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a b s t r a c t

Orthogonal turn-milling is a relatively new process technology, the coupling turning and

milling processes together and enjoying the advantages of both. However, to the best

knowledge of the authors, few studies on the chips of the orthogonal turn-milling have

been reported, although the understanding of the chips is important when studying turn-

milling mechanism, machining heat and tool wear. In this paper, the analytical models of 3D

chips (under both centric and eccentric situations) are proposed based on the orthogonal

turn-milling principle and the mathematical expressions of chip thickness and height are

obtained considering both side and end cutting edges. Based on the models, numerical

analysis is performed to understand the relationships between chip dimensions and cutting

parameters. To verify the proposed models and numerical results, the validation experi-

ments are conducted. The comparison shows the consistency between theoretical and

experimental results in terms of chip geometries and volumes under different cutting

speeds and feed rates. Some findings are presented based on this study, which might

provide a theoretical foundation and reference for the orthogonal turn-milling mechanism

research.
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1. Introduction

As one kind of 'coupling' process, turn-milling is relatively new
one in precision manufacture domain. Literally, it is called
turn-milling because workpieces and cutting tools are simul-
taneously given rotary motions. It therefore enjoys advantages
of both turning and milling processes as well as excels at
machining revolving workpieces, like crankshafts or cam-
shafts. Actually, its strengths are far more than this. Owing to
intermittent cuts and simultaneous rotations of tools and
workpieces, it keeps low thermal stresses, lowers cutting
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forces and has good removal rates. What is more interesting is
about chips. The chip cross-section profile is a function of
engage angle and changes continuously. It consists of two
parts. One part is created by side cutting edges and the other
part is created by end cutting edges. The chip shape differs
depending on the variant or the position of the process (Refs.
[1,2,13]). Therefore, it is an important research on 3D chip
formation of rotary surface in orthogonal turn-milling.

Some literature have researched on this novel process, but
most of them have focused more on kinematics principles,
effects of process parameters on surface quality and so on
[3–5]. There are also some other studies, which have cared
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Fig. 1 – Comparison of chip formation by turning and turn-milling. (a) Chip geometry with turning (b) Chip geometry with
turn-milling.
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more about workpiece surface quality produced by high-speed
turn-milling technologies. They have all confirmed that,
comparing with the surfaces machined by conventional
turning or milling, turn-milling yields a more perfect surface.

However, only a few experts have studies chip formation in
orthogonal turn-milling. The first two studies about it are Refs.
[6,7] by Schulz. He has proposed some orthogonal turn-milling
fundamentals, including kinematics principles, surface finish
and geometric accuracy of machined workpiece. He has also
concluded that short chips are formed by intermittent cutting
process. Later, Jiang has taken a small step forward. In Ref. [8],
he has studied that the surface forming mechanism of
orthogonal turn-milling and given the mathematical models
of orthogonal turn-milling chips, and analyzed the influence of
different parameters on the orthogonal turn-milling chip
formation by simulation. However, his modeling method of
chip formation is complex and only specified for centric
condition. Then, after four years, Choudhury and Bajpai in Ref.
[10] and Choudhury and Mangrulkar in Ref. [9] have both
mentioned that the chips and surface quality of turn-milling
are smaller and better than those of turning. Good chip
removal has also been achieved due to short chip length. Since
several cutting edges are in contact with the workpiece at all
times, the effect of the tool during the non-cutting period and
the transfer of heat from the machining zone by the chips keep
the workpiece temperature relatively low, preventing thermal
deformations. Compared with conventional turning, very
small chips were produced during the orthogonal turn-milling,
especially in the case of mild-steel workpiece. The chip length
obtained in turning has been found to be approximately six
times more than that obtained in orthogonal turn-milling.
Hence, disposal of chips would be very easy in orthogonal
turn-milling. Almost at the same time, Jin [11] has concluded
that the orthogonal turn-milling chips (when machining high
strength steel) belong to sawtooth chip. He has also given the
influence of cutting parameter on chip shape, which is
regarded as the foundation for chip formation in orthogonal
turn-milling. The next attractive study has been conducted by
Savas and Ozay in Refs. [12,13]. In the case of tangential turn-
milling (a special kind of orthogonal turn-milling, which only
involves side cutting edges), they have concluded that, for
steel workpiece, it tends to yield smaller chips by turn-milling
than those machined by conventional turning. And with a
proper selection of rotary speeds, including turning-speed and
milling-speed, extraordinary phenomenon during cutting
process are observed, for example: the reduction of cutting
forces is up to 10%, which guarantee a low coefficient friction,
without increasing corresponding metal removal rate. A
recent study is developed by Skoric in Ref. [14]. He has first
analyzed the suitability of turn-milling process and for the
purpose of estimating turn-milling process, a set of functions
and methods have been proposed and defined. Chip geometry
has been presented in centric position and eccentric position.

