISI 1045 steel). The experimental
data reported by Toropov are for four different rake angles
(−5°, 0°, 10°, 20°), and the upward shift in these data may
be attributed to this. The results reported by Sutter were
obtained at 0° tool rake angle and for very high cutting
speeds (ballistic cutting setup used). The experimental data
points are on the upper side of proposed contact length
model (Eq. 3).

5 Conclusions

Contact length models provide an estimate for the size of
the zone for heat transfer from the chip to the tool. Whilst a
number of models have previously been developed for
predicting contact length, these were not developed and
tested for titanium alloys for high speed machining.
Deformed and undeformed chip thickness values are
important in predicting contact length. This study has
sought to clarify how material differences can affect tool–
chip contact length. For AISI 1045 steel, a decreasing trend
is observed for the contact length with increasing cutting
speed for all undeformed chip thickness values. For
Ti6Al4V alloy, a noticeable rise in the tool–chip contact
length is observed at cutting speeds which have, in the past,
been categorised as the transition range before HSM range.
This can be attributed to the phenomena of adiabatic shear
banding occurring in low thermal conductivity and diffu-
sivity materials. It is also shown that the chip compression
ratio has a high degree of scatter for titanium alloy
compared to steel, and this can be attributed to the poor
machinability characteristics and phenomena of shear
banding of the former. Review of the existing contact
length models has highlighted their inadequacy in accu-
rately providing a quantitative prediction of contact length
for the cases considered. Two new contact length models
have been proposed based on dimensional analysis of the

contact zone parameters. These new models cover a wide
range of cutting speeds and have a higher coefficient of
determination than reported previously in literature. Addi-
tionally, the study shows that the predictive capability of
contact length models is affected by the deterministic nature
of workpiece material machinability.
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