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ABSTRACT
Tool-chip contact stresses are of major interest in develop-

ing a basic understanding of the mechanics of machining. The
interfacial and sliding conditions along the tool-chip contact in
machining differ significantly from that of conventional, lightly
loaded, tribological contacts in two major aspects – the occur-
rence of plastic flow (in the chip) at the sliding interface and inti-
mate nature of the contact where apparent and real contact areas
are the same. In this study, we present an experimental method
for direct measurement of the tool-chip contact stresses. This
involves the use of sapphire as a cutting tool coupled with dig-
ital photoelasticity to obtain full-field principal stress difference
(isochromatics) and principal stress directions (isoclinics). This
enables direct full-field characterization of the tool-chip contact
stresses, as well as stresses within the cutting tool, at a micron-
scale resolution not achieved previously. Our results show that
the shear stress exhibits a maximum at a small distance from the
tool tip, while the normal stress decreases monotonically with
increasing distance from the tool tip. The maximum shear stress
shows a good correlation with the shear flow stress of the material
that is being machined. We also briefly discuss applications of
the method to derive the stress distribution at the tool flank face
and quantify frictional dissipation at both the contacts – tool-chip
contact and flank-machined surface contact.
Keywords: cutting, digital photoelasticity, friction

1. INTRODUCTION
Interfacial condition at the tool-chip contact plays a major

role in machining through its influence on the chip formation
mode, specific cutting energy, temperature rise, and the tool wear
[1–4]. It has been well-known that the traditional analysis of
friction, where the friction force is assumed to vary in proportion
to the normal force (Coulomb’s law) does not accurately describe
frictional conditions at the tool-chip contact [5]. This is because
the interfacial and sliding conditions along the tool-chip contact in
machining differ significantly from those of conventional, lightly
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loaded, tribological contacts. For example, not only the chip
material experiences plastic deformation parallel to the interface
as sliding occurs, but also the chip underside that is in contact
with the tool is a freshly generated surface that is pristine (free of
surface oxide layer) [6, 7]. These factors result in a highly intimate
sliding contact, where both the apparent and actual contact areas
are almost identical [8].

Experimental techniques that have been used in the past to
investigate tool-chip contact mechanics and stress distribution
along the contact include instrumented split tools [9–12], moire
technique [13], and photoelasticity [14–19]. The moire technique
was found to have very limited stress sensitivity, while the split
tool method is cumbersome and is also limited in terms of its abil-
ity to measure stresses close to the cutting edge. Photoelasticity,
on the other hand, has proven to be a practical experimental tech-
nique for accurately characterizing tool-chip contact stress dis-
tribution. The early application of photoelasticity to machining
involved the use of birefringent plastics pressed against specially
designed models [14] and ready-made chips [20] to simulate the
tool-chip contact. This method involved retracting the steel tool
that was originally used to produce the chip and then pressing
the ready-made chip with a photoelastic tool; this meant that the
stress profiles obtained were not representative of the actual cut-
ting process. For example, Ref. [15] shows that the fringe patterns
observed in an epoxy tool while cutting soft lead are quite differ-
ent from those observed in a tool pressed against a ready-made
chip.

Subsequent photoelastic studies focused on characterizing
the tool-chip contact stress distribution during the actual cut-
ting process using birefringent plastics as cutting tool materials
in conjunction with conventional photoelasticity to obtain data
points along the tool-chip interface [15–17, 21]. However, the
use of plastic tools meant that only soft metals like lead could
be investigated. Despite this limitation, these studies, starting
with Usui and Takeyama [15], yielded important information
about the tool-chip contact stress distribution. These studies
have suggested that while a large gradient in the normal stress
exists along the contact, with the normal stress monotonically
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decreasing from the tool tip to the chip separation point, the shear
stress is uniformly distributed over a major portion of the contact
length. Chandrasekaran and Kapoor’s study [16] with different
rake-angle tools reinforced these observations of nearly uniform
shear stress along the contact, while Amini’s study [17] suggested
a different trend — that of monotonically increasing shear stress
towards the tool tip. In this regard, it should be noted that all
these studies relied on the conventional photoelasticity method,
where the number of data points along the contact depends on
the number of fringes that fall within the contact length. Conse-
quently, the resolution of stress measurements along the contact
is limited, which makes it challenging to resolve the stress data
close to the cutting tip without ambiguity. This limitation led the
previous researchers to either speculate stresses close to the tool
tip or present data obtained by extrapolating the far-field stress
profiles to the tool tip. The contrasting views regarding the inter-
facial stress distribution noted above are likely a consequence of
this issue [22].

