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Abstract—The profile of the machined surface at the 

peripheral end milling is made when various types of fluctuations 

occur. At milling under self-exited oscillations, the machined 

surface, in addition to traces from cutting in with each tooth, has 

a wavy profile. The purpose of the article is to consider the 

peculiarities of the mechanism for making the profile of the 

machined surface under up and down peripheral end milling in 

case of chatter appearance. The experiments have been carried 

out on a special bench, using a technique that allows estimating 

the law of the vibrational motion of a part in the milling process 

by recording oscillograms of part fluctuation. The profile of the 

machined surface was evaluated by strip chart recording. The 

basic fragments of the oscillograms were used to determine the 

values of the parameters, which made it possible to establish the 

relationship between the waviness on the machined surface and 

the oscillatory movements of the part during milling with 

different feed directions. On the basis of the conducted 

experimental research, the mechanisms of surface finish 

formation during the up and down peripheral end milling in the 

third velocity zone have been determined. The height of the 

waviness during the cut-up milling with self-exited oscillations is 

formed by cavities, the depth of which is determined by the 

deviation of the part from the elastic equilibrium line on the first 

wave of auto-oscillations. The number of cuts determines the 

waviness stroke. At the cut-down milling, shaping cavities are 

formed by the part deviation from the elastic equilibrium line 

when the tool leaves the cutting zone. The waviness stroke on the 

machined surface depends on the change in the length of the 

cutting surface. 

Keywords—profile; number of cuts; oscillogram; the 

vibrational motion, waviness; profilogram 

I.  INTRODUCTION 

Cost efficiency of milling process is highly dependent 
upon its stability, which determined by the dynamics of the 
machine-tool/tool/workpiece system and in turn limits the 
cutting parameters, which may be chosen [1]. Solving of such 
problem attracted a lot of attention of scientist who prefer 
numerical prediction of the machining process using 
simulation models rather than experimental investigation [2-
4]. It is generally believed that the major problem which 
prohibits obtaining desirable efficiency and quality is the 
regenerative effect (chatter) that causes the chatter marks. The 
basic principles of chatter theory have been developed in 
1960s by Tobias [5] and Tlusty [6], Tlusty and Polacek [7] 

and Merritt [8]. These scientists presented stability theory for 
orthogonal turning and developed a stability lobe theory for 
the system with two degrees of freedom. The aim of stability 
lobe theory is to calculate the critical axial depth of cut at the 
highest available spindle speed. The developing of this theory 
was proposed by Altintas [9] who presented a new analytical 
form of the stability for milling. Further Bravo et al. [10] 
proposed a method of the stability lobes calculation when both 
the machine tool and workpiece have similar dynamic 
behavior. Seguy et al. [11] calculated the dynamic of part by 
final element method, and the 3D stability lobes for thin-wall 
components.  

Davies and Balachandran [12] noticed that numerous types 
of nonlinearities can affect the dynamic behavior of milling 
processes. However, the effect of nonlinearities associated 
with the intermittency have been virtually ignored in the 
literature. They showed that impact dynamics is likely to 
dominate vibrations in milling operations where the cutter 
rotation can excite flexible modes in the workpiece. Further 
Davies et al. [13] concluded that the assumptions of this 
Traditional regenerative stability theory became invalid for 
highly interrupted machining and they proposed a first direct 
analytical solution to the problem.  

Milling of thin-walled components with complex shape 
always occurs under interrupted cutting conditions [14], which 
significantly complicate prediction of the stability, especially 
at low spindle speed.  

At the peripheral end milling of thin-walled components, 
there are five velocity zones of oscillations [15], each of which 
has its own modes of oscillation and, as a result, its own 
features of making the profile of the machined surface [16]. 

The profile of the machined surface at the peripheral 
milling is made in the form of a combination of protrusions 
and cavities from cutting in with each tool tooth, repeated with 
a period equal to the feed per tooth – Sz [17 – 19]. 

