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ABSTRACT

In precision machining, due to the recent developments on the cutting tools, machine tool
structural rigidity and improved CNC controllers, hard turning is an emerging process as an
alternative to some of the grinding processes by providing reductions in costs and cycle-times. In
industrial environments, hard turning is established for geometry features of parts with low to
medium requirements on part quality. Better and deeper understanding of cutting forces, stresses and
temperature fields, temperature gradients created during the machining are very critical for achieving
highest quality products and high productivity in feasible cycle times.

In order to enlarge the capability profile of the hard turning process, this thesis introduces to
prediction models of mechanical and thermal loads during turning of 51CrV4 with hardness of 68
HRC by CBN tool. The shear flow stress, shear and friction angles are determined from the
orthogonal cutting tests. Cutting force coefficients are determined from orthogonal to oblique
transformations. Cutting forces, temperature field of chip, tool and workpiece are predicted and
compared with experimental measurements. The experimental temperature measurements are
conducted by the advanced hardware device FIRE-1 (Fiberoptic Ratio Pyrometer).
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Chapter 1

INTRODUCTION

The vast majority of hard components used in the automotive industry are machined to final
geometrical form after hardening. Currently, grinding, which involve expensive machinery and have
long manufacturing cycles, costly support equipment, and lengthy setup times, is the predominant
method for finishing these parts, which include bearings, gears, shafts, and pinions. After the
improvements in machine tool rigidity and the development of polycrystalline cubic boron nitride
(PCBN) cutting tools, hard turning, which is best performed with appropriately configured turning
centers or lathes, becomes as a cost-effective alternative to grinding. Hard turning is defined as the
process of single point cutting of part pieces that have hardness values over 45 HRC. Typically,
however, hard turned part pieces will be found to lie within the range of 58-68 HRC.

Hard turning is best accomplished with cutting inserts made from either CBN (Cubic Boron
Nitride), Cermet or Ceramic. A properly configured machine tool and the appropriate tooling are
required in high quality hard turning applications. Although grinding is known to produce good
surface finish at relatively high feed rates, hard turning using CBN inserts can produce as good or
better surface finish at significantly higher material removal rates if the proper combination of tool,
insert nose radii, feed rate or the new wiper insert technology is utilized. A properly configured hard
turning cell would typically demonstrate surface finishes of approximately 0.003 mm and roundness
values of about 0.00025 mm.

Hard turning is an important technology because all manufacturers are continually seeking ways to
manufacture their parts with lower cost, higher quality, rapid setups, lower investment, and smaller
tooling inventory. The migration of processing from grinders to lathes can satisfy each and every one
of these goals.

On a daily basis, parts are being hard turned in the following industry segments; automotive,
bearing, marine, punch and die, mold, hydraulics and pneumatics, machine tool and aerospace. While
these industries are representative, this list is certainly not conclusive and new applications and
industry segments are constantly being added. Commonly processed hard turned materials would
include steel alloys such as bearing steels, hot and cold work tool steels, high speed steels, die steels

and case hardened steels.
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With hard turning, cost of the process is reduced in many ways. First of all, a CNC lathe is a much
smaller investment than a grinder. Also, CNC lathes are much more flexible in terms of machining
capabilities. Low maintenance is also a benefit, as worn PCBN tools may be quickly removed and
replaced with new inserts, and do not require truing or dressing to maintain the cutting profile.
Moreover, while PCBN tools can cost up to 10 to 20 times more than conventional tools, studies have
shown them to be 10 to 300 times more effective in terms of overall productivity and tool life. CNC
lathes also take up less floor space than grinders, and they do not even require coolant. Like all new
manufacturing processes, hard turning is technology-driven. The factors that influence the hard turning
process can be categorized into the main topics of machine construction, process, work holding,
materials, heat treat and tooling.

Therefore, in precision machining, due to the recent developments on the cutting tools, machine
tool structural rigidity and improved CNC controllers, hard turning is an emerging process as an
alternative to some of the grinding processes by providing reductions in costs and cycle-times. In
industrial environments, hard turning is established for geometry features of parts with low to medium
requirements on part quality. Better and deeper understanding of cutting forces, stresses, temperature
fields, and temperature gradients created during the machining are very critical for achieving highest
quality products and high productivity in feasible cycle times.

In order to enlarge the capability profile of the hard turning process, in this thesis, prediction
models of mechanical and thermal loads during turning of 51CrV4 with hardness of 68 HRC by CBN
tool are introduced.

Chapter 2 provides the necessary background and literature review on hard turning process. The
fundamentals of metal cutting analysis, cutting mechanics, previous models for prediction of cutting
forces, temperature fields and residual stresses in orthogonal turning and hard turning process are
reviewed.

In Chapter 3, after a brief introduction to turning process is given for making the reader more
familiar with the definitions used in hard turning process, the proposed mechanical approach for
predicting the cutting forces is explained. Calibration process details are also given in this chapter,
where the method of determining cutting constants for the force model is described. Validation tests
performed in order to validate the accuracy of the proposed model under various test conditions are
described and tests results are given together with the comparison of the experimental and predicted
cutting force values.

In Chapter 4, a process model is developed for prediction of dynamic cutting forces and surface
errors in hard turning. The resultant surface profile is compared with the experimental data obtained

from surface roughness measurements.
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In Chapter 5, tool, chip, and workpiece temperature fields in hard turning operation are predicted
by using a numerical model based on finite difference method. The predicted temperature fields are
compared with the thermal measurements obtained by using Fire-1 Fiber-optic Ratio Pyrometer. In
order to validate the model for other cutting conditions and materials, simulations were also performed
on aluminum parts and the results are compared with the results in literature.

The thesis is concluded with a short summary of the performed study and future work.
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Chapter 2

LITERATURE REVIEW

Surface finish operations of hardened steels with the hardness of near or above 60 HRC is
becoming quite attractive alternatives to the grinding processes nowadays. This has been enabled
with the advancements of the Cubic Boron Nitride (CBN) tools. In addition to the developments
on the cutting tools, recent improvements on machine tool structural rigidity and on the CNC
controllers that allowed submicron programming helped the hard turning processes to be realized.
Hard turning process is best performed with appropriately configured turning centers or lathes. In
his papers, Koenig [1] discusses the characteristics of hard machined surfaces especially of white
layers. Furthermore, the development in the area of high precision machining of hardened steels
is presented. Hard turning processes generally takes less cycle time, requires fewer operations,
have lower costs and higher material removal rate. Hard turning also fits with the current
manufacturing trends in which production flexibility and part consistency are two important
distinctions ([1], [4]).

Although the practical applications of hard turning in various industries have been started for
some time ago, unfortunately the fundamental scientific and engineering issues, such as cutting
forces, temperatures, and residual stresses in hard turning processes have not been very well
understood yet. Ko and Kim [5] investigated the feasibility of internal intermittent hard turning.
Their research showed that intermittent hard turning can produce surface integrity which is good
enough for replacing the grinding process. Scheffer et al. [6] describes an in-depth study on the
development of a system for monitoring tool wear in hard turning. Various aspects associated
with hard turning were investigated with the aim of designing an accurate tool wear-monitoring
system for hard turning. Narutaki and Yamane [7] tested sintered CBN tools to evaluate the cutting
performance and cutting temperature in machining of variously heat-treated tool steels, case
hardening steels, and high-speed steels. They have also conducted diffusion tests between steel
and CBN tool to ascertain the thermo-chemical wear of CBN tools. In his dissertation, Koch [8]
discusses the importance of early tool wear, tool breakage, chipping, residual stresses, white
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layer phenomena, machined surface quality and surface integrity of hard turning processes in
industrial applications.

Ng et al. [9] briefly reviewed the development of analytical models of the cutting process,
including more recent work involving finite element (FE) methods for temperature and force
calculation in orthogonal hard turning. Details of the different FE packages and formulation
methods used by different researchers were given. Wang and Liu [10] measured the cutting forces
and utilized them to predict the interface temperature. Their thermal model was based on Green's
function and a microstructure-based method using orthogonal hard turning. Moreover, currently
available literature on hard turning is focusing mostly on the experimental evaluation of the
process, especially on the subjects of chip morphology, chip formation, machinability and tool
wear. Davies et al. [11] investigated the factors affecting tool wear and the mechanics of the chip
formation process in finish hard turning process performed by CBN tools. Shaw and Vyas [12]
investigated chip formation in the machining of hardened steel. They reviewed cyclic saw toothed
type chip formation which is formed during the machining operation of gears using PCBN tools.
Tool nose radius effects on finish turning of hardened AISI 52100 steels have been investigated
by Chou and Song [13]. They have evaluated surface finish, tool wear, cutting forces, and,
particularly, white layer at different machining conditions. Poulachon et al. [14] investigated the
tool-wear mechanisms of CBN cutting tools in finish turning of the AISI D2 cold work steel,
AISI HlI hot work steel, 35NiCrMol6 hot work steel and AISI 52100 bearing steel. A large
variation in tool-wear rate has been observed in machining of these steels. The generated tool
flank grooves have been correlated with the hard carbide content of the workpieces. The
influence of feed rate, cutting speed, and tool wear on the process of hard turning of case-hardened
27MnCr5 gear conebrakes is examined by Rech and Moisan [15], and technical limitations in mass
production are pointed out. In this work, cutting temperatures obtained in the process were studied
using a mixed experimental and numerical approach. Ren et al. [16] studied cutting temperatures
of hardfacing materials by using remote thermocouple technique and finite element (FE)
simulation. Mamalis et al. [17] constructed an equivalent thermo-mechanical plane-strain
orthogonal cutting model based on the real turning chip cross-section, coming from the nominal
values of tool nose radius, feed and depth of cut, with mean representative values of depth and
width of cut, by employing a commercial FE code.

Significant research has been performed in conventional turning for mathematical process
modeling. Ehmann et al. [18] presented a summary of work performed in the area of modeling of
the dynamic metal cutting process. Four modeling approaches including analytical, experimental,
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mechanistic and numerical methods were critically reviewed. A brief assessment of future
research needs was also given. Luttervelt et al. [19] discussed the present situation and future
trends in modeling of machining operations in their paper. They presented a progress report of the
CIRP working group, ‘Modeling of Machining Operations’, based on information obtained from
the members of the working group, from consultation in industry, study of relevant literature and
discussions at meetings of the working group with the aim to stimulate and pilot future
developments.

Tobias and Fishwick [20], and Tlusty and Polacek [21] were among the few early researchers
to study dynamic cutting. They explained the fundamental mechanism of chatter during turning
and derived the stability theory which analytically predicts chatter free cutting conditions. Their
theory was based on the orthogonal cutting model where the directions of cutting forces and the
structural dynamics of the cutter-workpiece system were assumed constant. Lazoglu et al. [22]
presented a mathematical model and a computational algorithm for the time domain solution of
boring process dynamics. The model was developed in a modular form,; it included a workpiece
geometry and surface topography module, a kinematics and tool position module, a dynamic chip
load module, a dynamic cutting force prediction module and a structural dynamics module. The
time domain model took cutting process parameters, tool and workpiece geometries and modal
parameters of the structure as inputs. It predicted instantaneous cutting forces and vibrations
along the machining time, and machined workpiece topography as outputs. Some of the simulated
and experimental results for various cutting conditions were presented and they showed good
agreement.

