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Abstract — In conditions of the rigid technological system and an unworn tool the strain constituent of
microirregularity height hasthe largest value. The present work suggests a research method for forming
strain constituents of roughness when cutting surfaces with the use of FEM. Based on the described
model the basic regularities of the strain component formation depending on some machining parameters
areidentified.
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I. INTRODUCTION

Metal cutting is an exclusively complicated process inclusive of plastic flow of a metal being cut, under
strains, which cannot be reached during the other processes, and its failure in margina conditions. On contact
surfaces of atool and material being worked friction is generated, close to dry by its nature. Contact tempera-
tures for hard aloys and non-metallic tool materials can exceed 1000°C. On the strength of reasons shown, the
basic method for studying surface roughness, along with the other phenomena accompanying the cutting proc-
ess, became an experimental method implemented in the form of empirical dependences and reference materi-
als.

Along with it, just as like in any other experimentally obtained dependences, fragmentarity is inherent in the
results of study of surface roughness, as well as the necessity for their replenishment. The situation is solved by
obtaining the analytical dependences. Taking into account the fact that formation of microirregularities on the
surface worked is a result of motion of the shaping and processes connected with chip separation, an analytical
decision is to be based upon determination of the stress-strain state of a chip formation area, which leads to the
formation of residua ridges on the surface worked. Under such a formulation of the task its solution with the
use of a system of classical theory of plasticity is linked with big problems inasmuch as the volumetric plastic
straining with large degrees takes place. As a consequence, the necessity arises for some serious assumptions
which decrease authenticity of the results received.

Development of methods for mathematical modelling opens new opportunities to study the stress-strain state
in a cutting area. Asthe basic criteria for choosing the finite element software to create the planned models, the
following ones were accepted

« approach for the cutting processis to be thermomechanical;

« asaresult of computationsin solid models, large final stresses and strains can be obtained;
« automatic improvement of the distorted finite element mesh is required

« permitting to adjust arate of tool displacement, and consequently, arate of strain;

« setting conditions for the contact interaction between a workpiece and atool.

At the present time the application of a finite element analysis to the study of processes, including the cutting
process, is widespread. In most cases the authors' models ([2], [4], [9], [13], [18]) redlize the free cutting proc-
ess, and in particular, the orthogonal cutting. They cannot be used for studying the surface roughness formation
process, but they entirely fit in the study of chip deforming processes, the stressed state of a part machined and a
layer being cut, and thermal processes as well. Some researchers confine themselves to an initially certain and
formed root of chip, i.e there is no material cutting process in dynamics ([9]). The process of chip separation
from a workpiece can be implemented by a few ways: either setting nodes, through which the splitting is done
([17]), or designating FE which will "be crumbling” when certain program parameters ([1], [10]) are exceeded;
in most cases a function of the rebuilding is used of the distorted finite element mesh ([2], [4], [8], [13], [18]).
With respect to the microirregularity formation process, the first two variants do not fit in, inasmuch as it is
rather problematic to set similar nodes and FE on two cutting planes. Moreover, the location of the strain com-
ponent of roughness height parameter loses its significance.

According to the results of the acceptable modelling methods, a system of the non-linear finite element analy-
sis MSC.Marc (M SC.Software Corporation) was chosen.
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The main advantages of MSC.Marc are the use of procedure for automatic rebuilding of the finite element
model mesh, as it becomes deformed and distorted - the intermediate results are carried over to the renewed
mesh, - as well as the capability for modelling absolutely rigid contacting surfaces (discrete or set analyticaly),
which makes it possible to use it for establishing a model of the constrained cutting.

II. BUILDING THE CONSTRAINED CUTTING MODEL

The main task of modelling was to find the strain component of microirregularities, which makes the greatest
contribution to their formation along with the calculated one. When building a geometrical moddl as the initial
one, ascheme of the constrained cutting was accepted, which isredlized in linear turning (Fig. 1).

In view of the fact that an analysis of the cutting process requires a short length for the cutting tool pass, and
it makes no sense to generate a full model of aworkpiece and a cutting tool. When diameters of workpieces are
rather large, the element of a part surface in the direction of vector of cutting speed can be regarded as conven-
tionally rectilinear.

Transition from rectilinear motion to circular motion is linked with instability of cutting speed along the
length of a cutting edge, and the change of speed is insignificant.

