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bstract: Shear banding is an unstable mode of deformation caused by material beginning to soften or weaken with additional strain, resulting 
 narrow bands of highly deformed material called shear bands. Shear bands occur in metal cutting when deforming material in the primary 
ear zone is subject to weakening by ductile damage and/or thermal softening by adiabatic heating. Recent work [1] has shown that the force 
pported by shear bands induced in hat-shaped test specimens subject to high-speed compression can be measured during the evolution of 
ear bands. This has given rise to the question whether very high band-width force measurement can be used to quantitatively measure the 
rain softening of material during high-speed machining.  The challenge impeding measurement of cyclic changes in cutting and thrust force 
ring shear banding cycles in orthogonal cutting is the rate at which these shear bands typically occur – from a few kHz to 100 kHz.  This is 

ell above the lowest natural frequency of even stiff cutting force dynamometer setups. This paper describes the development and validation of 
high bandwidth dynamometer. This is used to measure both the cutting and thrust forces during orthogonal cutting of AA 7075-T6 with 
precedented fidelity.  The critical flow stress at which flow softening initiates is calculated from the measured forces and chip morphology. 
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 Introduction 

he cutting of metal at high speeds induces large strains (> 
0%) under high strain rates (1E6 /s) within the work 
aterial.  The cutting of highly work hardening metals at low 
tting speeds leads to uniform, homogeneous shear 
formation along the primary shear zone (PSZ). This leads to 
e production of continuous chips, while the cutting of brittle 
aterials leads to powdery or discontinuous chips formed by 
acture. In contrast, high-speed cutting of hard metals with 
mited ductility [2] or low thermal conductivity [3] is often 
aracterized by strain softening leading to shear banding, 
hich causes the chip to have a segmented, saw tooth shape. 
train softening causes material strained more to be weaker, 
omotes further strain within the same material, which 
eakens that material more, and so on, thereby leading to 
ghly localized shearing along a thin band of material.  

Shearing along this band stops when it has moved to a 
position far up the tool rake face and the cutting edge initiates 
a new band, whereupon the cycle begins anew.  Due to 
localized deformation, the strain within the shear band and the 
strain rate during shear banding are both an order of 
magnitude higher than in continuous chip formation.  

When metals are subject to large strain plastic deformation, 
90 % to 95 % of the plastic work is converted into heat and 
the temperature rises significantly.  As the strain rate 
increases, heat loss by conduction decreases and the process 
becomes more adiabatic, i.e., more of the heat stays in the 
plastic deformation zone. Recht first identified that thermal 
softening plays a key role in dynamic deformation of low 
conductivity materials and makes them very susceptible to 
catastrophic shear and formulated a criterion for shear 
instability [4].  Material softening due to localized heating 
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will increase with increase in strain and strain rate, and 
adiabatic shearing can cause or accentuate shear banding [3].  
 
