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Abstract

Because plastic deformation is a nuisance in the metal cutting process, its proper account is of high interest. A new meaning for the
chip compression ratio is discussed showing that, on the contrary to shear strain, this parameter represents the true plastic deformation
in metal cutting. The chip compression ratio can be used to calculate the total work done by the external force applied to the tool and
then might be used for optimization of the cutting process. It is demonstrated that the cutting speed influences the energy spent on the
deformation of the chip through temperature, dimensions of the deformation zone adjacent to the cutting edge and velocity of deformation.
The separate impacts of these factors have been analyzed and the physical background behind the known experimental dependence of th
chip compression ratio on the cutting speed is revealed. The influence of the cutting feed, tool cutting edge angle, cutting edge inclination
angle and tool rake angle have also been analyzed.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Plastic deformation; Measure; Chip ratio; Metal cutting; Energy

1. Introduction deformation to accomplish the process. Parts are formed into
useful shapes such as tubes, rods, and sheets by displacing
Although machining is defined as a deforming process the material from one location to anotH&t. Therefore, the
that forms and shapes metals and allfifs it seems that  better material, from the viewpoint of metal forming, should
no single study points out the principal difference that exists exhibit higher strain before fracture occurs. It is understood
between machining and all other metal forming processesthat this is not the case in metal cutting where it is desired
which is the physical separation of the layer being removed that the work material exhibits the strain at fracture as small
(in the form of chips) from the rest of the workpiece. This as possible. Unfortunately, this does not follow from the tra-
separation must occur in machining. The process of physicalditional metal cutting theor{3—11]which normally utilizes
separation of a solid body into two or more parts is known the shear strength or, at best, the shear flow stress (the term
as FRACTURE[1] and thus machining must be treated as was specially invented for metal cutting to cover the dis-
the purposeful fracture of the layer being removed. crepancies between the theoretical and experimental results)
To achieve this, the stress in the chip formation zone to calculate the process parameters (cutting force, tempera-
should exceed the strength of the work material (under atures, contact characteristics) although everyday machining
given state of stress imposed by the cutting tool), whereaspractice shows that these parameters are lower in cutting
other forming processes are performed by applying stressbrittle materials having higher strength.
sufficient to achieve the well-known shear flow stress in the  Historically, the chip compression ratio (hereafter, CCR),
deformation zone. The ultimate objective of machining is ¢ (or its reciprocal, the chip ratio), which is determined as
to separate a certain layer from the rest of the workpiece the ratio of the length of cut, to the corresponding length
with minimum possible plastic deformation and thus energy of the chip,L; or the ratio of the chip thicknesg; to the
consumption. Therefore, the energy spent on plastic defor-uncut chip thicknesg, i.e.
mation in machining must be considered as wasted. On the L 1
other hand, any other metal forming process, especially in- ¢ = .= (1)
volving high strains (deep drawing, extrusion) uses plastic ¢ 1
was introduced in earlier studies on metal cutting as a mea-
sure of plastic deformation in metal cuttifitR,13] (Fig. 1).
* Corresponding author. Tek1-248-852-0246. Due to relative simplicity of its experimental determina-
E-mail address: astvik@lycos.com (V.P. Astakhov). tion, the chip (compression) ratio was widely used in metal
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shear strain depends on a large extent of the rake angle and
decreases rapidly when CCRn tends to 1.

When ¢ = 1, the chip thickness is equal to the uncut
chip thickness Kqg. (1). This reveals a contradiction; as
CCR, considered to be a measure of plastic deformation,
indicates that no plastic deformation occurs while the final
shear strain remains significarftig. 2. Moreover, if one
compares the strains Fig. 2with the standard mechanical
—————————— characteristic of work materials, he can conclude that the
strains in metal cutting significantly exceed (200-1000%
depending on the rake angle) the strains at fracture of even
very ductile material§l]. To the best of our knowledge, no
one study pointed out and/or explains this abnormality in
the mechanical properties of work materials in machining.