The history of cutting temperature research goes back as early as Taylor’s experimental
works. His research showed that tool life decreases when cutting speed increases. Triger and
Chao [23] were the first researches evaluating the cutting temperature analytically. They have
performed the average tool-chip interface temperature calculations and found that plastic
deformation associated with chip formation at the shear zone, and friction between the tool and
chip affects the temperature distribution. A simple analytical model computing the interface
temperature by assuming the tool as a quarter-infinite body was developed by Loewen and Shaw
[24]. Usui et al. [25] and Tlusty et al. [26] used finite difference method to predict the steady state
temperature distribution in continuous machining. They had found that the experimental
temperatures were higher than the predicted ones near the cutting edge and the chip leaving point.
They correlated the crater wear of carbide tools to the predicted temperature and stresses in the
tool. Smith and Armarego [27] presented a three-dimensional temperature analysis for classical
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orthogonal cutting operations based on the thin shear zone model, popular shear zone temperature
equations, and finite difference techniques. Ren and Altintas [28] applied slip line field solution
proposed by Oxley [29] on high speed orthogonal turning of hardened mold steels with
chamfered carbide and CBN tools. Shatla et al. [30] used material properties evaluated from
orthogonal cutting and milling tests on Finite Element simulation of temperature. Strenkowski
and Moon [31] developed an Eularian Finite Element model to simulate the temperature. Finite
element methods require accurate representation of material’s constitutive properties during
machining; therefore they mainly suffer due to lack of accurate material models. Sukaylo et al.
[32] presented novel theoretical and experimental solutions to establish parameters of a finite
element method-based computer model, developed for the simulation of thermal deformation in
multi-pass turning. Huang and Liang [33] analytically modeled the thermal behaviors of the
primary and the secondary heat sources by using Oxley's predictive machining theory.
Workpiece material property is represented as a function of strain, strain rate, and temperature by
using a modified Johnson-Cook equation. Redulescu and Kapoor [34] analyzed the tool-chip
interface temperature by solving the heat conduction problem with prescribed heat flux. The
mechanistic force mode] was utilized in this analysis. Their results also indicate that the tool-chip
interface temperature increases with cutting speed for both continuous and interrupted cutting.
Jen and Lavine [35] used a similar approach to Redulescu for tool temperature calculation and they
improved calculation speed relatively by using power law approximation for the exponential
terms. For further information on the literature review and on methods to calculate the machining
temperature, the publication by Tay [36] is recommended.

‘One of the biggest challenges in this research area is the lack of experimental data to verify
the mathematical models proposed in predicting the cutting temperature. It is hard to embed
sensors close to the cutting edge of the rotating tool. Most published articles rely on the few
published experimental data from Trigger and Chao [23], Boothroyd [37] and Stephenson et al.
[38]. In his paper, Boothroyd presented the results of a photographic technique for the
determination of the complete temperature distribution in the orthogonal metal cutting process.
He showed that the results disagree with the previous theoretical results. The temperatures along
the tool rake face are of particular interest because they affect the wear of the cutting tool and
friction between the tool and the chip.

In the past, causes of the residual stress have been attributed to mechanical and thermal loads
on the workpiece. Henriksen [39] had studied the stress inducing effect of single point tools

working in steels and developed methods for computing the stresses induced. Methods of
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investigation were described and data was given for stresses produced in various materials, by
various tools, and under various cutting conditions. According to his research, in ductile materials
the stresses are, generally, tensile, and in cast iron they are compressive. He suggested that the
mechanical force on the tool is the primary cause and the thermal stress is negligible. Okushima
and Kakino [40] suggested that residual stress in the machined surface is caused by the ploughing
force at the tool edge and thermal effect of temperature distribution produced in cutting. Residual
stresses were calculated by using finite element method and compared with those measured by X-
Ray diffraction technique. Liu and Barash [41] studied mechanical residual stresses in a machined
surface experimentally. They concluded that in orthogonal cutting, length of shear plane, tool
flank wear, the shape of cutting edge, and the depth of cut determine the pattern of residual
stresses. Residual stresses near the machined surface were found to be determined by the shape of
the cutting edge, such as edge radius, and effective clearance angle. They observed that smaller
depth of cuts can also end up with high tensile stresses near the surface.

Merwin and Johnson [42] studied on the plastic deformation in rolling contact and on the
basis of an idealized material which was elastic-perfectly plastic and isotropic, and they showed
that complex cycle of stress and strain encountered in rolling causes a forward displacement of
the surface. During the first few cycles of the load, compressive residual stresses were introduced
in the subsurface layers. Jiang and Sehitoglu [43] developed an analytical approach for
approximate determination of residual stresses and strain accumulation in elastic-plastic stress
analysis of rolling contact. Their model constituted a significant improvement over the Merwin-
Johnson's model. Subsurface residual stresses were determined by the normal load and the
influence of the tangential force penetrated to % 15 of the contact area.

Matsumato and Wu [44] performed an analysis which was based on the existence of several
measurable factors that influence the stress field in machined material during cutting. They had
performed the analysis in two stages. The effects of hardness on several process related factors
and the roles of these factors in residual stress formation were then investigated through
mechanical and thermal analysis. Shear angle was found to increase with material hardness and
this made residual stress on the machined surface more compressive. Temperature rise made the
residual stresses more tensile and as hardness was increased, more tensile residual stresses were
obtained because of the increased yield point. These competing effects governed residual stress
formation.

Jang and Seireg [45] discussed the development of a computer based simulation of the
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machine-workpiece interaction during the turning process. They developed a model to study
the influence of system parameters on the generated surface roughness. These analytical results
showed good agreement with published experimental data relating the roughness to machine tool
stiffness, tool vibration frequency, feed, speed, depth of cut, and tool cutting edge radius. For
prediction of machining induced residual stresses, Jang and Seireg [46] developed an analytical
model. Shih [47] developed a plane-strain finite element method for the simulation of
orthogonal metal cutting with continuous chip formation. Effects of elasticity, viscoplasticity,
temperature, large strain, and high strain-rate, were used to simulate the material deformation
during the cutting process. The deformation of the finite element mesh was presented and residual
stress distributions were compared with the X-ray diffraction measurements.

Mittal and Liu [48] also developed a model proposing that the residual stress profile is a
deterministic function of the machining parameters. Residual stress profile along the depth was
assumed as a polynomial function of the depth and the coefficients of the polynomial were
assumed to be as functions of the machining parameters. The underlying assumption in the entire
model was that residual stresses produced by identical conditions are also identical. To check this
assumption, different specimens were machined using the same cutting conditions. By this way,
an experimental model which was predicting the residual stresses in precision hard turning was
introduced. Mahdi and Zhang [49] developed a numerical method to appropriately accommodate the
phase transformation in a workpiece experiencing critical temperature variation during grinding.
They found that if material properties are temperature independent, residual stresses created are
tensile, however if they are temperature dependent, surface hardening occurs when temperature
raises, and maximum residual stress increases. Chen et al. [50] found that thermal stresses
generated in grinding process were the primary cause of tensile residual stresses and they are
strongly dependent on workpiece material properties. Walsh et al. [51] proposed a model of the
formation of thermally induced tensile residual stresses and developed a simple method for
calculating critical temperature above which tensile residual stresses occur. The model was then
validated using finite element techniques. Thiele et al. [52] conducted an experimental
investigation to determine the effects of tool cutting edge geometry and workpiece hardness on
surface residual stresses for finish hard turning of through-hardened AISI 52100 steel. They
showed that tool edge geometry is highly influential on surface residual stresses, which were
measured using X-ray diffraction. Depending on the hardness of the workpiece continuous white

layers on the workpiece surface correlate with compressive residual stresses, while over-tempered
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regions correlate with tensile or compressive residual stresses. Liu and Guo [53] developed a
thermo-elastic-viscoplastic model using explicit finite element code, Abaqus to investigate the
effect of sequential cuts and tool-chip friction on residual stresses. M’Saoubi et al. [54]
investigated the residual stresses induced by orthogonal cutting in AISI 316L steels. X-Ray
diffraction technique was used for determining the depth profiles of the residual stresses. The
effect of cutting conditions and tool properties on residual stresses was analyzed. Jacabus et al.
[55] investigated machining induced residual stresses resulted from oblique machining of
annealed AISI 4340. Based on the experiments performed, a plane strain thermo elastoplastic
model of metal flow under flank of a cutting tool was developed. The model results demonstrated
the significance of thermal and mechanical mechanisms in the development of machining induced
residual stresses with thermal effects resulting in increases in the tensile character of the machining
induced residual stresses. Shet and Deng [56] developed a finite element method to simulate and
analyze the orthogonal metal cutting process under plane strain conditions. They focused on the
residual stresses and strain fields in the finished workpiece and found that thermal cooling increases
the residual stress level and the effects of the friction coefficient and rake angle to the residual
stress level are nonlinear.

Currently, adequate and detailed mathematical models for the mechanics and thermal aspects of
the hard turning process in the literature are mostly missing. More detailed analysis, better
understanding and knowledge on forces, stresses and temperature fields, temperature ‘gradients
created during the machining and residual stresses are very critical for effective and efficient
implementations of the hard turning processes.
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Chapter 3

CUTTER/WORKPIECE GEOMETRY AND CUTTING FORCE MODEL

3.1 Introduction

In this chapter, a brief introduction to turning process is given for making the reader more familiar
with the definitions used in hard turning process. Differential chip loads and differential cutting force
models are presented for the hard turning processes. Shear flow stress, shear and friction angles are
determined from the orthogonal calibration tests and the cutting coefficients are determined from the
orthogonal to oblique transformations. In order to obtain the cutting forces in the radial, tangential and
feed directions, differential cutting forces are integrated over the tool workpiece engagement domain.
The predicted cutting forces in three orthogonal directions are compared with the experimentally
obtained ones for validation purposes. The proposed mechanical approach is summarized in Figure
3.1.

3.2 Summary of Turning Process

The common turning operation carried out on lathes is one of the most popular and basic practical
machining operation used for producing cylindrical components. An illustrative turning process set up
is shown in Figure 3.2. In Computer Numerical Control (CNC) lathes, the spindle speed and feedrate
are directly programmed within the Numerical Control (NC) programs. A typical CNC lathe is shown
in Figure 3.3. For the basic turning operations, feed is much smaller than the depth of cut and the
depth of cut is much smaller than the workpiece diameter. The angle of inclination iat the major

cutting edge of the tool can be used to identify the turning process as orthogonal turning for i =0, or
oblique turning when i # 0 (Figure 3.4). A standard turning tool geometry is shown in Figure 3.5.
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Figure 3.3: CNC turning center.
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Figure 3.4 a) Oblique turning, b) Orthogonal turning, adopted from Armarego [58].
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Figure 3.5: Geometry of turning tool, adopted from Altintas [57].
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3.3 Differential Chip Loads

The chip load at any instant of time is discretized into very small elements so that at each of these
discrete elements corresponding differential forces in three orthogonal directions can be computed,
and integrated over the tool workpiece engagement domain to determine the total cutting forces. For
this purpose, the chip load was discretized into small elements with d6 angular increments in the
engagement domain (Figure 3.6). The depths of cut in hard turning are smaller than the soft turning,
and they are less than nose radii of the inserts used. Therefore, the engagement domain between the
workpiece and insert has two distinct regions, namely Region I and Region 11 (Figure 3.6), for the
calculations of the local chip thicknesses and local chip loads for each discrete element

The local chip thicknesses and chip loads are calculated for Region I (8,<0<0,) and Region II
(0,<0<0,) as follows,

R-a
y sin(0)

- 5 (@1
h_,(u,:R—\[c‘+R'72cRc05(y) for0, <6<0,

h

for0,<06<0,

10y =

where
0, =sin "(I~%), 0, :g-tan ’(M‘:’(ﬁ?‘z’i"c),
0, :§+sin "(i), y=6-sin '(%sm(n -0))
iF, P77 Region T
dF, 3 Region 11

Figure 3.6: [llustration of the chip load and differential cutting forces in hard turning process.
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Differential chip load for each discrete element can be determined as the following,

(32)
dA =h.ds=h.R.dO

where h takes the values of h; or h, depending whether the respective discrete element is located in

Region I or II, respectively.
3.4 Differential Cutting Forces

The forces acting during the cutting are composed of two main force components, namely cutting
force components due to the shearing mechanism and edge force components mainly due to plowing
mechanism. The discrete cutting force components are proportional to local chip load by local oblique
cutting force coefficients. The discrete edge force components are proportional to length of local chip-
insert contact with an edge force coefficient. In order to predict the total cutting forces, local cutting
force coefficient, and subsequently, differential cutting forces are needed to be determined for each
discrete chip element [57].

