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Abstract

Laser assisted machining (LAM), in which the material is locally heated by an intense laser source prior to
material removal, provides an alternative machining process with the potential to yield higher material removal
rates, as well as improved control of workpiece properties and geometry, for difficult-to-machine materials such as
structural ceramics. To assess the feasibility of the LAM process and to obtain an improved understanding of
governing physical phenomena, experiments have been performed to determine the thermal response of a rotating
silicon nitride workpiece undergoing heating by a translating CO, laser and material removal by a cutting tool.
Using a focused laser pyrometer, surface temperature histories were measured to determine the effect of the
rotational and translational speeds, the depth of cut, the laser-tool lead distance, and the laser beam diameter and
power on thermal conditions. The measurements are in excellent agreement with predictions based on a transient,
three-dimensional numerical solution of the heating and material removal processes. The temperature distribution
within the unmachined workpiece is most strongly influenced by the laser power and laser-tool lead distance, as well
as by the laser/tool translational velocity. A minimum allowable operating temperature in the material removal
region corresponds to the YSiAION glass transition temperature, below which tool fracture may occur. In a
companion paper [1], the numerical model is used to further elucidate thermal conditions associated with laser
assisted machining. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction heat source to change the ceramic deformation beha-
vior from brittle to ductile just prior to material

Laser assisted machining (LAM) has recently been removal, without melting or sublimation of the work-
considered as an alternative process for machining cer- piece. Although the feasibility of LAM has been

amic materials. In LAM, the laser is used as an intense demonstrated [2], underlying physical mechanisms are

not well understood and a comprehensive thermo-

. mechanical model of the heating and material removal
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Nomenclature
Afank flank wear scar area (m?) V. laser or laser/tool translational velocity
Cp specific heat at constant pressure (J/kg (m/s)
K) V Bmax maximum extent of flank wear region
d depth of cut (m) (m)
D diameter (m) z axial coordinate (m)
E emissive power (W/m?) Ze axial location of the laser center (m)
E rate of energy generation or dissipation Zfe axial location of the workpiece free end
(W) (m)
F force (N) Zfe.o initial axial location of the workpiece free
fe function describing the area of laser heat- end (m)
ing (dimensionless) Zch axial location of chamfer (m)
h heat transfer coefficient (W/m? K)
H; jet nozzle-to-workpiece distance (m) Greek symbols
i enthalpy (J/kg) 0 absorptivity of the unmachined (sintered)
k thermal conductivity (W/m K) workpiece surface to irradiation from the
L, length of computational domain (m) CO, laser
L¢ tool feed in single point machining (m) om absorptivity of the machined workpiece
L, laser-tool lead distance (m) surface to irradiation from the CO, laser
Loa average distance between the laser center P emissivity of the unmachined (sintered)
and the edge of the material removal workpiece surface; strain
plane (m) &m emissivity of the machined workpiece sur-
m mass flow rate (kg/s) face
" mass flux (kg/s m?) g strain rate (s7')
N total number of control volumes ¢ circumferential coordinate (rad)
Nu Nusselt number e circumferential location of the laser cen-
p pressure (Pa) ter (rad)
P power (W) Phank circumferential extent of flank wear
q" heat flux (W/m?) region for single point machining (rad)
q” volumetric heat generation (W/m?) oy circumferential distance between the laser
r radius (m) center and the material removal plane
Tep radius of the beam plane representing (rad)
86.5% of the total beam power (m) @e fraction of the energy of deformation dis-
It radius of the tool insert (m) sipated as thermal energy
I'w workpiece radius (m) I coefficient of friction
Fw.m machined workpiece radius (m) v workpiece rotational speed (rpm)
Rpankw  fraction of frictional heat generated at p density (kg/m?)
the tool flank which is conducted into G Stefan—Boltzmann constant (W/m? K%,
the workpiece for single point machining stress (N/m?)
Re Reynolds number g effective flow stress (N/m?)
Spsz thickness of the primary shear zone (m) o) workpiece rotational speed (rad/s)
t time (s) Q, lead or clearance angle (rad)
tp preheat time (s)
T temperature (K) Subscripts
Tsch near-chamfer surface temperature (K) a average
Ty average temperature difference between abs absorbed
the workpiece and the cutting tool flank c cutting direction or source geometric cen-
X) ter
v volume of primary shear zone (m?) ct chip—tool interface
Venip average chip velocity (m/s) conv convention
Vi workpiece velocity (m/s) f feed direction
Ve average workplace velocity perpendicular flank tool flank face
to the cutting tool over the depth of cut j laser gas assist jet

(m/s)

laser beam
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m machined surface

max maximum

mr material removal plane
pl plastic deformation
rad radiation

ref reference condition

s primary shear zone

t tool

sur surroundings

w workpiece

worn worn cutting tool

r, ¢,z cylindrical coordinate directions
00 ambient air

schemes capable of optimizing LAM processes are to
be established.