At this point it is worthwhile to explain that the equation
final shear strainEq. (2) was derived using pure geomet-
rical considerations, i.e. it does not consider the change of
the internal energy of the chip due to the changed chip den-
sity, the increased dislocation concentration, or the stress im-
, . posed on the boundaries of the grains, etc., even though all
of these attempts has produced results matching EXPENMENGt these increase the shear strength of the chip compared to

tf'i”y obtained data fr(])r a ret;aso(;]ablttej vgrlety of mp?t condfl- the original work material. Shear strain, accordingtp (2)
tions. Later researchers abandoned this route in favor of ais yefined only by the changes in the dimensions of a de-

“modern” metal cutting .approach i_n which this parameter is formed body as compared with the original dimensions. As
expected to be determined experimentgiy11]. Because  ccp jndicates that there is no change in the dimensions,

the chip compression ratio competes with shear strain for there is no “geometrical deformation”, so the strain should

the role Of ameasure of plastu; deforma_’uon en_cou_n_ter_ed Mhe equal to zero. However, it does not follow from the equa-
metal cutting, it seems only logical to verify the justification tion for strain

of its usage as such a measure. , It was pointed out irf13] that although CCR may not be

M_erchanl[3] proposed the following expression for shear a perfect measure of plastic deformation in metal cutting,
straine: it does directly reflect (when properly measured) the final

_ cosy _ 2 —2¢siny +1 5 plastic deformation that takes place in this process. Although
€= cody —y)sing £ cosy (2) this parameter was widely used in metal cutting tests of the
past[4], it was always considered as a secondary parame-
ter to provide qualitative support to certain conclusions. Be-
cause the real significance of this parameter had not been
revealed, it was gradually disregarded in metal cutting stud-
ies. For example, although Shaw in his bdék dedicated
a full chapter to the analysis of plastic deformation in metal
cutting, this parameter is not even mentioned. The same can
be said about books by Trent and Wrigé}, Oxley[7] and
Gorczycal6]; Altintas [10] just mentioned its definition in

the consideration of the single shear plane model; Childs

A et al.[11] mentioned this parameter as related to the friction

coefficient at the tool—chip interface. No one modern study
w on metal cutting correlates this parameter with the extent of

Cutting direction

Workpiece

Fig. 1. Scheme of chip deformation in cutting.

cutting studies as a quantitative measure of the total plastic
deformation[4]. Numerous attempts have been made to es-
tablish analytically a relationship to predict CCR in terms of

fundamental variables of the cutting process. However, none

wherey is the cutting tool rake anglg, the shear angle.
To better visualize the correlation between shear strain,
which should be actually called the final shear stfdig],
and CCR, the results of calculations uskg. (2)illustrated
in Fig. 2for different rake angles. As might be expected, the

&

plastic deformation in metal cutting.
The ultimate object of this paper is to reveal the mean-

2 7 ing and significance of CCR as the true measure of plastic
v,s deformation in metal cutting.

-

0 > 4 : 2. Work of plastic deformation in metal cutting

Fig. 2. Shear strain vs. the chip compression ratio for different rake ~ 1n€ applied external forces, which result in the work
angles: (1)-15°, (2) @, (3) 15, (4) 30, (5) 45, (6) 60°. done over the system, are not uniformly distributed over the
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Using the generalized Hooke’s law, we can write the fol-
lowing relationship between strains and stre§dd$

1 1
ey = E[Gx —v(oy + 0], ey = E[(ry —v(o; + o),

1 2
e, = E[O’Z —v(ox + oy)], exy = E(l + V) 1y,

2 2
eyz = E(l + U)'L'yz, ezx = E(1+ V)sz (7)

whereE is the modulus of elasticity; the Poisson’s ratio.

o A7 =7 5 The imbalanced external forces applied to a body cause

3 ' X its deformation and thus lead to the displacement of its

x/ y points until the equilibrium is established. As such, a cer-
o tain amount of energy is absorbed. This energy depends on

’ the work done in displacement of all points of the body.