Many researchers have studied various aspects of adiabatic 
shear banding such as chip metallography, relation between 
material properties and the onset of shear banding, etc. 
Komanduri and co-workers [5,6] found that the chip 
morphology and adiabatic shearing in AISI 4340 steel under 
high-speed cutting is similar to Ti-6Al-4V at low to moderate 
cutting speed and this is because of the lower thermal 
diffusivity of the titanium alloy. They calculated the 
temperature along the shear plane and used this to identify the 
critical cutting speed for shear banding as the speed above 
which the actual shear stress is less than the yield strength of 
the material. Titanium alloys cut with a large depth of cut 
(few hundred micrometers), exhibit shear localization even at 
cutting speeds as low as 0.4m/min [6]. Semiatin and Rao [7] 
included strain rate hardening as well as a model for heat 
conduction out of the shear band and showed that shear 
localization in metals such as AISI4340, AISI1045 steel and 
commercially pure Titanium occurred when the normalized 
flow softening rate becomes greater than or equal to five times 
the strain rate hardening. Vyas and Shaw [2] showed that 
segmented chips can form due to periodic crack formation in 
the material. They showed cracks forming at the free surface 
of the chip and propagating to the tool tip. Wang et al. [8] 
studied acoustic emission (AE) during serrated chip formation 
of Al7050-T7451 and Inconel 718. They concluded both 
plastic deformation and brittle fracture are sources for the AE. 
Campbell et al. [9] showed how the thickness of this sheared 
zone and spacing between the shear bands change as a 
function of cutting speed and rake angle for Al7075-T651. 
Childs [10] established a quantitative relation between the 
thermal number (function of depth of cut, cutting speed and 
thermal diffusivity) used in prior studies of heat partition in 
orthogonal machining, and the onset of serrated chip 
formation caused by adiabatic shear banding. Ye et al. [11] 
introduced a universal expression for critical cutting speed for 
shear banding of metallic materials, in terms of material 
properties, depth of cut, and rake angle. They found that the 
transition to serrated chip formation is correlated to the 
thermal number, like turbulent flow is correlated to Reynolds 
number. While shear banding is initiated by flow softening, 
the frequency of shear banding and its morphology could be 
influenced by the cutting system.  Taylor et al. [12] showed 
that the saw tooth chip formation in hard materials is linked 
with the chatter of the tool system and is directly related to 
surface finish of the workpiece. They developed a model of 
forced vibration driven by chip segmentation to predict the 
amplitude of vibration. 

1.1. Necessity for custom high frequency force measurement 
instrumentation. 

Recently, Nie et al. [1] studied the formation of adiabatic 
shear bands (ASB) in hat shaped specimens of aluminum 
alloys in-situ and used one of the smallest commercially 
available single channel load cells with a nominal natural 
frequency of 70 kHz to measure the force variation during the 
formation of one shear band. Their force traces show 

significant oscillations that lead to high uncertainty in 
measured forces. Shear banded chip formation, characterized 
by cyclic changes in the primary shear zone geometry [6] and 
flow stress along the shear plane, also causes cutting forces to 
exhibit cyclic changes.  Given the larger number of studies of 
ASB in metal cutting, there is no data on the variation of both 
cutting and thrust forces during shear banding in orthogonal 
cutting. This is due to the fact that most commercially 
available cutting force dynamometers have a relatively low 
natural frequency (around 3 to 6 kHz). In contrast, ASB 
frequency is typically much higher, with a lower bound of a 
few kHz observed in Ti-6Al-4V [6].  The shear banding 
frequency is typically measured from metallographs of chips 
produced.  There are some small load cells available with a 
natural frequency of around 70 kHz [1], but they are only one 
component (compression/tension) sensors. To measure both 
the cutting force and thrust force, it is essential to use two of 
these sensors and the resulting designs will add mass that will 
lower the natural frequency.  Korkmaz et al. [13] used the 
frequency response function (FRF) of their dynamometry 
system to compensate for reduced sensitivity beyond the 
natural frequency and were able to measure forces up to 25 
kHz. This is called the inverse compensation approach. 
However, the main concern with this approach is that the FRF 
may change significantly for small changes in the assembly of 
the mechanical structure. A slight change in stiffness of the 
mechanical assembly (bolt loosening due to vibration, etc.) 
can cause a shift in natural frequencies. Korkmaz et al. 
recognized this sensitivity, and they calibrated the sensor with 
a very small workpiece mounted to the center of the 
dynamometer. However, a more significant source of error 
that has been overlooked is the effect of the loading by the 
work during the cutting process, which can be modeled as a 
workpiece mass connected to the tool via a spring of stiffness 
equal to the tool-workpiece contact stiffness.  This will 
change the dynamics of the system completely and makes the 
inverse compensation approach unreliable.   