According to Ref. [14], the function of the chip geometry is
defined by the volume coefficient kch, i.e.,

kch ¼ Vch

Vc
(1)

And there are four types of turning chips (shown in Fig. 1
(a)), categorized by their geometry dimensions and shapes.
These four types are: (1) unsatisfying chip geometry (kch = 60–
400), whose shapes are long coils of big diameters and long
straps; (2) acceptable chip geometry (kch = 45–60), whose
shapes are long coils of small diameters; (3) suitable chip
geometry (kch = 10–45), whose shapes are short coils and
spirals; (4) suitable chip geometry (kch = 5–10), whose shapes
are long and short splinter chips. Skoric have summarized that
all chips in orthogonal turn-milling belongs to the same chip
classification, suitable chip geometry (kch = 5–10), as shown in
Fig. 1(b). And these chips have no influence on the machined
workpiece surface quality, avoiding traditional chip's winding.

Besides, from the perspective of methodology, most
researchers use finite element method or experimental
analysis, like Refs. [15–22]. Exceptions are analytical method,
atypical example of which is proposed by Harshad and Liang in
Refs. [23,24]. They have confirmed that mathematic modeling
approach is accessible when studying uncut chip dimensions
in the ball end milling process. It is observed that the analytical
models for predicting chip volumes or dimensions match well
with the corresponding experimental values.

But regrettably, for orthogonal turn-milling process, the
comprehensive chip formation in centric and eccentric posi-
tions as well as various cutting parameters' effects on chip
shapes and dimensions are significantly lacking. Therefore, this
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paper will propose mathematically model 3D chips in orthogo-
nal turn-milling and conduct experimental verification.

This paper is divided into five main sections. Section 1 will
give orthogonal turn-milling principle and comparison of chip
formation in orthogonal turn-milling with that in turning.
Section 2 will present geometrical model of chip formation, in
respectively central and eccentric conditions. Section 3 will
simulate 3D chip formation and analyze the relations between
chip shape and dimension with regard to rotation angle.
Section 4 is the experimental verification and analysis part,
which suggests that chip geometry volumes matches well with
orthogonal turn-milling experimental values. Finally, in
Section 5, some conclusions from this study are given.

2. Orthogonal turn-milling principle and
parameters

Orthogonal turn-milling is a cutting process superimposing
turning and milling together. It can be regarded as a special
turning process, in which turning tool is replaced by a milling
unit. So, the axes of the cutter and workpiece are orthogonal to
each other. This is also why turn-milling operation is able to
produce a variety of rotary surface types of workpiece.

Turn-milling involves four basic motions including rotation
of cutter, rotation of workpiece, axial and radial feed of cutter,
as shown in Fig. 2(a). Rotation of cutter is the main cutting
motion. The cutting speed is codetermined by rotational speed
of cutting tool and workpiece, wherein rotational speed of
Fig. 2 – The machining kinematic princip
cutting tool is a main factor of cutting speed, especially high
turn-milling process [25].

A typical cutting period of orthogonal turn-milling is shown
in Fig. 2(b). Cutter and workpiece begin to engage at point 1.
With the increase of rotation angle of cutter, the cutting depth
of side cutting edge is increased and gotten the maximum
value at point 2; meanwhile, end cutting edge begins to engage
along workpiece axial direction. Owing to axial feed from point
1 to point 2, the depth of cut is large and increasing gradually
and the radial cutting depth of side cutting edge decreases
slightly. At point 3, the depth of cut is up to the maximum
value by end cutting edge and that of side cutting edge are
down to the minimum value. Then, the cutting depth of end
cutting edge decreased gradually and that of side cutting edge
are slightly recovered. At point 4, teeth engage machined
surface of workpiece and the cutting depth of side cutting edge
decrease rapidly until at point 5, the cut depth of side cutting
edge and that of end cutting edge are down to zone
simultaneously and a typical period of orthogonal turn-milling
is over.