Proceeding on the assumption of these prerequisites, a geometrical model of the constrained cutting was built
as a body with mutually orthogonal flat outer boundaries, which also form geometrical residual ridges of the
surface machined. The influence of tool was viewed as the introduction of arigid stamp in half-space. A form
and position of the stamp reproduced an area surrounding the point of a straight-turning tool.

As the finite elements for a model, was used Tet4, type 157, representing tetrahedrons of the first order with
calculated nodes on the points. A criterion for its selection was that the given type of finite elementsis possible
for the use under large strains and angular displacements when including the plasticity procedure Large strain—
radial return—multiplicative decomposition. Besides, only elements of the first order are supported by calculation
subprogram afmesh3d, which provides a function of the remeshing (Adaptive Meshing) when a certain criterion
set by the software is exceeded.

With a view to saving resources of computer memory - when calculating a three-dimensional model, an ex-
clusively great number of elements and nodes are formed, and this correspondingly enlarges the stiffness matrix
itself - it is necessary to find optimal sizes of FE mesh.

The denser mesh gives a better convergence of results, but along with this, the computing resources con-
sumed and calculated time increase. To find an optimal variant of the mesh, a series of models with parameters
was calculated: 0.7; 0.8; 0.9; 1.0; 1.1 and 1.2 sizes of the finite elements from those previously selected as basic
elements (edge length average — 0.03 mm, minimum length of edge —0.008 mm, curvature parameter — 26).

A model with 1.0 coefficient was completely calculated, and it was found that the dependence of calculated
time on the percentage of performance can be approximated to a linear form, in case of good convergence in the
stiffness matrix. Therefore, to reduce the time of analysis being performed, the cal culation was done up to 20 in-
crements. Percentage of performance, time and result were calculated - supposed time of full calculation (Fig. 2,
a). It isclear that an optimal variant as per time of performance is 0.9...1.0 area, where an increase in the mesh
density does not yet result in the quick growth of the calculated time, but the large coarsening of mesh does not
give a significant advantage of time. To evauate quality of calculation, corresponding to different density of the
mesh, the dependence was also established of error for determining a volume of a triangulated strained body
with regard to the initial one, depending on alink length, when rebuilding the mesh many times for 5% from the
entire calculation (Fig. 2, b). An inflection point is observed. Consequently, in this point there is an optimal cor-
relation of quality of calculation and FE sizes. The trend line has the power-law dependence of the fourth order;
an equation of the line isin the field of figure. Consequently, from standard mathematical operations L,,=0.98
basic parameters of the mesh were selected correctly from the outset.
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Fig. 2. Dependence of time of full model calculation (a) and error of volume of a strained body for 5% performance of model calculation (b)
from the finite element mesh edge length, in units from the gauge length.

The geometrical model with the finite element mesh accepted for the study is shown in Fig. 3.

As boundary conditions (replacement of a rejected part section), rigid planes were accepted, which fix the
model and prevent any displacement - basic motion is done by a stamp-cutter. Load is represented by the contact
interaction of a strained workpiece body and arigid heat-conductive cutter body.

When building models, steels were used from the standard MSC.Marc materials, where for each material a
complex of mechanical properties was presented, inclusive of properties depending on temperature. The last was
of much importance because, according to ([6], [15]), there is no the single or common stress-strain curve for
compression-tension and cutting. Therefore, it is hard to set all material properties, especially the plastic ones,
without an appropriate experimental basis.

According to the classification of material machining groups, structural C45 u 41Cr4, 1SO 683-1, as well as
stainless corrosion-resistant steel of austenitic class X10CrNiTi18-9, SO 4955 were selected. As for properties
of the materials machined, some assumptions were made. It was accepted as homogeneous, solid and isotropic,
i.e. anisotropy, emerging from the previous pass of a cutting tool, was not taken into account.
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Fig. 3. Geometrical model of the constrained cutting with the finite element mesh

MSC.Marc makes it possible to show material behaviour beyond the flow limits, thus dividing elasticity and
plasticity. Elastic properties of the material specify the elasticity modulus E=2.1e+11 Pa and Poisson ratio. Plas-
tic properties are set by piecewise linear flow curves.

