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1. Introduction

Gundrilling is widely used, e.g. in automobile
manufacture to machine deep holes in engine parts. When
industrial drilling applications aim for maximum produc-
tivity within certain quality requirements, it also entails
that work pieces should be machined at optimum cutting
values with as few tool changes as possible. A tool is to be
changed when it is worn out but before it is broken, as this
often damages the work piece and may also damage the
machine itself. If tools are changed frequently, profitability
decreases and the costs related to changing and sharpening
the tool increase.

Especially unmanned production requires tool
wear monitoring. In real production, it is not possible to
measure the wear of the drill repeatedly, but the process
can be monitored during the drilling. It is generally known
that there is a connection between cutting forces and tool
wear; cutting forces increase as a function of tool wear.
Therefore, it can be expected that tool wear can be
estimated by monitoring the cutting forces during
machining. According to Jantunen [1], Rao [2] and Rehorn
et al. [3], many attempts have been made to determine the
relationship between cutting forces and tool wear. For
instance Lin and Ting [4] have proposed the utilization of
force signals to monitor drill wear online. Cutting tests and
statistical analysis indicated that tool wear can be properly
estimated knowing the average thrust force and cutting
parameters (feed, etc.), especially for large tool wear. It
was also shown that thrust force increases as the flank
wear increases.

Knowledge of the fact that tool wear affects, e.g.
the mean feed force or that this leads to a change in the
force curve does not relate exactly when the tool should be
changed. For this, we need to know what certain changes
in feed force (its intensity and curve) may tell about tool
wear and the condition of the drill: whether the drill is
new, worn, or worn out. In order to be able to change the
tool in different industrial drilling conditions based on a
feed force signal (e.g. the feed force value) at the optimal
time, it is necessary to identify the connection between the
tool wear and the feed force parameters and/or its curve-
shaped function.

Tool wear can be measured directly from the tool
for example when the workpiece is changed. This visual
tool condition monitoring method is used especially during
drilling tests in laboratory circumstances, for example
when testing drills which have different geometries or
coatings or when testing new cutting parameters. However,
it is quite time consuming to measure all forms of tool
wear and it is also more difficult to draw conclusions from
the test results while monitoring several wear types.

Moreover, it is difficult to decide how often the tool should
be measured.

Flank wear is present in all cutting operations. It
is relatively easy to measure. At least for a single-point
turning tool, the width of the flank wear maximum is a
suitable wear measure, and a predetermine value of the
flank wear maximum is regarded as a good tool life
criterion [5].

In many drilling tests, flank wear is used as an
indicator of tool condition, and according to Jantunen [1]
several attempts have been made to predict the flank wear,
e.g. by drilling forces Liu and Anantharaman [6] used
artificial neural networks for the online classification and
estimation of the average flank wear of a drill. Thrust force
and torque signals were used for obtaining the input vector
of the neural network. Liu and Wu [7] used sensor fusion
strategy in order to detect the extent of flank wear. They
used indirect indexes: the percentage increase of the peak-
to-peak amplitude of vertical acceleration and percentage
increase of the trust force. A linear classifier was used to
distinguish worn-out and functional drills. Also the pattern
of the feed force signal has been used in prediction of the
condition of the drill [8]. Subramanian and Cook [9]
developed a mathematical model for drilling which
combined thrust force, the Brinell hardness of the
workpiece, feed, the radius at the cutting edge and average
flank wear. The flank wear can be solved from that
equation. Subramanian and Cook [9] concluded that
through the influence of the work piece hardness on the
torque and thrust force, those can be used as variables for
drill wear sensing only when there is a close tolerance on
the work piece hardness (+ 5%).

Some researchers (e.g. Noori-Khajavi and
Komanduri) [10] have proposed based on tests that drilling
forces in the time domain do not correlate with tool wear.
Nevertheless, also results favourable to drilling forces have
been presented. Ramamurthi and Hough [11] built a
reliably functional tool condition monitoring system which
used thrust force, and the current of spindle and feed motor
as input variables. According to Rehorn et al. [3] time do-
main signals in drilling have successfully been analyzed
with statistical methods. Regardless of this conflict, ac-
cording to Rehorn et al. [3] cutting forces in the time do-
main are the control methods applied during machining
that have been studied the most and applied the most fre-
quently in drill wear monitoring.