Previous investigators [2—5] have conducted plasma
and laser assisted machining of various advanced cer-
amic materials, including zirconia, alumina, and silicon
nitride. The studies suffer from exiguous characteriz-
ations of experimental conditions and temperature
measurement techniques and absence of a process
model. For example, temperature measurements have
been made for various ceramic models [3,4] but without
specification of the measurement location and/or the
measurement technique. In studies of laser assisted
machining of silicon nitride using CO, (10.6 pm) and
Nd:YAG (1.06 um) lasers [2,5], it was found that a
preheat phase, during which no laser/tool translational
motion occurs relative to the rotating workpiece, was
necessary to avoid cutting tool fracture upon initiation
of material removal, and that less power was required
to facilitate material removal using the Nd:YAG laser.
Although the implication is that the silicon nitride sur-
faces were spectral, with more energy being absorbed
at the lower wavelength, no mention was made of sur-
face radiative properties.

For rotating silicon nitride workpieces heated by a
translating CO, laser without material removal, surface
temperatures were measured using a laser pyrometer
and were compared with predictions based on a transi-
ent, three-dimensional model [6]. Good agreement was
obtained between the measured and predicted surface
temperature histories for a wide range of operating
conditions. With increasing workpiece rotational speed,
temperatures in proximity to the laser spot decreased,
while those at circumferential locations further removed
from the laser increased. Near-laser temperatures
decreased with increasing beam diameter, while energy
deposition by the laser and, correspondingly, workpiece
surface temperatures increased with decreasing laser
transitional speed and increasing laser power.

The present study represents the first attempt to
develop and validate a comprehensive thermo-mechan-
ical model for LAM. A transient, three-dimensional
heat transfer model which embodies pertinent physical
features of the heating and material removal processes
has been constructed, and predictions have been com-
pared to measurements of the surface temperature his-
tory for rotating cylindrical silicon nitride workpieces.

2. Model geometry

One option for constructing a physically realistic
model of LAM entails fixing a nonrotating coordinate
system to the free end of the workpiece, as was done
for laser heating without machining [6]. As the laser
moves away from the fixed origin of the coordinate
system at a prescribed translational velocity, V,, it is
displaced a distance, Az=V_At, for each time step, At.
To attain sufficient spatial resolution of the near-laser
surface temperature distribution beneath a 3 mm diam-
eter laser spot, 10—15 control volumes were required,
with corresponding values of Az ranging from 0.2 to
0.3 mm [6]. A representative heated length of 15 mm
would then require from 50 to 75 control volumes in
the axial direction. For laser assisted machining, how-
ever, the machining zone for a representative feed of
0.1 mm/rev, corresponding to workpiece rotational
and laser/tool translational speeds of 1000 rpm and
100 mm/min, respectively, has an axial length of
0.1 mm. Adequate spatial resolution of the tempera-
ture distribution in this region would then require
values of Az approximately less than 0.025 mm, and
for a machined length of 15 mm, at least 600 control
volumes would be required in the axial direction.

To avoid the extensive computational times associ-
ated with a large number of z-direction control
volumes, a formulation in which the coordinate system
is fixed relative to the laser has been utilized (Fig. 1).
The transient numerical calculation is divided into two
phases. In phase I, no workpiece translational motion
occurs relative to the laser source, and the free end of
the workpiece is preheated before cutting is initiated.
This phase is necessary [5] to avoid cutting tool frac-
ture at the beginning of material removal. In phase II,
material removal is initiated with simultaneous move-
ment of the workpiece free end toward z = 0. Because
the computational domain remains fixed with respect
to the laser and cutting tool, control volumes can be
more densely concentrated in regions of high tempera-
ture gradients and material removal, thereby increasing
computational efficiency and accuracy.