Orthogonal to oblique transformation technique is used to determine the oblique cutting
coefficients. In this technique, shear flow stress, shear and friction angles are detenninéd from the
orthogonal calibration tests for the workpiece material and tool combinations. Later, using the values
of shear flow stress, shear and friction angles, the cutting force coefficients for the oblique cutting are
obtained from the orthogonal to oblique transformations [57].

The tangential, radial and feed components of cutting force for each discrete element can be

written in terms of cutting and edge forces as follows,

dFy) = Ky(q)dAg) + K . ds
dF,g) = K (g)-dA ) + K ,..ds (3.3)
dFy(g) = Kg(p)dA gy + Ky ds

in the above equation K, K ), Ky are tangential, radial and feed cutting force coefficients,
respectively, to be determined from orthogonal to oblique transformations. dA g and dsare

differential chip load and differential cutting edge length for each discrete element, respectively.
Therefore, the differential force equation above can be rewritten in terms of local chip thickness of

each discrete element and the insert nose radius (R ) as follows,
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34
dF,(g) = [K 0 h ) + Ko JR.4O G4)
dF, g =[K o hio) + K, JR.O

dFy ) =[K g0 hiey + Ko JRAO

It should be mentioned that in Region I, h, values, and in Region II, h,, values are used in the

above differential cutting force computations. The tangential, radial and feed cutting force coefficients

are determined from the following equations [57],

T, cos(B, —a,) + tan(i). tan(n).sin(B,, )

Koy ==
) sin(¢, ) \/cosz(‘bn +B, —a,)+tan®()sin’ (B)
K o __ T cos(B, —a,) tan(i) - tan(n).sin(B, ) @)
"0 sin(8,) Joos? (9, +B, —a,)+tan (sin® B)

o sin(B, —o,)
sin(9,)-c0s() foos? (9, +B, — , ) +tan* () sin* (B)

K fe(8) =

In these equations, T,,¢,and B, are, shear flow stress, shear and friction angles determined from
the orthogonal calibration tests, respectively. n is the chip flow angle that is determined from Stabler's
rule (i.e, m=i). i is the local inclination angle of discrete cutting edge which can be determined

from,

i=tan™ (tan(at,, ).cos(y, ) + tan(a ).sin(y, )) (3.6)
where o, and o, are the back rake and side rake angles of the tool. , is the side cutting edge angle
and is equal to rotational position of the respective discrete element (i.e., for each discrete element,
y,=0).
Normal rake angle (o, ) can be determined from
a, =tan™ (tan(oty ).cos(i)) (3.7)
where orthogonal rake angle (o) is,

ot = tan™ (tan(a ).cos(y, ) + tan(at, ).sin(y, )) (3.8)

The edge forces are generated not due to the cutting mechanism but the plowing mechanism.

Therefore, the edge coefficients (K, and K, ) can be easily determined by extending the feedrate-
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force graphs obtained from the orthogonal cutting calibration tests to the zero feedrate. In the
orthogonal calibration tests, K, is assumed to be zero since nearly no radial force should exist in these
tests. '

Differential tangential, radial and feed forces can be transformed to the Cartesian force

measurement coordinate system, in three orthogonal directions (i.e., X,Y, and Z), as follows,

dF, =dF,
dF, = dF, .sin(0) - dF, .cos(6) 3.9
dF, = dF; .cos(0) + dF, .sin(0)

Total force components acting during the machining can be determined by integrating the discrete
force values, F,, F, ,and F, (tangential, radial, feed cutting force components respectively), acting on

3%y

each differential chip load:

Fy :ZN:dFX, Fy =idFy, F, :EN:dFZ (3.10)
i=1 i=1 i=1

where N represents the number of the discrete elements.

The total cutting torque (T, ) and power ( P, ) drawn from the spindle drive are,

D
T,=>F @3.11)
P, =VF,

where D is the diameter of the turned shaft, V =7n.D.n is the cutting speed and n (rev/sec) is the

spindle revolution.

3.5 Calibration Process

In order to determine the cutting force coefficients of the model, orthogonal calibration tests were
performed on the commonly used automobile transmission material of induction hardened 51CrV4.
The hardness of material was 68 HRC. The cutting tests were made in a Monfort 400 RNC Plus CNC
turning machine under rigid cutting conditions at the WZL, Technical University Aachen, Germany.
The cutting inserts used in the calibrations were Seco CBN 100 with the chamfer angles of -14° and -
25°. The experimental set up is shown in Figure 3.7. The hardness plot of the 51CrV4 is shown in
Figure 3.8.
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Figure 3.7: Experimental setup
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Figure 3.8: Hardness plot of workpiece material, Induction Hardened 51 CrV4.
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The cutting forces are sensed by the piezoelectric transducer in the dynamometer and an electric

charge output is the outcome of this process. This electric charge is later taken by the charge amplifier

and converted into voltage output. Subsequently, through use of a proper data acquisition card and

software, the voltage output is displayed and recorded as cutting forces in unit of Newton. The detailed

illustration of the experimental setup is shown in Figure 3.9. Displaying and recording of the measured

data were realized with a data acquisition program, LabVIEW (See Figure 3.10 for a sample output

screen of LabVIEW).

Cutting forces form a
pressure on the
workpiece which leads
to occurrence of an
electric charge output
from the piezoelectric
sensors on the
dynamometer

CNC Dynamometer

Charge
Amplifier

Voltage output from the
charge amplifier is
displayed in analog form for
validation

Oscilloscope

Cutting forces are
displayed and recorded
once voltage output
from the charge
amplifier is transformed
into appropriate digital
form

L

DAQ+PC

Figure 3.9: The detailed illustration of experimental setup
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Figure 3.10: Sample output screen of LabVIEW

In the calibration tests without chipping, the lower and upper limits of the cutting speeds were 90
and 140 [m/min]. The feedrate values were changed between 0.01 and 0.08 [mm/rev] with 0.01
[mm/rev] increments. Cutting force components were collected in two orthogonal directions (ie.,
tangential and feed directions) at the sampling rate of 6000 [Hz] in order to determine the average
friction angle, the shear flow stress and the edge force coefficients. Shear angle value was determined
from the chip ratios by using the formulation below:

§, r,.CoSOL, (3.12)

l-r1.sino,
where ¢, is the shear angle, r, =h/h_, h is the uncut chip thickness, h_ is the deformed chip

¢

thickness and o, is the rake angle. The calculation of average shear angle is shown in Table 3.1
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Table 3.1 Calculation of shear angle

3 Chip | Rake | Shear| Shear
| Ratio | Angle | Angle Angle
de [m/min] |1 h/hc | [rad] | [rad] kg
-14 90 001 ]0.003| 921 0.021 0.479 | -0.244 | 0.395 22.609
-14 90 0.02 |0.004 | 8.19 0.032 0.623 | -0.244 | 0.484 21322
-14 90 003 |0005| 894 0.035 0.854 | -0.244 | 0.602 34.476
-14 90 0.05 [0.008 | 10.19 0.047 1.060 | -0.244 | 0.686 39.299
-14 90
-14 90 Force signals could not be acquired because of micro chipping of the tool
-14 90
-14 140 0.01 ] 0.003 | 12.16 0.015 0.654 | -0.244 | 0.501 28.722
-14 140 0.02 | 0.005 | 20.00 0.016 1.248 |-0.244 | 0.749 42.926
-14 140 0.03 | 0.005| 11.18 0.029 1.046 |-0.244 | 0.681 39.016
-14 140 0.05 | 0.005 10 0.033 1.529 |-0.244 | 0.825 47.287
-14 140
-14 140 Force signals could not be acquired because of micro chipping of the tool
-14 140
35.257
-25 90 001 |10003| 1077 0.018 0.542 | -0.436 | 0.380 21.784
-25 90 002 |0.005| 13.10 0.025 0.801 | -0.436 | 0.497 28.483
-25 90 0.03 |0.004 | 10.83 0.025 1.207 |-0.436 | 0.627 35.916
-25 90 0.05 |0.008 | 13.47 0.037 1.347 |-0.436 | 0.661 37.881
-25 90 006 |0.015| 197 0.048 1.246 |-0.436 | 0.637 36.490
-25 90 0.07 [0.011| 14.48 0.046 1.506 | -0.436 | 0.695 39.829
-25 90 0.08 | 0.011| 16.06 0.044 1.806 |-0.436 | 0.748 42.867
-25 140 0.01 | 0.004 | 949 0.024 0.423 |-0.436 | 0.314 18.015
-25 140 0.02 [0.003| 6.50 0.030 0.676 | -0.436 | 0.445 25.479
-25 140 0.03 | 0.005| 16.43 0.020 1.508 |-0.436 | 0.696 39.849
-25 140 0.05 |0.009 | 15.68 0.036 1.374 | -0.436 | 0.667 38.234
-25 140 006 |0.013| 2253 0.037 1.622 [-0.436 | 0.717 41.096
-25 140 0.07 |0.006 | 9.95 0.039 1.811 |-0.436 | 0.749 42.914
-25 140 0.08 |0.008 | 15.69 0.031 2611 |-0.436 | 0.844 48.365
Average Shear
Angle =35.51

The force outputs of the system for various feedrate and cutting speed values are illustrated in
Figures 3.11-14. Typical variations of the cutting force components in the tangential and feed

directions for various feedrates are shown in Figures 3.15-18.
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Figure 3.11: Illustration of the measured cutting force values for the the cutting speed of 140 [m/min],

with the insert of -25 “rake angle and for the feedrate of a) 0.01 [mm/rev], b) 0.03 [mm/rev]|
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Figure 3.12: Illustration of the measured cutting force values for the cutting speed of 90 [m/min], with

the insert of -25 ° rake angle and for the feedrate of a) 0.03 [mm/rev], b) 0.06 [mm/rev]
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Figure 3.13: Illustration of the measured cutting force values for the cutting speed of 140 [m/min],

with the insert of -14 “ rake angle and for the feedrate of a) 0.02 [mm/rev], b) 0.05 [mm/rev]
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Figure 3.14: Illustration of the measured cutting force values for the cutting speed of 90 [m/min], with

the insert of -14 ° rake angle and for the feedrate of a) 0.03 [mm/rev], b) 0.05 [mm/rev]
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Calibration Tests with the rake angle of —25” and cutting Speed of 140 m/min.
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Figure 3.15: Measured cutting force values during the machining of 51CrV6 at the speed of 140

[m/min] with the insert of -25 ° rake angle.