It can be seen that, during each cutting period, several
cutting inserts are in contact with the workpiece at the same
time, so intermittent cutting and enough quenching time for
each cutting edges can be gained. So machining heat transfers
more to chips, resulting in low workpiece temperature, little
thermal deformation, high surface finish and small tool wear.
Meanwhile, good chip removal rate and automatic chip
disposal can also be achieved, because the short chips
produced in turn-milling, which is given in Fig. 2(c).
le in orthogonal turn-milling process.
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There are several machining parameters in orthogonal turn-
milling, containing rotation speed of cutter, rotation speed of
workpiece, cutting speed, axial feed, feed per tooth, and depth of
cut and so on. There are also some geometry parameters such as
workpiece radius, eccentricity, radius of cutter, teeth of cutter,
cutting width, cutting edge geometry and so on.

Some main orthogonal turn-milling parameters are shown
as follows:

(1) Cutting velocity
The angular velocity and linear velocity of cutter is

considerably higher than those of workpiece in orthogonal
turn-milling, so the rotational speed of cutter is considered
as a main parameter. The cutting velocity is expressed as
follows:

vc ¼ r�v1 ¼ r�2p�n1: (2)

(2) Feed velocity
As illustrated in Fig. 2(c), the feed velocity is composed

of axial and tangential feed velocity of cutter relative to
workpiece, which can be expressed as

jvf j ¼ jvfaj
jvtj

� �
(3)

where the tangential feed velocity (i.e., workpiece velocity)
can determined by workpiece speed and circumference of
workpiece.

vt ¼ n2�2p�ðR þ apÞ ¼ v2�ðR þ apÞ (4)

(3) Feed range

The tangential feed range is f t ¼ 2p�ðR þ apÞ (5)

The axial feed range is f a ¼ vfa=n2 (6)

So, the feed range per teeth is expressed as follows

f z ¼
jvf j
zn1

¼
n2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2a þ ½2p�ðR þ apÞ�2

q
zn1

: (7)

From Eq. (7), it can be seen that the feed range per teeth
is related with rotational speed of cutter and workpiece, the
axial feed range and number of teeth and so on.

(4) Maximum axial feed and eccentricity
The maximum axial feed is an important parameter in

orthogonal turn-milling, which is obtained by adjustment
eccentricity. Eccentricity is the least distance between axial
cords of cutting tool and workpiece in space, which is
related with axial feed and directly effects on cutting
efficiency and quality. Here, the relations between eccen-
tricity and axial feed in turn-milling process are analyzed.
There are five different eccentricity types shown in Fig. 3.

From the relations between eccentricity and axial feed, it
is shown that maximum axial feed is decided by eccentricity,
radius and edge geometry of cutter and so on. In Fig. 3(a), end
cutting edges and side cutting edges almost start to cutting
at the same time. And the former ones complete cutting
prior to the latter ones. In Fig. 3(b), end cutting edges begin to
cut posterior to and accomplish cutting prior to side cutting
edges. In Fig. 3(c), end cutting edges scarcely cut while side
cutting edges almost do all the cutting. It is obvious that in
this situation there is no compression between end cutting
edges and machined surface, so the minimum radial cutting
force can be obtained, which is good for high shape accuracy
of machined workpiece and result in maximum machining
efficiency. In Fig. 3(d) and (e), the cutting zone of side cutting
edges are decreasing while that of end cutting edges are
increasing. Side cutting edges complete cutting prior to end
cutting edges.

The relationship of eccentricity and maximum axial
feed is expressed by five points, as seen in Fig. 4. The
cylindrical surface is generated in shade zone and thread
surface is generated at the right part of the shade zone. The
left part of the shade zone is not suitable and should not be
chosen in this situation, because it will lead to tool damage.

3. Geometrical models of chip formation

Orthogonal turn-milling is a complex kinematic process,
which results in a characteristic cross-section of the chip
and its thickness and height changes continuously. The cross-
section of the chip is function of the engage angle under
certain machining conditions. As shown in Fig. 5, chips in
orthogonal turn-milling contain two different parts. One is
created by side cutting edge and the other is produced by end
cutting edge. Therefore, the engage zone between cutter and
workpiece is analyzed in the first stage.