The next major advance came from Bagchi and Wright [19]
who used sapphire as a cutting tool material in their photoe-
lasticity study. Sapphire is chemically inert, has a high hardness
comparable to commercial tool materials, and also exhibits stress-
induced birefringence along its optic axis. This enabled stresses
to be measured while cutting harder materials such as brass and
steel at high speeds (up to∼ 1 m/s). Their observations with these
materials largely supported earlier observations [15, 16, 21] and
further indicated that under negative rake angles, the tool-chip
contact shear stress is not uniform but exhibits a maximum near
mid-way of the contact length before dropping to zero at the
edge of the contact. Similar to earlier photoelasticity studies, the
data resolution of Bagchi and Wright’s measurements was again
limited by the number of fringes along the contact length.

In this paper, we build on Bagchi and Wright’s idea of us-
ing sapphire as a cutting tool and combine it with the digital
photoelasticity method to obtain full-field stress distribution over
the cutting tool at a high spatial (micron-scale) resolution not
achieved previously. We present the basic principles of full-field
photoelasticity and its application to measure stress distribution
in steady-state continuous chip formation in single-phase 70-30
brass. It is shown that the use of digital photoelasticity offers full-
field data at enhanced resolution, allowing accurate measurement
of stresses closest to the tool tip. Additionally, it provides a means
to measure stress distribution at the flank-machined surface rub-
bing contact in isolation from the tool-chip contact. Normal
and shear stress profiles along the tool rake face and flank face
are clearly brought out using this method, and a simple method
to quantify the individual contributions of tool-chip contact and
flank-machined surface contact to the overall friction work is
presented.

2. EXPERIMENTAL
Digital photoelasticity is a full-field experimental technique

using light as a sensor, based on the property of temporary stress-
induced birefringence. As the polarized light passes through a
photoelastic material, the principal stress directions at a point act
as the polarizing axes, and the two refracted rays travel at differ-
ent velocities, causing a relative retardation. Two different types

of fringes can be observed in photoelasticity, namely, isoclinics
and isochromatics. Isoclinics appear when the principal stress
direction at a point coincides with the polarization direction of
the plane-polarized light. Thus, the isoclinic fringe corresponds
to the principal stress direction. The isochromatic fringes occur
due to the retardation and are related to the principal stress differ-
ence. The isochromatic fringes appear as dark and bright fringes
when the light source is monochromatic and colored when the
light source is white light. The isoclinic fringe remains black
for any light source used. The technique uses an experimental
arrangement called polariscope (see Fig. 1), involving polariz-
ers and quarter-wave plates. A plane polariscope arrangement
(using the arrangement: light source / polarizer / photoelastic
model / analyzer), gives both isoclinic and isochromatic fringes.
Isoclinics can be removed using a circular polariscope arrange-
ment (using the arrangement: light source / polarizer / quarter
wave plate / photoelastic model / quarter wave plate / analyzer),
giving only isochromatic fringes. Thus, photoelasticity provides
fringe patterns corresponding to the principal stress difference
and principal stress direction. However, to obtain full-field data,
digital photoelasticity involving phase shifting techniques and
image processing is required.

FIGURE 1: SCHEMATIC OF THE POLARISCOPE ARRANGEMENT
CONSISTING OF A WHITE LIGHT SOURCE, POLARIZER, QUARTER
WAVE PLATES, ANALYZER, CAMERA, AND SAPPHIRE CUTTING
TOOL IN BETWEEN THE TWO QUARTER WAVE PLATES.

