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Abstract

The paper examines the possibility of compensating one of the significant systematic factors
in turning that affects the quality of machined surfaces—namely, the dimensional wear
of cutting inserts during finish turning. Predictive wear models are developed in which
the process is approximated using either a linear or an exponential function. The wear
prediction error is determined. Based on data from the authors’ experimental studies and
other published sources, the duration and intensity of the initial and steady-state wear
stages are established. A corrected predictive function is presented, consisting of a nonlinear
initial segment and a linear steady-state segment. A design variant of a measuring probe
for monitoring the current wear of the insert cutting edge, applicable under production
conditions, is also proposed.
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1. Introduction

The wear process develops under the action of numerous factors that manifest specifi-
cally under different operating conditions as a result of the combined influence of several
wear mechanisms formed by tribological, physical, and chemical phenomena. For this
reason, deriving a specific relationship cannot be achieved through a purely physical model;
therefore, an experimental approach is applied. However, this is not an acceptable solution
for real production, as it requires preliminary investigations under different machining
conditions to determine the constant Cyp and the exponential coefficients myp, nyp, xyp
and yyp in the mathematical model for determining flank wear V Bc [1]:

hy = Cy,, T V"ir g, ¥ fYnr (1)

VBc = Cypt™VvBV'"VB apXVnyVB )

where h, is radial wear, « is the clearance angle, and the functions represent interrelated
quantities: i, = VBc * tga.

The above-mentioned investigations, however, are associated with significant eco-
nomic cost. To overcome this problem in accuracy control through prediction of current
wear, a study was conducted considering h,(V Bc) solely as a function of cutting time T
(where h; denotes wear in the radial direction). The relationship was examined under
specific conditions—constant cutting regime, given workpiece material, and defined insert
grade: h,(VBc) = Cy 7" (VB), where Cy is a constant formed by the fixed factors. In [2-4],
the application of empirical models was investigated; however, an analysis of their accuracy
is lacking.
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2. Materials and Methods

An experiment was conducted to obtain natural results for the wear process under
real production conditions. The workpiece shown in Figure 1 was machined.

030.420.05
T
|
|
|
©28310,05

B(128) A(104)

Figure 1. Machining scheme of the “Piston” component (Lines numbered 1 to 13 illustrate the
sequential tool path).

The two cylindrical surfaces, ©28.3 and ©330.3, were finish-machined using a VBMT
160408 MF 4425 cutting insert under the following cutting conditions: V = 240 m/min,
ap = 0.5 mm, f = 0.2 mm/rev; workpiece material: alloy steel 1.2344 (Table 1). The cutting
time of the investigated tool during finish machining was 30 s.

Table 1. Chemical composition of steel 1.2344.

C Mn Si Cr Mo \%
0.40% 0.40% 1.00% 5.25% 1.35% 1.00%

The study included the measurement of tool wear after machining each workpiece
(Figure 2). The cutting tool (pos. 1) was programmatically positioned toward a measuring
system performing relative wear measurement. This was realized by rigidly fixing an L-
shaped bracket (pos. 4) beneath the tool. The wear value was determined as the difference
between the readings of two linear measuring devices (pos. 2 and 3). The reading devices
(pos. 5 and 6) were connected to a computer for data storage and processing.

Figure 2. Tool wear measurement scheme: 1—cutting tool; 2 and 3—linear measuring devices;
4—L-shaped bracket; 5 and 6—reading devices.
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The wear of the cutting inserts was measured after each workpiece until the allowable
flank wear was reached. For the given machining conditions, the allowable value was set to
[VB ] = 0.2 mm, corresponding to allowable radial wear [1,] = 0.0245 mm [5]. In order to
account for the influence of structural inhomogeneity of the tool material, coating thickness,
and other factors affecting wear resistance, one cutting edge from each of six inserts was
used. The wear curves obtained from the experiment are presented in Figure 3.
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Figure 3. Wear curves of six cutting edges from six inserts.