It is noted that, aforementioned cutting zone on milling
cutter in orthogonal turn-milling and following discussion are
established on some assumptions, which are: (1) Chips peeled
from the workpiece are undeformed; (2) Cutting edges are
absolutely sharp, no matter how thin cutting layer is, chip can
be completely cut down; (3) When the axes of cutter and
workpiece are perpendicular to each other, there is no
installation error the axes of cutter and workpiece; (4) The
side cutting edge and the end cutting edge are perpendicular to
each other, and there is no speed error between the workpiece
and the cutter.

Modeling of chip geometry mainly includes modeling of
chip height and thickness. And the height and thickness are all
determined not only by side cutting edge but also by end
cutting edge, which should be modeled, separately.

3.1. Chip height and thickness in centric position

In centric position, a rotating coordinate is established on tool,
whose Y0-axis is in the same direction as helix direction of
workpiece (shown in Fig. 6). The relationship between the
rotating angle in this created coordinate and that of the
original coordinate can be expressed as follows

f0 ¼ f þ g ¼ f þ arccos
f a
w

� �
(8)

where f0 is rotating angle in rotating coordinate; f is rotating
angle of cutter in original coordinate.

The center point of milling-tool moves from point
O1 to O2. When the feed engagement of cutter is termed as
fz, the rotating angle of workpiece can be described as follows:

uz ¼ 2pn2

n1�z (9)



Fig. 3 – The various eccentricities affect feed rate in axial direction.

Eccentricity/e (mm )

A
xi

al
 f

ee
d 

/f
m

ax
(m

m
/r

)

x

Thread 
sur face

(a)
(b)

(c)

(d)

(e)0

Tool  wear

Cylindri cal 
sur face

Fig. 4 – The relationship of eccentricity and axial feed.
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(1) Chip thickness of side cutting edge
Owing to the direction of chip thickness should

always be the same with the direction of cutting
speed of tool (shown in Fig. 6), the entry angle fpst and
the exit angle fpex of side cutting edge can be written as
follows:

fpst ¼ arccos
f z
2r

� �
(10)

fpex ¼ p�arcsin
r�w
r

� �
(11)



Fig. 5 – Cutting zone on milling cutter in orthogonal turn-milling.

Fig. 6 – Theoretical chip geometry with orthogonal turn-
milling (centric position).

Fig. 7 – Coordinates system of milling cutter and workpiece.
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The geometrical and mathematical model of chip
thickness of side cutting edge is given in Eq. (12):

hp1ðfÞ¼�f z�cosðfþgÞþr�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�ðf z�sinðf þ gÞÞ2

q
fpst�f�fm

hp2ðfÞ¼r� r�w
sinðf þ gÞ fm�f�fpex

8><
>:

(12)

where fm is the rotated angle of tool in BD0 position, which
is hp1(f) = hp2(f) = hpmax (The maximum of chip thickness).

(2) Chip height of side cutting edge
In order to gain the mathematical model of chip height
of side cutting edge, coordinates are founded in milling tool
and workpiece, separately, which is shown as Fig. 7.

The angular velocity of tool is

v1 ¼ 2�p�f (13)

While the angular velocity of workpiece is

v2 ¼ 2�p�u (14)

According to coordinates of tool and workpiece in Fig. 7,
the workpiece coordinate can be expressed as:

x ¼ ðR þ apÞ�cos u
y ¼ yT
z ¼ ðR þ apÞ�sin u

8<
: (15)

While the tool coordinate can be given as

xT ¼ r�cos f
yT ¼ r�sin f

zT ¼ z�R

8<
: (16)
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When the eccentricity is zero (e = 0), the chip height is

apðfÞ ¼ �R þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR þ apÞ2�ðr�cos fÞ2

q
(17)

When the eccentricity is bigger than zero (e > 0), the
chip height is

apðfÞ ¼ �R þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR þ apÞ2�ðr�cos f þ eÞ

q
(18)

(3) Chip width of end cutting edge
The engage zone may be generated by end cutting edge

and workpiece in X–Z plane, termed as ‘‘possible engage
zone’’, which is only projective coincidence zone by end
cutting edge and workpiece in the same plane and
projective zone of actual engage depending on engage
zone in X–Y plane. P point is the cutting entry projective
point of the end cutting edge in X–Z plane, D point is the
cutting exit projective point of the end cutting edge in X–Z
plane, and B point is the cutting exit projective point of
the front tooth of cutter of the end cutting edge in X–Z
plane. Owing to the chip width of end cutting edge has
strong relationship with that of side cutting edge; the
analysis should be conducted in the same reference
plane.
Fig. 8 – Theoretical chip geometry with orthogonal turn-
milling (eccentric position).
The entry angle ffst is expressed as follows:

ffst ¼ p�arctgð r�w
ðR�appÞtgðDu=2ÞÞ�g (19)