Representation of the portion of the compu-
tational domain that does not involve thermal
energy transport by conduction or advection, and
whose initial length during the preheat phase, zp o
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(Fig. 1), corresponds to the desired machining length,
was achieved by setting the thermal conductivity of
the inactive control volumes to a very small (negligible)
value. Using this procedure, trial calculations were
performed without material removal, and excellent
agreement was obtained with numerical predictions
for equivalent physical conditions, but for which
the coordinate system was fixed to the workpiece free
end.

Following initiation of the material removal phase,
the workpiece geometry corresponds to that illustrated
in Fig. 2 for a cutting tool with zero radius (r,=0). A
helical chamfer, whose shape is defined by the cutting
tool geometry and feed rate, represents the boundary
between removed and unremoved material. On the
chamfer, the small r—z plane at ¢ =0 corresponds to
the location of material removal and its position with
respect to the laser geometric center is specified by ¢,
and L,. As viewed in the positive circumferential direc-
tion from ¢ =0, the inset of Fig. 2 displays the ma-
terial removal plane corresponding to the actual tool
geometry. The lead angle, Q,, is inclined toward the

Inactive Control Volumes

3
! _ 'Active Control Volumes

q :onv +q Irlad \

laser source, and L, is the distance between the laser
geometric center and the most distant edge of the ma-
terial removal plane. The width of the material
removal plane away from the tool cutting edge is speci-
fied by the tool feed, Ly. From calculations performed
for laser heating without machining, axial temperature
gradients within the shaded area were found to be neg-
ligible for ¢, L,, and r, values typical of LAM. The
chamfer has therefore been approximated by a plane
of zero lead angle (Q,=0 deg) and equivalent area
located at the average distance, L,,, between the laser
center and the edge of the material removal plane (Fig.
2), which is given by,

Lo = L¢ — (d/2) tan(Q)

| M
- rt[l - sin(Qg)]{[tan(n/4 - Qg/2)] —tan(Qg)}

It is possible that optimal laser assisted machining may
be achieved by positioning the laser in such a way as
to overlap the chamfer, resulting in some portion of
the laser heating the machined workpiece surface. The
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Fig. 1. Schematic of the model for the transient calculation of laser heating on a rotating workpiece with preheating and machin-

ing.
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Fig. 2. Geometry of the laser assisted machining process.

portion of the laser flux incident on the chamfer itself
is neglected, consistent with the assumption of zero
lead angle.

Representation of phase II, during which mass
inflow at z=L. is exactly balanced by material
removal and active control volume growth, is illus-
trated in Fig. 3 where ¢ and gg,. represent volu-
metric energy generation due to plastic work and a
boundary heat flux arising from frictional (abrasive)
wear between the workpiece and the cutting tool flank,
respectively. The extent of the chamfer in the ¢-direc-
tion was represented by a series of discrete steps, and
heat transfer by radiation and convention from the
chamfer and machined surface to the surroundings was
considered.

3. Mathematical formulation and assumptions

The preheat phase of the numerical calculation cor-

responded to consideration of radial, axial, and cir-
cumferential conduction in a rotating cylinder with a
stationary laser source. The governing heat equation
and boundary conditions correspond to those given for
laser heating without machining [6] with }J/,=0 and are
not repeated.

At the initiation of material removal (phase II), the
interface between removed and remaining materials is
given by,

Zen(9) = (ze — Le.a) + v [1 - (i)] @

w

where the material plane is placed at ¢ =0 deg and the
lead angle and the tool radius have been neglected.

For transient heat transfer in a rotating cylinder and
a nonrotating coordinate system attached to the trans-
lating laser and cutting tool, the governing heat
equation may be expressed as,
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r or or ’,2 a¢ a¢ Jz 0z q

where the thermal conductivity has been assumed to
be isotropic. The z-direction advection term arises due
to attachment of the coordinate system relative to the
laser and cutting tool, rather than to the workpiece
free end. Because the laser beam diameter, D,, is small
relative to the workpiece diameter, the function
describing the area of laser heating may be approxi-
mated as,

i, 2, 8) = [ — )T+ — 2 fre<1 (4)

where (¢., zc) and r specify the location of the laser
geometric center and the radial location of laser heat-
ing for both the unmachined (r,) and machined
(rw =rw—d) workpiece surfaces. For the process times
associated with LAM, irradiation from the surround-

q convtd rad

q 'z', in =rnlzI cp[T(f,q),ch ,t)'T ref ]