Tool life, until reaching the allowable wear [I,], varied from 17.5 =- 21.5 min, indicating
dispersion in wear intensity due to inhomogeneity in the properties of both the workpiece
and tool materials. During the initial wear period, insignificant dispersion in wear intensity
was observed among the six inserts. This stage concluded within approximately 1.5 min
at h, = 4.22-5.15 pm. Based on the conducted investigations, it is essential to apply an
approach enabling accuracy control through the combined implementation of tool life
modeling and periodic workpiece measurement.

The classical method for compensating systematic errors is active control [6], referred
to as dimensional offset adjustment. Compared to other approaches, it provides high accu-
racy because the compensating action is determined based on measurement of the current
dimensional deviation [7]. Achieving effectiveness in all offset-adjustment algorithms
requires information about the intensity of the systematic factors and their variation over
time. The evaluation of effectiveness is associated with the following indicators:

e Adaptation time of the algorithms to the specific process parameters;
e  Accuracy of the offset adjustment;
e  Frequency (productivity) of introducing the compensating action.

The concept of this integrated approach is to improve all three indicators—by using
the tool life model to obtain preliminary and sufficiently accurate information about wear
intensity. For this purpose, the power-law models presented earlier (Relations 1 and 2) may
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also be used; however, their derivation requires extensive experimental studies, which, as
mentioned, are not always feasible in industrial production.

The use of tool life models as an information source is consistent with the extensive
contemporary research aimed at their improvement [8-11]. It is driven by the need for
accurate determination and program-based specification of tool change time, which is
a current issue in automated manufacturing systems. Moreover, the manufacturer data
for cutting speed provided in catalogs or obtained via electronic calculators are based on
such models.

The tool life determined by the model

_ O
VmTaZTf]/T

©)

is always defined at an allowable wear level [V B.], which in finish machining is measured
on the flank surface in the tool nose region. This level is practically established within the
range of 0.1 + 0.2 mm, at which no significant influence on the achieved surface roughness
is observed. Deterioration of surface finish is associated either with micro-chipping of
the cutting edge or with vibration occurrence in less stable technological systems. The
justified determination of the time after which the tool becomes unserviceable proceeds in
two stages:

1.  Establishing the relationship between surface roughness and allowable wear,
R, = f[VB.];
2. Calculating tool life T at the obtained allowable wear value.

The specific objective of the first stage is to determine the wear value above which the
specified surface roughness changes unacceptably. The stochastic nature of cutting-edge
deterioration and blunting does not allow the establishment of a generalized functional
relationship. Research on determining R, = f[VB,]| is directed toward obtaining empirical
relationships for specific conditions [12-15].

In [13], for two materials with similar machinability, AISI 1040 and AISI 1045, different
relationships between roughness and wear were obtained:

VBe
R,(1040) = 0.07 4 0.79¢(515) )
and
VB¢
R,(1045) = 1.71 + 0.08¢(o11) 5)
Due to these modeling results, the preferred industrial solution is to set
[VB;] = 0.1 + 0.2 mm, since it has been practically proven that, up to this wear level,

no substantial change in surface roughness occurs. Inaccuracy in defining the allowable
wear leads to incomplete utilization of the insert’s service life but does not affect the ac-
curacy of wear intensity evaluation. This conclusion follows from Relation (6), defining

wear intensity:

. VB |V* b, ¢
ovp, — [VTB ] _ [ }Cmf ap 6)

Under constant conditions, a change in [V B, | leads to a proportional change in tool
life T; thus, the same wear intensity is obtained.

The intensity calculated by this relationship implies a linear variation in wear with
vyp, = const until the tool resource is exhausted. The relationship holds under the
assumption that VB, = f(t) is a linear function of time, an assumption widely adopted in
the scientific literature to simplify machining error models.
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It is well known that the initial period, associated with the bedding of the contacting
surfaces, exhibits nonlinear behavior. The assumption of linear tool wear is justified by
reducing the magnitude of this initial region due to contour-ground flank surfaces of the
inserts and the application of coatings, resulting in a lower friction coefficient. In reality,
this region of intensified wear is influenced not only by the factors acting during the steady-
state wear phase but also by the additional higher pressure generated on the flank surface
of the tool (Figure 4).
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Figure 4. Approximation of wear intensity using linear and exponential functions.