And the exit angle ffex can be written as follows:

ffex ¼ p�arcsin
r�w

r�hpmax

� �
�g (20)

The chipwidth ofendcutting edge isexpressedasfollows:

af ðfÞ ¼
f z�cosðf þ gÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�ðf z�sinðf þ gÞÞ2

q
� r�w
sinðp�f þ gÞ

ðR�apÞ�tanðDuz=2Þ
cosðp�f þ gÞ � r�w

sinðp�f þ gÞ

8>><
>>:

(21)

(4) Chip thickness of end cutting edge
The chip thickness of end cutting edge is always

consistent the direction of feed. When tool rotates once,
the thickness can be displayed as follows:

hf ðr0; fÞ ¼
ððR�apÞ�tgðuz=2Þ þ r0ðfÞ�cosðfÞÞ�tanðuzÞ BDffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR�apÞ2�ðr0ðfÞ�cosfÞ2

q
�ðR�apÞ AB

(

(22)

where r0 is from the any point of end cutting edge to the
center axial of cutter.

3.2. Chip height and thickness in eccentric position

(1) Chip thickness of side cutting edge
The calculation model of chip thickness is similar in

eccentric case and non-eccentric case. The only difference
is the entry angle and exit angle. The direction of chip
thickness should always keep consist with the direction of
feed per tooth of milling-tool (shown in Fig. 8). As the
mentioned above, the entry angle fpst and exit angle fpex

can be expressed as follows:

fpst ¼ arccos
f z
2r

� �
�g (23)

fpex ¼ p þ arccos
f z�cosg þ 2e

2r

� �
(24)

So for orthogonal turn-milling with eccentricity, the
chip thickness of side edge is

hpðfÞ ¼ �f z�cosðf þ gÞ þ r�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�ðf z�sinðf þ gÞÞ2

q
(25)

(2) Chip width of end cutting edge
The entry angle ffst of end cutting edge is:

ffst ¼ p�arccos
e
r

� �
(26)

The exit angle ffex of end cutting edge is:

ffex ¼ p þ arccos
f z�cos g þ e

2r

� �
(27)

The chip width of end cutting edge is

af ðfÞ ¼ r� 2e�2�ðR�apÞ�tgðuz=2Þ�cos g

2cosðp�fÞ �hpðfÞ ¼ f z�cosðf þ gÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�ðf z�sinðf þ gÞÞ2

q
�ðR�apÞ�tgðuz=2Þ�cos g�e

cosðfÞ (28)

(3) Chip thickness of end cutting edge



Fig. 9 – 3D chip formation (undeformed chip).
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The distance r0 is from the any point of end cutting edge
to the center axial of cutter. When tool rotates once, the
chip thickness of end cutting edge can be displayed as
follows:

hf ðr0; fÞ ¼ ðfw=2�e�r0ðfÞ�cosðfÞÞtgðDuzÞ (29)

According to all the mathematical models above, the
process parameters and eccentricity effects in the aspects
of chip thickness and height in both circumferential and
end-end cases in turn-milling can be figured out.

4. Simulation analysis of 3D chip formation
and relations between chip dimensions and main
cutting parameters

After mathematical model of chip is defined, the 3D chip
formation of orthogonal turn-milling is simulated by using
MATLAB high-level matrix/array language, studying3D chip
shape and the effects of the main cutting parameters on the
chip dimensions. Taking into account the simultaneous
rotation of cutter and workpiece and the superimposition of
the feed motion (axial and radial, etc.), the trace of the cutter is
discretized into a number of the distinguished revolving
positions, depending on the required computational accuracy.
The enveloping surface of the cutting edge is considered as the
union of the points that belongs to the trace of the cutting edge
of the cutting tooth, when it penetrates into workpiece in
engage zone. Thereafter, a calculating procedure is utilized to
compute the chip cross sections on the development of the
side cutting edge and end cutting edge, and in this way to
determine the distribution of the undeformed chip formation.
A linear interpolation applied between the reference cutting
planes to provide a continuous chip. In sequence, the chip
geometry is updated for the next tooth penetration by
subtracting the intersection area from the cutter reference
cutting planes.3D graphical presentations of the undeformed
chip geometry are provided by the simulation in centric and
eccentric position condition, respectively.