Ten-step phase shifting algorithm (PST) [23, 24] is one of
the widely accepted phase shifting techniques developed for the
estimation of full-field photoelastic data. Ten-step PST involves
four images in the plane polariscope arrangement for the esti-
mation of the isoclinic parameter and six images in the circular
polariscope arrangement for the estimation of full field isochro-
matic parameter (see Table 1). The dedicated four images allow
for accurate estimation of principal stress direction, eliminating
quarter wave plate mismatch error. Further, the use of white light
while capturing the plane polariscope images eliminates the error
due to isoclinic-isochromatic interaction. The isoclinic parameter
(principal stress direction) is obtained from the first four images
using

𝜃 =
1
4

tan−1
(︃
𝐼4 − 𝐼2
𝐼3 − 𝐼1

)︃
. (1)

Similarly, the six images are used to estimate the isochromatic
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TABLE 1: TEN-STEP METHOD: OPTICAL ARRANGEMENT AND RESPECTIVE INTENSITY EQUATIONS.

𝛼 𝜁 𝜂 𝛽 Intensity Equation

Plane polariscope

𝜋
2 - - 0 𝐼1 = 𝐼𝑏 + 𝐼𝑎 sin2 ( 𝛿2 ) sin2 2𝜃

5𝜋
8 - - 𝜋

8 𝐼2 = 𝐼𝑏 + 𝐼𝑎
2 sin2 ( 𝛿2 ) (1 − sin 4𝜃)

3𝜋
4 - - 𝜋

4 𝐼3 = 𝐼𝑏 + 𝐼𝑎 sin2 ( 𝛿2 ) cos2 2𝜃
7𝜋
8 - - 3𝜋

8 𝐼4 = 𝐼𝑏 + 𝐼𝑎
2 sin2 ( 𝛿2 ) (1 + sin 4𝜃)

Circular polariscope

𝜋
2

3𝜋
4

𝜋
4

𝜋
2 𝐼5 = 𝐼𝑏 + 𝐼𝑎

2 (1 + cos 𝛿)
𝜋
2

3𝜋
4

𝜋
4 0 𝐼6 = 𝐼𝑏 + 𝐼𝑎

2 (1 − cos 𝛿)
𝜋
2

3𝜋
4 0 0 𝐼7 = 𝐼𝑏 + 𝐼𝑎

2 (1 − sin 2𝜃 sin 𝛿)
𝜋
2

3𝜋
4

𝜋
4

𝜋
4 𝐼8 = 𝐼𝑏 + 𝐼𝑎

2 (1 + cos 2𝜃 sin 𝛿)
𝜋
2

𝜋
4 0 0 𝐼9 = 𝐼𝑏 + 𝐼𝑎

2 (1 + sin 2𝜃 sin 𝛿)
𝜋
2

𝜋
4

3𝜋
4

𝜋
4 𝐼10 = 𝐼𝑏 + 𝐼𝑎

2 (1 − cos 2𝜃 sin 𝛿)

parameter using

𝛿 = tan−1
(︃
(𝐼9 − 𝐼7) sin 2𝜃 + (𝐼8 − 𝐼10) cos 2𝜃

(𝐼5 − 𝐼6)

)︃
, (2)

where 𝛿 = 2𝜋𝑁 , with 𝑁 being the fringe order. The results
obtained from Eq. 1 may contain inconsistent regions with the
direction of the second principal stress and Eq. 2 generates bands
of fractional fringe orders. The generation of continuous iso-
clinic and isochromatic data requires phase unwrapping. To this
end, an adaptive quality guided phase unwrapping (AQGPU) al-
gorithm [25] is used in this work. The principal stress difference
is obtained from the fringe order using the stress optics law:

𝜎1 − 𝜎2 =
𝑁 𝑓𝜎

ℎ
, (3)

where 𝑓𝜎 is the material stress fringe value and ℎ is the thickness.
Using the full-field principal stress difference and the principal
stress direction, the difference in normal stress components and
the shear stress are obtained as follows:

𝜎𝑥𝑥 − 𝜎𝑦𝑦 = (𝜎1 − 𝜎2) cos 2𝜃,

𝜏𝑥𝑦 =
𝜎1 − 𝜎2

2
sin 2𝜃.