In this study the relationship between feed force
and tool wear was studied in order to monitor the condition
of the tool based of the feed force curve. The method used
in drilling tests was gundrilling. The gundrilling process
produces deep, one-pass, high quality holes. In gundrilling,
the cutting speed is high and the feed rate is relatively low,



but the penetration rate is higher than that of a twist drill.
The method allows the tool to drill the full length of the
deep hole without retraction. In the method, cutting fluid is
injected with high pressure through the hollow shank.
Once the fluid has lubricated the cutting edges of the tip, it
escapes along the v-shaped flute of the shank, taking the
chips out of the hole. [12]

During the years, many reports have been written
concerning the wear of twist drills. Kanai and Kanda [13]
investigated the physial and statistical characteristics of the
wear at the twist drill point and drilling forces as the basis
for developing standardized drill performance tests. They
presented different wear types to be measured as a per-
formance index in a standard test. The wear of a gun drill
differs a bit from the wear of a twist drill [12] due to the
special geometry of the gun drill tip and therefore the
results of Kanai and Kanda cannot be directly used in the
wear monitor of a gun drill. The wear of a gun drill has
been less investigated. It has been presented, based on
previous gundrilling tests [14] , that when drilling steel, the
most suitable wear types for predicting the condition of a
gun drill are flank wear in the drill tip, the average flank
wear and the mean and maximum flank wear on the
outside edge.

In this study, the behavior of the feed force signal
in gundrilling was studied especially in the situation where
the feed was stopped just before guidance feed was
replaced by actual drilling feed. Stopping the feed caused a
new kind of behavior in the feed force pattern. This study
examined whether the changes in this feed force pattern
could be used in monitoring the extent of the drill wear. In
the research, regression models were created in order to
estimate the mean flank wear in the cutting edges, flank
wear in the drill tip and longitudinal wear by the pattern of
the feed force curve when cutting conditions remained
constant.

2. Experimental equipment and tests

Gundrilling tests were carried out in the
Horizontal Machine Center. Fig. 1 demonstrates the test
arrangements. Stopping the feed refers in this study to the
fact that the feed was stopped for a moment immediately
before it was raised from feed f; to f,. The feed was
stopped by changing the NC program during the feed in-
crease in question.
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Fig. 1 Test arrangements [15]

2.1. Drills, the test material and cutting parameters

Single flute gun drills with a solid carbide tip
(carbide type H15) were used as test drills. The geometry
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of the drills is presented in Fig. 2. The diameter of the drill
was 8§ mm and the total length 270 mm. Microalloyed
steel, which is widely used in the automotive industry, was
used as test material. The average Vickers hardness of the
test material was 260 HV/30 (KV+20°C). Cylindrical
billets (bars) were used as workpieces. The nominal
diameter of the billet was 87 mm and the length was
187 mm. Holes were drilled through the bar to the cross-
section. A total length of 7 meters was drilled into each bar
(40 holes).

" HL4D

Fig. 2 Geometry of test drill [16]

2.2. Measurement methods

The feed force was monitored during the drilling
of one hole after about 7 meters of drilling (the last hole
drilled into to each billet). The force measuring system
included a piezoelectric platform for feed force and a
measuring program. The signal was post-processed
(filtering and compression) after collection. The sampling
frequency was 16 kHz. In sampling and post-processing,
the measurement data was processed so that the final fre-
quency was 20 Hz.

Vg

!