In this paper, we describe the development of a two-
component laboratory grade force measurement system from 
shear mode lead zirconate titanate (PZT) sensors, which has a 
flat frequency response up to 10-12 kHz. This dynamometer 
can be used to measure the change in forces during formation 
of ASBs in Al-7075-T6 and thus enable flow stress 
measurement during cyclic shear banded chip formation. 
Another characteristic of this dynamometer is that it is very 
stiff and does not change the dynamics of the cutting process, 
i.e., there are no mechanical assembly components in the 
system which cause mechanical resonances in the system 
below its lowest natural frequency of about 90 kHz.  

1.2.  Acoustic emission (AE) sensors vs. accelerometers vs. 
dynamometers 

The piezoelectric effect, i.e., the coupling between strain and 
charge separation in some materials, is widely used in sensors 
and actuators.  Quartz and PZT are the most commonly used 
piezo materials. Piezo elements are common to force 
dynamometers, accelerometers, and acoustic emission 
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sensors. The difference between these arises from how the 
load induces the signal measured by the sensing element.  In 
dynamometry, the entire load being measured is transmitted 
through the sensor to the ground, so that the stress/strain 
within the piezo element is proportional to the applied load 
(figure 1a).  However, the structure needed to ensure stiffness 
of the setup for a given force level is relatively massive, and 
results in a low natural frequency.  In accelerometers (figure 
1b, 1c), the vibration of a small mass attached to a stiff sensor 
permits measurement of the vibration of the object on which 
the sensor is mounted with complete fidelity for frequencies 
up to 10-30% of the first natural frequency of the sensor. This 
natural frequency is much higher than that of dynamometers, 
but the sensor is not in the force flow path and so cannot 
measure the static force.  

Acoustic emission sensors (figure 1d) are similar to 
accelerometers, in that they have a mass mounted on the 
sensor, but the mass is generally in powder form and its 
vibrations are heavily damped so that it serves as a sink for 
stress waves passing through the sensor.  This enables high 
fidelity measurement of stress waves (sound waves) without 
internal reflections, to high frequencies, typically up to 1-2 
MHz. Acoustic emissions are transient elastic waves 
generated due to sudden energy released from localized 
sources within materials [14]. These sound waves generated 
within a material need very high amplification in the AE 
measurement circuit, causing them to be sensitive to 
atmospheric noise and structural noise. Bandpass filters are 
needed to eliminate the frequencies in the audible range [14]. 

 

Figure 1. a) Typical compression/tension mode dynamometer, b) 
Compression mode accelerometer, c) shear mode accelerometer, d) Acoustic 

emission sensor,  

2. Dynamometer with higher natural frequency and 
experimental setup. 

Consider a sheet like piezo element of thickness 𝒕, with its 
bottom surface fixed to ground.  Its natural frequency in the 
thickness-shear direction is given by, 

 𝑓 = 𝐶𝑠𝜆 = 14𝑡 𝐸2(1 𝜈)𝜌 

 

(1) 

where 𝐶𝑠 is the shear velocity of sound in the piezo, 𝜆 is the 
wavelength, 𝑡  is the thickness of the piezo element, 𝐸  is 
modulus of elasticity, 𝜈 is Poisson’s ratio and 𝜌 is the density. 
 
From the above equation, it is clear that once the material is 
chosen (quartz, PZT, etc.) the only design variable which 
affects the natural frequency is thickness, and the lesser the 
thickness, the higher the natural frequency. Keeping this in 
mind, a 2-axis dynamometer was fabricated using thin piezo 
sheets bonded permanently with epoxy adhesive to the 
carriage of a cross-slide (that sets the depth-of-cut) mounted 
on a high-speed linear slide that gives the cutting motion in a 
planing-type cutting configuration. Figure 2 shows the setup.  
 

Figure 2.   Experimental setup for orthogonal cutting showing the 
workpiece adhesively bonded on top of two shear mode piezos (hidden 
under the workpiece) that measure forces in the cutting and thrust force 

directions. The tool is stationary while the workpiece is moved from left to 
right by a high-speed linear slide.  

