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Abstract

The stability of material processing during cutting concerns the continuity and coherence of the material processing conditions.
Astable process results in predictable outputs such as cutting force and surface quality (roughness, integrity, texture). However, cutting
processes encounter a transient phase before the cutting conditions reach their expected state. For example, during microcutting,
material temporarily accumulates before the cutting edge is removed, resulting in outputs that differ significantly from what was
anticipated. The aim of this paper is to provide a set of in-process parameters that can effectively indicate the transient phase of
cutting. A statistical exploratory approach was utilized: face grooving tests were repeatedly conducted under the same nominal
conditions and evaluated based on data deviation around the dataset's local mean. The specific cutting force and specific acoustic
emission (AE) were chosen as indicative in-process parameters; additionally, the former is a common parameter used to describe
the machinability of metal alloys, and the latter relates to the dynamic conditions (vibrations) of the material processing. The null
hypothesis was that the specific cutting force and specific AE, as functions of the uncut chip thickness, have a uniform deviation from
the predicted value within given ranges of the uncut chip thickness. A one-sample Student's t-statistic was performed on the datasets

to assess the acceptability of the null hypothesis. Results of the t-statistic and the corresponding confidence intervals (Cls) indicate that

there is a significant change in data distribution below what the literature describes as the minimum uncut chip thickness.
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1 Introduction

The demand for precision-machined products has in-
creased. The industry is attempting to meet these demands
while keeping manufacturing economical. By enhancing
precision metal cutting, both precision and miniaturized
part manufacturing can be achieved economically [1].
Challenges such as predicting conditions and maintaining
the process stability of thin chip removal must be over-
come to improve the precision and overall sustainability
in part manufacturing through cutting [2, 3].

In our study, the stability of a cutting process relates to
the continuity and coherence of the material processing
conditions, i.e., a chip formation is considered stable if the
dominant processing mechanism is the plastic deformation
in a determinable shearing zone of the chip root without
interruption. A stable process results in predictable out-
puts such as cutting force and surface quality (roughness,
integrity, texture). However, cutting processes always

experience a transient phase before the cutting conditions
evolve to the defined state. For instance, when the cutting
edge is only slightly in contact with the material, ploughing
may temporarily become the dominant mechanism, result-
ing in outputs that differ significantly from those expected
under stable conditions. Regardless of the cutting process
type, a fundamental attribute is that the transient phase
occurs under the conditions of thin chip removal. This
transient phase arises, for example, during the end mill-
ing of a groove. Notably, the up-milling and down-milling
sides of groove milling may yield fundamentally different
surface quality, particularly in softer materials [4]. This
highlights the importance of understanding the transient
phase in cutting: due to the kinematics of groove milling,
each edge of the milling cutter approaches and leaves the
material with each tool rotation, meaning that every edge
encounters the transient phase [5-7]. In fact, the surface
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quality of the groove wall is entirely an output of the peri-
odic sequence of transient phases.

1.1 The transient phase of chip removal

The transient phase of cutting refers to the cutting condi-
tion that acts as a transition between chip removal (i.e., sep-
aration of a material layer due to the wedge effect induced
by the cutting tool's edge [8—10]) and ploughing (i.c., local
elastic deformation of the machined surface layer by the
cutting tool's edge [11-13]). This phase occurs when the
uncut chip thickness (%) increases from a nominal value
of zero during the edge's entry or decreases to zero from
a starting size. From the tool's point of view, this can be
observed when the cutting edge plunges into or retracts
from the machined material. Fig. 1 [14] illustrates the
stages of how the material processing conditions change
at the r, cutting edge radius. When the edge plunges into
the material, there is no material removal; the tool only
elastically deforms the surface, which recovers to its origi-
nal form after the tool passes (Fig. 1 (a)). As the uncut chip
thickness increases, the tool begins to plastically deform
and plough the surface (Fig. 1 (b)). This is followed by
a transition phase. With the continued increase in chip
thickness, chip formation with stabilized material flow in
the chip root develops (Fig. 1 (c)).

Therefore, the transient phase is inevitably present in
all cutting processes, especially during peripheral slab
milling, where the tool's kinematics cause a periodically
changing % [15-18], as shown in Fig. 2 [17]. This phe-
nomenon has a greater impact on micromilling processes,
where material accumulation at the cutting edge and mate-
rial removal periodically alter [16].