As the contact area increases, the influence of pressure decreases according to a power
(exponential) law. Consequently, due to the presence of the initial region in the wear
curve, vyp, # const. To analyze the error arising between the predicted wear intensity
determined by Relation (3) and its actual value, the experimental results shown in Figure 3
are considered. The arithmetic mean value of the family of wear curves is assumed to be
used for determining the tool life model (Relation 3) at a specified allowable flank wear
[VB.] = 0.2 mm, corresponding to allowable radial wear [h,] = [VB.|tgax = 0.0245 mm.
From the same experimental results, an average tool life of T = 19.5 min was obtained,
equivalent to 39 machined parts. On this basis, the predicted wear intensity is calculated

as: v, =l — 00245 _ 000126 mm /min or 0.628 pm /item.

Figure 5 presents the variation in the actual wear intensity as a function of the number
of machined parts.

The same figure also shows the difference in wear intensity between the arithmetic
mean wear curve and the predicted linear function derived from it. The difference between
these two functions defines the uncompensated wear value over time. These deviations
occur between two related functions, since the predicted function is obtained from the
arithmetic mean wear curve. A clear pattern is observed: higher wear intensity and
accumulation of deviation in the initial region—up to the 3rd—4th part, corresponding to
approximately 1.5-2 min of cutting time.

The accuracy of compensation through the introduction of predicted deviations is not
the primary limitation of the adopted approach; rather, it is influenced by the manifestation
of wear as a stochastic process. Figure 6 shows the variation in uncompensated wear
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values for the two boundary wear curves—corresponding to minimum and maximum
wear intensity.
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Figure 5. Variation in the actual wear intensity.
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Figure 6. Uncompensated wear values for the two boundary curves.

The results of program-based compensation of the current predicted wear values
demonstrate a significant reduction in the influence of this primary systematic factor
during machining. In one boundary case, the maximum uncompensated value is +4.14 um,
+2.88

pm
—3.22
The analysis of wear intensity variation aims to account for the nature of its influence

and, in the other, it is

on the accuracy of offset-adjustment algorithms used to achieve machining accuracy. The
higher wear intensity at the beginning, together with dimensional offset deviation after
insert replacement, creates a probability of unacceptable dimensional deviation in the
produced part.

In this regard, the following parameters must be evaluated:

https://doi.org/10.3390/engproc2026150099
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e  wear intensity during the initial period Vpegging;
e wear intensity during even wear Veyen;
e  duration of the initial period fpeqging;
e duration of even wear teven = Tpermissiable-

To accumulate sufficient information for evaluating these parameters, appropriate
data from published studies [8,9,16-19] were used and are summarized in Table 2. The
data refer to turning with coolant.

Table 2. Summary of cutting tool wear data.

I~ Cutting =
g E E Condition \é E
5 L £% 3 g _ E f =, s 8
P 3 Ec 5 g S g 5 B g I 5
S R B : 2 g & o kg
£ & =7 8 ST N B
& > « « s
260 T-PF,
115 003 1475  4CMod o) TICN/ALOs/TN, 340 015 05 287 107 268 983 [i6]
re = 0.4, kr = 93°
TiSIN-TIAIN,
2 1 00049 1333  Ti-MMGCs re = 0.8, Seco 40 02 035 49 11 445 1333 [8]
TH1000
TiSIN-TIAIN,
3058 00049 8  TiMMGs re = 0.8, Seco 60 02 025 845 182 464 1379  [8]
TH1000
4 133 00098 125 €55 TNMG 160408SG 300 08 015 737 077 957 94  [17]
: : S (EN10083-2) 8 0157 : : '
165- TNMG332QM-
5 15 00037 135  AISI1045 190 200 1 02 247 123 201 9 [9]
HI3A
HB
6 1 00049 18 He280 SCMT 432 180 2 03 49 08 613 18  [1g]
230 CNMG120408
7 22 00098 15  41CrMod o s 300 05 02 445 067 664 682  [19]
210 CNMG120408
§ 15 00092 12 Ckd5 o NS 25 1 015 613 08 697 8  [19]
9 15 000457 14 12344 230 VBMTIGDAOAME  »)y 05 018 305 111 275 933  Figure3