For simulation computation, some initial conditions are
given as follows; the workpiece radius R is 40 mm, the length of
workpiece L is 50 mm and the cutter radius r is 12.5 mm, and
the number of teeth on the cutter z is 4. Considering the
different eccentricity between cutting tool and workpiece
result in different simulation graphics, cases in centric and
eccentric position are shown as follows:

The shapes and cross-sections of chip are visualized in
centric and eccentric positions, as shown in Fig. 9. The chip is
composed of two parts: a part created by the side cutting edge
and a part created by the end cutting edge. It is shown that a
complex kinematic process of orthogonal turn-milling has as
its consequence a complex operation of the cutting edge,
which results in a characteristic cross-section of the chip. The
shape and the cross-section of chip differ depending on the
variant or position of the process.

In order to study relations between chip dimensions and
main orthogonal turn-milling parameters, from Eq. (7), it is
shown that feed per tooth plays an important role on
orthogonal turn-milling parameters. The effects of feed range



Table 1 – Orthogonal turn-milling parameters.

n1 (rpm) n2 (rpm) e (mm) fz (mm/z) ap (mm)

(a) 4000 10 0 0.5,1.5, 2.5 2
(b) 4000 10 5 0.5,1.5, 2.5 2
(c) 4000 10 2, 5, 8 0.5 2
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per teeth and eccentricity on chip dimensions and shapes are
studied by simulation analysis based on mathematical model
definition of chip formation. The results provide a theoretical
foundation and reference for the cutting force and chatter
stability of orthogonal turn-milling stability in a further study
[25]. The influence regular of chip height and thickness with
rotation angle of cutter is obtained in orthogonal turn-milling
process. The cutting parameters are as shown in Table 1.

4.1. Simulation of centric chip dimensions with rotational
angle of cutter

(1) Simulation of chip height and thickness of side cutting
edge

When the eccentricity is equal to zero, the chip
thickness enlarges with the increase in the feed per teeth
in Fig. 10(a). The chip thickness enlarges with the increase
in the rotation angle of cutter in the engage zone, which
Fig. 10 – Relation between chip height and thickn

Fig. 11 – Relation between the cutting depth and 
reaches to the maximum when rotation angle increases to
1188, then decreases rapidly. From Fig. 10(b), the chip
height is independent of feed per tooth, but the entry
cutting angle decreases with increase in feed per tooth and
the exit cutting angle is made no difference with increase
in feed per tooth.

(2) Simulation of chip height and width in end cutting edge
From Fig. 11(a), chip width enlarges with the increase in

the rotation angle of cutter in the engage zone, which
reaches to the maximum when rotation angle increases to
758, then it decreases gradually. The maximum of chip
height decreases with the increase in the feed per teeth, but
the entry angle is made no difference and the exit angle
become small gradually in Fig. 11(b).

4.2. Simulation of eccentric chip dimensions with
rotational angle of cutter

(1) Simulation of chip thickness of side cutting edge
The relationship between chip thickness of side cutting

edge and eccentricity is shown in Fig. 12(a). From the figure
above, we can see that entry angle is invariant and exit
angle is decreasing with increase of eccentricity. The
relationship between chip thickness and feed rate is shown
ess and rotation angle in side cutting edge.

width and rotation angle in end cutting edge.



Fig. 12 – The relation between chip thickness and rotation angle.

Fig. 13 – The relation between chip thickness and rotation angle.
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in Fig. 12(b). From the figure above, we can see that chip
thickness increase with increase of feed rate, and entry
angle is invariant and exit angle is decreased.

(2) Simulation of chip height of side cutting edge
The relationship between chip height of side cutting

edge and eccentricity is shown in Fig. 13(a). From the figure
above, we can see that entry angle is invariant and exit
angle is decreasing. The relationship between cutting
height and feed rate is shown in Fig. 13 (b). From the figure
above, we can see that entry angle and exit angle are
decreased with increase of feed rate, and chip height is
invariant.

(3) Simulation of chip width of end cutting edge
The relationships between chip widths of end cutting

edge, feed rate and eccentricity are shown respectively in
Fig. 14(a) and (b). From the figures above, we can see that
chip width decreases with increase in eccentricity and feed
rate but entry angle increases and exit angle is decreasing.