(4)

Next, the individual components of the stress tensor are estimated
over the entire domain using the shear difference technique [26].
This technique uses the finite difference approximation of the
equilibrium equation and requires a point in the domain with
complete stress information. If we consider a point on the free
boundary with an outward normal along the 𝑦-axis (𝜎𝑖

𝑦𝑦 = 0,
𝜏𝑖𝑥𝑦 = 0), where all the individual stress components are known
(from Eq. 4), then the individual stress components for all points
along the 𝑦-axis can be obtained using the shear difference equa-
tion:

𝜎
𝑗
𝑦𝑦 = 𝜎𝑖

𝑦𝑦 −
𝑗∑︂
𝑖

Δ𝜏𝑥𝑦

Δ𝑥
Δ𝑦. (5)

All these points act as seed points in the marching algorithm for
stress separation along the 𝑥-axis. Since the calculation of shear
slope in the shear difference equation often leads to error accumu-
lation, an improved version of the shear difference technique [27]

is used in this work, which is given as:

𝜎
𝑗
𝑦𝑦 = 𝜎𝑖

𝑦𝑦 −
𝑗∑︂
𝑖

Δ(𝜎1 − 𝜎2)
Δ𝑥

sin 2𝜃
2

Δ𝑦 −
𝑗∑︂
𝑖

(𝜎1 − 𝜎2) cos 2𝜃
Δ𝜃

Δ𝑥
Δ𝑦.

(6)

Sapphire has a unique combination of properties, includ-
ing high mechanical hardness and stress-induced birefringence,
which makes it an ideal candidate for photoelastic studies of ma-
chining. A 3 mm thick sapphire plate with a carefully polished
edge was used as a cutting tool in our study. The material stress
fringe value for sapphire was found by performing photoelastic
experiments on sapphire subjected to a line load and comparing
the stress field with the Flamant’s solution [28]; this resulted in a
stress fringe value of 383 N/mm/fringe. The workpiece material
was single-phase 70-30 brass (obtained from McMaster Carr).
For cutting experiments, a special tool holder was designed to
hold the sapphire tool, and this tool holder was mounted on a
multi-component piezoelectric dynamometer (Kistler 9129AA)
to measure the cutting forces. Cutting experiments were done
in a linear (planing) configuration by moving a rectangular brass
workpiece against the sapphire tool using a motorized linear ac-
tuator; this configuration is similar to that used in our earlier
studies of chip formation [29, 30]. The cutting conditions were:
2 mm/s cutting speed (𝑉0), 45 𝜇m depth of cut (𝑡0), −5◦ rake
angle (𝛼). A color camera (Apex AP-3200T-USB, 2064 × 1544
pixels), fitted with a microscopic objective lens (5X), providing
a field of view of 2.1 mm × 1.6 mm at 1 𝜇m per pixel spatial
resolution was used for imaging the tool-chip contact region. The
use of objective lenses restricts the working distance available to
accommodate the optical elements used in photoelasticity. This
challenge was addressed by using an in-house built miniature
polariscope, consisting of a white LED light source, polarizer
(LPVISE100-A - Ø1" Linear Polarizer), analyzer, and quarter
wave plates (WPQ10E-633 - Ø1" Polymer Zero-Order Quarter
Wave Plate).

3. RESULTS
Digital photoelasticity measurements have enabled quanti-

tative analysis of tool-chip contact stresses (and stresses within
the cutting tool) at high spatial resolution and also allowed delin-
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FIGURE 2: BRIGHT-FIELD CIRCULAR POLARISCOPE IMAGES OBTAINED AT DIFFERENT INSTANCES OF THE CUTTING PROCESS. DIS-
TRIBUTION OF FRINGES IS IDENTICAL AT DIFFERENT TIMES, INDICATING STEADY-STATE NATURE OF THE CUTTING/CHIP FORMATION
PROCESS. WORKPIECE: 70-30 BRASS, α = −5◦, t0 = 45 µM,V0 = 2 MM/S.

eation of tool-chip contact friction from friction at the tool flank
face.