Cr

Fig. 3 Wear forms [15]

In this study flank wear value 0.3 mm was used as
a tool life criterion, this means that the drilling continued
with the same drill until the flank wear was 0.3 mm. Tool
wear was measured with a microscope at intervals of 7
meters of drilling (after each billet was drilled). The drill-
ing was stopped after each bar, and the drill was taken out
of the machine for measurement of the tool wear. After
measuring (if the tool was not worn out), the drilling con-
tinued with the same drill on a new work piece. Fig. 3
illustrates the forms of tool wear measured in these tests:
the mean flank wear in the cutting edges Vg, flank wear in
the drill tip Ct and longitudinal wear W, .



2.3. Test conditions

Two different feed values were tested while the
other cutting parameters remained the same. The total
number of tested drills was 5, one in each series. Tables 1
and 2 present the cutting parameters and the test series
used in the tests. The data of series 5 was used in
validation.

The cutting fluid used in these tests was deep-hole
drilling oil (as a base molecularly converted oil, 40
cSt/4+20°C). The cutting fluid (oil) pressure was 60 bar.
The guide hole’s length in all series was 12 mm and the
diameter 8 mm. As frequently done in gundrilling, a lower
feed was used at the beginning of the drilling (starting
feed, f|), and the feed was raised (f,) after the drill tip
penetrated the material.

Table 1
Cutting parameters 1 and 2
Parameters 1 2
Cutting speed v 80 m/min 80 m/min
Starting feed f, 0.025 mm/r | 0.025 mm/r
Length drilled with f; | 38 mm 25 mm
Feed f, 0.03 mm/r 0.037 mm/r
Length drilled with f, | 137 mm 150 mm
Table 2
Test series
Cutting Feed stopping: Test series no.
parameters yes/no
1 no 1
1 yes 2
2 no 3
2 yes 4
1 yes 5 (repetition of the
test no. 2)
3. Results

3.1. Tool wear and tool life

As mentioned above, this study applied the flank
wear value 0.3 mm as the criterion for concluding drilling.
In each test, one of the measured wear forms, the flank
wear of the tip (Cy), the mean flank wear of the cutting
edge (Vg) or the longitudinal wear (W) reached the 0.3
mm flank wear limit. In addition, these wear types were
relatively easy to measure accurately, and for instance the
built-up edge did not interfere with the measurement.

Flank wear on the tip of the drill (Cr) developed
the most rapidly, and reached the 0.3 mm parameter before
other types of flank wear in test series 1, 2 and 5. In test
series 3 and 4, the flank wear on the drill tip alone was not
a sufficient indicator of the actual condition of the drill.
The problem in test series 3 and 4 was that the chips did
not break off fully. This was most likely due partly to the
fact that the feed level in tests 3 and 4 was excessively
high.

Table 3 depicts the tool life in each test series. In
test series 1, a total of 105 m was drilled, after which the
flank wear on the tip of the drill (Ct) exceeded the 0.3 mm
limit and the test was concluded. In test series two and its
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repetition (test series 5), a distance of 105 m was drilled.
The feed in tests 3 and 4 was observed to be excessively
high for the cutting conditions in question (in relation to
the size of the drill, the work piece, the cutting speed, etc.).
A worn drill could not break off chips in the desired fash-
ion, making the chips overly long. In test series 3, a dis-
tance of 91 m was drilled without encountering any prob-
lems. In test series 4, a distance of 77 m was drilled nearly
without difficulties. Nevertheless, the tip of the drill was
worn significantly during the test, and finally, the drill
could no longer break off the chips in the desired manner.
After 77 m, the chips did not come off, but curled around
the drill. Therefore, the test had to be concluded.

Table 3
Tool lives
Test number Tool life, m Billet drilled
[number]
1 105 15
2 105 15
3 91 13
4 77 11
5 105 15

The wear of the tool did not differ significantly
between cases in which the feed was not stopped during
drilling (tests 1 and 3), and those in which the feed was
stopped (tests 2, 4 and 5) before the feed level was raised
to actual drilling feed (f,). This can be stated for example
by comparing the wear curves in Fig. 4 (feed not stopped)
and Fig. 5 (feed stopped).
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Fig. 4 Tool wear curves (series 1)
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Fig. 5 Tool wear curves (series 2)
3.2. Pattern of the feed force when stopping the feed