Area of Jet
Interaction

q;;r='h|l':|r cp lT(f,O,Z’t)'T ref ]

Laser Sp
(‘Pc’ zc)

ings will be negligible compared to surface emission.
The radial boundary conditions on the unmachined
workpiece surface therefore correspond to,

T
kB

W = OCZQZH - qg;nv - E(T)» (Sa)

=Ty

for z > zyu(¢p) and fo(r, z, ) <1 on the laser spot, and

aT
k - _qc/:)nv - E(T), (Sb)

or

r=ry

for z > zw(¢p) and fy(r, z, ¢) > 1, where E=¢oT*. On
the machined surface, the radial boundary conditions
are,

BT " "
koo = unal — gl — E(T), (50)
for z < zg(¢p) and fi(r, z, ¢) < 1 on the laser spot
when the laser overlaps the chamfer (Fig. 3) and
spreading of the laser beam from r=ry to r=ry—d is
negligible, and

q convtd rad

’
\
’
\
L—-————A/

’
\
Ny

Fig. 3. Computational domain after the initiation of material removed.
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aT
k W = _qé:mv

I'=rI'y, m

— E(T), (5d)

for z < zen(¢p) and f(r, z, ¢) > 1. Although workpiece
surface conditions are asymmetrical, asymmetries are
attenuated with decreasing radius, and it is an excellent
approximation to prescribe symmetry conditions at the
workpiece centerline.

aT
k

r=0

On the interface between removed and remaining
material, the following energy balance is applied,

AL

T = Gl + E(T), (62)

z=zen(¢)

for rym<r<ry and 0 < ¢ <27—pgank, and

kaT

E = _qt/l/ank (6b)

z=Zen(¢)

for rym <r<ry and 2n=dgank < ¢ < 2n. Heating at
the tool flank has been approximated in terms of a
uniform heat flux, whose magnitude and spatial extent
are obtained from experimental cutting force data.
Since the chamfer is helical, the contribution of cir-
cumferential conduction at the chamfer surface has
been neglected. At the end faces of the computational
domain,

aoT
o ey s+ ECT) (60
z=zg(1>1p)

where zg(t > 1) =zpo—V.(t—1p) and zp, and ¢, are
the initial position of the workpiece free end and the
preheat time, respectively. A zero heat flux condition is
assumed at the inflow boundary,

oT

|l =0 (6d)

z=L¢y

At the material removal plane, energy advection out
of the system is represented by,

koT

—_ = pcprd(T — Thref), Ta
P a¢ o0 P p ( ref) ( )
for rym <r<ry. Away from the material removal lo-
cation, circumferential boundary conditions corre-
spond to continuity between temperatures and
temperature gradients at ¢ and ¢ +2n. Hence,

1(r, ¢, z) = T(r, ¢ + 2m, 2) (7b)

aT| T

6, 30 (7

¢+2n

At the initiation of laser heating, the workpiece is in
thermal equilibrium with the surroundings

T(I‘, ¢5Z’ 0) = TOO (8)

4. Convection and radiation heat fluxes

Because it is possible that optimal LAM may be
achieved by positioning the laser in such a way as to
overlap the chamfer, the absorbed laser heat flux was
determined by using a ninth order curvefit for the
unmachined

OngZ = f("/”lf,p)qzmax (93)
and the machined
O‘Z,mq; = O‘Z.mf(r/re,p)q[{:max (9b)

workpiece surfaces, where gy max and f(r/r,,,) are pre-
scribed by Rozzi [16] and r,,=r,/1.75 is the radius of
the beam cross-section containing 86.5% of the total
laser power. The characteristic mode shape of the laser
corresponds to a combination of TEMgy, and TEMg,
modes.