The r, cutting edge radius plays a significant role in these
conditions: as the layer to be removed becomes thinner,
the h/rﬁ ratio drops, resulting in an increasingly negative
effective rake angle . of the tool, as illustrated in Fig. 1.
A large negative rake angle produces high compressive
stress in the cutting zone, which can lead to an unpredict-
able process due to material re-bump [19]. The machined
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surface in this region may exhibit irregularities; the plough-
ing and possible side flow can negatively affect the surface
quality [20-22]. It also influences the degree of deforma-
tion beneath the machined surface [23-25].

The minimum uncut chip thickness (4_; ), referred to as
a limit, indicates the threshold below which no chip removal
occurs with stabilized material flow; instead, the tool only
deforms (i.e., ploughs) the machined surface elastically
and plastically [26, 27]. Understanding the effect of r,on
material flow stability, /2 . depends on Ty This dependence
is represented by the hmin/rﬁ ratio, which typically ranges
between hmin/r/} =0.2and 0.4 [17, 28, 29]. As such, &_. can
represent the upper limit of the transient phase of cutting.

In summary, understanding the transient phase of cut-
ting leads to better predictability of cutting conditions
when operating under the circumstances of thin chip
removal. The attributes of the transient phase provide new
insights into the machinability of various materials.

1.2 Studying and modelling the conditions of thin chip
removal

Various practical methods are employed to study the thin
chip removal. One major category consists of experimen-
tal studies performed with different chip removal tech-
nologies [30]. Another significant category is predictive
simulation [31], which this paper does not explore further.
In the experimental approach, researchers utilize several
variables and indicative parameters.

One of the most common measurement methods is
measuring the cutting force components that occur during
the cutting process. The force measurement technique has
been a well-established practice in traditional machining
processes for decades [12-15, 17, 24-29, 32]. The specific
cutting force is defined as the cutting force divided by the
uncut chip section (i.e., the cross-section of the material
layer to be removed; see Eq. (1)):

F (h
k. (h)= % Q)
Removed
material

(C) h'> /lmin
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Fig. 2 Regions of chip formation in micromilling (adapted from [17])

When the specific cutting force is plotted as a func-
tion of the uncut chip thickness, it can be approximated
by an exponential curve (see Eq. (2)), which represents
the Kienzle-type modeling approach, also known as the
inverse power law model [32]:

k. (h)=k, -h", @

where & is a material constant, and m represents the size
effect component.

Another measurement method that characterizes the
material formation process from an energetic point of view
is the method of measuring internal acoustic emission (AE).
This method provides a pressure wave-type signal that is
proportional to the degree of material deformation (lat-
tice distortion, dislocation movement, or simply internal
and external friction between surfaces), which propagates
through both the machined material and the machining
tool [33]. Like force measurement, it can be converted into
an analog voltage with a piezoelectric measuring device
and subsequently into a digital signal. The AE signal is
an indicator with low energy content and a frequency char-
acteristic in the ultrasonic range. Its recording and sampling
demand special equipment. Consequently, the examina-

tion of AE root mean square (AE_, ) is widely conducted,

RMS
which can be produced with a similar method by integrating
the voltage signal [33].

Since the extent of AE depends on the intensity of defor-
mation, i.e., the area of layer cross-section deformation
during chip formation, it is also well-suited for examining
the energetics in the transient stage of cutting. Although
less common in the literature, it also occurs in a form spe-
ams [33-35]).
Its value (@e) can be calculated using an expression (Eq. (3))

cific to the chip cross-section (specific AE

similar to the specific cutting force (Eq. (1)):

ae() = B () 3)
h-b
ae(h)=ae -h™". Q)

At the tool edge entry, the characteristics of the spe-
cific quantities mentioned deviate from the traditional
exponential mathematical model. During repeated yet
variable factor measurements, a similar phenomenon can
be observed in the diagrams of the specific values inter-
preted as a function of chip thickness. Researchers exam-
ine this characteristic using various methods. One such
method [36] involves dividing the process indicator into
stages based on the dominant chip formation mechanism.
The division into four stages is interpreted as follows:

* macro chip removal 4 >= 0.1 mm;

* fine chip removal 0.01 =</ < 0.1 mm;

* micro-scale chip removal 0.003 =</ < 0.01 mm;

* micro-chip removal with increased size effect due to

ploughing 4 < 0.003.