Calibration Tests with the rake angle of -25” and cutting Speed of 90 m/min.
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Figure 3.16: Measured cutting force values during the machining of 51CrV6 at the speed of 90

[m/min] with the insert of -25 “ rake angle.
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Calibration tests with the rake angle of —14° and the cutting Speed of 140 m/min.
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Figure 3.17: Measured cutting force values during the machining of S1CrV6 at the speed of 140

[m/min] with the insert of -14 “ rake angle

Calibration tests with the rake angle of ~14° and the cutting Speed of 90 m/min.
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Figure 3.18: Measured cutting force values during the machining of 51CrV6 at the speed of 90

[m/min] with the insert of -14 “ rake angle
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The determination of cutting and edge force coefficients from the experimental force data is

summarized in Figure 3.19. From the orthogonal calibration tests, the values in Table 3.2 were

obtained.
- F [~ F=Kob*h+ (K. * b)
F:rclen[gN] first degree equation in the formof: Y = a*X+ b
o @]
©
K:*b
i —
0 J Uncut Chip
Thickness [mm]

Figure 3.19: Determination of cutting coefficients

Table 3.2: Orthogonal test results

Shear angle (¢, ) 35.57
Average friction angle (B, ) 12%

Average shear flow stres (1,) 973 [MPa]
Tangential force edge coefficient (K, ) 36.52 [N/mm]
Feed force edge coefficient (K, ) 72.76 [N/mm]

3.6 Validation Tests

After obtaining these values from the orthogonal calibration tests, simulations were run for various
cutting conditions. In the validation tests, the cutting speeds and radial depths of cut were set at the

values of 90, 120, 140 [m/min] and 60, 80, 100, 120 [ ], respectively. Seco CBN 10 with the insert

radius of 0.8 [mm] was utilized. The geometry of the insert was analyzed in a microscope and is
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shown in Figure 3.20. The chamfer angle of the insert was -20°. With the tool holder (Seco CTGPL
1616--11), the effective rake angle on the chamfered part of the insert became -26° and the side rake
angle was 0°. The length of the chamfer was 150 [p]. Considering the radial depths of cut given
above, it should be noted that all the experimental validations were performed in the chamfered region
of the insert. A typical set of measured cutting force data sampled at 6000 [Hz] is shown in Figure
3.21 for the radial depth of cut of 60 [u ], the cutting speed of 90 [m/min], and feedrate of 0.12

[mm/rev]. The validation results are shown in Figures 3.22-27 for the various cutting speeds and radial

depth of cut values
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Figure 3.20: Insert geometry of Seco DNGA 150608 S-L.1 CBN 10 used in the validation tests
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Figure 3.21: Illustration of the measured cutting force values for the depth of cut of 60 [ ], the cutting

speed of 90 [m/min] and for the feedrate of 0.12 [mm/rev]
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Cutting Speed = 90 [m/min]. Feedrate=0.12 [mm/rev]
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Figure 3.22: Comparison of the tangential, feed and radial components of the experimentally measured

and simulated cutting forces for the cutting speed of 90 [m/min], and feedrate of 0.12 [mm/rev]
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Figure 3.23: Comparison of the tangential, feed and radial components of the experimentally measured

and simulated cutting forces for the cutting speed of 120 [m/min], and feedrate of 0.12 [mm/rev].
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Cutting Speed = 140 [m/min]. Feecrate=0.12 [mmirev]
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Figure 3.24: Comparison of the tangential, feed and radial components of the experimentally measured

and simulated cutting forces for the cutting speed of 140 [m/min], and feedrate of 0.12 [mm/rev]

Cutting Speed = 90 [m/min], Feedrate=0.06 [mmirev]
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Figure 3.25: Comparison of the tangential, feed and radial components of the experimentally measured

and simulated cutting forces for the cutting speed of 90 [m/min], and feedrate of 0.06 [mm/rev]
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Cutting Speed = 120 [m/min], Feedrate=0.06 [mm/rav]
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Figure 3.26: Comparison of the tangential, feed and radial components of the experimentally measured

and simulated cutting forces for the cutting speed of 120 [m/min], and feedrate of 0.06 [mm/rev].

Cutting Speed = 140 [m/min], Feedrate=0.06 [mm/irev]
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Figure 3.27: Comparison of the tangential, feed and radial components of the experimentally measured

and simulated cutting forces for the cutting speed of 140 [m/min], and feedrate of 0.06 [mm/rev]
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In Figures 3.28 and 3.29 the force data is simulated for the chamfer angle of -26°, side rake angle
of 0° and the feedrate of 0.12 and 0.06 [mm/rev], respectively. It is observed that the tangential
cutting force predictions are matching well with the experimental measured values in all the cutting
conditions. Overall, components of radial and feed force predictions agree well with the trends of the
measured cutting forces with small magnitude discrepancies. The small differences in magnitudes may

be due to the fact that in the model based predictions only the average friction value was used, and
ploughing forces were assumed to be negligible.
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Figure 3.28: Comparison of the tangential, feed and radial components of the experimentally measured

and simulated cutting forces for the feedrate of 0.12 mm/rev.
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Figure 3.29: Comparison of the tangential, feed and radial components of the experimentally measured

and simulated cutting forces for the feedrate of 0.06 mm/rev.
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Chapter 4

DYNAMIC MODELING OF THE WORKPIECE AND MACHINE TOOL

4.1 Introduction

The development of a turning process model which is capable of predicting the dynamic cutting
forces, tool and workpiece deflections, and surface errors will enable more efficient selection of
cutting process parameters, such as feed, cutting speed, and cutting tool geometry. This research
develops a process model for prediction of dynamic cutting forces and surface errors in hard turning.
In addition, the research also focuses on analyzing the combined effects of tool geometry and
machining conditions on the process performance for more efficient and reliable process planning. A
generalized dynamic model for the turning process is formulated by adding the effects of dynamic
deflections in the cutting tool, on the chip thickness and depth of cut. Using the dynamic chip
thickness and depth of cut, dynamic chip load is calculated which is used to predict the dynamic

forces.
4.2 Dynamic Process Simulation Model

Dynamic system model utilized for the hard turning simulation is illustrated in Figure 4.1. The
input parameters of the dynamic process simulation model are the cutting speed, feedrate, depth of cut,
the diameter of the workpiece, and modal parameters. The modal parameters were measured
experimentally from the Frequency Response Functions of the system. The other input parameters are
determined by the user. Using the experimentally measured modal parameters, the transfer function of
the system is determined. The cutting forces are multiplied by the transfer function and the
instantaneous vibration values in both radial and feed directions are determined. These vibration
values affect the current tool position which consequently changes the dynamic chip load. Using the
new chip load, cutting forces are calculated and this process is repeated for each time step. Therefore,

tangential, radial, and feed forces are calculated at each time step.
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Figure 4.1: Dynamic system module

4.3 Identification of Structural Dynamic Parameters

Modal parameters of the system must be known in order to obtain instantaneous chip thickness
which is changing under the effect of vibrations generated. Therefore, using Frequency Response
Functions (FRF), stiffness, damping ratio, natural frequency and residues of the system can be
obtained.

The FRF describes how a system vibrates in response to different frequencies of excitation. The
FRF is a measurable function, and it can be used to compare and predict the performance of cutters
and machine tools. Whereas single degree of freedom systems have one natural frequency, multiple
degree of freedom systems have one natural frequency for each degree of freedom. Each natural
frequency has a corresponding characteristic deformation pattern (mode shape). Vibration in multiple
degree of freedom systems may be considered as a sum of vibrations in the individual modes.

A ERF can be further evaluated as real and imaginary parts, as shown in Figure 4.2. The equations
that lead to the generation of the real and imaginary graphs are also identified. The real part of the FRF
is used to calculate damping and the imaginary part is used to calculate stiffness of the system.

Using the FRFs of the system in radial and feed directions, modal parameters,® . and k are

evaluated for each mode as shown in the Figure 4.2




Chapter 4: Dynamic Modeling of the Workpiece and Machine Tool 35

. x10° FRF Real Part
Static
151 Sstiffness 1
1 4
— @
Z 05 r=1 r=—1|1
E Y o,
L i
é 05} Where 4
T ¢ = Damping Ratio
'1 I k = Stiffness g
15| @ = ExcitationFrequency
I @, = Natural Frequency
5 1000 20000 3000, 4000 5000
~ Frequency[Hz] o
i 10° ~ FRFImaginaryPart
. 05 ol -
. Z 1t |
E
c 2 :
o 2k&
= ]
G 4
s i
E o5 1
3 : . AN 4
3'50 ; 1000 2000 3000 4000 5000
S Frequency [Hz] ‘ e

Figure 4.2: Real and imaginary parts of FRF.
4.4 Transfer Functions of the Structure

A simple structure with a single degree of freedom system can be modeled by a combination of
mass[M], spring [K], and damping[C] elements. When an external force F(t) is exerted on the

structure, its governing equation of motion is described by the following differential equations in time,

and Laplace domains.
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In Time Domain:

[MIx() +[Cl(t) + [K]x(®) =F(t) (.1
In Laplace Domain:
s*[MIx® +s[chxe) + [KIX(s) = Fs) L
or,
g ) 1/m (4.3)

CES) s’ +200,5+ 0,

where h(s),®, kand { are the transfer function, natural frequency, modal stiffness, and damping

ratio of the system respectively. s* +24;m, s+ o, is the characteristic equation of the system that

has two complex conjugate roots,
s, =—Co, +jo, and 51, = —do gl

The transfer function can be expressed by its partial fraction expansion as,

Ly r _ o+ Ps 44

h(s) = =% 2
S—8; s-—s; s +20w s+w,

where the residue are:

. . ;
r=c+jv and r =o—jov

and the corresponding parameters are:

a=2(lw,0-n4v), p=2¢c.

The residues may have real and imaginary parts depending on the damping and the number of modes

of the system. However, the residues have distinct values for a SDOF system:

. 1/m r.__l/m e
2jwy, 2jwy 45
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Hence, the real part of the residues must be zero (¢ = 0and B=0) for SDOF systems.

In analytical methods of solving differential equations, the stiffness mass and damping matrices
are estimated from material properties, measured forces, and responses. The modal parameters of N
modes are then found by the solution of the classic eigenvector problem, and the differential equation
is solved in modal coordinates. The alternative approach is to directly fit modal parameters of N
modes to the experimental data. Therefore, using the experimental modal analysis method, transfer
functions of the structure along the radial and feed directions are obtained respectively in the Laplace

domain as,

gD s

E, (S)mmfers? +2§m S+

and (4.6)

b0 =25

BiE) st +2(;o) S+ @y

where Az and Ay are the displacements in the radial and feed directions respectively. N is the total
number of modes in the system, ®; , k;, and ; are the experimentally found natural frequency,

modal stiffness and damping ratio of the i mode, respectively.
4.5 Simulating the Dynamic Response of the Cutter and Workpiece in Time Domain
4.5.1 Time Domain Dynamic Model

Once the modal parameters and transfer function of the tool and workpiece system are identified,
the reaction of each structure to cutting forces can be simulated in the time domain.

A system may have many inputs and many outputs, and these may be interrelated in a complicated
manner. In order to analyze such a system, it is essential to reduce the complexity of mathematical
expressions, as well as to resort to computers for most of the tedious computations necessary in the
analysis. The state space approach to system is best suited from this viewpoint.

While conventional control theory is based on the input-output relationships or transfer function,
modern control theory is based on the description of system equations in terms of n first order

differential equations, which may be combined into a first order vector matrix differential equation.
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Many techniques are available for obtaining state-space representations of transfer-function
systems. In our model state-space representation in the observable canonical form is used. Consider a

system defined by

(n) (n-1) % (n) (n-1) .
y+a, y +..+a, ,y+a,y=by u+b, u +..+b, utb,u (4.7)

where u is the input and y is the output. This equation can also be written as

Y(s) bgs” +b;s"" +..+b, s+b, (4.8)
UGs) s"+a;s"'+..+a, s+a,

and in observable canonical form:

X1 0 0 AN =ar | b, —a b,
X2 0 —a,[x, b, —a, b,
= + u
A : : (4.9)
Fa 0 0 = |6 b, —a;b,
Xy
X2
y=[0 0 0 1] +b,u
Xy
X

If transfer function of our system in radial and feed directions is written in the form of Equation 4.9,

b,.b,;,a,, and a are found to be;

b, =0, /k;
=0
Bai (4.10)
a,, =20,
a, =°~’m‘2

where n equals to 2 for our SDOF system.
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By using the Equation 4.10 the transfer function of the workpiece-cutting tool system is converted

into observable state-space canonical form, in radial and feed directions respectively, for each mode

F“(t)} -y {Z“(‘)} 2" ki g ()
25 (1)] [1-2C0, | Z2(1) 0

Az(t) =z, (t)

o 2 2
[?““’J: 0-a, {yum% ou" /i e )
Vi) [1-2G0, [yu®] [0

Ay(t) =y, (1).

as:

(4.11)

where F,and F, are the force inputs in feed and radial directions. z and y are the displacement and

Az and Ay are the dynamic deflection values in feed and radial directions, respectively.