Fig. 3. Stresses acting on elemental free body. Such work calculates by integrating the work per unit vol-

ume. The work per unit volume done in the displacement

system’s components. To define the action of an external of each point of the body is calculated as the product of the
force on the different region of a body, the notion of stress generalized force acting on a point and the change of the
is used. It is considered that if a body subjected to a gen- generalized displacement of this point caused by this force.
eral system of body and surface forces, stresses of variableThe Von-Mises’ stresfl4]
magnitude and direction are produced through the body. The 1 5 2 2
distribution of these stresses must be such that the overall® = 72[(")6 —0y)" + (0y —02)" + (07 — 0%)
gquilibrium of the body is maintained,; furtherm_orez equilib- + 6(ffy + 132 + rsz)]l/z (8)
rium of each element in the body must be maintained.

Consider an infinitesimal element in the form of paral- was considered as the generalized force and the equivalent
lelepiped with its faces oriented parallel to the coordinate Strain[13]
planes as shown iRig. 3. When body and inertia forces are /3 5 5 5
insignificant then the following three differential equations ¢ = 37 [(ex — €y)” + (ey — €2)“ + (e; — ex)

of force (stress) equilibrium are obtainfiB,14} +6(e)2(y + 852 + efx)]l/z 9)
aﬂ aT_XV 81_"2 =0 (3) should be considered as the generalized displacement.
ox  dy 9z Because the elementary work id &= o;¢;, the total work

Iy oy Oty done over a volum¥ then calculates as

=0 4)
ox dy 9z A= / oie; AV (10)
1%
aT at do-
B—:Z B_;Z a—; = (5) As mentioned, CCR is used for coarse estimation of plas-

tic deformation in experimental studies of the metal cutting
When a stress field applied to a body and, as a result, theprocess[13]. As such, the distribution of the mechanical
relative position of its parts is changed then the body is said energy over the chip cross-section is assumed to be uni-
to be deformed or strained. A deformed state in a point can form. Using such an assumption, an engineering equation
be represented by the strain components if the projectionsto calculate the energy spent in cutting can be obtained. If
Uy, Uy, andu,, of the displacement of this point into corre- it is possible, CCR can be used to compare the power con-

sponding coordinate planes are known sumed in cutting of the same work material using differ-
ent cutting processes. Moreover, the amount of the power
e, = dux o — duy 0. — duy consumed allows comparison of machining different work
ox YTy T ez materials.
duy  Ouy ouy  dug The mentioned engineering equation for coarse estimation
Yoy = 3_y Tox Yyz = re 8_y of the energy spent in the cutting process can be obtained
u,  Ouy in the assumption of homogeneous distribution of strain in

(6) Egs. (8)—(10) To derive it, thexyz-coordinate system is set
so that they-axis is directed along the chip lengthyy, the
Here, components,, e, ande; are called the direct strains  x-axis is directed along the chip widthp, and thez-axis
while y,y, v,., andy,, are known as the engineering shear is directed along its thicknesg. As such, the following
strains. expressions for the components of the true strain along the

T T e
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introduced coordinate axes can be written according to the
definition of CCR,¢ [13]

ex =1Ingp,

As shown in[13], in orthogonal cutting, the direction of
the principal stress coincides with the introduced coordi-
nate system. Thergq. (9) could be re-written accounting
to Eqg. (11)as

e, =1Ing, gy =—Ingy (12)

ei=2l(-In¢L —Ing)?+ (g — Ing,)?
+(n g, +Ing)? M2

As shown in[13], if the chip parameters are properly mea-
sured in the orthogonal cutting test then= 1 and¢,
{1 = ¢, and therefore plane strain condition is the case in
such a process. Therefore

g = 1.15In¢

(12)

(13)

In the considered coordinate system, stress compowgnts
ando, do not depend on the-coordinate (measured along
chip width) ando, component is determined as

o = 0.5(0; + 0y) (14)
Substituting these results Eq. (8) on can obtain
01 = Z5{lo; — 0.5(0 +0y)]? +[0.5(0 + ) — 03]

+(oy — 0) 2} (15)
or after simplification
o; =0.87(c; — 0y) (16)

A true stress—strain curve is known as a flow curve because it
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Table 1
Work materials used in the tests

Material K (GPa) n

AIS| steel E52100, HB280 1.34 0.25
(0.981.10%C, 1.45%Cr, 0.35%Mn)

Copper (99.7%) 0.40 0.24

Aluminum 1050-0, HB21 0.14 0.27

done by the external force applied to the tool is then calcu-
lated as

A = Apfde (20)

whered is the depth of cutr the cutting time.