The presented research aims to investigate the uncer-
tainty with which the specific process characteristics
(depending on the chip thickness) can be determined. Only
in certain cutting technologies is it feasible to measure
specific parameters, including the thickness of the mate-
rial removed. Traditional techniques like milling, drilling,
and longitudinal turning only provide an estimate of the
thickness of the material removed. This estimate is usu-
ally based on a theoretical chip cross-section calculated
through established models. On the other hand, methods
that utilize linear main cutting motion, such as chiseling
and planing, allow for direct measurement of the theo-
retical chip cross-section. However, these technologies
have significant limitations when it comes to the cutting
speeds that can be used. To overcome these challenges,
we conducted face-grooving turning experiments [37],
which allow for high accuracy in determining the removed
layer thickness afterward. The experimental settings were
repeated eight times using the same parameters to ensure
repeatability. Subsequently, the examined parameters,
their uncertainty, and statistical behavior were analyzed
using t-statistical methods.

2 Experiment and measurements

As part of an investigation, a set of face grooving turn-
ing tests was conducted (see Fig. 3 [38]). During the
experiment, the groove was formed along a three-quar-
ter arc (see Fig. 4), allowing the measurement of groove
depth afterwards. A total of eight partial grooves were cre-
ated on the disc-shaped specimen. The eight measurements
vary only in terms of the machining diameter. However,
the investigation of how the machining diameter affects the
deviation from free cutting is not included in the current
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research presented here. Due to the cutting arrangement,
the thickness and width of the separated layer can be directly
equated to the uncut chip thickness (%) and the uncut chip
width (b), respectively (see Fig. 5). The thickness of the
cross-section of the separated layer does not align with
the theoretical (or programmed) uncut chip thickness (4").
The chip thickness exhibits a non-linear characteristic at
both the entry and exit of the tool edge. This is primarily
due to the localized elastic deformation of the machined
surface, which is significant during thin chip removal com-
pared to the theoretical chip thickness. The elastic deforma-
tion of the machining environment also contributes to this
effect. Considering the low load of the machine tool and its
robust design, the latter factor is negligible.
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Fig. 5 Measured profile and evaluated theoretical chip geometry

The experiment was conducted in the ultra-preci-
sion and micro-machining laboratory of the Department
of Manufacturing Science and Technology at Budapest
University of Technology, using a Hembrug Mikroturn 50
(Gipuzkoa, Spain) precision lathe. The specimen was
made of S960QL, high-strength structural steel. The cut-
ting tool (Seco 10EAL2.5FA) had a carbide (Seco CP500
grade) insert with a (Ti, Al) N + TiN coating, suitable
for machining superalloys. An optical microscope was
utilized to measure the cutting edge radius, which was
r,=20 pm. The tool was mounted on a piezoelectric dyna-
mometer (Kistler 9257A, Prague, Czech Republic), and the
AE sensor (Kistler 8152B221, Prague, Czech Republic)
was attached to the tool holder. With the aid of an opti-
cal sensor (Omron E3F-DS10B4, Tokyo, Japan), we deter-
mined the precise period of the specimen's rotation. This
ensures that the profile measurement after the process,
conducted with a Mitutoyo SJ 400 (Neuss, Germany)
device, and the in-process measurements can be synchro-
nized. Consequently, the specific cutting force and specific
AE values can be precisely determined. The technological
parameters were settled through the eight experiments,
during which a cutting speed of v, = 120 m/min and a feed
rate of v, = 50 mm/min were used. The nominal groove
width was ' = 1 mm, and the maximum nominal groove
depth was 2'=25 um. The graphs of the measurements are
in Fig. Al to A8 in Appendix A.

3 Results and discussion

The evaluation occurred in the LabVIEW 2022 soft-
ware [39] environment. We derived the uncut chip thick-
ness and uncut width of the chip from the profile measure-
ment data. The automatic evaluation algorithm sequentially
extracts profile measurement data. Throughout the evalua-
tion process, the prepared front surface serves as the refer-
ence point (A = 0 um). This is accomplished by averaging
the profile measurement values from both the first and last
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10% of the data in the measurement series. The edge of the
groove is identified by locating a local minimum value that
is at least 50% lower than the minimum value of the refer-
ence point. The distance between the edges of the groove
can be regarded as equivalent to the width of the deformed
layer. Furthermore, the thickness of the deformed layer can
be approximated by taking the average of the measurement
points situated between the edges of the groove. By com-
bining these values with the in-process measurement data,
we calculated the specific cutting force (Eq. (1)) and the spe-
cific AE (Eq. (4)) using the provided formulas. As we exam-
ined both specific values separately, using the same method,
their values are denoted as y(4) in Eq. (5):

k (h) for specific cutting force
i )={ o) forsp ° ©)

a, (h) for specific cacoustic emission

Each of the eight experimental sets was analyzed sepa-
rately. We employed an exponential curve-fitting method
similar to the traditional Kienzle-Victor model. To achieve
this, we linearized the samples using a logarithmic transfor-
mation (Egs. (6) and (7)). A linear fit (Eq. (8)) was performed
using the least squares method. The coefficients for the lin-
ear regressions can be found in Table Al in Appendix A.