Waterfall figures of feed force curves were cre-
ated in order to recognize more easily the changes in the
measured feed force. In Fig. 6, a-d the feed force curves
during drilling one hole in series 1 -4 are presented. The



first force curve data of each figure was collected when
drilling the last hole in the first bar when the tool was worn
only slightly.
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Fig. 6 Feed force curves in seriesa - 1, b -2, ¢ -3 and d - 4.
The curves are presented every 14 meters, not in
every 7 meters, in order to show them clearly

The curves in Fig. 6, b and d show the change in
the feed force curve after raising the feed (from f; to f,)
after 50 seconds of drilling. When the tool was worn, the
force dropped quickly after the feed was stopped and then
slowly raised again. The more the tool was worn (that is

the more was drilled with the drill) the deeper and larger
became the half of the canyon form in the feed force curve.
Preciously described phenomenon cannot be seen from
Fig. 6, a and ¢ (curves from the drilling tests no. 1 and 3 in
which the feed was not stopped).

4. Discussion

4.1. Analysing the pattern of the feed force curve and
defining the sections of the curve

Initial tests [15, 16] had indicated that stopping
the feed before the feed value was raised to f, changes the
feed force curve. The feed force plunges momentarily. A
new and interesting phenomenon can be observed in the
feed force as the tool is worn: the force does not return to
its so-called standard level as quickly as with a sharp tool
after the feed value is raised (Figs. 7 and 8). The more the
tool is worn, the longer it takes to regain the standard level
of force. This change is examined below in more detail,
and especially its potential for forecasting drill wear is dis-
cussed.

Usually when a cutting tool is worn, a greater
force is needed to remove the material. In this study, how-
ever, the lowered force that was observed in connection
with the increase in the feed value may be due, e.g. to vi-
brations caused by the worn tool. The feed came to nearly
a complete stop, and when the feed was restarted, the tool
vibrated. The more worn the drill was, the less stable the
force was after the feed was increased. When the tool vi-
brates, the force needed for cutting may decrease. Vibra-
tion has apparently been used to assist in a number of cut-
ting processes, and one such technology is ultrasonic vibra-
tion cutting, in which the tool vibrates elliptically, thus
decreasing, e.g. the cutting forces. This has been studied by
Moriwaki and Shamoto [17] and also by Klocke and
Riibenach [18].

Figs. 9 and 10 illustrate the vertical vibration and
acoustic emission measured during the drilling of test se-
ries 2 both when the drill was new and when it was worn.

The sensors for measuring the vibration and
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Fig. 7 The feed force curve when the feed is stopped im-
mediately before its level is raised. 7 meters was
drilled with the drill. The initial feed in section a
was f;, and in sections b and c it was f,. Section b
describes how the feed force returns to the standard
level (section C) after the feed stop
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Fig. 8 The feed force curve when the feed is stopped im-
mediately before its level is raised. 105 meters was
drilled with the drill

acoustic emission were placed on the clamping of the work
piece. The figures show a significant peak in vibration and
acoustic emission when the feed was lowered close to zero
and then raised (just before the drilling had lasted 50 sec-
onds). The greater the tool wear, the higher the AE and
vibration peaks.
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Fig. 9 Acoustic emission values during drilling when 7 m
(lower figure) and 105 m (higher figure) were
drilled
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Fig. 10 Vibration values during drilling when 7 m (lower
figure) and 105 m (higher figure) were drilled

4.1. Fitted equation

In order to examine the patterns of feed force
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curves and their changes, curve fitting was defined for the
feed force curve after the feed increase in test series 2 and
4 (i.e. tests in which the feed was stopped before it was
increased to f,). The equation thus obtained is