 
A workpiece of size 30 mm × 17 mm × 2.27 mm was made 
from Al7075-T6 plate and bonded directly to the force sensor 
of dimensions 30 mm x 15mm x 4.2mm (under the workpiece 
in the picture above).  A cyanoacrylate (superglue) adhesive 
was used for the adhesive bonding. The microstructure of all 
faces of the workpiece is shown in Figure 3. The LT direction 
is the cutting direction, the L direction is the feed direction, 
the cutting edge is parallel to the ST direction, and the L-LT 
plane is the plane of orthogonal machining. LT-ST face is the 
free chip surface. The LT-L face is the face viewed in cross-
sections of the chip, etched for metallographic observation of 
ASBs. A carbide cutting tool of edge radius between 3 and 4 
micrometers, and 77 degree wedge angle was used in two 
orientations, to cut with 0 and -10 degree rake angles. 
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Figure 3. Microstructure of Al7075 and the material orientation of 
workpiece with respect to the cutting process.  (LT=long transverse, L= 

rolling direction, ST=Short transverse) 

3. Frequency response function (FRF) and calibration of 
setup  

3.1. FRF and coherence 

Dynamic testing is used to analyze the dynamic response of 
structures and obtain the frequency response function 
characterizing their dynamic behavior. The testing system 
consists of an input signal apparatus (e.g., impact hammer, 
shaker table, or exciter), output signal sensor (e.g. 
displacement, velocity, accelerometer, or force sensor), and 
data acquisition system with signal conditioner. The system is 
used to measure the ratio of the output amplitude at each 
frequency to the corresponding input amplitude, the frequency 
response function. It can be used to identify resonant 
frequencies, measure damping, and can be extended to 
measure mode shapes of a physical structure by measuring the 
signal response of different points [15].  

If 𝑋(𝑗𝑤) is the Fourier transform of the applied force 𝑋(𝑡), 
and 𝑌(𝑗𝑤) is the Fourier transform of the measured output 𝑌(𝑡)  (force, acceleration, velocity, etc.), then the transfer 
function or FRF of the system, 𝐻(𝑗𝑤), can be written as:  
 

 𝐻(𝑗𝑤) = 𝑌(𝑗𝑤)𝑋(𝑗𝑤) (2) 

 
When considering only the one-sided Fourier transform, the 
FRF is written as: 

 𝐻(𝑗𝑤) = 𝑆𝑆  (3) 

where  𝑆  is the single sided spectrum (Fourier transform) of 
output signal, and 𝑆  is the single sided spectrum (Fourier 
transform) of the input signal. 
 
The power spectra of the input and output signals is used to 
obtain the FRF, as given below: 

 𝐻(𝑗𝑤) = 𝑆 . 𝑆∗𝑆 . 𝑆∗ = 𝑆𝑆 = 𝐻1 (4) 

where, 𝑆  is called cross power between input and output and 𝑆  is called auto power of input. 𝑆∗ is the complex conjugate 
of 𝑆 , and 𝑆  and 𝑆  are averaged value over multiple 
experiments to obtain the H1 estimator. 
 
Equation 4 gives the H1 estimate of true transfer function. An 
alternative H2 estimator is also used, which is given by: 

 𝐻(𝑗𝑤) = 𝑆 . 𝑆 ∗𝑆 . 𝑆 ∗ = 𝑆𝑆 = 𝐻2 (5) 

 
where, 𝑆  is the cross power between input and output, 𝑆  
is the auto power of the output and 𝑆 ∗  is the Complex 
conjugate of 𝑆 . 𝑆  and 𝑆  are averaged over multiple 
experiments. When not averaging over multiple experiments, 
H1 and H2 have the same value and coherence is 1[16]. 
The H1 estimate is a true estimate if noise is only present in 
the output data and no noise is present in the input data. 
Conversely, the H2 estimate is a true estimate if noise is only 
present in input and no noise is present in the output. Since 
noise is always present in both input and output data, 
according to equation 4, the H1 estimator estimates a lower 
value of FRF than the true value and according to the equation 
5, H2 estimates a higher value of FRF than true FRF. Thus, 
the relation between H1, H2 and true FRF can be written as,  