(4) Simulation of chip thickness of end cutting edge
The relationships between chip thickness of end cutting

edge and eccentricity are shown respectively in Fig. 13 (a).
From the figures above, we can see that chip width
increases with increase in eccentricity, but entry angle
increases and exit angle is decreasing. The relationships
between chip thickness of end cutting edge and feed rate
are shown respectively in Fig. 15(a). From the figures above,
we can see that chip thickness is invariable, but exit angle
is decreasing with increase in federate.

From Figs. 10–15, it is shown that when eccentricity is
equal to zero, the entry cutting angle almost start for the
end cutting edge and the side cutting edge simultaneously,
but the end cutting edge exits from the workpiece before
the side cutting edge; In the whole cutting range, the side
cutting edge moves to the entry zone, and the end cutting
edge will move to the exit zone with the increase of
eccentricity. The chip thickness of the side cutting edge
and chip width of the end cutting edge increase obviously
increases in feed rate.

5. Experiment setup and chip formation
analysis

The turn-milling test was conducted in mill-turn center (MORI
SEIKI NT3150 DCG), and cutting tool used was 25 mm diameter



Fig. 14 – The relation between chip width and rotation angle.

Fig. 15 – The relation between chip height and rotation angle.
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end mill (R390-025A25-11H) equipped with four inserts and a
tool holder (C5-391 HMD-25-070) made by SANDVIK Inc, as
shown in Fig. 16. The insert for CoroMill used is R390-11
T308M-PL, grade1025, which is PVD coated. The insert
itself is a rhombic shaped end milling insert with a cutting
edge length of 11 mm, a width of 6.8 mm, a 0.8-mm corner
radius, and a 908side cutting edge angle. Since each edge
was milled using a fresh cutting edge so that the tool-wear
effect on chip formation would be the same and variation
due to the wear can be minimized. Cooling method is dry
cutting.

The workpiece samples were prepared as
300 mm � f40 mm cylinder and material used in the turn-
milling was aluminum alloy 6061-T6. Aluminum alloy com-
bines very General 6061 characteristics and uses: Excellent
joining characteristics, good acceptance of applied coatings,
relatively high strength, good workability, and high resistance
to corrosion; widely available.

The shape and mass of chips are measured respectively by
digital microscope (VKEYENCE HX-1000E) and electron weight
(Ohaus Explorer) as given in Figs. 17 and 18. The new digital
microscope systems provide for clear images, accurate
measurement and easy documentation of specimens. The
Explorer have multiple weighing mode functions, auto zero
tracking and auto tare, which capacities up to 210 g and 0.1 mg
readability for maximum accuracy.
5.1. Comparison of 3D chip geometry between analytical
model and experiment result

The test of chip formation was conducted in different cutting
parameters by turn-milling. Comparison of 3D chip geometry
between analytical model and experiment result can be
obtained, among which: (a) non-eccentric 3D geometry of
chips; (b) non-eccentric experimental shape of chips; (c)
eccentric 3D geometry of chips; (d) eccentric experimental
shape of chips (e = 6 mm) in Fig. 19. Wherein the 3D geometry
of chips in Fig. 19(a) and (c) were drawn based on the modeling
and simulation analysis, and real 3D shapes of chip in Fig. 19(b)
and (d) were obtained in multi-views.

From Fig. 19 above, there are two chip types: non-eccentric
and eccentric. Different from turning chips and milling chips,
no matter eccentric or non-eccentric, the turn-milling chips is
composed by two vertical and linked parts; eccentricity has a
bigger influence on the chip shape. Chip thickness is always
changed in the revolving direction of milling cutter, namely
the variable cutting thickness. For eccentric machining, the
part of the chip thickness, which is created by end cutting
edge, is small. This part of chip is difficult to cut off if the end
cutting edge is not sharp. Owing the change of chip cross-
section, the deformation of chips is uneven. It is can be seen
that 3D chip geometry model matches well with orthogonal
turn-milling experiments.



Fig. 16 – The turn-milling test.

Fig. 17 – VKEYENCE HX-1000E digital microscope.