A series of cutting tests were carried out to compare the
power consumption under different cutting conditions. The
test setup, methodology and conditions were the same as
discussed ir[16]. All the tests were conducted using the
same cutting feed = 0.07 mm/rev and the depth of cut
d = 1 mm. Three different types of the work material listed
in Table 1were used in the tests. For each work material,
the influence of the cutting speed on CCR was established
and the elementary work spent over plastic deformation of
the work material was calculated usiig. (19)

The test results are shown iig. 4. As seen, although
CCR is greatest in machining of copper and lowest in ma-
chining of steel, the elementary work is the greatest for steel.
This results in greater amount of heat generated and in more
significant tool wear in the machining of steel. This conclu-
sion is supported by multiple facts known from everyday
practice of machining.

It follows from Fig. 4 that CCR is a representative mea-

gives the stress required to cause the metal to flow plasticallysure of the work of plastic deformation in metal cutting

to any given straijl]. Although many attempts have been
made to fit mathematical equations to this cufiB], the

most common is a power expression of the form
o= K¢" a7)

whereK is the stress at = 1.0 andn the strain-hardening
coefficient is the slope of a log—log plot &Q. (17)
Substitution ofEq. (17)into Eq. (16)yields
0; =0.87(Ke] — Kai’,) = 0.87K(s] — sﬁ)
=0.87K[(In¢)" — (In¢p)"] = 0.87K2(In ¢)"

=1.74K(In )" (18)

Because it was assumed that the chip has uniform deforma-

tion, the elementary work spent over plastic deformation of
a unit volume of the work material calculates as
dA = A, = oi6; = 1.74K(In 0)"1.15In¢ = 2K (In o)1
(19)
The obtained result is of great significance to the experimen-

tal studies in metal cutting because it correlates in a simple
manner the work of plastic deformation done in cutting with

within the same work material. For steel 52100, CCR var-
ied within 67% under the experimental conditions used in
the test while the elementary work varied within 89%, for

Ay
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a measurable, post-process characteristic of the cutting pro+ig. 4. influence of the cutting speed on the chip compression ration and

cess as CCR. Knowing the elementary work, the total work

the work done in plastic deformation.
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copper and aluminum CCR varied within 60 and 55%, re-
spectively, while the elementary work varied within 55 and
71%, respectively.

The accuracy of the estimation of the work done in plastic
deformation can be improved if one accounts for the change
in the parameterK andn depending on the cutting speed
(strain rate) and actual temperature in the chip formation
zone. As such, two important issues should be accounted
for:

e The first is that orthogonal metal cutting is essentially
a cold working process because the velocity of the heat
conduction is much lower that the cutting speed and thus
the thermal energy generated in the plastic deformation _ _ _ _
of the layer being removed does not affect the resistancer'g' 6._ Interaction between_the tool rake face and t_he chip results in the

. . ormation of the compressive ford® and the bending forc& as the
of the work material to cutting ahead of the tofil3]. components of the penetration forBe
In other cutting processes as turning or drilling, the only
residual heat from the previous position of the cutting tool studies. The explanation for the shape of the graphs shown

may affect the temperature of the deformation zone at the. . o .
current tool positior16]. in Fig. 4is still the same as it was 50 years ago when the

e The second issue is about strain rate in metal cutting. As only data obtained at low cutting speed were available. The

conclusively proven ifi3], it is not as high as considered built-up-edge is believed to be a prime factor affecting the

by many researches in the filed so that there is no need.ShOWn dependencgd]. The problem with this explanation

f S . . is that the built-up-edge does not exist at the speeds used to
or special high strain rate tests to determine the value of ; S ;
constantK andn. obtain data shown ifrig. 5. Therefore, another explanation

should be provided.