1, (h)=log (7, (1)) ©)
H, =log(h,) @)
Y,(H)=A4-H +B ®)
v, (h)=10"" ©)

The fitted curve was converted back to the linear scale
using Eq. (9) to analyze the statistical behavior of the sam-
ple relative to the fitted curve (i.e., the expected value).
Each experiment's sample was divided into equal-width
ranges of #=1 pum, resulting in a total of 20 ranges (Fig. 6).
The index j = 1...20 refers to the serial number of the
specified range in the formulas. The behavior of samples
within these ranges was assessed using Student's t-statis-
tics. The t-statistic quantitatively measures how much the
sample's estimated value deviates from its expected value.
It is primarily used in hypothesis testing, such as the t-sta-
tistic, particularly when the sample size is small and the
population standard deviation is unknown.
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In our examination, the sample size for each range is
fewer than ten (n < 10). We also assume that any unknown
error in the measurements follows a normal standard dis-
tribution. The unknown population standard deviation
can be approximated by the corrected standard deviation
of the sample (Eq. (10)). The deviation of the measure-
ment points from the expected value can be calculated
using Eq. (11). With this in mind, a 95% confidence inter-
val (CI) was calculated to estimate the true population
mean (Eq. (12)), where u,, stands for the upper boundary
and y, for the lower boundary of the CI. The location of
the CI relative to the expected value and its width pro-
vides statistically valuable information for regression
analysis. The average deviation of the CI (namely CI )
over the given A-range can be calculated using Eq. (13)
(see Fig. 7). For comparability, we performed dimension-
less analysis, determining the relative deviation from the
expected value (Eq. (14)). The value of CI , = for both
specific values as a function of the uncut chip thickness is
shown in the diagram (Fig. 8).

Considering all eight measurements, we observed that
this quantity switched signs multiple times within the
studied range of uncut chip thickness (0.5 < h < 20 um).
As h decreases, it tends to take on larger values, suggest-
ing that the regression used to determine the expected val-
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ue offers a less accurate prediction for the measurement.
The =+ values presented in the quantities below indicate
the standard deviations for the entire experimental series.
In the case of the specific cutting force, there is a local
minimum of:
« CI;M™ =-6.7+£5.4(%) at the value of

rel.res.

o A 2 5.3440.85(um).

rel.res.

In the case of the specific AE, there is a local maximum:
« CI&™ =11.6+4.0(%), in the same range,

rel.res.

o« BT ~439+1.33(um).

rel.res.

Polyak et al. | 323
Period. Polytech. Mech. Eng., 69(4), pp. 318-328, 2025

These values are found at:
o« BT [ =0.2740.04(1) and

rel.res.

he™ [r, =0.2240.07(1) relative to the tool edge

rel.res.

radius. This range is below the usual range of the
minimum uncut chip thickness. The values are bro-
ken down into individual experiments, which can be
found in Table 1.

k..5%

rel.res.

In the case of specific cutting force, CI reaches
a relative error limit of 5% in the range of:
© K™ =9.33+4.7(um), and for specific AE, it is at

rel.res.

o K7 =6.78+2.4(um) on average during the mea-
surements. These values are found at
« B r, =0.47+0.24(1) and

rel.res.

he™ [ry =0.34+0.12(1) concerning the tool nose
radius. This range is below the typical minimum
uncut chip thickness range and sits at the lower limit

of its usual range.

(15)

Another key statistical characteristic, the width of the
ClI, is influenced by sample size and variance. In this
study, we maintain a significance level of 95%. We also
examined its value after standardizing with the expected
value, which is calculable using Eq. (15). The resulting
values (|CI|,8,_) are depicted in Fig. 9 for the 8" measure-
ment. Results from the other measurements are presented
in Appendix A. This quantity also indicates, that as the
uncut chip thickness (4) decreases, it tends to take on
larger values, suggesting instability in the process. In the