A gas assist jet is required in the laser assisted
machining process to protect the CO, laser focusing
optic from machining debris. The influence of work-
piece motion on convection heat transfer in the im-
pingement zone of the gas assist jet (Figs. 2 and 3) was
neglected on the basis of the high jet exit velocity
(> 100 m/s) relative to the nominal workpiece surface
speed (0.44 m/s) [7]. For an air mass flow rate of
m;=2.08 x 10~* kg/s and a jet exit diameter and tem-
perature of Dj=1 mm and T7;=23°C, the Reynolds
number and dimensionless nozzle-to-surface distance
were Rej=14,400 and H;/D;= 10, respectively. The jet
center corresponds to the laser center (¢, z.), and the
extent of the jet interaction zone was determined by
placing a few drops of ink on the surface of a station-
ary workpiece and measuring the pattern created by jet
impingement. The spatial variation of the gas assist jet
heat transfer coefficient was determined from existing
experimental data [8,9], and heat transfer from the sur-
face to the jet was then computed from the expression,
Gonv, = H[T(rw, ¢, z)—T;], where Tj = To.. Mixed con-
vection heat transfer coefficients on portions of the
workpiece surface not exposed to the jet and on the
free end and chamfer were determined from the
empirical correlations of [10] and [11], respectively.

From reflectivity measurements made at A=0.865 um
on the opaque, sintered silicon nitride specimen of
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interest in this study [12], the surface was found to be
nearly diffuse and to have a reflectivity which is only
weakly temperature dependent over the range from 23
to 1500°C. Assuming diffuse, temperature independent
behavior to be characteristic of all wavelengths, exist-
ing data for the spectral distribution of the normal
emissivity of sintered [13] and commercially available
[14] silicon nitride indicate the near equivalence to the
total emissivity of the unmachined surface and its
absorptivity to radiation from the laser. Hence, it was
assumed that ¢ ~ o, ~ 0.83. However, observations of
the machined workpiece surfaces indicate a significant
decrease in the intensity of the heated spot, and hence
in the amount of thermal radiation absorbed at the
wavelength  corresponding to laser irradiation
(A=10.6 pm). The machined workpiece surface there-
fore corresponds more closely to polished silicon
nitride, for which measurements obtained from the lit-
erature [15] indicate a smaller value of the absorptivity
to laser radiation (o, = 0.36). The measurements also
indicate retention of diffuse surface behavior and a
total hemispherical emissivity of ¢, ~ 0.83.

5. Thermal energy generation due to plastic deformation
and tool-workpiece friction

For a machining process involving material removal
by plastic deformation, volumetric heat generation in
the primary shear zone may be expressed as

mo__ (pEﬁ
qpl - v

(10)

where ¢ is a known constant representing the fraction
of the dissipated energy which is converted to sensible
heat and V is the volume of the primary shear zone.
The rate of energy dissipation associated with material
deformation may be expressed as E, = J, 6dv where &
is the strain rate and & the flow stress, which is
assumed to be independent of the local strain. An ap-
proximate relation for the dependence of the flow
stress on the strain rate and temperature does not exist
for silicon nitride, nor is there a machining database
from which such a relation could be developed.

In this study, E, was determined by using measured
cutting forces with an energy balance for the machin-
ing process. Assuming no cutting tool flank or crater
wear, the energy balance is of the form,

FCI7W:ES+F01VChip (11)

where V,, is the average workpiece velocity perpendicu-
lar to the cutting tool over the depth of cut,

I7W: (I’W,m—Fg)w (12)

and F, is the main cutting force, which was experimen-
tally measured [16]. The total cutting energy (F.V,) is
dissipated in material deformation (E;) and friction
along the tool rake face (FeVenip). From three-dimen-
sional machining measurements [16], the friction force,
F, and the average chip velocity, Vepip, On the tool
rake face were determined, thereby enabling the calcu-
lation of E;.

Since the tool feed is much less than the depth of
cut (Ly<d) for the operating conditions of this study,
the influence of the shear plane angle on the workpiece
temperature distribution may be neglected. Assuming
the shear zone has a cross-sectional area identical to
the material removal plane, the approximation of
shear zone width proposed by Fenton and Oxley [17],
Spsz & L¢/10, yields a primary shear zone volume of V
~ dL?/10. Adopting a value of ¢ =0.85 from the lit-
erature [18,19], with the balance (1—¢) representing
strain energy stored within the chip, the following ex-
pression is then obtained for the heat generated per
unit volume during plastic deformation,

" 085(1 c I_W 1 ctI chip
qpl (dL%/lO) ( )

For a worn cutting tool, the total frictional energy
generated at the tool flank may be expressed as
Eﬂank=j A PV dA, where p is the coefficient of fric-
tion between the cutting tool and the workpiece, p is
the local normal pressure on the tool perpendicular to
the flank, and Ag., 1S the area associated with flank
wear. However, since ¢ and p are not known for a sili-
con nitride workpiece and the cubic boron nitride cut-
ting tool, the energy required to overcome friction at
the tool flank and the area of flank wear were obtained
experimentally [16].