In view of the fact that the cutter was considered as an absolutely rigid wedge (as an assumption, strain of the
tool itself was not considered as insignificant), only thermal properties were set for it, and namely, heat conduc-
tivity factor, specific heat capacity and material density aswell Tablel.

TABLEI
Properties of Tool Materials

Grade Heat conductivity fac- Specmc_ Density
of tool material tor, heat §apa°"y ton/mm?3
N/(s*K) mm?/(*K)
hard metal group
WC-TiC-Co 27 1.8e+8 1.15e-8
hard metal group 57 1.6e+8 1.46e-8
WC-Co
mixed or black ceramics 4 8e+8 4.2¢-9
Al,Oz+TiC
CBN 70 5.5¢+8 3.45¢e-9

An assumption was made for the models that the cutting wedge has zero cutting edge radius, otherwise, a
number of the finite elements, as aresult of the mesh generation, increases unacceptably for system resources of
computing machines. Asisknown, areal cutting blade is not perfectly sharp. It always has a cutting edge radius,
a vaue of which, depending on a tool grinding process and tool material, usually finds itself in the limits
7...15 um. In the process of wear the radius of the enlarged cutting edge, reaching p=20...50 um for high-
speed steel, and p=10...20 um ([11]) for hard alloys. Along with it, on the rounded surface there are always
stagnant phenomena, levelling the cutting blade shapes ([3]). Notice was aso taken of the fact that the curved
part of surface of chip contact with the front surface takes up a negligibly small portion from the total contact
area

When choosing machining conditions, the following were taken as the basic ones:

— cutting tool: rake angle y=0°; cutting edge inclination angle 2=0°, side relief angle a=8°; end relief angle
01=5.5°; tool cutting edge angles x,=x;1=45°; tool noseradius r,=0,

— process parameters. depth of cut a,=0.15 mm; feed f=0.1 mm/rev; cutting speed v=175 m/min
(2920 mm/s; in SU MSC. Marc).
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In the process of modelling the rake angle, the tool cutting edge angle, minor cutting edge angle, feed and
cutting speed were atered. The varying was done according to the principle of single-factor experiment. The
initial data, for which the finite element models were built and calculated, are shown in Table 1.

The tool displacement relative to a workpiece was set with rates shown in Table I1. The cutter displacement
limitation was set in contact conditions. A value of displacement, equal to 0.7 mm, was taken for 100%. Such a
small value was set owing to the fact that at the moment of an increase in the cutter displacement, an abrupt in-
crease is observed in time of calculation and in computing the resources consumed. Along with it, the given
valueisrather sufficient to form anormal chip root with the start point of curling.

TABLE I
Initial Data for Building the Models

M odel o 2o o f, v,
number 7 ' ¥, mm/rev | m/min
011 100
012 45 175
013 250
021 5
022 0 15
023 30 0,1
031 -5 C45, 41Cr4
032 5 X10CrNiTi18-9
033 10 175
041 -5
042 5
051 0 0,05
052 0 0,15
053 0,20

Grades of steel

Setting parameters of the automatic mesh redecomposition and transferring intermediate results to the re-
newed mesh (Adaptive Meshing) were also taken into account. This is necessary in conditions of large plastic
strains in the cutting process. A criterion for the mesh redecomposition was a number of increments — ncrement
Frequency — every other increment.

Parameters of the rebuilt mesh practically aways correspond to the initial values of finite elements. The
lesser value of the element edge length gives a more accurate calculation, but along with it, it loads computing
resources harder — the more harder the calculation goes further, inasmuch as a chip becomes separated and the
total area of strained body grows (the highest density of mesh on the surface; in its depth the mesh becomes
coarsened to reduce the resources consumed). In the same manner goes the division of curvilinear surfaces: the
higher value, the more accurately curvilinear surfaces are reflected. Therefore, a value a circumference division
was provided for in advance, proceeding from the minimum value of FE edge length.

Contact interaction of aworkpiece and the tool was characterized by friction coefficient, the value of which is
shownin Tablelll.