Table 1 Summary of results for the set of experiments

Value Unit No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 Avg.  Stdev. (s) h/rﬂ s/rﬂ
Cr™ % 5 5 5 5 5 5 5 5 5 - - -
e pm 14.86 6.17 5.32 6.29 18.03 6.07 10.01 7.92 9.33 4.70 047 024
CrLs™ % 5 5 5 5 5 5 5 5 5 - - -
B pm 7.29 6.16 7.23 L18 7.24 8.28 8.77 8.06 6.78 2.40 034 012
CTi b % -11.4 -5.0 -9.0 -7.0 0.4 -123 102 2.6 -6.7 5.4 - -
A pm 6.46 6.16 433 6.06 4.60 5.57 441 5.10 5.34 0.85 027  0.04
Lo, % 18.6 114 9.0 4.9 12.9 10.1 11.6 14.2 11.6 4.0 - -
o pm 2.82 3.33 4.33 2.81 4.60 6.11 6.06 5.10 4.39 1.33 022 0.07
) 3 % 5 5 5 5 5 5 5 5 5 - - -
B pm 2.64 1.50 3.35 1.63 4.08 4.33 3.56 275 2.98 1.05 0.15 0.05
lc1s™ % 5 5 5 5 5 5 5 5 5 - - -
e pm 1.67 0.90 1.03 1.10 1.26 1.06 1.51 0.69 115 0.32 0.06  0.02
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case of specific cutting force, the relative CI width reaches
a relative difference limit of 5% (|CI|/,(;,’_5%) in the range:
o K =298+1.05(um), specific AE

rel.res.

(lCI ae,5%

and for

rel. )s lt is
o K™ =1.15+£0.32(um) on average across the eight

rel.res.

set of experiment. These values are found at
« Wy [r, =0.15+0.05(1) and
« K™ [ry =0.06+0.02(1) relative to the tool edge ra-

dius, which range is much further away from the low-
er limit of the minimum uncut chip thickness range.

Our statistical analysis shows that the uncut chip thick-
ness quantities represent the technological limit for con-
ventional or macro chip removal, which the classical expo-
nential formula can approximate. However, the statistical
behavior of the process characteristics changes below this
uncut chip thickness. As a result, we suggest modify-
ing or correcting the model to ensure the expected value
matches the measured values. Such correction can be done
by adding a correction part to the mathematical model [40],
or by using advanced functions.

4 Conclusions
Using the one-sample Student's t-statistic, we confirmed
that the distribution behavior of the measured specific cut-
ting force and specific AE changes as the uncut chip thick-
ness approaches zero. By fitting the measured data with
the exponential model and then analyzing the deviation of
the data from the model in sets, we can state the following:
e The statistical behavior, quantified with the CI,
of the sample changes in the range below 4 < 1.3 um,
as evidenced by the diagram (see Figs. 7 and 8).

* The approximating exponential model, such as the
Kienzle-Victor model, requires adjustment in the
range where the sample exhibits different statistical
behavior.

The uncut chip thickness quantities determined during
the presented statistical evaluation indicate the technologi-
cal limit of conventional or macro chip removal, which the
classical exponential formula can approximate. The sta-
tistical behavior of the examined process characteristics
changes in the range below this uncut chip thickness.
Therefore, we recommend modifying or correcting the
model so that the expected value determined by the model
aligns with the measured values. Extending the techno-
logical model to include the range of thin chip thicknesses
allows for further optimization in various chip removal
technologies, such as micromilling. By broadening the
examined range of the chip formation process, technolog-
ical modifications, such as special toolpaths, can be estab-
lished with greater certainty, which can enhance both the
quality of the machined surface and the expected tool life.
This allows the machining process to be planned with
reduced energy investment and a focus on sustainability.
To finalize the suggested correction for practical applica-
tion, it is essential to replicate the experiments described
here and widen the range of test variables. Future stud-
ies should concentrate on assessing the impact of tech-
nological parameters such as cutting speed and feed rate.
Additionally, other variables can be incorporated, but this
must be approached with caution due to the significant
increase in resource demands for experimentation.
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Table A1 Coefficients obtained during linear regression
Coefficient No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 Avg. St.dev.
4 -0.37 —0.46 —-0.48 —-0.51 —-0.36 —0.48 —-0.33 —-0.34 -0.42 0.07
B, 4.07 4.21 4.22 4.27 4.09 4.21 4.02 4.06 4.14 0.09
A, -0.92 —-0.87 —0.88 -0.91 -0.77 —0.81 —-0.81 —-0.71 —-0.84 0.07
B 2.61 2.56 2.55 2.56 2.41 2.50 248 2.38 2.51 0.08
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