A scaling analysis indicated that the portion of the
thermal energy generated at the tool rake face by
abrasion and by plastic deformation which is con-
ducted into the workpiece is negligible compared to
the thermal energy advected away from the workpiece
with the heated chip. Hence, conduction of thermal
energy from the chip to the workpiece due to heat gen-
eration at the tool rake face was neglected.

For a worn cutting tool, an additional term re-
presenting the rate of energy dissipation at the tool
flank is required in the machining energy balance,
which is now expressed as

(Fc I;w)wom = Es + Fct Vchip + Eﬂank (14)

If Eq. (11), the cutting energy balance without tool
wear, is subtracted from Eq. (14), for identical operat-
ing conditions, the rate of energy dissipation at the



J.C. Rozzi et al. | Int. J. Heat Mass Transfer 43 (2000) 1409-1424 1417

tool flank may be found as,

Eﬂank :(FCI7W) _Fcl;vw (15)

worn

Assuming that heat dissipation at the tool flank inter-
face is constant over the wear area, the resulting heat
flux into the machined workpiece is then given by,

Eﬂank

(16)

"
qﬂank Rﬂ‘dﬂkww Aﬂank
where Rg,niw 1S the fraction of energy generated at the
workpiece—tool flank interface entering the workpiece.
Substituting Eq. (15) into (16) and approximating the
wear area as Apanx X d VBpay/2 from experimental ob-
servations [16], the heat flux may be expressed as

q// — Rﬂank.w [(Fc I;'W)wom - FC I;'W]
flank ( dv Bmax )
2

(17)

where VBa.x 1s the width of the flank wear scar.
Although originally derived for the partitioning of
thermal energy generation at the chip—tool interface,
the analysis of Trigger and Chao [20] was used to
SpeCify Rﬂank,wa as

0.01 mm, the spatial extent of control volumes in the
z-direction was 0.33 mm for 0 <z < zg ,, decreased lin-
early from 0.33 mm to 0.001 mm for ze, < z <
[ze+(D¢/2)—L,,), was held constant at 0.001 mm for
[Zet(De/2)=Lea]l < 2z < [ze+(Dy/2)—Lea+ Lel, and
increased linearly thereafter to the end of the compu-
tational domain (L.,). Such a discretization required
172 nodes. In the r- and ¢-directions 32 and 52 nodes
were employed, respectively. For the nominal operat-
ing condition, D, and L,, are 2.5 and 0.38 mm, re-
spectively, (¢, z.) corresponds to (55 deg, 15 mm),
and zg, and z.—zp o are 11 and 0.42 mm, respectively.

The numerical scheme used to solve Egs. (3)—(8) was
identical to that used for laser heating without machin-
ing [6]. Temperature-dependent properties were used
and updated at each iteration within a time step.
During the preheat period, the laser center was located
a distance z.—zp, from the end of the workpiece to
account for the thermal mass associated with the
unmachined hemispherical section. Material removal
(phase II) was initiated with the cutting tool located at
a distance L, , from the laser source. Computationally,
this was accomplished by designating control volumes
associated with the region zgp, < z <z—Ly, and rym,
< r<ry as inactive at the time step immediately fol-

8d(l::ﬂanl;c/f‘lﬂank) _ ﬁw
Rankw = 5 T4 (18)
8d(Eﬂank/Aﬂank) _ 4 (Eﬂank/Aﬂank) kw - (d/z)]¢ﬂank
ik, 3ﬁ kw PwCpy I7w

where AT, is the average temperature difference
between the workpiece and the ambient at the cutting
tool flank and [ry—(d/2)]¢gank 1s the average width of
the flank wear region. Using high temperature proper-
ties of the silicon nitride ceramic workpiece and the
cubic borin nitride cutting tool, a representative value
for AT,, and typical LAM operating conditions, a
value of Rpankw =~ 0.9 was determined and was held
constant throughout the calculations.

6. Numerical procedure

The silicon nitride workpiece of interest is of
8.46 mm diameter and 57.2 mm length, with 5.53 mm
long hemispherical ends. The radius and axial length
of the computational domain were r,=4.23 mm and
L.,=38 mm, respectively. For a machined length cor-
responding to zg, and a representative tool feed L; of

lowing the preheat phase. Because temperatures and
temperature gradients in this region are small, this ap-
proximation had a negligible effect on the predicted
temperatures.