The fourth order Runge-Kutta equation is used in the numerical integration of the state-space
equation. The total radial and feed direction displacements of the tool are evaluated by summing the

vibrations contributed by all natural modes of the system.
4.5.2 Runge-Kutta 4® Order Integration Algorithm

The 4® order Runge-Kutta formula is by far one of the most common and most preferred
numerical integration algorithms. Consider the first part of Equation 4.9 which evaluates the
derivatives of x; to x, for each point. The force F in the turning process is a function of the cutting
conditions, and the relative position between the cutter and the workpiece, which is a function of the
position state variables y, to y, and of time,t. If these parameters are generalized, letting
v; (i=1,2,3,...) represent the state variables for all points on the structures, the time derivative of a

state v; is written as a function of time;

Vi =f'(t, vy, v,,)  121,2,3, .. (4.12)

The states at time step n +1 are evaluated based on the states at the previous time step n with the

following four stage set of equations:
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ky; =AtE(t,, Va5 Vo)

ko =Atf'(t, +At/2,v, +K3/2,v,, +k,,/2,.)
ks =Atf'(t, +At/2,vn7, + k2,! 12,9, ¥ ko5 [2,...)
ky; =ALf'(t, + At v, + Ky, V0, +Ky5,.)

(4.13)

v =V.

n+li

where i=1,2,3,...The last equation above is a weighted sum of the four stages of evaluation. It is
important to note that evaluating the function f' during the simulation actually requires several steps.

These states must first be converted to position by summing the modes.
4.6 Determination of Dynamic Cutting Forces

After calculating the dynamic displacement values in radial and feed directions by using the 4 ™
order Runge Kutta algorithm, dynamic cutting forces can be calculated. First of all, it is known that
instantaneous chip thickness is changing under the effect of vibrations generated at the present and
previous tool positions. The vibrations in the feed direction are parallel to the chip thickness whereas
the radial vibrations are perpendicular to them. Actual radial depth of cut is found to be;

a,=a+a (4.14)
where @ and @ are intended radial depth of cut and radial vibration amplitudes, respectively. Actual
uncut chip thickness along the feed direction is found to be;

B=c+ 3 (4.15)
where CTand T are intended uncut chip thickness and vibration amplitudes in feed direction,
respectively. After the actual radial depth of cut and uncut chip thickness values are obtained, current
dynamic chip load is calculated. And finally, by using the dynamic chip load values, dynamic cutting

forces in radial, feed and tangential directions are calculated.
4.7 Surface Roughness in Turning

Functional requirements and reliability of a machined part such as its load carrying capacity,
friction, wear and lubrication characteristics, corrosion resistance, and fatigue life are affected by the
surface finish of the machined part. Therefore, the relationship between the process parameters and the
resultant surface finish is very important in machining processes. The accuracy of the manufactured
part with respect to the dimensions specified by the designer determines the quality of the machined

surface. Every machining operation leaves characteristic marks on the machined surface. This
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evidence is in the form of finely spaced micro irregularities left by the cutting tool. Each type of
cutting tool leaves its own individual pattern, which is known as surface finish or surface roughness.
Roughness consists of surface irregularities which result from the various machining process. These
irregularities combine to form surface texture. Roughness height is the height of the irregularities with
respect to a reference line.

The combination of ideal roughness and natural roughness produced by a machining process ends
up with the resultant roughness. Ideal surface roughness is a function of only feed and geometry. It
represents the best possible finish which can be obtained for a given tool shape and feed. It can be
achieved only if the built-up-edge, chatter and inaccuracies in the machine tool movements are
eliminated completely. According to Armarego [58], the surface finish in turning operations is
depicted by the peak-to-valley height. The ideal surface roughness was represented by predictive
equations incorporating the feed, depth of cut and tool profile geometry such asy,,x,",andr. In
Figure 4.3 the general terms used in surface finish equations are shown. In Figure 4.4, the way of the

calculation of the surface roughness is briefly described.

{
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Figure 4.3: Ideal feed marks and peak to valley values, adopted from Armarego [58].

The calculation of the parameters in Figure 4.4 is shown in the following equations. The true area of
cut calculations can be found in Armarego [58] for further interested readers.

Depth Limits:

d, =r(l-cosk,")

dg =r.(l-siny )=r.(l-cosk,)
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Figure 4.4: Ideal feed and depth of cut limits, adopted from Armarego [58].
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Feed Limits and Coressponding Depth of Cut (d) Limits:
fou =22ad —~d?

= PR
f, =21.sink,

fup =v2rd—d? +r.sink, '+ cotx,'[d —r.(l—coswc,')]

_ r.[l —cos(k, — K,‘)]

s =
sinx;
fuz :M‘“T—M + [d —r(l—sin w,)].(cotK,H— tany )
sink,

Peak to Valley Height:

var? -f?
2

H,p =r.(1-cosk,") + f.cosx, 'sin K"—\/Z.f.r.si.n3 x,'—f2.sin®x,"

Hop =r-

- r.[cos(\u, -K,')—sin K,'—cosw,]+ f.sink, ".cosy,

H
= cos(y, —,")

In practice, it is not usually possible to achieve conditions such as those described above, and

normally the natural surface roughness forms a large proportion of the total roughness. One of the

main factors contributing to natural roughness is the occurrence of a built-up edge. Thus, larger the

built up edge, the rougher would be the surface produced, and factors tending to reduce chip-tool

friction and to eliminate or reduce the built-up edge would give improved surface finish.

Whenever two machined surfaces come in contact with one another, the quality of the mating parts

plays an important role in the performance and wear of the mating parts. The height, shape,

arrangement and direction of these surface irregularities on the workpiece depend upon a number of

factors such as cutting speed, feed, depth of cut, tool geometry (nose radius, rake angle, side cutting

edge angle), vibrations between workpiece and cutting tool, workpiece and tool material combination

and their mechanical properties, quality and type of the machine tool used.

4.8 Simulations

4.8.1 Cutting Force Simulations

The dynamic simulations were performed for the cutting speed values between 90 and 140 m/min,

and for the radial depths of cut between 0.06 and 0.12 mm. Feedrate was constant at 0.12 mm/rev for

all tests. Frequency response functions of the tool and turret system along the radial and feed
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directions were measured and they are shown in Figure 4.5 and Figure 4.6. From the measured
frequency response functions, modal parameters of the system were determined and they are presented
in Table 4.1. As observed in Table 4.1, the stiffness values at the natural frequencies of the system are
quite high. This is very much desirable in the hard turning process due to the fact that minimum
dynamic vibration is required. When simulations for the above cutting conditions were performed, it
was seen that the dynamic components of the cutting forces (Figure 4.7) are negligible if they are
compared with the static components of the cutting forces. However due to the static components of
the cutting forces, the static deflections coming from the dynamic model are between 0.3-0.5 microns

as seen in Figure 4.8. Dynamic vibration values which are also very small can be seen in Figure 4.9

Table 4.1: Modal parameters

Radial Direction

Mode o, [Hz] < k [N/m] Residue [m/N]
1 306 0.044 1.63E+08 9.62E-06

Feed Direction

Mode o, [Hz] ¢ k [N/m] Residue [m/N]
1 731 0.04787 2.96E+08 7.772E-06
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Figure 4.5: Frequency Response Function of the system in radial direction.
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Figure 4.6: Frequency Response Function of the system in feed direction
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Figure 4.7: Dynamic cutting force amplitudes.
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Figure 4.9: Vibration amplitudes.

4.8.2 Roughness Simulations

Roughness and waviness measurements were performed on the induction hardened 50CrV4
workpiece by using a perthometer. The machining operation was performed on Monfort 400 RNC
Plus CNC turning machine with a cutting speed value of 140 m/min, radial depth of cut of 0.2 mm and
feedrate of 0.08 mm/rev. The cutting inserts used in the calibrations were Seco CBN 10. The measured

surface profile of the workpiece is shown on Figure 4.10
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Figure 4.10: Workpiece surface

profile.

The profile shape for the first revolution is shown in Figure 4.11. The average profile depth was

measured to be 2 [u] from the Figure 4.11.
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Figure 4.11: Profile depth.

In order to find the total surface roughness, first of all ideal surface roughness was calculated by

using the formulations given in Section 4.3. Side cutting edge angle _ and end cutting edge angle k'

of the insert was found as 36.8° and 37.3°, respectively, as shown in Figure 4.12
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Figure 4.12: Prediction of side cutting edge angle  and end cutting edge angle ..

Depth of cut limits,dA and dB (Figure 4.4) were found to be 0.1636, and 0.3208 respectively.
Depth of cut, d, was equal to 0.2 mm, and feedrate, f, was equal to 0.08 mm. Thus,
dA < d <dB. Feed limit,F, , was found to be 0.9696 and since f < F, the corresponding type of cut
was found to be as Type 6. Peak to valley height was found to be as H, , which is 1 .

In order to find natural surface roughness, the dynamic simulations were performed for the same
cutting conditions. The forces in the radial, tangential and feed directions were calculated to be 89.2 N,
90.0 N and 25.1 N with dynamic components of 0.325 N, 0.45 N, and 0.05 N, respectively. The
amplitude of the static displacement in radial direction was found to be 0.55 p, while in feed direction
it was found to be 0.085 1 with dynamic vibration amplitudes of 0.007 pu and 0.00025 p , respectively.
When the static displacement value is summed up with the scallop height due to kinematics of the
process, a surface profile depth of 1.55p is calculated, which is very close to the experimentally

measured one.
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Chapter 5

TEMPERATURE PREDICTIONS IN HARD TURNING

5.1 Introduction

In this chapter, tool, chip, and workpiece temperature fields in hard turning operation are predicted
by using a numerical model based on finite difference metﬁod. Hard turning is studied by modeling
the heat transfer between tool, chip and workpiece. The shear energy created in the primary zone, the
friction energy produced at the rake face - chip contact zone, the heat balance between the moving
chip and stationary tool, and moving chip and workpiece are considered. The temperature distribution
is solved using finite difference method. The simulation results are in satisfactory agreement with

experimental temperature measurements reported in the literature.
5.2 The Heat Balance Equation

Based on the first law of thermodynamics, the energy conservation law, can be stated as: “The rate
at which thermal and mechanical energy enters to a control volume, plus the rate at which thermal
energy is generated within the control volume, minus the rate at which thermal and mechanical energy
leaves the control volume must equal to the rate of increase of energy stored within the control
volume”.

Ein +Egenem!ed 7Eom :Esmred G

The purpose of the heat conduction analysis is to determine temperature field based on given
boundary conditions in a medium. Let us assume a homogeneous medium and assume that
temperature field is expressed in Cartesian coordinates as T(x,y,z). Considering an infinitesimal
differential control volume, dx.dy.dz,as shown in Figure 5.1, if there are temperature gradients, the

heat conduction will occur. Let us assign q,,q,,andq, as the heat conduction rates which are

perpendicular to each control surface as shown in Figure 5.1. Using Taylor series expansion and
ignoring the higher order terms, heat flow rates in the three orthogonal directions can be written as

first order approximations:
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oq,
Qx+ax =9x + ox dx
aq
Qyeay =9y +Edy (5.2)

Qovtz =9z + agzz dz
The first line of the above equation can be interpreted as the statement of the heat conduction rate
at x +dx is equal to the value of this component at x plus the differential heat conduction changes
with respect to x .