TABLE I
Adopted Values of Friction Coefficient
M achined Rakeangle Friction coefficient for cutting speed v, m/min

material 2 100 175 250 300
C45 +10 0.5 0.43 0.37 0.37
+10 0.55 0.47 0.44 0.42
41Cr4 0 0.45 0.41 0.38 0.38
-10 0.38 0.36 0.34 0.34
X10CrNiTi18-9 +10 0.47 0.42 0.38 0.38

When setting the temperature state, a value of room temperature was accepted as the initial condition in all
calculated nodes, i.e. 20°C. Viewing its development, we proceeded from the fact that at the moment of stable
flow chip formation, after the thermal balance has been reached, the stationary thermal field is formed in the
cutting wedge of tool, because all three thermal sources do not change their positions. Mathematical description
of temperature fields in solid bodies is given with the help of differential equation for thermal conductivity, de-
pending on the body point temperature with coordinates, time and thermal conductivity coefficient. To solve the
equation it is necessary to apply additional initial and boundary conditions to the function. The initial conditions
fix the state of temperature field of bodies at zero time. The boundary conditions are conditions of surface inter-
action with environment and other bodies.

ISSN : 0975-4024 Vol 5 No 6 Dec 2013-Jan 2014 5211



A. E. Rodygina/ International Journal of Engineering and Technology (1JET)

The calculation was done using the following parameters

« type of solver — iterative sparse; applying Incomplete Choleski's algorithm with preliminary data process-
ing;

« making entries of the result in the object file with frequency 10 increments with aview to reducing its size;

« saving the intermediate results of the calculation in a separate file to alow the repeated start of calculation
in case of its abrupt interruption.

When the cutter passes in the area of chip formation, we can see a regular picture of the constrained cutting
with a typical start of ship curling (Fig. 4). Therefore, the effectiveness is confirmed of MSC.Marc software
product application for modelling the cutting process, and correctness in the assumptions made, about what a
conclusion was made in accordance with the results of the modelling of free cutting. It must be noted that in the
area adjoining to the tool minor cutting edge the process of the residual ridge formation can be seen.

Fig. 4. Chip separation in the process of the constrained cutting with the start of its curling according the modelling results

To identify the regularities of residua ridge formation it was necessary to establish a value of plastic dis-
placement of metal, strained when being cut, along the minor cutting edge.

In general view the strain-stressed state of the area we are interested in is shown in Fig. 5,aand 5,b (cutter is
hidden). Values and distribution of equivalent stresses entirely correspond to the notions of the stressed state in
acutting area. Maximum stresses are concentrated on the conditional shear plane (890...1000 MPa), the |esser
ones — on the surfaces formed (210...550 MPa), and also small stresses on the next residual ridge (100...210
MPa). It shows that during the cutting process the stresses spread relatively far beyond the chip formation area.

Shown in Fig. 5,b field of the total equivalent plastic strain shows that the strain is developed to the condi-
tional shear plane (values vary within 0.7...1.4). Maximum strains are observed in the cutter face — chip contact
area—5.6...6.3. The situation is coincidental with Zorev's opinion ([19]) that the strain in the secondary strain
area can be 20 times in excess of the strain found in the conditional shear plane. Large strain also takes place on
the surfaces formed, and also at the top of the residual ridge (up to 4.2), because here is a boundary of separation
of chip material from aworkpiece.

The analysis included nodes of calculation, being arranged at the same level and distance 0.3 mm from the
cutter face. They were arranged in such a way that the whole surface of the residual ridge could be covered
(Fig. 6). Theresults of study of displacements along axisy for the nodes found at the top of the residual ridge, in
the middle and in its hollow, are shown in calculated stepsin Fig. 6. It shows that even in the hollow of residual
ridge the plastic displacement of material is observed, although in far smaller sizes than at the top.

Fig. 7 shows variation of the metal displacement intensity during the residual ridge formation throughout its
height. It is much greater in the area of ridge height than in the hollow. Moreover, the node displacements are
not even, and have extremum at L=40%, i.e. at the moment of the cutter pass. Further occurs a backward move-
ment, slightly decreasing the ridge height, i.e. material "is pulled back" from the residual ridge by the cutter be-
ing displaced. This process ends with the cutter passing an interval approximately equal to 90% from the overall
length. There also occurs the formation of stable residual ridge. This implies that the accepted cutter displace-
ment at the distance 0.7 mm was sufficient.
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Fig. 5. Mises stressed state (a) and strained state (b) in the process of the constrained cutting

ISSN : 0975-4024 Vol 5 No 6 Dec 2013-Jan 2014 5213



A. E. Rodygina/ International Journal of Engineering and Technology (1JET)

Middle
(@) node v (b)
node
node
(© (d)
® ®)