The proposed method for estimating the work of plastic ~ To understand the nature of chip deformation, one should
deformation in metal cutting gives new meaning of CCR. In be familiar with the authors’ concept of chip formation
the proposed sense, it can be used as the prime parametdi3,17,18] specifically, what causes the chip to form. Ac-
for the optimization of the metal cutting process because cording to the metal cutting theory discussegtlinl1], sim-
considered together with the work of plastic deformation, it ple shearing causes chip formation in metal cutting and thus
reveals the energy spent in cutting. Moreover, CCR is the metal cutting is regarded as one of the shearing processes
post-process parameter and thus there are a number of simplsuch as blanking, punching, etc. However, no chips are pro-
though forgotten ways to measure this parameter accuratelyduced in such processes. Moreover, the indentation of a duc-
in metal cutting. Some simple methods of measuring CCR tile material, in which a pointed or rounded indenter pressed
are discussed iAppendix A into a surface under a substantially static load, causes ex-

tensive shearing; however, the chip does not form even if

extremely high load in applied. The real cause for chip for-
3. Influence of the cutting speed and other parameters mation is the combined stress in the deformation zone con-

sisting of the compression and bending stre$sék Fig. 6

It is well-known that the cutting speed has the strongest shows the formation of the surface of the maximum com-
influence on CCH4,13]. Fig. 5shows an example of such  bined stress (1-1) due to the action of the compressive force
an influence in the format commonly used in metal cutting P; and bending momeriy = P¢L. As such, the chip serves

{‘ I \
£ f=0.12mm/rev Af=0.18 mm/rev
DO f=0.48 mm/rev Q f=0.76 mm/rev
25
2.0
1.5
0 1 2 3 4 v(m/s)

Fig. 5. Influence of the cutting speed on the chip compression ratio. Operation: longitudinal turning, workpiece diameter: 100 mm, work melterial: ste
AISI 1045, tool material: carbide P20, tool cutting edge angle- 60°, normal rake anglen = 7°, depth of cutd; = 3.5mm.
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as a cantilever that transmits the fofe@pplied to the cut- modulus of elasticity is a finite value and, moreover, it de-
ting tool into the chip formation zone. creases with the temperature of the chim((22) so that
The strongest influence on the energy distributing in the the part of the energy transmitted through the chip is spent
cutting system has the cutting speed because it determine®n its deformation. As such, the work of plastic deformation
the intensity of heat sources. An increase in the cutting and fracture of the layer to be removed done by the external
speed leads to a decrease of the plastic deformation in theforce calculates as
chip formation zone and, as a result, a lesser portion of the
applied mechanical energy converts into heat in this zone dW = dWr — dWch (24)
so that the chip is “born” less hot. Simultaneously, how-
ever, the amounts of heat generated at the tool—chip andAs discussed above, according to energy theory of failure,
tool-workpiece interfaces increase so the chip, sliding over @ given volume of the work material fails when the critical
the tool rake face, receives more thermal energy. The totalinternal energy is accumulated in this volume. As a result,
energy absorbed by the chip is equal to the sum of the heatdW can be considered as a constant for a given cutting sys-
gained by the chip in its formation, i.e. during plastic defor- te€m. According tdq. (24) to keep &V constant whenWen,
mation of the layer to be removed and that transferred into increases, the energy supplied to the cutting tool by the ex-
the chip from the tool—chip interface. The averaged temper- ternal force, &Ve should be increased.
ature of the chip can be represented 8] Flexural and compression rigidities of the chid, and
_ . AchE, respectively, decrease with temperature according
0=Cov?, O<uxp<l (21) to Eq. (22) Therefore, an increase of the heat flow into

Multiple tests of different metallic materials showg@gd that ~ the chip with the cutting speed leads to an increase in
if no metallurgical (chemical) transformations occurred on dWeh, i.e. to an increase in the energy needed for chip
heating of a material from temperatuteto 6», the elastic- formation.

ity modulus changes according to the following exponential ~ The cutting speed affects the shape and dimensions of the
equation: chip formation zong4,13] or the extent of the region of plas-

o (61—62) tic deformation ahead of the tool. When the cutting speed in-
Eg, = Eg € (22) creases, this region of plastic deformations becomes smaller.
whereq is a constant for a given material. Instead, an elastically deformed or rigid zone starts to occupy