 H1 < True FRF < H2 (6) 
The ratio of the H1 to H2 is called coherence and it is a 
measure of the repeatability of the measurement, and of the 
signal to noise ratio. In the ideal case, if there is absolutely no 
noise in input and output sensors, H1 and H2 will have same 
value and so coherence is 1. Practically, the highest 
achievable coherence is 0.99. 

3.2. Static Calibration in direction of cutting (Fc) and in 
direction of thrust (Ft) 

Static calibration was carried out by hanging known weights 
from the workpiece and measuring the charge output of the 
sensors. An initial estimate of 650 pC/N sensitivity was set in 
charge amplifier, which is the typical sensitivity of the PZT 5 
J material. From this, the sensitivities in the X and Y 
directions were found to be 618 PC/N and 566 PC/N, 
respectively. 

3.3. Dynamic Calibration of Fc and Ft (Frequency wise 
calibration): 

Impact testing was used to obtain the FRF. A miniature 
impact hammer (PCB 086E80) with resonant frequency above 
100 kHz was used with a steel tip to apply an impulse force of 
duration around 100 microseconds to the workpiece in either 
the cutting or thrust direction. The impact hammer can excite 
the frequency up to 15 kHz to the aluminum structure. The 
static calibration was used to convert the cutting and thrust 
force piezo outputs into force values. The H1 estimator was 
used to obtain the FRF.  
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Figures 4 and 5 show the FRF amplitude ratio (Magnitude of 
FRF, equation 4), coherence (= 𝐻1/𝐻2), and phase angle of 
the FRFs in the cutting and thrust force directions, 
respectively, when impacted by the impact hammer in the 
corresponding directions. Each of these is the averaged value 
of 5 data sets. From the FRF in cutting direction (figure 4), it 
is clear that the first observed peak (10.33 kHz) has a very 
small amplitude rise that is only 9% higher than the base 
value of 1. 
 
Figure 5 shows FRF amplitude ratio, coherence, and phase 
angle for the thrust force (Ft) piezo. For frequencies up to 
11 kHz, the maximum amplitude rise is found to be just 12% 
higher than the base value of 1.0. If we know the exact 
frequency of ASB then we can use the amplification factor 
corresponding to that frequency from the FRF. However, it is 
good practice to use the mean amplification factor within a 
frequency range of interest and use the standard deviation 
within that range with a 2x multiplier to determine the 95% 
confidence interval. For example, if significant oscillations 
are observed between 5 and 10 kHz, the mean amplification 
factor in that range, of 1.02+-0.06 (2σ) in the Fc direction and 
1.06+-0.07 (2σ) in the Ft direction, could be used to estimate 
the actual forces and their uncertainty in that frequency band. 
In both figures 4 and 5, the coherence is 0.99 throughout and 
there is no indication of any phase shift. These observed peaks 
in figures 4 and 5 are because of the base (cross-slide) 
vibrations and not from the piezo/workpiece combination. 
 
 

Figure 4. (Top) Phase, (Bottom) FRF and coherence of the dynamometer in 
the cutting direction 

4. Comparison with a commercial dynamometer 

Dynamic testing of a commercially available dynamometer 
(Kistler 9272) was conducted using a miniature impact 
hammer(PCB 086E80). For this purpose, a Kistler 9272 
dynamometer, was mounted on a rigid L-bracket support, and 

the tool holder was mounted on the dynamometer, as shown 
in figure 6a. 

Figure 5. (Top) Phase, (Bottom) FRF and coherence of setup in direction 
of thrust. 