Fig. 6. Relative displacement of material along y-axisfor initial status (a); 20% (b); 40% (c); 60% (d); 80% (€); 100% (f) from the set cut-
ter displacement
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Fig. 7. Dependence of the displacement along y-axisy from the overall length (%), covered by the cutter, for top node (1), middie
node (2) and valley node (3) of theresidua ridge

A process of determining the height of irregularity strain component also required scrutinizing an adjacent
hollow, having formed earlier, since there occurs plastic strain and metal displacement, spreading to the whole
volume of irregularity formed. Thisis shown in Fig. 8, where a picture of plastic flow of metal in plan is pre-
sented. It is clearly seen that maximum displacements of the metal being cut are localised along the cutting
edges. Accordingly, both sides of the residual ridge become strained. Metal displacement is also observed to the
side of the surface being machined, which corresponds to linear turning realized in practice.

Fig. 8. Plan view of side plastic flow of material in the process of the residual ridge formation (cutter is hidden)

I11. SURFACE MICROPROFILE ACCORDING TO THE MODELLING RESULTS

The microirregularity height strain component can be found as the difference of coordinates of the nodal
points on the peak and in the valley of residual ridge and the known value of geometrical component. Based on
the results of calculations of the finite element models, the initial parameters are shown in Table |1, graphic de-
pendences were obtained of the strain component of height parameter of roughness from displacement of type of
the cutter shown in Fig. 7. As an example in Fig. 9,a a graph is given of the microirregularity height strain
component dependence on the cutting route for some cutting speeds. Such dependence is typical of al cases
studied. As the cutter is displaced, in the beginning rather intensive growth occurs of the microirregularity strain
component with subsequent stabilization of its value which reflects the end of transients. The graph "cutting
route” — microirregularity strain component” made it possible to obtain the dependence Ry=f(v) clearly. That is
what was being realized for the steady cutting process (Fig. 9,b).
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Fig. 9. Dependence of microirregularity strain component Ry on the cutter displacement L when machining 41Cr4 steel at cutting speed v:
1 —100 m/min; 2 =175 m/min; 3 -250 m/min (a);
Dependence of microirregularity strain component Ry on the cutting speed v when machining 41Cr4 steel (b)

As a result of these constructions, dependences were established of the irregularity height strain component
on an minor tool cutting edge angle, cutting edge inclination angle, rake angle, feed and cutting speed for steels
41Cr4, C45 u X10CrNiTi1l8-9. For aclearer pattern, without being strongly tied to the geometrical component
Ry, the results are expressed by relation Ry / Ry. The corresponding graphs are shown in Fig. 10.

Asis seen, avalue of the strain component varies in a wide range, and may surpass the geometrical compo-
nent. The common thing for them is the identical behaviour of the microirregularity component strain depend-
ences on machining parameters for all materials investigated. Influence of mechanical features of steels on the
height of residual ridge is small but unequivocal. The strain component is the least for X10CrNiTi18-9 steel and
the largest for C45 steel. The component values in al cases are close to the values corresponding to
X10CrNiTil18-9 steel. It can be explained by the fact that 45 steel has the least strengthening, in consequence of
which the metal being cut becomes strained at a greater degree.

A reason for reducing the relation Ry / Ry with an increase in feed is obvious because, in doing so, the geo-
metrical component increases in direct proportion. Along with it, the dependence Ry / R=f(f) has a curvilinear
shape, consequently, of change of the strain component. For the case with variable feed values the models were
calculated, in which the tool displacement was 0.7 mm for feeds 0.05 and 0.1 mm/rev, 1.25 mm for feed 0.15
mm/rev and 1.8 mm for feed 0.2 mm/rev when the other parameters are unchangeable. This was done for the
purpose that with the cutter's passing, the residual ridge would be fully formed. As a result, it was established
that with an increase in feed there is some increase in the value of strain component of the residual ridge height.

With an increase in cutting speed the value of strain component slightly decreases, in the range of 10...15%.
This agrees with the slight decrease in chip compression in the area of high cutting speeds.