3.1 Stress distribution in machining

FIGURE 3: (A) PLANE POLARISCOPE IMAGES OBTAINED UN-
DER DIFFERENT POLARIZER/ANALYZER ARRANGEMENTS. (B)
AND (C) ARE RESPECTIVELY THE BRIGHT-FIELD AND DARK-
FIELD CIRCULAR POLARISCOPE IMAGES. EXPERIMENTAL CON-
DITIONS: α = −5◦, t0 = 45 µM,V0 = 0.5 MM/S.

Figure 2 shows bright-field circular polariscope images cap-
tured at different time instances during cutting of 70-30 brass
with a sapphire tool having a −5◦ rake angle; the relief angle on
the tool at the flank face is 5◦. As noted earlier, the experimental

FIGURE 4: FULL-FIELD MAPS SHOWING THE (A) PRINCIPAL
STRESS DIRECTION (θ) AND (B) FRINGE ORDER (N ) OVER
THE CUTTING TOOL. θ REPRESENTS THE ORIENTATION OF
MAJOR PRINCIPAL STRESS (σ1) MEASURED COUNTER-CLOCK-
WISE FROM THE HORIZONTAL (V0) DIRECTION.

configuration is such that the workpiece moves past the sapphire
tool with a constant velocity, producing a continuous chip. As can
be seen from the images, there is little change in the fringe con-
tours during cutting, which reflects the steady-state nature of the
cutting process. In this regard, it should be noted that the phase
shifting technique discussed earlier for obtaining full-field stress
data requires ten sets of images, ideally captured at the same time
instance. However, the steady-state nature of continuous chip
formation bypasses this need as images captured at different time
instances can be used in the phase shifting technique. This is the
approach adopted in this study.

Figure 3 (a) shows four images captured in the plane polar-
iscope arrangement (see Table 1) at different time instances of
a similar cutting experiment. As can be seen, the isochromat-
ics (colored fringes) remain identical, while the isoclinics (black
fringe) rotate as the polarizer and analyzer are rotated together.
The images correspond to 0◦, 22.5◦, 45◦, and 67.5◦ isoclinics.
This set of four images is used in the AQGPU algorithm to ob-
tain full-field data of the principal stress direction (𝜃). Similarly,
Figs. 3 (b) and (c) show the corresponding bright-field and dark-
field images, which are the first two configurations in the circular
polariscope arrangement in Table 1. Six images such obtained in
the circular polariscope arrangement are used to obtain full-field
data of the fringe order (𝑁).
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FIGURE 5: FULL-FIELD MAPS SHOWING (A) NORMAL (σxx ) AND
(B) SHEAR (τx y ) STRESSES IN THE CUTTING TOOL, AS OB-
TAINED USING THE SHEAR DIFFERENCE TECHNIQUE. σxx IS
THE STRESS COMPONENT ACTING PERPENDICULAR TO THE
TOOL RAKE FACE (NEGATIVE SIGN MEANS THAT THE STRESS IS
COMPRESSIVE), WHILE τx y IS THE SHEAR COMPONENT ALONG
THE RAKE FACE (NEGATIVE SIGN REPRESENTS CLOCK-WISE
SHEAR).

Figure 4 shows the full-field maps of principal stress direc-
tion and fringe order obtained using the phase shifting algorithm
and the AQGPU method. The principal stress direction (𝜃) is
defined as the angle the major principal stress (𝜎1) makes with
respect to the horizontal 𝑉0 direction. Full-field maps of 𝜎𝑥𝑥 and
𝜏𝑥𝑦 components obtained from 𝜃 and 𝑁 using the shear difference
technique are shown in Fig. 5. Here, 𝑥 and 𝑦 represent directions
that are normal and parallel to the tool rake face, respectively (see
Fig. 5(a)). Therefore, 𝜎𝑥𝑥 is the normal stress acting perpen-
dicular to the rake face, while 𝜏𝑥𝑦 is the shear stress along the
rake face. In the shear difference technique, a point on the flank
face away from the tool tip was used as a seed point for the shear
difference technique. In our convention, negative values of the
normal stress indicate the compressive stress state while nega-
tive shear stress values indicate shear in the clockwise direction.
As can be seen from the normal stress distribution in Fig. 5(a),
the stress state is compressive near the tool-chip contact region,
with the normal stress showing a maximum at the tool tip. The
shear stress distribution in Fig. 5(b) on the other hand shows an
interesting behavior where the maximum is located not at the tool
tip but about a 50 𝜇m distance from the cutting tool tip; we will
return to this topic in Sec. 3.2.