Energy conversation equation can be rewritten as

. oT
dx +qy +qz+  gdxdydz ~Ax+dx ~9y+dy ~9z+dz =PCp dedydz (5.3)

HeatInput ~ Heat Generated Heat Output m
and in partial differential form:
aq 8q 8q ;
~——xdx—*dy Zdz+qudyclz=pc ﬂdxdydz 5.4)
ox ay 0z P &t
The heat conduction rates can be evaluated from the Fourier’s Heat Conduction Law,
ar
=—kdydz—
qx y ox
ay =—kdxdz 2 5.5
oy
oT
=—kdxdy —
qz L o

Therefore the heat balance equation becomes

aT or aT

akk—) 9k—) ak—)
2 % + oz +q= pcpaT (5.6)
o dy oz ot

Assuming that the heat conduction coefficient does not vary in the medium,

o 0 O e

o ot ok adt
5.7

where o is the thermal diffusivity defined as .8 1
P

Similar to the derivation procedure used for the Cartesian coordinates above, the heat balance, in

polar coordinates, will be defined using the control volume, dr,dy,dz, shown in Figure 5.1 and the

general form of the heat equation in Polar coordinates is obtained as following:

aTr
;5(1(;) aW(ka) az )+q P o (5.8)
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Heat diffusion in a differential
control volume

Polar coordiates
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Figure 5.1: Heat diffusion in differential control zones defined in Cartesian and Polar coordinates.

5.3 Finite Difference Form of the Heat Balance Equations

Although analytical formulations are available, and may be used for the solution of two

dimensional, steady-state conduction problems with simplified geometry and boundary conditions, in

general, it is not always practical and even possible to apply analytical techniques to the complicated

geometries and boundary conditions. In these cases, numerical techniques such as finite-difference,

finite-element or boundary element methods can be quite profound. In our model, finite difference

method is used.

In the analytical formulations and solutions of heat transfer problems, temperature fields are

continuous. In the finite difference form formulation of the problem, the medium is subdivided into

small regions as shown in Figure 5.2. These small regions or discrete elements are called meshes,

grids or nodal networks.
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Figure 5.2: lllustration of nodal network in 2-D control volume and finite difference approximation

The positions of the nodal points are denoted by x and y in the local medium coordinates, and

indices of the nodal points are represented by mand n along these axes, respectively. If the medium

is divided into small meshes with sizes of Ax and Ay along the x and y directions, respectively, then

the following approximations of the partial derivatives can be found for two-dimensional medium,

ar T -T

2| —_mn m-1,n
Xt Ax

5
aT| N s =
ox T Ax

i
m+—.n
2

The second partial derivatives for the internal nodes can be written as,
an -
ox ox

N Ax

o'T
ox?

m+l/2,n m-1/2,n

m,n

By substituting Equation 5.9 into the Equation 5.10 leads to:

aZT 5 Tm+1,n +Tm Ln ’ZTm no_ T(x+'\’(_\’) +Tu—\x,\) S 2'1‘(\.»')

Ax? Ax?

x|

X,y

Similarly, the second partial derivative with respective to y can be determined as,

(5.9)

(5.10)

(3.0
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2T, T + Tiy-a = 2Ty

mn _ L (x,y+Ay)

Ay? Ay*

ot

ayl

The above derivations were for Cartesian coordinates. In a similar fashion, the following results can be

mn-l

Tm,n+] + 1

(5.12)

X,y

determined in terms of Polar coordinate parameters,

’T . Trarw) + Tumarw) = 2Ty
2 2
or = Ar
lor|  _ Terar) + Temary = 2Ty (5.13)
1 el 2rAr
A e I )
2 oy’ - r2Ay?

5.4 Heat Generated in the Primary and Secondary Zones

In the temperature field predictions for the chip, tool and workpiece, which are based on the finite
difference method utilized for hard turning operations, it is assumed that the process has orthogonal
cutting geometry and the chip is sheared from the blank at an infinitely thin shear plane (i.e. primary
deformation zone)(Figure 5.3). The chip slides on the rake face (i.e. secondary deformation zone) with

a constant average friction coefficient.

Chij
p “Vc

Workpiece

Secondary zone

Primary zone

C
L

Tertiary zone /

Figure 5.3: Orthogonal cutting geometry and deformation zones, adopted from Altintas [57].
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Heat generated per unit depth of cut in the primary and secondary zones are given as follows,
respectively, [57]
. th.V,, .cos(a,
Q,=FEV, :.__wh(._)_
sin(¢,, )cos(¢, —o,) (5.14)
. th.V,, .sin(B,)
Q¢ =KV,

" cos(b, + B, —a,)sin(d, —a,)

where F,,F;,V,,,V, and V_are the shear force in the shear plane, the frictional force between the tool

rake face and the chip contact zone, the cutting velocity, the cutting velocity component along the
shear plane and the cutting velocity component along the rake face, respectively. t,¢,,0, and B, are
the shear stress in the shear plane, shear angle, normal rake angle and normal friction angle,
respectively. h is the instantaneous uncut chip thickness ( h =feed per revolution for turning).

The average temperature rise of the chip per unit depth of cut due to the shearing is determined by

Oxley's energy partition function [29]

AT=Q,(1-7)/pe, hV,) (5.15)
where p and c_are the mass density and specific heat capacity of the chip, respectively. y represents
the proportion of the shearing flux entering into the workpiece, and is defined by:

x=0.5-035log,, (R, tan($,)) for 0.004<R,.tan(¢,)<10 (5.16)

x=0.5-0.15log,(R,,tan($,)) for R,.tan($,)>10

where R, =h.V,, /{is the thermal number. £ is the thermal diffusivity defined as k /(p.c) in which
k,p,c represent conductivity, mass density and specific heat capacity of medium, respectively.
The average temperature rise on the shear plane is used as a boundary condition at Point D in Figure

5.4, and the heat generated in the primary and secondary zones are used as heat sources in solving the

temperature distribution within the tool, chip and workpiece as presented in the following section.
5.5 Chip Temperature Model

The chip can be considered as a medium which is in quasi-static thermal equilibrium during an
infinitesimal time. By considering orthogonal cutting (Figure 5.3), with two-dimensional heat flow
and one-dimensional mass transfer, the heat balance equation for the discrete chip zone can be written

in the finite difference form in Cartesian coordinates as the following ,
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Figure 5.4: Illustration of chip, tool and workpiece meshing,
'1;(,(+6x,y)+Tc(x—3x,y)—2Tc(x,y)+Tc(x,y+6y)+Tb(x,yAay)~2Tc(x,y) (5.17)

'S 3y’

where Q.

p.c. aT,
+ ) =—=Vo—
Q.(x.y) T Vo

©

conductivity and specific heat capacity of the chip, respectively.

.. k,,c, are also the energy generation rate per unit area in the differential chip zone, thermal

The chip geometry must be meshed into small discrete elements for the finite difference solution of

the chip temperature field and the equilibrium equation above needs to be written for each nodal point

of the chip. The aspect ratio of the mesh can be unity to simplify the solutions, 8x = dy

In the equilibrium equation (Equation 5.17), the heat flow into the differential chip control zone

(Q,) from the frictional heat source can be localized for cach node along the chip-tool contact length

as:

Qi =(1-B)).Q; dx/l k. if andonly if ISi<N_+1

(5.18)
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where B; represents the proportion of the frictional heat flowing into the tool at the i nodal point and

it is unknown, initially. Q,l,, and N are the frictional heat generation rate, chip tool contact length

and number of grids along the x axis, respectively. It should be noticed that a uniform heat generation
was considered along the chip-tool contact length. The internal nodes (all nodes other

thanl1<i<N, +1) will physically have no heat generation input. Therefore, ¢ <y Will be zero for all

these nodes. Equilibrium equations for all of the nodes of the chip can be written as shown in Equation
5.17, and all these equilibrium equations can be collected in a compact matrix form, and therefore, the
temperature of each nodal point in the chip nodal network corresponds to a value in the chip

temperature array { T, }can be determined as:

[AL{T}={C} - {T}=[AI"{C} (5.19)

where [A] is the square coefficient matrix determined from Equation 5.17, {T,}is the chip
temperature array with size of (N, +1)(N +1) (where N, is the number of meshes along the y axis

as shown in Figure 5.4), and {C} is the heat generation array. Writing the equilibrium equation for

each nodal point (1<i<(N, +1).(N, +1)) leads to the following elements of coefficient matrix, [ A ],

and heat generation array, {C };

For Node at Point O:

AGLD)=-LA®LI+1)=2/G;A(,N, +2)=2/G; C(i)=—Q,(i)/G;

For Nodes between Points O and A:

AGD)=-LAGLI+D)=0-H)/G;AGi-1)=(+H)/G;AGi+N, +1)=2/G;C(H)=—0Q,({)/G;

For Node at Point A:

AGLD)=-LAGI-1)=2/G;AGi+N, +1)=2/G;C(i)=-Q,(i)/G;

For Nodes between Points A and C:
A(LD)=-LAGLI-1)=2/G;AG,i+ N, +1)=1/G; A(i,i—N, -1)=1/G;C(i))=0;
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For Node at Point C:
AGD)=-LAGi-1)=2/G;AGLi-N, -1)=2/G;C(>i)=0;

For Nodes between Points C and D:
AGD=-LAGLI+)=01-H)/GAGi-1)=1+H)/G;A®,i—N, -1)=2/G;C(®i)=0;

For Node at Point D:
A1) =0;A®i+1)=2/G;A(lL,i—N, =1)=2/G;C(i) = Tpy ;

For Nodes between D and O:
A@D=-1A®Gi+1)=2/G;A(,i+N, +1)=1/G;A®i,i—N, -1)=1/G;C(i)=0;

For Internal Grids:
A@LD=-LAGI+)=01-H)/GAGLI-)=(1+H)/G;A®1,i+N, +1)=1/G;A(1,i—-N, -1)=1/G;
C(i)=0;

[;.(;SX; G=4; Ty =T;roorn+ﬁ.

w

where H=

It should be noticed that point D is on the shear plane and its temperature is to be set as initial
workpiece temperature plus the average temperature increment, (Zf), (defined in Equation 5.15), due

to shearing.
5.6 Tool Temperature Model

Whereas Cartesian coordinates are used for the chip, applying polar coordinates to the tool is
advantageous due to the mathematical accuracy and its convenience in the computational
implementation of the model. The heat transfer equilibrium equations for the control zone around the

tool nodal points can be written in the finite difference form in polar coordinates as the following;

Doy Phessiny = ety = Tiresey — Liceses % Tiitwi T Titew59—2T

t(r,w) -
+Q, =0 (5.20)
&r? 2rér r28y? Q‘

where T, represents the tool temperature field, r is the radial distance between the nodal point in

concern and the tool tip shown as point O in Figure 5.4, and y is the angular position of the nodal
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point. k, and Q‘ denote the tool thermal conductivity and heat generation rate per unit area in the

control zone, respectively.

The frictional heat flow rate into the tool is given by

Quiy = (B;.Q; 8x)/1,, k, if andonlyif 1<i<N, +1 (521)

Similar to the chip heat balance equations, the equilibrium equations for all nodal points of the tool
can be written and collected in a compact form, and therefore, the tool temperature distribution can be
determined from

[D}{T}={E} — (T,}=[D]".{E} (5.22)

where [D] is the square coefficient matrix determined from Equation 528, {T,} is the tool
temperature array, { E } is the heat generation array for the tool.
If the same procedure defined in Cartesian coordinates is followed and the finite difference
equilibrium equation of the tool (Equation 5.20) is written for each nodal point of the tool in Polar

coordinates, to the following elements of coefficient matrix, [A], and heat generation array, {C} is

obtained;
For Nodes between Points O and A:
D(i,i)=Cy; D@,i+1)=C,; D(i,i—1)=C,; D(,i+s—2) =2.C4E@ :Q,(i).Cé 7

For Nodes between Points A and R:

D(i,i)=C;; D@,i+1)=C,; D@i,i-1)=C,; D@,i+5-2)=C, +C,; E())=0;
For Nodes at Point R:

D(,i)=C;; D@,i~1)=Cjy; D(i,i+s-2)=C, + Cs; E(i)=—C,.T_back;
where T_back =T _room .