The influence of rake on the relation Ry / Ry is worth noting (Fig. 10,c). When it increases, despite a de-
crease in degree of the strain of metal being cut, which is expressed by chip contraction, the microirregularity
strain component increases. Explanation for the increase in the microirregularity strain component with the in-
crease in rake, even with the decrease in the degree of strain, was given by Isaev ([5]). The reason is that, in do-
ing so, the rake decreases on the minor cutting edge. Consequently, the degree of strain of the metal being cut
increases in the area adjacent to the minor cutting edge, and this is expressed in a decrease in the angle of dis-
placement in this area ([6], [19]). Agreement is also can be noted in alteration in the height of microirregularity
strain component with alteration in the direction of chip flow. As follows from Fig. 11 and 12,a, with the in-
crease in rake, the chip flow angle decreases, i.e. the direction of its motion approaches the direction of the free
side of the residual ridge. As a consequence, duration grows of the contact of moving chip with the residual
ridge being formed.

Influence of the cutting edge inclination angle on the strain component of microprofile is shown in Fig. 10,d.
Its growth with an increase in the angle 4 is to be also connected with the change of chip flow direction to the
side of machined surface (Fig. 12,b).
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Fig. 10. Dependence of relation of the strain component to the geometrical component Ry/ Ry on: feed f(a), cutting speeds v(b), rake an-
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Fig. 11. Chip-flow angle # when cutting 41Cr4 by cutter with rake angle y= -5° (a) and y= +5° (b)
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Fig. 12. Chip-flow angle with respect to tool rake angle y (a) and cutting edge inclination angle 4 (b) for steels:
C45 (1), 41Cr4 (2) and X10CrNiTi18-9 (3)

Dependences Ry =f(x;) and Ry =f(x;1) can be viewed together, since adteration of anglesin plan is equaly re-
flected on the cross section of cut. A series of models here was calculated only for the minor cutting edge angle.

Anincrease in these angles, asit results from ([6], [7]), is accompanied by approximation of the form of cross
section of the metal being cut to the triangular one when its strain near the minor cutting edge is more signifi-
cant. As aresult of such displacement it is necessary to view the growth of microirregularity strain component
when the major and minor cutting edge angles increase. In connection with the views set forth, it is possible to
obtain even a negative value of the strain component when a value of the minor cutting edge angle is close to
zero. Inthisregard, chip flow is directed from the minor cutting edge, and this will reorient the flow of mate-
rial, forming the residual ridge, to the opposite one.

Summing up the performed analysis of the influence of process parameters on the microprofile strain compo-
nent, it can be stated that the results of modelling agree with the experimental data, and blend in with the general
idea of regularities of the milling process.

IV.COMPARING THE RESULTS OF MODELLING WITH THE EXPERIMENTAL DATA

Adeguacy of the surface roughness dependences obtained in the modelling process on the machining parame-
ters was examined by comparing them with the experimental data for turning X10CrNiTi18-9 steel.

According to the modelling results, power law dependence was calculated Ry / Ry = f(f, v, y, 4, 1) using the
least-square method

% =1.9165. f -0.424 V—0.121 . (20+ 7/)1.19 . (20+ 1)0,915 . K,rll.017 .

Using formula and the initial data for experiment (geometry of the tool and machining conditions), curves 1,
2, 3 were built (Fig. 13). For experimental curves 4, 5, 6 Fig. 13 an assumption was made that Ry =Rz- Ry , i.e.
the strain component of the height parameter of roughness also includes all other components minimized during
the experiment. Consequently, the certain divergence of datais natural, and is 20...30%.

The most discrepancy of experimental and model data (curves 1 and 4) is observed at less feeds
(f=0.11 mm/rev), which says about complicated processes occurring in the cutter-chip area, when a value
of tool edge radius exerts much influence on the residual ridge being formed. According to Zorev ([19]),
this influence occurs in a case when relation of the cut layer thickness to the rounded cutting edge radius is
less than 10.
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Fig. 13.  Influence of cutting speedon Ry / Rg relation, when cutting X 10CrNiTi18-9 steel, as per results of FE modelling (1 —f=0.11
mm/rev; 2 —f=0.21 mm/rev; 3 —f=0.31 mm/rev), as per the experimental data (4 —f=0.11 mnv rev; 5 —f=0.21 mm/rev; 6 — f=0.31 mm/rev)

V. CONCLUSION

In general, the developed model of constrained cutting and the dependences obtained with certain assump-
tions rather truly describe processes occurring in the chip flow area, and can be used for further studies.
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