Fig. 18 – Electron weight.
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5.2. Comparison of the predicted volume and measured
volume of chips

The volume of chip is an important parameter to analyze the
chip formation. The predicted volume and measured volume
of chips are compared by using the volume constancy between
the undeformed and the deformed chip dimensions in the
same cutting parameters [22]. The volume of chip was
calculated by the measured chip's mass based on density of
aluminum alloy 6061-T6. In order to improve measure
precision, every ten chips are measured together and each
measurement is done three times by the Electron Weight,
which is given in Fig. 18. The predicted chip volume can be
calculated from the model and simulation results. In addition,
the comparison of measured and calculated chip's volume was
conducted for the no segmented chips.

The predict chip volume and measure chip volume are
compared by orthogonal turn-milling in different milling-
speed, as shown in Fig. 20. From the above results, it can be
noticed that volume of chip decreases with increase in milling-
speed in non-eccentric and eccentric position.

The predict chip volume and measure chip volume by
orthogonal turn-milling are compared in feed per tooth, as
shown in Fig. 21. It can be seen that volume of chip increases
with increase in feed per tooth in non-eccentric and eccentric
position. And the predicted chip geometry volume matches
with experiments well.

In the aspect of material decohesion characterization
during turn-milling, the chip compression ratio is an impor-
tant factor, which effects on chip thickness and chip length. In
order to extend the proposed model, the comparison of
measured and calculated chip thickness is shown Fig. 22.

It can be seen in Fig. 22 that the predicted chip thickness of
side cutting edge matches with experiments. And chip
thickness compression ratio is the range (1.05–1.35). In
addition, chip thickness increases with the increased feed
rate and eccentric chip thickness is larger than in centric
condition in the same cutting parameters. So the model of chip
formation is feasible and reliable to provide the theoretical
foundation and reference for the orthogonal turn-milling
mechanism research.



Fig. 20 – Comparison of predicted chip volume and measured orthogonal turn-milling in different milling-speeds
(Milling spindle speed is 1000, 2000, 3000, 4000 rpm; turning-spindle speed is 20 rpm; feed per tooth is 0.8 mm/z; depth of
cut is 2 mm.).

Fig. 19 – Comparison of 3D theoretical and real chip geometry with orthogonal turn-milling.
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Fig. 21 – Comparison of predicted chip volume and measured orthogonal turn-milling in different feed rate (Milling spindle
speed is 1000 rpm; turning spindle speed is 10 rpm; depth of cut is 2 mm; feed per tooth is 0.35, 0.7, 1.05 mm/z.).

Fig. 22 – Comparison of predicted chip volume and measured orthogonal turn-milling in different feed rate (Milling spindle
speed is 4000 rpm; turning spindle speed is 10 rpm; depth of cut is 2 mm; feed per tooth is 0.35, 0.7, 1.05 mm/z.).
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6. Conclusions

In this paper, two mathematical models (for centric and
eccentric situations) of chips are proposed depending on
orthogonal turn-milling principle. We conclude mathematical
expressions for chip thickness and height, considering both
the side cutting edge and the end cutting edge, respectively.
Several new findings may be summarized as followed:

� According to the relation between eccentricity and axial
feed, it shows that, when jej = r � ls, the maximum axial feed
is gained, which reach maximum machining efficiency and
the workpiece shape accuracy in industrial production.
Moreover, the side cutting edge plays a dominant role in
eccentricity condition, and the end cutting edge is hardly
involved in actual cutting process.

� No matter how much the eccentricity is, chips are consists
of two parts. One is created by side edge, the other is
generated by end edges. Meanwhile, the cross-section
profile of chips is a function of engage angle during
processing (in the constant machining condition). Chip
thickness is always changing along the direction of the
cutter rotation and cutting edge radius has a greater impact
on the finishing machining.

� Chip dimensions are affected by various cutting parame-
ters and the influence laws are studied by simulation and
experiments. It is shown that when eccentricity is equal to
zero, the entry cutting angle almost start for the end
cutting edge and the side cutting edge simultaneously, but
the end cutting edge exits from the workpiece before the
side cutting edge; In the whole cutting range, the side
cutting edge moves to the entry zone, and the end cutting
edge will move to the exit zone with the increase of
eccentricity. The chip thickness of the side cutting edge
and chip width of the end cutting edge increase obviously
increases in feed rate.

� 3D chip geometry model matches with experiments well. So
it is with analytical chip volumes and experiments in
different cutting speed and feed rate. Actually, the volume of
chip decreases with increase in milling-speed in non-
eccentric and eccentric position, but volume of chip
decreases with increase in milling-speed in non-eccentric
and eccentric position.
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