Cavities are formed when the cutter's tooth cuts into the 
machined surface, and the height of the protrusions is Δh, is 
related to the tool radius – Rc, and feed rate per tooth – Sz  
(Fig. 1). 
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Fig. 1. The scheme of making the surface profile at the peripheral milling 

At milling of thin-walled components when chatter take 
place, the machined surface, in addition to traces from cutting 
with each tool tooth, has a wavy profile with a stroke – Sw, 
unequal feed per tooth – Sz, and depth – Wz, both with cut-up 
and cut-down directions (Fig. 2). 

 
a 

 
b 

Fig. 2. Profilograms of the surface after the cut-up (a) and cut-down (b) end 

peripheral milling with auto-oscillations 

The research work [16] shows that making a wavy profile 
on the machined surface is due to the influence of vibrations, 
but the mechanism for forming cavities of different depths has 
not been revealed. 

The article [20] explains this is due to different positions 
of the cutting points and the tool exit at milling under the 
conditions of forced vibrations, but chatter have not been 
considered. 

 

II. THE RESEARCH OBJECTIVES 

Taking into account that the effect of auto-oscillations is 
most evident in the third velocity zone, in which the rough and 
semi-finishing milling of parts from hard-to-cut materials is 
most often carried out, the aim of the present work is to reveal 
the peculiarities of the mechanism for making the machined 
surface profile when the chatter occur. 

III. PRESENTATION OF THE MAIN MATERIAL AND ANALYSIS OF 

THE RESULTS 

The research has been carried out on a special bench [22, 
23], the design of which allows recording oscillograms of part 
oscillations during milling. Oscillograms were divided into 
basic fragments, allowing to evaluate the law of oscillatory 
movement of a part when cutting with each milling tooth and 
the shape of the cutting surface [20]. A profilogram of the 
machined surface was recorded after milling. 

Milling was performed on a vertical milling machine of 
FWD-32J, model with a single-tooth, straight flute, special 

milling cutter of 55 mm with an adjustable position of the 
cutting tooth. The material of the cutting edge of the tooth mill 
is a carbide alloy; the frequency of free oscillations is 833 Hz. 

The sample size is 502534 mm. The sample material is St.3 
according to GOST 380-2005. The cutting conditions were set 
for milling when auto-oscillations arise: the spindle rotation 
speed is n = 280 rpm; the radial cutting depth is аe = 0.5 mm; 
the axial cutting depth is ap = 3.4 mm; the feed per tooth is 
Sz = 0.1 mm. The feed direction is up and down milling with 
oblique cutting. 

To determine the stroke – Sw and the height of the 
waviness – Wz of the machined surface, formulas (1) and (2) 
have been obtained from the profilogram: 

 SW = t  v, (1) 

where t is the recording time of the signal between the 
similarly-named protrusions on the profilogram of the 
machined surface, s; 

v is the signal recording velocity determined by the feed of 
the machine table, mm/s. 

 WZ = k  V, (2) 

where k is the calibration value for XS1M18AB120 
inductive proximeter used when recording the profilogram, 
mm/V; 

V is the largest deviation of the recorded signal from the 
position of elastic equilibrium (PEE), V. 

To determine the relationship between the waviness on the 
machined surface and the oscillatory movements of the part at 
milling according to the basic fragments of the oscillogram 
(BFO), the values of the following parameters have been 
defined:  
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– for up milling: the deviation of the part from the position 

of elastic equilibrium (PEE) when the tooth is cut in – enter, 
the chatter range – R2, the chatter period – Tao, the cutting time 
– tcut, the maximum deviation of the part under the action of 
the driving force – Δmax, the deviation of the part from PEE at 

the exit of the milling tooth – exit, the amplitude of the first 
wave of free damped oscillations – A1, the deviation of the 
first wave of chatter of the part from PEE is Δprof (Fig. 3, a);  

– for down milling: the deviation of the part from PEE at 

the milling tooth cutting in – enter, the range of chatter – R2, 
the period of chatter – Tao, the cutting time – tcut, the maximum 
deviation of the part under the effect of the driving force – 
∆max, the deviation of the part from PEE at the milling tooth 

exit – exit, the amplitude of the first wave of free damped 
oscillations – A1. (Fig. 3, b). 