F(x)=a+bx+ce™™ (1)
where a, b, ¢ and d are constants to be solved, X is the
measurement point, and ¢ is the Euler number (= 2.718).
The curves could have been fitted also as a function of
time, but in this study a measuring point was used to sim-
plify the movement of the zero point and facilitate the
analysis (one measuring point — 0.05 seconds).
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Fig. 11 Feed force in test series 2 after 7 meters of drilling.
The vertical axis represents the force [N] and the
horizontal axis the measurement points (time
points 0.05 s). Feed section f, i.e. sections b and ¢
in Fig. 8. The drilling depth at the zero point on the
horizontal axis is approximately 50 mm (12 mm
guide hole + 38 mm of gun drilled hole)
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12 Feed force in test series 2 after 105 meters of drill-
ing. The vertical axis represents the force, N and
the horizontal axis the measurement points (time
points 0.05 s). Feed section f, i.e. sections b and ¢
in Fig. 8. The drilling depth at the zero point on the
horizontal axis is approximately 50 mm

Fig.

Figs. 11 and 12 show a stretch of the feed force
curve after approximately 50 seconds from the start of the
drilling (cutting depth 50 mm) to the end of the drilling
(187 mm). The curve was fitted into this section. This is
the section where the feed is f, (from Fig. 8 areas called b
and c). When the constants a, b, ¢ and d of equation (1) are



solved, then the value of a given point on the force curve
can be defined at the each measurement point. The con-
stants were solved numerically with the MATLAB soft-
ware. The curves in Figs. 11 and 12 present the fitted func-
tion.

4.2. Definition of wear based on the pattern of the feed
force curve

This study investigated whether the pattern of the
force curve after the increase in feed explains the extent of
different types of wear. At each feed force measurement
point (X), values given by the exponential function (1) are
solved. These values explained the flank wear of the out-
side and inside edge (Cr) and longitudinal wear (W) in the
PLS regression analysis (Partial Least Square Regression),
which was carried out on MATLAB.

The PLS regression equations are formulated as
follows: when the constants a, b, ¢ and d have been solved,
the force values are determined at each measurement point
(X) on the curves of exponential functions (1) at 7 meter
drilling distances. The results compose a matrix : force
values after 7 meters of drilling Yy, Y12, Y13, --., force val-
ues after 14 meters of drilling Y,;, Y2, Y23, ... and force
values after X meters of drilling (when the tool is worn out)
Vo> Y2, Y3, -..(the number of tool wear measurements z
when the tool is worn out). The PLS regression allows cal-
culating the coefficients by, by, b,, etc. for the regression
Eqgs. (2). There are as many values of b, as there are meas-
uring points. The wear values forecasted on the basis of
actual forces are obtained with the following kind of equa-
tions

Wpredicted,7m = bo +b1 Y +b2 Yio +b3 Yi3 +-..

W =k)o+t)1 y21+b2 y22+b3 Yy ...

predicted,14m
)

W =bo+b1 Yz1+b2 Yz2+b3 Y3 tenn

predicted, Xm

4.3. Validation

The applicability of the regression Egs. (2) formu-
lated was tested with the help of validation material (test
series 5), and the results are presented in Table 4. The es-
timated (according to the Eq. (2)) and measured, i.e. actual
flank wear curves for the drill are presented in Figs. 13, 14
and 15 show the actual and estimated curves for longitudi-
nal and flank wear.

Coefficients of determination (Table 4) are good,
especially when estimating wear in the drill tip (Cy) and
inside corner wear (Vg). But even though the coefficients
of determination are high, they do not explicitly define the

Table 4
Coefficients of determination from validation,
and the root mean square error (RMS)

Wear type Coefficient of RMS
determination, %
Vg outside corner 74 0.0227
Vg inside corner 88 0.0120
Ct 96 0.0119
W, 81 0.0071
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Fig. 13 Estimated Woregicted (a) and measured values (b) for
the wear in drill tip Ct (series 5)
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Fig. 15 Estimated Wiregiciea (2) and measured values (b) for
the flank wear in inside corner Vg (series 5)

validity of the models, as they do in traditional regression
analysis. It should be taken into account that the RMS val-
ues are quite high in relation to the extent of the wear. The
validity of the models can be assessed by examining the
difference between the actual and estimated wear values
(Figs. 13, 14 and 15). Note that especially the extent of the
wear can be relatively reliably estimated based on the pat-
tern of the feed force curve. The flank and longitudinal
wear values estimated for cutting edges are slightly lower
than the actual measured wear values (Figs. 14 and 15).
The actual measured values for flank wear of the drill tip
are, however, lower than the estimated wear values



(Fig. 13). Even though there are differences between the
actual and estimated wear values, they are still rather
small, especially in the case when monitoring the condition
of the tool not a single wear value.