 

 

 

Figure 6a. Kistler dynamometer (9272) with tool holder mounted on L 
bracket support 
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Figure 6b. FRF and coherence of a Kistler 9272 dynamometer when 
impulse load is applied to the center (close to the piezo element) 

 

Figure 6c. FRF and coherence of Kistler dyno when load is applied to the 
peripheral side (away from piezo element) 

 
Figure 6b and 6c show the impact response of the 
dynamometer. Figure 6b shows the FRF and coherence of the 
dynamometer when impulse is applied at its center. It can be 
noticed that the coherence is good (at least 0.95) up to 7.5 
kHz. When the impulse load is applied to the top face at a 
point near the outer diameter of the dynamometer (figure 6c), 
the coherence is poor almost through the whole frequency 
range. As we move away from the center of the dynamometer, 
we are moving away from the piezo elements and this changes 
the sensitivity and introduces non-linearity. These results 
indicate that if we want to use the inverse compensation 
approach, as mentioned in section 1, this setup should be such 
that the force can be applied very close to the center, and still 
it can be used only up to 7.5 kHz. Consistent results are not 
guaranteed if the assembly stiffness changes. Due to all these 
limitations, which translate into higher uncertainty in 
measured forces, it is necessary to fabricate a dynamometer 
with a higher natural frequency. 
 
As described above, the Kistler dynamometer cannot be used 
to measure dynamic variations in cutting forces with low 
uncertainty. But we can measure the average force to compare 
with the laboratory made dynamometer. To perform these 
experiments, a tool holder presenting the cutting tool at a rake 
angle of -10 ° was mounted on the Kistler dynamometer, so 
that cutting and thrust forces can be captured at the same time 
from both the tool and workpiece sides. Figure 7a compares 
the cutting and thrust forces measured by both systems, while 
cutting AA 7075-T6 at 2.5 m/s with a depth of cut of around 
220 µm. It is clear from figure 7a that, in the Kistler force 
data, there is random oscillation of the force because of the 
higher compliance of the system, which is especially 
noticeable after cutting is done (after 0.379 sec). The average 
cutting and thrust forces measured by the  Kistler 
dynamometer are 559 N and -303 N, respectively, while the 
lab dynamometer measured 589N and -353 N, respectively, 
which is very good correlation. It was observed that the lower 
system stiffness due to the addition of the Kistler 
dynamometer changes the chip morphology slightly, as shown 
in Figure 7b. Another experiment was conducted with a lower 
depth of cut of around 70 µm and at a lower cutting speed of 

1 m/s to produce a continuous chip. Figure 7c compares the 
forces measured by both dynamometers. 
 

Figure 7a. Force comparison of Kistler and laboratory made dynamometer 
 

 

Figure 7b: Left- typical chip produced by system which includes Kistler 
dynamometer, Right- typical chip produced by the system which includes 

only lab made dynamometer as shown in figure 2. 
 
 

Figure 7c: Force comparison for lower depth of cut(~70um) and cutting speed 
of 1m/s 

The average cutting and thrust force for this experiment 
measured by the Kistler dynamometer are 204 N and 147 N, 
respectively, while the lab made dynamometer measured 208 
N and 161 N, respectively. The forces measured by both 
dynamometers are in excellent agreement. However, force 
measurements made by the Kistler dynamometer show 
significant oscillations, particularly at the beginning and the 
end of the cut. These oscillations in the measurements are a 
result of the low natural frequency of the Kistler 
dynamometer.  
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5. Application to ASB force measurement 

Three experiments are conducted for cutting Al7075-T6 with 
cutting speed of 2.5 m/s and mean depths of cut of 278 μm, 
320 μm, and 362 μm, respectively, measured using the chip 
weight corresponding to the known cutting length along the 
workpiece.  The rake angle was 0 °.  Two more experiments 
were conducted with a rake angle of -10 °, with the same 
speed of 2.5 m/s, and depths of cut of 232 μm and 237 μm, 
respectively. The cutting length was restricted to 14 mm (by 
creating a notch) so the contact of the curling chip with the 
workpiece, and the resultant force increase, can be avoided. 
Table-1 shows design of experiments. 