An increase in the thermal energy transferred to the chip More and more cross-sectional areas of the chip. The emerg-
while increasing the cutting speed results in lowering the ing Of this elastically deformed region can be thought of as
rigidity of the chip and its ‘effectiveness’ as the lever to the for_matlon of ampllﬂcatlon means. In other words, the
transmit bending moment to the chip formation zone. As formation of the elastic zone leads to a decrease of the energy
a result, the compressive stress takes a greater share in theequired from the tool for chip formation. It is equivalent to
combined stress in the chip formation zone. As such, the &0 increase ihandAcn in Eq. (23)and leads to a decrease in
required external energy applied to the cutting system and chlp plastic de_formatlon. Moreover, itis possible t_o limit the
spent on plastic deformation of the layer to be removed r€gion of plastic deformation attached to the cutting edge to
increases. certain optimum limits so that the chip—cantilever transmits

In cutting, the external force is applied to the tool, and the maximum energy from the cutting tool to this region. As
it is transmitted from its rake face into the chip formation Such, the contribution of the bending stress in the formation
zone through the chip. As such, certain energy losses occurof the combined stress in the chip formation region is the
in such transmission. To estimate these losses, consider th@reatest. _
work done by the force applied to the chip from the tool ~ The formation of the elastically deformed part of the
rake face. I, designates the elementary length of the chip ChiP begins at a certain cutting speed at which dramatic
then the work done over the chip by the force from the tool change in the energy spent in the plastic deformation
rake face consists of the work done by the bending momentShould be observed. Then, as the cutting speed increases,

and the compressive force the dimensions of the elastic region increase stabilizing at
5 certain point because it is evident that the dimensions of

dWep = M°d, = Fd, (23) the elastic region cannot exceed those of the layer to be
2El 2AchE removed.

of the material of the chig, the second moment or moment layer being removed. As knowfi3], the stain rate can be
of inertia of the cross-section of the chipthe compressive ~ represented through this velocity as
force, Ach the cross-sectional area of the chip. ‘ v

If the elasticity modulus of the material of the chip tends ¢ = (25)
to infinity then, as it follows fromEq. (23)that dW., = O,
i.e. all the energy applied to the cutting tool is transmit- whereL is the specimen length in the direction of the cutting
ted through the chip without losses. In reality, however, the speed.
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On the other hand, by definition, the strain rate is defined and stabilizes at a certain level as reflected by curve 3 in

as Fig. 7.
6 — % (26) Summing up the influence of these factors caused by and
dr dependant on the cutting speed, one can obtain the resul-
CombiningEgs. (25) and (26)we obtain the following dif- _tant curve 4 Fig. 7) that resembles the known curve of the_
ferential equation: influence of the cutting speed upon CCR obtained experi-
mentally[4]. The presented analysis, however, allows to un-
de _v 27) derstand the relative impact of different factors correlated
dr L with the cutting speed on the plastic deformation of the chip
which has the solution and thus to understand the physics of the phenomenon. The
v influence of many important external parameters as the cut-
= e+ C (28) ting fluid, pre-heating, cryogenic cooling, MQL technique

. o o and many others can be evaluated in terms of their influence
wherer is the cutting timege = In¢ the true strainCis a  on the efficiency of the chip formation process.

constant equal to the value ofgrwhenv = 0. Other parameters that have strong influence on CCR are
Finally, the correlation between CCR and cutting speed the cutting feedf, tool cutting edge angle, cutting edge

(deformation velocity) can be obtained frdag. (28)as inclination angles, and tool rake angleyn.