Based on the results, the wear can be estimated
according to the form of the feed force curve modified by
stopping the feed. In this way, it is possible to monitor the
condition of the tool (operable or worn out) during drilling.

The regression equations formulated on the basis
of test series 2 (feed 0.03 mm/r) did not match with test
series 4 (feed 0.037 mm/r). Models did not explain the
change in wear in test series 4. Neither did the equations
formulated on the basis of test series 4 match with the test
series 2. When the cutting values changed, tool wear could
not be forecasted with the models created before with dif-
ferent cutting parameters. Changes in cutting values
should, therefore, be accounted for in the equations.

4.4. Determination of wear with coefficients in an equation
fitted to the feed force curve

Also the use of constants (@, b, ¢ and d) of equa-
tion (1) as independent variables is quite sufficient in the
forecasting of wear (mean flank wear of outside and inside
edges, longitudinal wear and flank wear of the drill tip).
With linear regression, for example the following regres-
sion equation was obtained for estimating the mean flank
wear of the outside edge

VB =-0.5603a—0.00024900b + 2.0034 ¢ +
+0.0005830d —0.1458 3)

‘When this model was used in the validation data,
the coefficient of determination was 68%, leading to an
RMS value of 0.026. Although the coefficients of determi-
nation here were high, as well, one should still take into
account that the RMS values were rather high in relation to
the extent of the wear. The maximum errors in the estima-
tions are quite large. Comparing the forecasting of wear
with the help of constants to forecasting based on the pat-
tern of a curve fitted to the feed force curve, the latter solu-
tion is the better choice. Its RMS values, i.e. errors, are
smaller.

4, Conclusions

The tests suggested that stopping the feed had no
significant effect on tool wear. Therefore stopping the feed
could be used for the purpose of facilitating tool condition
monitoring. Based on the test results, it can be concluded
that from the pattern of the feed force monitored in time
domain and modified by stopping the feed, it is possible to
predict tool wear. The exponential function fitted to the
pattern of the feed force curve helped to estimate the flank
wear of cutting edges, the flank wear of the drill tip, and
longitudinal wear. The use of constants of feed force curve
as independent variables is not sufficient in forecasting
wear.

When the cutting values remain the same (as
those usually do when drilling large volumes of a same
product in mass production industry), the equations formu-
lated in this study can forecast the tool wear. It has to be
noticed that the same equations can not be used when the

cutting values are changed. Therefore in the future the
changes in cutting values should be accounted for in the
equations so that the same equations could be used also
when the cutting parameters are changed.

The models based on feed force patterns intro-
duced in this study are only indicative, and should be
modified to obtain more accurate estimations. Based on
this research, however, it can be stated that stopping the
feed allows monitoring tool wear with the help of a feed
force pattern in time domain. Even better-suited models for
forecasting wear could be found with ensemble methods,
which model possible noise in data by adding it to data
used for education purposes (applied if there are more
variables than there are forecasted samples). Moreover,
more recent regression analysis methods could be applied,
and more material collected or pre-processed before the
regression analysis.