Table:1: Design of experiments 
 

Experiment No Depth of 
cut(µm) 

Rake 
angle(degree) 

Cutting 
speed(m/s) 

1 278 0 2.5 
2 320 0 2.5 
3 362 0 2.5 
4 232 -10 2.5 
5 237 -10 2.5 

These experiments showed that the ASB frequency is between 
5 kHz and 10 kHz. Force data is digitized at the rate of 22 
kHz, and the resolvable frequency content according to the 
Nyquist criterion is 11 kHz, sufficient to capture force 
oscillations at the ASB frequency.  

Figure 8a shows measured Fc and Ft for experiment 1 and 
figure 8b shows a portion of the etched chip for the same 
experiment. Keller’s etchant was used to etch the chips. The 
cutting and thrust forces show pronounced oscillations that are 
in phase with one another. The saw tooth pattern of the chip 
and shear bands between the teeth are clearly visible, with the 
thickness of each shear band being about 1/10 the spacing 
between the bands. The number of shear bands along the full 
length of this chip (45) is equal to the number of force drops 
observed in the cutting and thrust force signals. The 
magnitude of the decrease in force (Fc and Ft) after each peak 
is correlated to the shear displacement between adjacent saw 
teeth, i.e., the shear strain within each ASB.  
 

Figure 8a. Measured Fc and Ft for experiment-1 

 

Figure 8b. Etched chip (Experiment-1) 

Figure 8c. First three segments of experiment-1 (zoomed in version of 
figure 7b) 

 
Figure 9a and figure 9b shows force data and chip 
morphology for experiment 3, respectively. It can be seen that 
the amplitude of force oscillations is higher, and the shear 
banding is also more pronounced, with a larger shear strain 
along each band. Comparing figures 8a/8b and figures 9a/9b, 
it can be seen that at a larger depth of cut, the periodicity of 
the shear band is higher and the force pattern has a significant 
component at the ASB frequency. Very cyclic and uniform 
shear banding is observed at a frequency of 6 kHz. In the chip, 
there are 41 shear bands corresponding to the 41 drops 
(valleys) in Fc and Ft.  At lower depth of cut, multiple ASB 
frequencies (5-10 kHz) are present due to uneven shearing. 
Since the number of force drops in both experiments is about 
the same (45 vs. 41), these changes in ASB morphology are 
due to the change in depth of cut, and not caused by changes 
in system stiffness. 
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Figure 9a. Measured Fc and Ft for experiment 3 

Figure 9b. Etched chip (Experiment-3) 
 

Figure 10a. Measured Fc and Ft for experiment 4 

Figure 10b. Etched chip (Experiment-4) 
 

Figure 10a and 10b shows results for cutting with a -10 ° rake 
angle with 232µm depth of cut. It can be noticed that the force 
drop is not as significant as in Figure 9a for a 0 ° rake angle, 
though the degree of shear banding (the shear displacement of 
the segments) is nearly the same. The reason speculated is that 
there is more cracking in chip cut by the tool with 0 degree 
rake angle, while at -10-degree rake angle, the larger thrust 
force increases the hydrostatic compression along the shear 
plane and leads to lower cracking. While in figure 9a, both the 
damage and thermal softening terms are contributing to the 
flow stress decrease, only the thermal softening term is 
contributing to the force drop in figure 10a.  

6. Critical flow stress calculation 

High fidelity force measurements allow the critical flow stress 
at which strain softening sets in to the estimated from the peak 
force measured. One assumption to be made is that the 
indentation component arising from the relatively small 
cutting edge radius of the tool (3 to 4 µm compared to ≈ 300 
µm depth of cut) can be neglected. The onset of shear banding 
occurs when the flow stress reaches a maximum, i.e., when 
the cutting force becomes a maximum. Until the point of 
maximum force and prior to the formation a new chip 
segment, the chip behaves like a continuous chip and so we 
can find the shear angle and length of shear plane using the 
single shear plane model. Using the measured peak cutting 
force and the shear plane area, the maximum flow stress can 
be measured. Following is the summary of all the equations 
that were used to calculate the flow stress [17]. 