¢ = elC—(@/L)) (29) It is known [13], however, that the cutting feefdl, tool

cutting edge anglex,, cutting edge inclination angleg af-

As follows from Eq. (29) CCR decreases with the cutting fect CCR through the uncut chip thicknesswhich, in turn,
speed following an exponential curve. may have a different influence at different cutting speeds,

As follows from the foregoing analysis, the cutting speed This probably was the root cause for many inaccurate con-
influences the energy spent on the deformation of the chip clusions drawn from experimental results in the past. To re-
through the temperature, dimensions of the deformation Solve the problem, CCR should be determined as a function
zone adjacent to the cutting edge and velocity of deforma- of the Peclet criterion defined &3]
tion. The impacts of these factors are as follows: Pe — uty (30)
e The influence of the chip temperature on the work Ww
done over the chip in its plastic deformation can be wherew, is the thermal diffusivity of workpiece material,
estimated through CCR as follows: an increase in the m?/s

cutting speed leads to an increase in the temperature of kw
the chip so its plastic deformation increases (curve 1 in Ww = ©)w (31)
Fig. 7).

e The work done in the plastic deformation of the chip whereky, is the thermal conductivity of workpiece material,
decreases when the deformation velocity increasesd/(Ms’C), (co)w the volume specific heat of workpiece ma-
according toEq. (29) It is reflected by curve 2 in terial, J/(n#°C).

Fig. 7. The Peclet number is a similarity number, which charac-

e The elastic zone at the tool—chip contact formed at cer- terizes the relative influence of the cutting regime with
tain cutting speed leads to the reduction of the plastic fespect to the thermal properties of the workpiece material
deformation of the chip and thus lowers CCR beginning (ww). If Pe > 10[19,20] then the heat source (the cutting
from this cutting speed. Then, the amount of plastic de- tool) moves over the workpiece faster than the velocity of

formation due to formation of the elastic zone increases heat wave propagatidi6] in the work material so the rela-
tive influence of the thermal energy generated in cutting on

the plastic deformation of the work material is only due to
residual heat from the previous tool position. 1&2Pe < 10
then the thermal energy makes its strong contribution in the

\\ process of plastic deformation during cutting.

Fig. 8ashows the influence of the cutting speed on CCR

~— ] — fo_r differe_nt feedsFig. 8bshows what happens if the Peclet
> criterion is used as the independent variabig. 9 presents
- 2 another example of experimental data obtained in machining
/ 3 \g—-—=|=_, of tool steel H13. Such a representation allows one to re-
o duce the number of cutting tests needed to study the amount
of plastic deformation in the metal cutting process. More-
Fig. 7. Formation of the resultant dependence of the chip compression OVET, it allows revealing the mutual influence of the cut-
ratio on the cutting speed. ting regime, tool geometry and physical properties of the

Chip copression ratio

Cutting speed
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Fig. 8. The chip compression ratio vs. cutting speed for different feeds
(a) and generalized correlation between the chip compression ratiBeand
criterion (b). Work material: steel AISI 1030, tool material: carbide P20,
rake angley = 10°, cutting edge angle; = 60°, depth of cutd = 2mm.

work material on this plastic deformation. For example, it is
clearly shown that the amount of plastic deformation in cut-
ting for a work material having low thermal conductivity is

greater compared with that in cutting a work material hav-

54 \ f=0.125mm/rev
f=0.200mm/rev
2.2
|~ f=0.280mm/rev
20 ™ {=0.390mm/rev
T O—— G\ 1=0.500mmrev
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1.8
0 1.0 2.0 3.0 v (m/s)
¢ (b)
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M, N
2.0 \*E—
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Fig. 9. The chip compression ratio vBe criterion. Work material: tool
steel H13, tool material: carbide K10, rake angle- —10°, cutting edge
anglex; = 60°, depth of cutd = 2mm.
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Fig. 10. Chip compression ratio vBe criterion for different rake angles.
Work material: steel AISI 1045, tool material: carbide P20, cutting edge
anglex; = 60°, depth of cutd = 2mm.

ing higher thermal conductivity if other cutting conditions
remain the same.

The influence of the tool rake angle on CCR is shown
in Fig. 10 As seen, CCR does not depend on the tool rake
angle.

. Conclusions

1. Plastic deformation is a nuisance in the metal cutting
process and thus it should be reduced in order to increase
the process efficiency. The rule of thumb here is: less
plastic deformation, better the cutting process.

. The final shear strain used to assess plastic deformation
in metal cutting Eq. (2) is not a relevant characteristic
because it does not correlate with the known properties
of the work material.