In order for the results to be applied to practice
and validated, further tests must be performed on other
work piece materials, a range of cutting parameters and
gun drill geometries. The results of this study can be ap-
plied to further research that focuses on developing a sys-
tem for monitoring tool condition. At its simplest, a tool
wear monitoring system may estimate the extent of the
wear. The wear types are given predetermined maximum
values. For example, the value for flank wear on the out-
side edge and drill tip may be 0.3 mm. Drills can be di-
vided into two classes based on their condition: operable
and worn out. When the flank wear of the tip and/or outer
edge estimated on the basis of feed force exceeds 0.3 mm,
the system signals that the tool is worn out.
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SAUTUVU GRAZTO DILIMO [VERTINIMAS PAGAL
PASTUMU JEGOS SIGNALU KREIVE

Reziumé

Straipsnyje nagrinéjama galimybé Sautuvy grazto
greZzimo proceso ir atitinkamos pastimos jégos signalo
saveika, laikui bégant, panaudoti grazto dilimui kontroliuo-
ti. Pastimos jégos savybés studijuotos normalioje Sautuvy
grazto grezimo procediroje, taip pat i§jungus pastima tuoj
pat pries jos pakeitima kita grezimo pastima. IS§jungus pas-
tima keiCiasi grazto pastlimos jégos kreivés vaizdas, kuris
gali bati panaudotas grazto dilimo eigai kontroliuoti. Reg-
resiniai modeliai buvo sukurti grazto pjovimo briaunos
vertei, briaunos dilimui grazto virSinéje bei grazto ilgio
dilimui pagal pastimos jégos kreiveg apskaiciuoti, kai islai-
komos pastovios pjovimo salygos. Remiantis bandymo
rezultatais buvo padaryta i§vada, jog Sautuvy grazto dilimo
eiga galima prognozuoti, naudojant grezimo ir atitinkamos
pastiimos jégos signalo kreive.
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ESTIMATION OF TOOL WEAR OF A GUN DRILL
USING THE SIGNAL CURVE PATTERN OF FEED
FORCE

Summary

This study concentrates on gundrilling and the
related feed force signal in time domain, and possibilities
of using this signal in drill wear monitoring. The behavior
of the feed force was studied in a normal gundrilling
procedure, and also in a situation where the feed was
stopped just before guidance feed was replaced by actual
drilling feed. Stopping the feed caused a new kind of
behavior in the pattern of the feed force curve, which could
be used in monitoring the extent of drill wear. Regression
models were created in order to estimate the mean flank
wear in the cutting edges, flank wear in the drill tip, and
longitudinal wear based on the pattern of the feed force
curve when cutting conditions remain constant. Based on
the test results, it was concluded that from the pattern of
the feed force curve monitored in time domain and
modified by stopping the feed, it is possible to predict the
extent of the wear of the gun drill.

HN. uxao, FO. Bapuc

OLEHKA M3HOCA ITYIIEYHOI'O CBEPIJIA, .
NCIIOJIb3Y A OBPA3EL CUT'HAJIBHOM KPMBOU
CUJIBI IIOJJAYN

Pes3omMme

B nyOmuxamuu mnpeacTaBieHa OLEHKa H3HOCA
MYLIEYHOTO CBEpja 10 CUIHAy M3MEPEeHHOH CHIibl moja-
yu. VI3MepeHune CHITbl 049X UCCIIEJOBAaHO B HOPMaJIbHOM
MIPOIIECCE CBEPJICHMS IYIICYHBIM CBEPIIOM, a TaKkKe IIPH
MIPEKpPAIIEHUH TT0JIauy IPY U3MEHEHHHU €€ BEJINYNHEI. BhI-
KIIFOUCHHE TIOAaYH MU3MEHSET B KPUBOH, KOTOpas MOXKET
OBITH NCTIONIB30BAHA JUI KOHTPOJIS Ipoliecca H3HOca CBEp-
nma. Mognenu perpeccuy pa3paOoTaHbl Uil pacdera BelHu-
YMHBI U3HOCA PEXYIIEH KPOMKH U JUIMHBI CBEpJIa IO Bpe-
MEHHOW 3aBHCHMOCTH CHJIbI IIOJIauM, KOTJa BbIJICPIKaHbI
TIOCTOSIHHBIE YCIIOBUSI pe3aHus. Mcromnb3ysi pe3ynbTarhl
OKCIIEPUMEHTA, CAENaH BBIBOJl, YTO MOXHO IIPOTHO3HPO-
BaTh U3HOC CBEpJIa BETMYMHON CHJIIBI ITOIauH.
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