For Nodes between Points R and W:

D(i —kk,i~kk)=C,; D(i - kk,i—kk —1)=C,; D(i—kk,i—kk—s+2)=C4;D(i—kk,i—kk+s—2):C5;
E(i —kk)=—-C,.T _back;
where kk = floor((i —1) /(s —1))

For Nodes between Points P and T:

D(i — K, i~kk)=C,; D(i~kk,i—~kk +1)=C,; D(i~kk,1) = C;;D(i - kk, (kk +1).(s—2) +2) =C,;
D(i - kk, (kk —1).(s — 2) + 2) = C;; E(i — kk) = 0;
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For Node at Point T:

D(i - kk,i—kk) = C,; D(i - kk,i—kk +1)=C,; D(i —kk,]) = C;; D(i —kk,i—kk —s + 2) =C, +Cs;
E(i - kk)=0;

For Nodes between T and W:
D(i—kk,i—kk)=C,; D(i—kk,i—kk +1)=C,; D(i —kk,i—kk —1)=Cy;D(i —kk,i —kk —s +2) =C, +Cys
E(i—kk)=0;

For Node at Point W:
D(i — kk,i—kk)=C,; D(i—kk,i—kk —1)=C,; D(i —kk,i—kk —s+2)=C, + C5;E(i —kk) =—C,.T _ back;

For Node at Point O:
D(i,i) =—(N, +1)/8r*; D(i,2:5—1:N (s 1) +2) =1/8r*; E(i) = q,(1)C;;
For Internal Nodes:
D(i — kk,i—kk)=Cy; D(i—kk,i—kk +1)=C,; D(i —kk,i—kk —1)=C;D(i —kk,i —kk +s—2)=C,;
D(i-kk,i—kk —s+2)=C;; E(i—kk)=0;
where
C,=-2
_ Q@ +0n).(r .5\4/2).
- 2.5, Sy? +8r2) '
(2x, =801 3y)
22 eyt +ort)
— 51'2 .
T2 syl +6r%)
C.=Cy;
_ r,.drdy )
8= 2.(ri2.6\112 +5r2)’
_ 5’ By
T erloy? +or?)

G,
c

Cy

or, 8y are the grid lengths in radial and angular directions, respectively, and r is the distance of the i"
node to the tool tip point.

In the above equations besides the tool and chip temperature distribution, the partitions of the heat
(B;) at the nodal points along the chip workpiece contact length are not known initially. Therefore, an
iterative process is required for the computation. Initial values between 0 and 1 can be assigned for the
heat partition at each nodal point. The tool and chip temperature fields can be determined based on the

initial assignment of B;. After solving the chip and tool heat balance equations (Equation 5.17,
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Equation 5.20), if temperatures of the corresponding tool and chip nodal points, at which tool and chip
are in contact, are different than each other, then the heat partition value for the corresponding nodal
points needs to be modified. The following formulation can be employed for the partition
modification,

(T,(1:N, +1)~T,(1:N, +1))
(T,(:N, +D+T,(1:N, +1))
2

dB,(I:N, +1)=

(523)

Essentially, the above equation is comparing the difference between the chip and tool temperatures
at every nodal point, at which chip and tool is in contact, with their average temperature. If maximum
of dB; is greater than a certain predefined percentage (for instance %1), then the new heat partition
value for the corresponding node can be assigned as B; =B, +dB;.

With this new heat partition, the finite difference equations for the chip, and tool are resolved, and
new dB, is determined. The new partition should allow the temperature fields of tool and chip at the
contact region to converge each other. This iterative solution will continue until maximum of

dB; reaches to a predefined satisfactory low level. Thus, at the end of the iterative solution, the

temperature fields of the tool and chip can be determined from {Tt } § {Tc }

5.7 Workpiece Temperature Model

Considering the geometry of the system, a first order approximation can be done and the
workpiece can be assumed as a rectangular body. Therefore; cartesian coordinates can be applied to
the workpiece. Similar to chip heat balance equations, the equilibrium equations for all nodal points of
the workpiece can be written and collected in a compact form. Workpiece temperature distribution can

be determined from

Rt }=[s]- {1, }=[R]"[s] (5.24)

where R is the square coefficient matrix determined by using Equation 5.17 for the corresponding
regions, { T, } is the workpiece temperature array, {S }is the heat generation array for the workpiece.
The heat conducted into the work material can be found by using Oxley’s energy partition function
which is previously explained in Equation 5.15.

Temperatures of the nodes between points D’ and O’ are the same as the temperatures of the nodes
between points D and O, because they are infect the same nodes. Therefore the simulation starts from

the point O'.
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For Node at Point O":
R@,i)=-1; RG,i+1)=(1-H)/G; R@,i+ 2N, +1)=2/G; Q@)=-(1+H)/G.T.(1);

For Nodes between Point O" and K:
R@,1)=-1 R@4,i+1)=(1-H)/G; R(i,iv]):(l+H)/G;R(i,i+2Ny +1)=2/G; Q(1)=0;

For Node at Point K:
R@,1)=-1 R(@,i—1)=2/G; R(@,i+2N, +1)=2/G; Q(i)=0;

For Node at Point F:
R@,i)=-1; R(1,i+1)=2/G; R(1,i+ 2N, +1)=1/G; Q(i)=-1/G.Te((N, + D.2N, +1-i)+1);

For Nodes between Point F and G:
R(@,i)=-1; R(L,i+1)=(1-H)/G; R(i,i-1)=(1+H)/G;R(i,i+2N, +1)=1/G;
Qi) =-1/G.Te((N, + D.2N, +1-i)+1);

For Nodes between Point K and L:
R(,i)=-1; R{ti=11=2/G; R(,i+2N, +1D)=1/G;R@Li-2N, ~1)=1/G;Q(i) = 0;

For Nodes between Point D' and M
R(@,i)=-1; R(4,i+1)=2/G; R(@,i+2N, +1)=1/G;R(@,i-2N, -1)=1/G;Q(i) = 0;

For Nodes between Point M and L:
R@,1)=-1; RG,i+1)=(1-H)/G; R(i,i—l):(l+H)/G;R(i,i—2Ny -1)=1/G; Q@{)=-1/G.T _room;

For Node at Point L:
R(,i)=-1; R(i,i-1)=2/G;R(i,i —2N, ~1)=2/G; Q(i)=-1/G.T _room;

For Internal Nodes:
R@G,1)=-1; R(i,i+1):(1—H)/G;R(i,i—1)=(1+H)/G;R(i,i—2Ny -D)=1/G; R(i,i+2Ny +1)=1/G;
Q@) =0.
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5.8 Simulations and Experimental Results

Besides the cutting forces, the temperature fields for tool, chip, and workpiece were also predicted
using the finite difference model, and average rake face temperatures were experimentally measured.
The hardware used in the thermal measurements was the Fire-1 Fiber-optic Ratio Pyrometer with the
smallest available fiber diameter of 0.4 [mm]. The temperature measurement set up is shown in Figure
5.5. In Figure 5.6 the principle of workpiece oriented temperature measurement is shown. A fused
silica fiber is used to transmit the radiation to the pyrometer from measuring positions with limited
optical access. The two-color principle allows accurate measurements of absolute temperatures of
surfaces with unknown emissivities if the assumption of a gray body behavior at the measurement
wavelengths is valid. The minimum temperature which can be measured with the pyrometer is limited
due to the small radiation energy at low temperatures given by Planck’s law, the emissivity of the
body and the size of measurement area. At present temperatures of low emissivity metallic surfaces
with sizes of 0.4 mm can be measured down to 250 °C.

The measurement of temperatures with a high time resolution is possible with infrared radiation
techniques. The electromagnetic radiation emitted by a surface is measured and the temperature is
evaluated by applying a calibration function. The relationship between the radiant energy and the
temperature of a surface is expressed by Planck’s law. The temperature of a surface T can be
calculated from the measured emissive power E at a specified wavelength if the spectral emissivity of

the surface is known,

h.co2 2n

B=s, e (5.25)

where h is Planck’s constant, ¢ is the speed of light in vacuum, k is the Boltzmann constant, A is
wavelength, €, is emissivity at specific wavelength.

The infrared radiation which was emitted from the chip on the rake face was collected by the
quartz fiber and transmitted to the pyrometer. Different fibers with diameters up to 0.1 [mm] could be
used with the pyrometer. Quartz fibers have the advantages of high operating temperatures, high
mechanical strength and small bend radii as required in machining operations. A damaged surface of a
fiber can be re-polished very easily. The radiation was collimated inside the pyrometer housing with a
lens and passes a dichroic beam-splitter which reflects more than 95 % of the radiation with a
wavelength shorter than 1.76 [mm] and transmits more than 85 % with a wavelength longer than 1.95
[mm]. The interference filters had center wavelengths of 1.7 and 2.0 [mm)], respectively. After passing
the filters, the radiation was focused on the detectors with two lenses. These detectors had a two-stage
Peltierelement, which cools them down to a temperature of -40 °C. The cooling reduced the detector

noise which is necessary for the measurement of low temperatures. The signals of the detectors were
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amplified by variable gain low noise amplifiers. The gain was adjustable from 104 to 1011 [V/A] and
the maximum bandwidth was 500 [kHz]. This means that a maximum time resolution of 2 [ms] was
possible if an appropriate data acquisition is used.

The pyrometer Fire-1 has the unique advantages to measure accurate absolute temperatures of
surfaces with unknown and varying emissivities. The chip is subject to a heat treatment during the
cutting process and so a calibration of the pyrometer at the chip surface is not possible because the
emissivity of the chip surface will change during the cutting process. The spectral surface emissivity
during the experiment is unknown which means that no exact absolute temperature can be evaluated
with a monochromatic pyrometer or a standard infrared camera. The concept of the two-color
pyrometer was used to minimize the influence of the emissivity on the measured temperature. The
infrared radiation was measured at two different wavelengths and the ratio of both signals was applied

to evaluate the temperature

T, = L e,

¥ 0
Cli—
Z(M 7»2)

(5.26)

he, . -
where C, = TO is Planck’s second radiation constant. It can be seen that the calculated temperature

Ty is independent of the emissivity if the spectral emissivities €, =&(X,) and €, =&(A,)are equal at
the measurement wavelengths A, and A, (gray body behavior). In order to fulfill this assumption for

different surfaces, the wavelengths were located close together and the wavelength bands are narrow.

In Figure 5.7, the way of placing the fiber optic in to the tool, which was a standard CBN 10, is shown.
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Figure 5.5: Temperature measurement set up.
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Figure 5.6: Principle of workpiece oriented temperature measurement
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Figure 5.7: Placing of fiber optic into hard metal tip.

In this test feedrate, depth of cut, cutting speed values are 0.10 [mm/rev], 0.2 [mm], 120 [m/min],
respectively. Workpiece had thermal conductivity of 42.6 Watt/m K, density of 7800 kg/m® and heat
capacity of 480 J/kg.C. Tool had thermal conductivity of 43 Watt/m K, density of 4350 kg/m’ and heat
capacity of 1180 J/kg.C. The rake and clearance angles were -20° and 5° respectively. For the finite
difference solution, Ny, Ny, N, and N, were set to 8, 24, 8 and 16 respectively. Based on the finite
difference model presented above, the predicted average temperature on the rake face was 753 °C and
the mean value of the fiber-optic temperature measurement was 725 °C with a standard deviation of
27.5 °C. The experimental temperature measurements are shown in Figure 5.8. And in Figure 5.9 the
distribution of temperature measurements are shown. The predicted tool, chip and workpiece

temperature fields for these conditions are shown in Figures 5.10-12
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Figure 5.8: Measured temperature results.
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Figure 5.13: Simulation of chip, tool and workpiece temperatures.

Simulations were performed for different rake angle and cutting speed values. Rake face

temperature measurements for different rake angle and cutting speed values are shown in Figure 5.14.