 
а 

 
b 

Fig. 3. Fragments of the oscillogram with an indication of the measured 

parameters in the up (a) and down milling (b) 

Fig. 4 shows the profilograms of the machined surfaces 
after the up and down milling with chatter and the movement 
direction of the tool and part. 

The evaluation of the parameters measured according to 
BFO showed that for up milling only the change in the 
deviation of the first chatter wave on the part from PEE is 
Δprof, both in height and in stroke, corresponds to the law of 
waviness change on the machined surface. This is clearly 
shown by the values in tables 1 and 2, where the strokes and 
heights of the waviness of the machined surface, measured on 
profilograms and determined according to BFO, are given. 

 
a 

 
b 

Fig. 4. Fragments of the profilogram of the machined surface after the up (a) 

and down (b) end milling 

TABLE I.  COMPARISON OF THE WAVINESS STROKE OF THE MACHINED 

SURFACE MEASURED ON THE PROFILOGRAM WITH THE STROKE DETERMINED 

ACCORDING TO BFO 

The section number on 

profilogram 3 4 5 6 7 

Waviness stroke Sw  

on the  

profilogram, mm 

2.54 2.65 2.57 2.65 2.49 

The number of cuts 

with the mill tooth ncut 25 26 26 27 24 

Feed per tooth Sz, mm 0.1 

Waviness stroke Sw, 

determined by the 

number of cuts  

(Sw = ncut Sz), mm 

2.5 2.6 2.6 2.7 2.4 

Margin of error, % 1.57 1.89 1.15 1.85 3.61 

The comparison shows that the error margin of the stroke 
and the waviness height measured on the profilogram and 
determined according to BFO do not exceed 4% and 5%, 
respectively. Based on this, we can say that the waviness 
height at the up peripheral milling with self-exited oscillations 
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is formed by cavities remaining from the cutting surface, the 
depth of which is determined by the deviation of the first wave 
of chatter from PEE. The waviness stroke is determined by the 
number of tool cuts at which the deviation of the first chatter 
wave from PEE – Δprof, varies from the maximum to the 
minimum. 

TABLE II.  COMPARISON OF THE HEIGHT OF THE WAVINESS MEASURED 

ON THE PROFILOGRAM AND DETERMINED ACCORDING TO BFO 

The section number on  

profilogram 3 4 5 6 7 

Waviness height on Wzi  

profilogram, mm 0.083 0.091 0.083 0.107 0.082 

The waviness height 

determined according to BFO 

Wzio, mm 
0.081 0.095 0.081 0.102 0.078 

Margin of error, % 2.4 4.2 2.4 4.67 4.88 

The evaluation of the measured parameters characterizing 
the oscillations of the part during milling has showed that they 
all change periodically. The change in the cutting time, period 
and range of auto-oscillations suggests that the length of the 
cutting surface, height and waviness stroke on it change 
periodically. 

The change in the cutting time is affected by the shift of 
the wave phase of auto-oscillation at each subsequent cut 
(Fig. 5), which corresponds to a similar shift of the waves on 
the cutting surface and leads to a change in its length 

(Fig. 6).20 

 

Fig. 5. The shift of the wave phase on the oscillogram on each subsequent 

cut 

 

Fig. 6. The diagram of the cutting time effect on the change in the length of 

the cutting surface and the formation of the waviness stroke on the machined 

surface 

With the down milling, as well as with the up milling, each 
subsequent cutting in of the tool into the part occurs after its 
movement by the value of feed per tooth – Sz. Since each 

subsequent cutting surface is longer than the previous one, the 
remaining cavity from the next cut is ahead of the previous 
one. This order for making cavities periodically repeats. As a 
result, a wavy profile is formed on the machined surface. The 
formula for calculating the wavy stroke – Sw at the down 
milling is: 

 )(

1

1

1 zi

n

iw SllS −−=
−

+  (3) 

where li and li+1 – are the lengths of the cutting surfaces on 
the previous and subsequent cuts, mm;  

Sz is feed per tooth, mm; 

n is the number of cuts made in the period of the cutting 
time change (lengths of the cutting surface). 