In order to validate the stress measurements, the individual
components of the stress tensor were integrated over both the rake
and flank faces to arrive at an estimate of the total cutting and
thrust forces acting on the tool. This resulted in the following
estimates: 𝐹𝐶 = 249 N and 𝐹𝑇 = 220, which are close to the
steady-state 𝐹𝐶 (260 N) and 𝐹𝑇 (230 N) values measured using
the dynamometer for that particular experiment.

3.2 Rake face and flank face stress profiles
In order to understand local stress variations along the tool-

chip contact and flank-machined surface contact, stress profiles
along the rake face and flank face are presented in Figs. 6(a) and
(b), respectively. The figures show both the normal and shear
stresses along these two faces plotted as a function of distance
from the cutting tool tip. As can be seen from Fig. 6(a), the

normal stress (𝜎𝑅) at the too-chip contact is maximum at the
tool tip and decreases monotonically with increasing distance
from the tip, eventually reaching zero at the end of the contact
length (∼ 400 𝜇m). In contrast, the shear stress (𝜏𝑅) profile is
non-monotonic. The maximum shear stress does not coincide
with the tool tip but is observed at about 50 𝜇m distance from
the tool tip; this is followed by a continuous decrease in the
shear stress towards the end of the contact. Comparison of the
peak shear stress (∼ 300 MPa) at the tool-chip contact with the
material’s shear flow stress (322 MPa) shows that they are indeed
close, suggesting that the shear stress at this contact is limited
by plastic yielding of the chip; shear flow stress of the chip, 𝜏𝑌 ,
was estimated using the classical shear plane model [31] from
the measured 𝐹𝐶 and 𝐹𝑇 data and the shear plane angle (𝜙) as
follows: 𝜏𝑌 =

(𝐹𝐶 cos 𝜙−𝐹𝑇 sin 𝜙) sin 𝜙

𝑏𝑡0
, where 𝑏 is the chip width

and 𝑡0 is the depth of cut. This also provides a reason to believe
that the tool-chip contact region beyond the peak shear stress is
elastically loaded, while the region near the tool tip is in a state of
plastic yielding. In contrast to the rake face, both the normal (𝜎𝐹)
and shear (𝜏𝐹) stresses at the flank face decreases monotonically
with increasing distance from the cutting edge, see Fig. 6(b). The
length of the flank-machined surface contact is about 100 𝜇m,
and the fact that the peak 𝜏𝐹 at the tool tip is considerably lower
than the material’s shear flow stress suggests that this contact is
nominally elastic.

An interesting application of our photoelasticity measure-
ments is that it allows for separate calculations of the friction
work associated with tool-chip and flank-machined surface con-
tacts. For example, friction work (per unit time) at the tool-chip
contact can be estimated from 𝑏

∫
𝑇𝑅 ·𝑉𝐶 evaluated over the con-

tact length, with 𝑇𝑅 being the traction vector and 𝑉𝐶 the sliding
velocity of the chip with respect to the rake face. Taking 𝑉𝐶 to
be constant along the rake face, at 𝑉0𝑡0/𝑡𝑐 (𝑡𝑐 is the average chip
thickness), the tool-chip contact friction work was estimated to
be 22% of the total work. Friction work at the flank-machined
surface contact can be similarly obtained from 𝑏

∫
𝑇𝐹 · 𝑉0; this

shows flank face friction is comparable to the rake face friction
and contributes to 14% of the total work under the cutting condi-
tions investigated here.