. The chip compression ratio represents the true strain

in plastic deformation and should be used to calculate

the elementary work spent over plastic deformation of

a unit volume of the work material. Knowing the el-

ementary work, the total work done by the external

force applied to the tool can then be calculated. As a

result, the chip compression ratio can be used as the

prime parameter for the optimization of the metal cut-
ting process because considered together with the work
of plastic deformation; it reveals the energy spent in
cutting. Moreover, the chip compression ratio is the
post-process parameter and thus there are a number of
simple though forgotten ways to measure this parameter
accurately in metal cutting.

The cutting speed influences the energy spent on the de-

formation of the chip through the temperature, dimen-

sions of the deformation zone adjacent to the cutting edge
and velocity of deformation. For the first time, the rela-
tive impact of these parameters on the chip compression
ratio is revealed and thus the known experimental depen-
dence of the chip compression ratio on the cutting speed
is explained.

To avoid typical misrepresentation of the experimental

data on the chip compression ratio, it is proposed to
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determine this parameter as a function of the Peclet cri- L,
terion. Such a representation allows accounting for the

combined influence of the cutting regime and physical L.
properties of the work material. E
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Fig. 11. Application in turning.

Appendix A. Experimental methods for the
determination of the chip compression ratio (CCR) for
different metalworking operations Aye = df (A.4)

and the uncut chip cross-sectional area is determined as

Although a number of experimental methods for the deter- Whered is the depth of the cuf,the cutting feed.
mination of the chip compression ratio (CCR) were known  The third method is the direct method, which is applicable
to researchers, the modern books and other publications orin turning, milling, drilling and other cutting operations. The
metal cutting do not consider any of them because CCR essence of this method is that the workpiece is “marked”
is not regarded as an important parameter in metal cuttingbefore cutting and then the resultant marks on the chip are
studies. Because this paper explains that these parameteréompared with the originals marks. The realization of this
are of prime importance in metal cutting studies and in pro- method for longitudinal turning is shown iRig. 11 As
cess optimization even at the shop floor level, a need is felt Seen, two longitudinal grooves are made on the workpiece
to present few common experimental methods for the deter-outer surface before testing and the arc distance between
mination of CCR. these grooved,| is measured. After the test, a chip section

The simplest method is to measure the chip thickness andwith these marks can easily be found and the distade
then, usingeq. (1) to calculate CCR. However it is not al- measured. Usingg. (1) CCR is determined.
ways possible because the chip: (a) might have a saw-toothed The realization of the discussed method to measure CCR
free surface; (b) be so small and 3D-curved. in drilling is shown inFig. 12 Two small holes of diameter

The second method is the weighting method. A small di are drilled as shown ifig. 12along the trajectory of the
(5-10 mm long) straight piece of the chip is separated from point of the drill cutting edge. Diametet is smaller than
the rest of the chip. Then, its lengthg and widthb, are  that ) of the would-be-hole. The arc distantebetween
measured (when the piece of the chip selected for the studythe centers of these holes is measured. After the test, a chip
is not straight, a computer vision system available nowadaysfragment having marks from two holes is found and the
in most shops is used to measure its length properly). Then,arc distance.c between their centers is measured at high
it is weighed so its weighG (N) is determined. The chip ~magnification using an optical comparator or a computer

thickness is then calculated as vision system. Usindeg. (1) CCR is determined.
G The realization of the discussed method for face milling
tr = ™7 (A1) is shown inFig. 13 As shown, the surface of the workpiece
cL.cpg

is made with a step having width; = 3-6 mm and height

where p is the density of the work material (kghy g = which is 4-6 times smaller that the depth of cut, hgh| =

9.81m/ is the gravity constant.

For finishing operations when the depth of cut is really
shallow, it becomes rather difficult to measure the width of
the chip. CCR is determined in this case using the ratio of
the chip and uncut chip cross-sectional arégsand Ay,
respectively, i.e.

Ac

¢ =
AUC

(A.2)

. . . . . @d Fragment of the chip
As such, the chip cross-sectional area is determined using

the weighing method as
G
 Lepg

@D Workpiece

A

(A-3) Fig. 12. Application in drilling.
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Fig. 13. Application in face milling.

4—6. After the test, the width. is measured and CCR is
determined usingq. (1)
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