HB 4425

For the effective functioning of offset-adjustment algorithms, the following informa-
tion is important:
e  Ratio between tool life T and initial wear time: T/t;.41,, = 6 + 17 (average 10);

e  Ratio between wear intensities: "eding /v, = 1.6 < 4.5 (average 3.1).

3. Results

Wear prediction can be improved by adding to the predicted linear function the
actually existing power-law variation in the initial region, caused by the decaying influence
of pressure on the flank surface. To define it, data for ty44ing and hy peqaing are sufficient.

Figure 7 presents the predicted wear functions obtained from the data in Table 2.
They were constructed assuming linear wear variation with intensity calculated from

Vpred = [hr]/T'

https://doi.org/10.3390/engproc2026150099
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Figure 7. Predicted wear functions.

The positions indicated in the figure correspond to the sequential numbers in the table.
It is evident that position 3 significantly differs from the others, due to the selected high
cutting speed (60 m/min) for the titanium alloy, which caused unacceptably accelerated
wear. For this reason, it was excluded from the subsequent analysis presented in Figure 8,
where correction (improvement) of the predicted function is considered by introducing the
initial wear region.

An analysis of the boundary predicted values from Figure 7—positions 6 and 8—was
performed. For this purpose, it was necessary to determine the transition point at which the
initial (nonlinear) region changes into the linear (even wear) region. The rectangular area
shown encloses the transition points of the realizations from Figure 7; it is constructed based
on the boundary values of tpeq4ing and hy peqing- Since, when constructing the predicted
function, only [i;] and T are available, the transition point is assumed to have coordinates
equal to the arithmetic mean values of tye44ing and iy peqging- This allows construction of a
corrected predicted function that includes both nonlinear and linear regions. In Figure 8,
the actual wear lines based on tabulated data are also plotted. The initial regions are
represented linearly due to insufficient data points for modeling curvilinear wear.

The Figure shows that the corrected predicted wear functions are located closer to the
actual wear lines compared to the initial predicted functions. This leads to improvement of
the results presented in Figures 5 and 6.

The conducted analysis demonstrates high accuracy of the predictive result for
program-based compensation without the need for time-consuming experiments. It should
be noted, however, that real accuracy is influenced by the stochastic nature of the wear
process, meaning that uncompensated wear errors will remain and must be periodically
corrected by workpiece measurement (offset adjustment).
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Figure 8. Correction of the predicted function by introducing an initial wear region.

The main problem of predictive wear compensation is modeling accuracy, which
requires implementation under specific conditions. This necessitates models covering
narrow ranges of influencing factors. Such an approach requires extensive research, which
is impractical given the vast diversity of machining conditions.

To avoid this problem, tool life models are developed by systematizing conditions.
This is the approach of tooling companies, which are the primary providers of tool life
data. Prediction is performed using generalized models for groups of materials and
cutting regimes associated with the type of machining (roughing or finishing), considering
the corresponding allowable wear. Naturally, generalized models provide less accurate
estimation of tool life and the predicted wear function but eliminate the need for preliminary
experimental investigations.

4. Discussion

To improve the efficiency of the considered combined approach, the following solution
is proposed:

https://doi.org/10.3390/engproc2026150099
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1.  Calculate the predicted wear intensity using generalized predictive models;
Perform two levels of updating of the predicted value introduced as
program compensation.

The proposed updating levels are appropriate only for:

e  Processes where wear is the dominant systematic factor;
e  Finishing tools, where wear significantly affects dimensional accuracy.

The objective is to improve wear intensity estimation and to obtain data for effective
wear compensation in subsequent production batches.