The chip thickness of the nth segment 𝒕𝒄𝒏 corresponding to the 
point of maximum cutting force can be measured from the 
chip morphology as shown in figure 11a. Here the chip 
thickness is defined as the perpendicular distance between the 
point of the shear band at the free surface and the rake face of 
the tool. One more assumption to be made is that once shear 
banding begins, the tip of the new segment that moves with 
the chip does not come any closer to the cutting tool. 
Knowing the depth of cut 𝒕, the chip thickness ratio can be 
computed as 𝒓𝒏 = 𝒕/𝒕𝒄. Thus, from the chip morphology it is 
possible to estimate the shear area by estimating the shear 
angle of the shear plane corresponding to the time in each 
cycle at which the maximum cutting and thrust force occurs. 
The relation between the shear angle of the nth shear band 𝝓𝒏 
and its chip thickness ratio 𝒓𝒏 is as follows: 

 tan(𝜙 ) = 𝑟 cos 𝛼1 𝑟 sin 𝛼 (7) 

where, α is the rake angle.  The length of the nth shear band 
can be written as, 

 𝐿 = 𝑡sin 𝜙  (8) 

and the peak shear force along the nth shear band can be 
written as, 

 𝐹 = 𝐹 ∗ cos 𝜙 𝐹  ∗ sin 𝜙  (9) 

Here, 𝐹  is the nth peak of the cutting force and 𝐹  is the 
corresponding peak of the thrust force. The critical shear 
stress 𝜏  for the nth segment can be calculated as,  

 𝜏 = 𝐹𝐴  (10) 

where, 𝐴 = 𝐿 ∗ 𝑊 (𝑊 = thickness of the workpiece) and 
the corresponding critical flow stress can be written as, 

 𝜎 = √3 ⋅ 𝜏  (11) 

Table-2 shows the calculated critical flow stress for first 5 
shear bands for all the experiments. 
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Figure 11a. Chip thickness measurement at maximum force for first 5 
shear band (experiment-1) 

 

Figure 11b. Zoomed in force plot for experiment-1 to observe Fcmax and 
Ftmax for first 5 shear band 

 
 

Table-2 Calculated critical flow stress 
 

Experiment No Shear band no Critical flow stress (MPa) 

1 

1 713+53 
2 711+55 
3 684+53 
4 709+56 
5 680+56 

2 

1 666+58 
2 687+57 
3 675+57 
4 672+59 
5 677+59 

3 

1 865+64 
2 761+57 
3 762+60 
4 752+60 
5 733+61 

4 

1 821+68 
2 727+65 
3 761+66 
4 745+68 
5 709+64 

5 

1 780+66 
2 721+66 
3 725+69 
4 703+64 
5 688+64 

7. Conclusions 

• A new two component lab-grade dynamometer has 
been developed and is shown by impact testing to 
have a constant sensitivity for frequencies up to 10 
kHz. 

• This has been used to measure cutting and thrust 
forces during shear banded chip formation in Al-
7075-T6 with an ASB frequency between 5-10 kHz. 

• Force drops corresponding to strain softening of the 
chip material in the shear band have been measured 
with this dynamometer. The number of force drops 
measured is identical to the number of adiabatic 
shear bands observed in the chips.  

• The magnitude of the force drop is higher for shear 
banding in the presence of cracking than for shear 
banding due to only the thermal softening term. 
Cracking along the ASB can be reduced by using a 
more negative rake angle. 

• The chip thickness at the onset of shear banding can 
be identified from the chip morphology. 

• The maximum force during each cycle and the 
corresponding chip thickness can be used to calculate 
the critical flow stress at the onset of shear banding.  
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