Table 3 shows the values of the waviness strokes 
determined by the profilogram and calculated by the formula 
(3). 

TABLE III.  THE VALUES OF THE WAVINESS STROKES MEASURED ON THE 

PROFILOGRAM AND CALCULATED FROM THE CHANGE IN THE LENGTH OF THE 

CUTTING SURFACES AT CUT-DOWN MILLING 

The section 

number on  

profilogram 

1 2 3 4 5 6 7 

The 

waviness 

stroke on the 

profilogram, 

Swi, mm 

0.847 0.808 0.866 0.664 0.904 0.845 1.49 

The 

waviness 

stroke  

calculated 

Swi, mm 

0.861 0.808 0.835 0.652 0.887 0.834 1.46 

Margin of 

error, % 
1.6 0 3.6 1.8 1.9 1.3 2.0 

The values of the waviness strokes for the similarly-named 
sections taken from the profilogram and from the oscillogram, 
given in Table 3, have close values with an error margin 
within 4%. 

At the down milling, the cavities making the machined 
surface remain at the exit of the milling tooth. Therefore, it 
can be assumed that its depth is determined by the deviation of 
the part from PEE at the tool exit. Different depth of the 
cavities makes the waviness on the machined surface.  

The waviness height according to BFO for each period is 
defined as the difference between the highest and the lowest 
values of Δexit in this section: 

  = exit max – exit min, (4) 

where δ is the waviness height determined by the 
oscillogram, mm 
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For comparison with the waviness height determined by 
the profilogram, the height determined by the oscillogram is 
calculated by the formula:  

 WZi = –17.3872 + 2.9825 – 0.071. (5) 

Table 4 shows the values of strokes determined by the 
profilogram and calculated by the formula (5) 

TABLE IV.  THE VALUES OF THE WAVINESS HEIGHT MEASURED ON THE 

PROFILOGRAM AND CALCULATED BY THE FORMULA (5) 

The section 

number on  

profilogram 

1 2 3 4 5 6 7 

Waviness 

height on Wzi  

profilogram, 

mm 

0.047 0.055 0.058 0.034 0.040 0.044 0.054 

The waviness 

height 

calculated, 

Wzip, mm 

0.049 0.057 0.057 0.032 0.041 0.044 0.049 

Margin of 

error, % 

4.1 3.5 1.7 5.9 2.4 0 9.2 

IV. CONCLUSIONS 

On the basis of the conducted research, the peculiarities of 
the mechanisms for making the profile of the machined 
surface during the up and down peripheral end milling have 
been established.  

1. At the up and down peripheral end milling in the third 
velocity zone the mechanism for forming the machined 
surface is different.  

2. It has been established experimentally that the waviness 
height at the up milling when chatter take place is formed by 
cavities, the depth of which is determined by the deviation of 
the parts from the PEE on the first wave of auto-oscillations. 
This depth varies periodically from the highest value to the 
lowest one. The number of cuts at which this change occurs, 
with a known feed per tooth, determines the waviness stroke. 

3. At the down milling, shaping cavities on the machined 
surface are formed by the deviation of the part from the PEE 
when the tool exits the cutting zone. The waviness stroke on 
the machined surface depends on the change in the cutting 
surface length, which is influenced by the wave stroke from 
the chatter on the cutting surface and the phase shift between 
them occurring at each subsequent cut of the milling tooth. 
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