4.1. First Level of Updating

The first level of updating is carried out during process commissioning and covers the
entire wear life of one cutting edge. During this period, program compensation is executed
using the calculated predicted value. This updating can be performed accurately and
automatically only on machines equipped with tool measurement (presetting) devices. To
improve measurement accuracy, relative wear measurement is proposed. It is implemented
through a specially designed measuring probe (Figure 9). A plate with four protruding
pads (additional plank) is attached to the base prismatic probe.

(a) (b)

Figure 9. Design of the measuring probe: (a) side view; (b) top view.

This structural modification enables relative measurement of tool wear, eliminating
typical measurement errors:

e  Positioning error of the measuring device;
e  Thermal deformation errors;
e Inaccuracy in determining the trigger position of the device.

Relative measurement involves determining the position of point M (tool tip) relative
to point Q, located on the edge between the main and auxiliary flank surfaces (Figure 10a).
Point Q is located sufficiently far from the tool tip so that it is not affected by wear. Monitor-
ing of point M relative to point Q is performed through two consecutive measurements. The
first measurement determines dimension A4, corresponding to the sensor trigger position
when the tool tip (point M) touches the base measuring probe (Figure 10b). The second
measurement determines dimension A after the flank edge contacts the protruding edge
of the additional plank (Figure 10c).

The wear magnitude is:

hr = Aim‘tiul sett — Acurrent = (AM,im'tial sett — AQ, initial sett) - (AM,current - AQ, current) (7)

where A initial setts AQ, initial se—dimensions measured during initial tool setting; A1 current,
AQ, current—current measured dimensions.
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Dimension Ag cyrrent changes only due to the characteristic measurement errors
mentioned above.
The accuracy of this double measurement (Ay; and Ag) is determined by:

2 2
wPOS + Wireas.d. (8)

wp, = 1,4 p

where wyp,s—range of random machine positioning error;

Wipeas. 4. —Tange of random measuring device error;

m—number of repeated measurements.

The measurement process continues until the adopted allowable wear is reached. The
criterion for insert end-of-life is deterioration of surface roughness (an indicator of service-
ability in finish machining). To calculate program compensation values, it is necessary to
determine the relationship i, = f(N), where N is the number of machined parts.

(b) ()

Figure 10. Measurement of tool wear: (a)—determining the position of point M relative to point Q;
(b)—tool tip (point M) touches the base measuring probe; (c)—contact to the protruding edge of the
additional plank.

4.2. Second Level of Updating

The second level of updating is related to optimization of accuracy control—improving
compensation accuracy and offset-adjustment frequency by obtaining more precise infor-
mation about wear intensity.

This measure is appropriate when larger production volumes are anticipated. At the
first level, data are obtained from a single wear realization; at the second level, a statistically
averaged value from multiple realizations is determined.

It is carried out during machining of the first production batch, collecting information
from the wear of cutting edges of several operating inserts.

The procedure for determining h, = f(N) is identical to that described for the first
level, but the function is obtained by averaging results from individual realizations.

5. Conclusions

One of the decisive factors for achieving accuracy in finish turning is the wear of the
cutting insert.

The performed approximation of wear using separate linear and exponential functions
enables prediction of both its magnitude and intensity. The difference between actual and
predicted wear is greatest at the beginning of operation of each cutting edge (=3-4 um)
and gradually decreases, indicating very effective compensation of this systematic factor.

Based on the results of conducted studies and published research, data were extracted
regarding the duration and intensity of the initial and steady-state wear stages. The
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constructed corrected predictive function, incorporating a power-law variation in the initial
wear region, significantly improves wear prediction accuracy.

The proposed structural design of the measuring probe, enabling monitoring of cutting-
edge wear, represents an effective solution applicable under production conditions with
minimal machine time consumption. The collected data can be recorded, statistically
processed, and used for predicting wear in subsequent process realizations.

Through the two levels of updating, both the wear data of the specific cutting edge and
the accumulated statistically averaged values are utilized, thereby reducing the influence
of the stochastic nature of the wear process.
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