In Simulation 2, cutting speed is increased to 150 m/min and all other simulation conditions are kept

the same as the ones used in Simulation 1. The tool, workpiece, and chip temperature fields created in

Simulation 2 are shown in Figures 5.15-17. In Simulation 3, rake angle value is chosen as -15° and all

the other cutting conditions including cutting velocity are same as the ones used in Simulation 1. The

tool, chip, and workpiece temperature fields created in Simulation 3 are shown in Figures 5.18-20. In

order to determine the effect of the velocity increase to the temperature ficld, rake face temperature

variation is plotted for Simulation 1 and Simulation 2. The effect of the increase in cutting speed to the

rake face temperature can be seen in Figure 5.21. The effect of the change in rake angle to the rake

face temperature can be seen in Figure 5.22. Table 5.1 summarizes the cutting conditions used in

simulations.
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Table 5.1: Simulation conditions
Simulation 1 Simulation 2 Simulation 3
51 Cr V4 (68 51 CrV4 (68 51 CrV4 (68
Workpiece HRC) HRC) HRC)
Insert SECO CBN 10 SECO CBN 10 SECO CBN 10
Cutting Speed 120 m/min 150 m/min 120 m/min
Feedrate 0.10 mm/rev 0.10 mm/rev 0.10 mm/rev
N, 24 24 24
Ny 8 8 8
N, 8 8 8
Np 16 16 16
Rake angle -20 -20 -15
Clearance angle 5 § 5
Workpiece thermal conductivity 42.6 Watt/m.K 42.6 Watt/m.K | 42.6 Watt/m K
Workpiece density 7800 kg/m’ 7800 kg/m’ 7800 kg/m’
Workpiece heat capacity 480 J/kg C 480 J/kg.C 480 J/kg.C
Tool thermal conductivity 43 Watt/m.K 43 Watt/m.K 43Watt/m.K
Tool density 4350kg/m’ 4350kg/m’ 4350kg/m’
Tool heat capacity 1180 J/kg.C 1180 J/kg.C 1180 J/kg.C
300 ) |
® chamfer -20° | ) |
780 { @ chamfer -157} o ‘
L 7e0 150 m/min ]
@ 120 mimin -
S 740
£
g ™% | 180 mmin
E 700 ————t50mim ITI“
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Figure 5.14: Rake face temperature measurements



Chapter 5: Temperature Predictions in Hard Turning 70

x10™ Contour of Chip Temperature

“
G CHIP TEMPERATURE

N
o

~
o
o8 —

~
)
B

=3
@

Distance Along Tool-Chip Interface [m]
P

Distance Along Tool-Chip Interface [m]
- w
&
A e
e e
o
—_—

o
o @
[=#

s

15 - 06 1 2 -1 0 1

05
Distance Along Chip Thickness [m] | Distance Along Chip Thickness [m] 4

Figure 5.15: Chip temperature field for cutting speed of 150 m/min and rake angle of -20°.

410" Tool Temperature Distribution %10 Tool Temperature Contour

IS o

w

490y,
;llly
n

gy
3

g
05

e
2
L
2

SR

S

Distance Along Tool-Chip Interface y [m]

Distance Along Tool-Chip Interface [m]

S |, e, |
0 2 4 6 - 0 1 2 3 4 5
Distance Along Chip Thickness x [m]x 10" Distance Along Chip Thickness [m] 1o

Figure 5.16: Tool temperature field for cutting speed of 150 m/min and rake angle of -20°.

5
Workplece Temperature x 10 Contour of Warkpl'ac/airempsraluro
616 /
a0 0.2 6AB
04
00 06 =
08 412
1400 4
E _— 3
b 12
14 Spese—
27
oo qml e L e
209
‘ 18 A 198 _.,———f—j
. 100 )
0 5 10 186 5 0 10 20
[m] x10 [m] x10°

Figure 5.17: Workpiece temperature field for cutting speed of 150 m/min and rake angle of -20°.



Chapter 5: Temperature Predictions in Hard Turning

7

Tk CHIP TEMPERATURE

20
£
® 0
H
g 1580
s
g {560
g2
S 40
8
2 20
@
5 00
<1
s 480
§
.§ 460
(=]

40

0
-1 0 1
Distance Along Chip Thickness [m] ;¢

Contour of Chip Temperature
T -

) ©

Distance Along Tool-Chip Interface [m]

25 2

ErDE 5 0 05 1 15

. .5
Distance Along Chip Thickness [m] v10™

.,
-
s

| _—

e ~

Figure 5.18: Chip femperature field for cutting speed of 120 m/min and rake angle of -15°

Tool Temperature Distribution

0
x10
g

S )

Distance Along Tool-Chip Interface y [m]
~

o

% 8

0 2 4 6
Distance Along Chip Thickness x [m] 4

x10* Tool Temperature Contour
E
8
£
s
£
=
3
3
2
3
£
2
Ed
®
S
=
=
a
.
-1 0 2 3 4 5 6
Distance Along Chip Thickness [m] 10"

Figure 5.19: Tool temperature field for cutting

speed of 120 m/min and rake angle of -15°,

x10” Contour of Workpiece Temperature

T

A U8
201
W/,_::\
2 162
il e
0 1 2
[m] &

x10

Figure 5.20: Chip temperature field for cutting

speed of 120 m/min and rake angle of -15°.



Chapter 5: Temperature Predictions in Hard Turning 72

Rake Face Temperature from Tool Tip Rake Face Temperature from Tool Tip

900 1000(

800 900
{5 o)
< 700 . 800
® 3
3 2 700
£ o0 -
a 2 600
E 500 E
& F 500
g w0 :
= & 400
© ©
E 300 Z’ 300
3 200 T 200
2 [

100 J 100

7, I Sa— e = ol . \
0 4 6 0 2 4 6
Distance from Tool Tip [m] %10 Distance from Tool Tip [m] x10"

Figure 5.21: Rake face temperature for the rake angle of -20° and cutting speed of a) 120 m/min,

b) 150 m/min.

Rake Face Temperature from Tool Tip Rake Face Temperature from Tool Tip
900—— R e T
L 5o
2700 <
5 £ 500
% 600 &
2 2
£ 500 2 400
5 §
- =
S 400 3 300
£ £
£ 300 £
Z & 200
3 200 3
o o
e " 100
100
% 2 4 [ % 3 4 6 8
Distance from Tool Tip [m] % 10 Distance from Tool Tip [m] ot
Figure 5.22: Rake face temperature for the cutting speed of 120 m/min and the rake angle of a) -20°,
b) -15°

Average rake face temperature for the cutting speed of 120 m/min and the rake angle of -15° was
found to be 658 °C which is very close to the temperature obtained in temperature measurements, in
Figure 5.14. Average rake face temperature for the cutting speed of 150 m/min and the rake angle of
20° was found to be 828 °C which is also very close to the one obtained in temperature measurements.

Morcover, it has been seen that when you increase the cutting speed, the temperature on the rake
face increases. This is an expected result. Moreover; the decrease in the absolute value of the rake
angle causes the temperature to decrease on the rake face. In other words, if a tool with a bigger rake
angle is used, the temperature on the rake face increases.

The simulations were performed on various materials in order validate that our model is working

on different cutting conditions and materials.
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Stephenson and Ali [38] measured temperature during the continuous turning of Al2024-T351
tubes by using a tool-chip thermocouple method. The tool was standard C2 WC tool. The first set of
the experimental tests was performed by continuous cutting and the average measured temperature
was 280 °C. In this test, cutting speed, feed per revolution, cutting force, feed force and cut chip
thickness were 1.36 m/s, 0.165 mm, 573 N, 329 N and 0.333 mm. The width of cut was 2.54 mm. The
rake and inclination angles were zero. Based on the previous experiments, they assumed that the chip-
tool contact length was given to be 1.5 times the cut chip thickness. Simulation was performed for this
cutting conditions using workpiece conductivity, density and thermal capacity of 177 W/ (m.K), 2700
kg/m®, 613 J/(kg-C), respectively, for Al2024-T351. Tool conductivity, density and thermal capacity
were 28.4 W/m-K, 11100 kg/m?, 276 J/(kg-C), respectively. The shear angle was determined from the
chip ratio as 26.4°. The friction angle was determined as 29.8° from the measured cutting and feed
force values. The temperature rise due to the shear was calculated as 215 °C from Equation 5.15. For
the finite difference solution, Ny, N, and dB_,  were set to 10, 8 and 3%, respectively. The predicted
steady-state average temperature was found to be 283 °C, which is very close to 280 °C measured by
Stephenson and Ali. The results of their temperature measurements are shown in Figure 5.23. The
temperature fields of the chip, tool, and workpiece are illustrated in Figures 5.24-26. The maximum
tool temperature is predicted to be about 370 °C and it occurs at about 0.4 mm away from the cutting

edge. The total chip contact length is about 0.525 mm, and the uncut chip thickness is about 0.165

mim.
o -
Caiculated
30 4
e P M g
o~ 230 o
'g'_’, Maasured
£ o0 -
2
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40 -
° - - - - - - -
'3 1322 T34 138 138 14
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Figure 5.23: Al12024 average rake face temperature measurement, adopted from Stephenson and
Ali [38].
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Thus, in order to simulate temperature generated in hard turning operation, instead of using
complex analytical methods or finite element methods, which require accurate representation of
material’s constitutive properties during machining, using the finite difference method is more
advantageous since finite difference models are easier to code and usually solve faster. The time spent
to coding is usually longer and a bigger source of error than the time spent to running, so naturally a
simpler approach to discretization is a good thing. On a uniform rectangular mesh, it is hard to beat

finite difference approximations for simplicity
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Chapter 6

CONCLUSION

The objective of the thesis is to analyze the mechanical and thermal aspects of the hard turning
process in detail. First of all, a mechanistic approach was proposed for predicting cutting forces in
hard turning process. Calibration process was performed for finding cutting force coefficients used in
differential chip load and differential cutting force calculation. After differential cutting forces were
calculated they were transformed into the measurement coordinate frame and integrated. In the last
step of cutting force model the predicted cutting forces were compared with the experimental
measurements for the model validation purposes. In general, they showed good agreements in the
magnitudes and in the trends.

A process model was developed for prediction of dynamic cutting forces and surface errors in hard
turning. Dynamic deflections in the cutting tool were taken into consideration and dynamic chip load
was calculated. By using dynamic chip load, dynamic cutting forces were predicted. In order to
validate the accuracy of the dynamic model, the surface profile of the workpiece was predicted and
compared with the measured surface profile. The results showed that the model is working properly.

A numerical model based on finite difference method was presented for the predictions of steady-
state tool, chip and workpiece temperature fields. Simulations were performed under various cutting
conditions. Simulated average rake face temperature values were also compared with the experimental
Fiber-optic Ratio Pyrometer measurements, they showed good agreements. The simulation of steady
state and temperature distribution at the tool rake face has two important uses in high speed machining
of metals. The tool should not be used close to and beyond the diffusion and bonding limits of
materials used in the specific tool grade. If the tool experiences temperature beyond this limit, it
rapidly wears. Hence, the cutting conditions must be selected in such a way that the predicted
temperature does not exceed this limit. The proposed algorithm can be utilized in selecting cutting
speed, feedrate and tool rake and clearance angles in order to avoid excessive thermal loading of the
tool, hence reducing the edge chipping and accelerated wear of the cutting tools.

Possible enhancements to this research will be including the prediction of residual stresses formed
on the surface. The author has performed considerable amount of research on this subject. The
algorithm for calculation of residual stresses due to thermal and mechanistic loads has been generated.

The computer code ending up with residual stresses on the surface has been written, but because of the
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time limitations it can not be debugged and improved properly. Thus it is left as a future research
subject.

1t is hoped that this research may shed some more lights on better understanding the physics of the
hard turning process. It is also anticipated that the mathematical modeling techniques help researchers
and production engineers as tools for selecting the feasible process parameters for achieving higher

quality products with shorter cycle-times in hard turning processes.
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