4. DISCUSSION
The results have shown that the use of sapphire tools coupled

with digital photoelasticity is an effective experimental technique
to quantify tool-chip contact stress distribution in machining.
While the high hardness of sapphire allows machining of most
metals (including steels), high-resolution full-field stress data that
can be obtained using the digital photoelasticity method allows
detailed characterization of steep stress gradients near the cutting
edge. As noted earlier, the resolution of stresses in the immediate
vicinity of the tool tip has been traditionally difficult and a key
limitation in earlier studies of contact stresses in machining.

Contradicting viewpoints exist in the literature regarding
stress distribution at the tool-chip contact [22, 32]. While this
could be in part due to differences in the cutting conditions and
tool/workpiece materials used in different studies, we believe that
measurement resolution is at least as big a factor. Conventional
photoelasticity provides a limited number of data points along the
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FIGURE 6: NORMAL (RED) AND SHEAR (BLACK) STRESS PRO-
FILES ALONG THE (A) RAKE FACE AND (B) FLANK FACE OF THE
CUTTING TOOL. END OF THE CONTACT WHERE STRESSES DROP
TO ZERO IS SHOWN USING AN ARROW FOR BOTH THE CASES.

tool-chip interface, and as a result, stresses close to the cutting
edge are often speculated or obtained via extrapolation of data
points located away from the tool tip. This study shows how the
use of digital photoelasticity can address this issue and provide
full-field stress data at improved resolution when compared to ex-
isting stress measurement techniques. Improved resolution offers
several benefits, including the ability to resolve the variation of
stresses along the interface accurately; characterization of stress
distribution at the tool flank face; and the capability to study tool-
chip interfacial conditions under realistic depths of cut. In the
latter regard, due to resolution limitations of conventional pho-
toelasticity, several studies in the literature employed relatively
large cutting depths [15, 16].

An interesting observation from the study is the occurrence
of the peak in the shear stress at about mid-way of the tool-chip
contact length, which is in contrast with the constant shear stress
distribution that is often assumed in the modeling of machining.
While the possibility of such a peak has been suggested by earlier
photoelasticity studies by Chandrasekaran and Kapoor [16] and
later by Bagchi and Wright [19], our high-resolution measure-
ments bring out this feature without ambiguity and further show

that the shear stress at the tool tip takes a small finite value, but is
not zero. The origin of this peak and why the region immediately
adjacent to the tool tip exhibits low shear stress values remain to
be understood, but it is likely that interfacial stress profiles are
tightly linked to the local sliding conditions at the contact. For
example, direct observations of sliding at the tool-chip contact
using transparent cutting tools [6, 32–34] have shown that the
tool-chip contact can be divided into distinct regions: sticking
region near the chip separation point (edge of the contact), slid-
ing region, a region of retardation, and a stagnation region close
to the cutting edge. The dip in shear stress close to the tool tip
suggests a possible correlation with the stagnation region. Mea-
surements of tool-chip interfacial stresses in tandem with direct
observations of the sliding process, and how they vary with the
cutting conditions would certainly be valuable. Our study has
focused on steady-state chip formation under low cutting speeds.
It would be also of interest to extend the approach outlined in
this paper to higher cutting speeds and to study time-varying
stresses associated with non-steady chip formation modes such
as segmented and shear-localized chips [35, 36].

5. CONCLUSION
This study has described the application of digital photoe-

lasticity method coupled with sapphire as a cutting tool material
to determine tool-chip contact stresses and full-field stress dis-
tribution within the cutting tool at high spatial resolution. Duc-
tile single-phase brass was used as a model material to effect
steady-state continuous chip formation. The study reveals sev-
eral interesting features of the tool-chip contact, including non-
monotonic shear stress variation along the contact and a possible
elastic-plastic transition near the trailing edge of the contact. In
particular, it was shown that the shear stress exhibits a maximum
at a small distance from the tool tip, while the normal stress de-
creases monotonically with increasing distance from the tool tip.
The high resolution of the method also enables characterization
of steep stress gradients at the tool flank face. Application of the
method to estimate individual friction contributions associated
with the tool-chip sliding contact and rubbing at the flank face to
the overall cutting energy is presented.
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