The calculations were marched in time until the
machined length corresponded to 11 mm. At each time
step, a global energy balance convergence criterion was
computed, which may be expressed as,

N
{P@AZ — { vaﬂAiﬂ + [l]conv + Grad
1

+ (qmr — qpl — CIﬂank)]At} }/PZAI< 1074

where Ai, and N are the enthalpy increase of control
volume 7 during the time step and the total number of
control volumes, respectively. This criterion had to be
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satisfied for four consecutive iterations before proceed-
ing to the next time step.

The entire temperature field at a given time step was
considered converged if the energy balance was satis-
fied to less than 10~ for four consecutive iterations. A
grid sensitivity study was performed, with emphasis
placed on the number of discrete steps and the number
of axial control volumes per step required to achieve
grid independence within the machining zone, which
embodies a region of axial width L; and radial depth
d, extending about the cylinder circumference and
within which axial control volumes are distributed uni-
formly. Ten axial control volumes, one per discrete
step, were found to provide adequate spatial resolution
of the temperature distribution in the machining zone.
Control volume sizes in the r—¢ plane were selected by
achieving agreement between numerical predictions
and a two-dimensional analytical solution for conduc-
tion in a rotating cylinder [21]. Decreasing the conver-
gence criterion or increasing the overall grid density
resulted in no significant change in the temperature
field.

7. Experimental procedure

A laser assisted machining facility [6] consisting of a
1.5 kW CO, laser, a turret lathe, and a cutting tool
equipped with a polycrystalline cubic boron nitride
tipped carbide tool insert was utilized for the machin-
ing experiments. The laser power was controlled to

Machining End

Point Vz Point
- 10 mm
l Ly=1 mm —
9.4mMm ——»
Hj=10mm 6.4 mm ——
< 3.4 mm -»

within +4% +2 W over the power range from 200 to
300 W, and the experimental uncertainty associated
with determination of the beam diameter, D,, at the
workpiece surface was + 0.3 mm. The laser-tool lead
distance, L,, was established to within + 0.1 mm.

A fiber optic, single wavelength, laser pyrometer [12]
was used to simultaneously measure the average spec-
tral emissivity and temperature over a portion of the
workpiece surface which measured 0.3 mm in diameter
for temperatures exceeding 650°C. The circumferential
distance between the translating CO, laser and the
stationary laser pyrometer spot was established to
within + 0.1 deg and the distance from the pyrometer
optic to the workpiece surface was fixed at 14 mm,
which corresponds to calibration conditions for the
laser pyrometer [12]. The experimental uncertainty of
the surface temperature measurement ranged from
+2.5% at 1500°C to + 15.5% at 700°C [12].

The cutting tool position during the preheat phase
was established according to the desired depth of cut,
and the laser power and beam diameter were then set
at the desired values. Prior to machining, low pressure
(10 psi) laser assist gas (air) was forced into the cavity
between the focusing optic and the laser exit location,
protecting the optic from machining debris. Following
activation of the data acquisition system, the CNC
part program initiated workpiece rotation, and follow-
ing the preheat phase traversed the laser and cutting
tool with constant velocity, V., to the final position.
Surface temperature and reflectivity measurements
were made by the laser pyrometer at one of four lo-

CO Laser
Nozzle v
‘\

Cutting
Tool

Machining Start

-

N3 N2 N1

1.4 mm —»

Fig. 4. Surface temperature measurement locations during laser assisted machining.
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Table 1
Experimental operating conditions for the laser assisted
machining of a silicon nitride workpiece

Case v V. d L, D, Py
(rpm)  (mm/min) (mm) (mm) (mm) (W)

1 1000 10 1 1 2.5 250
2 500 10 1 1 2.5 250
3 2000 10 1 1 2.5 250
4 1000 20 1 1 2.5 250
5 1000 30 1 1 2.5 250
6 1000 10 1.5 1 2.5 250
7 1000 10 1 0.6 2.5 250
8 1000 10 1 2 2.5 250
9 1000 10 1 1 1.83 250
10 1000 10 1 1 3.84 250
11 1000 10 1 1 2.5 200
12 1000 10 1 1 2.5 300

cations on the silicon nitride workpiece (Fig. 4) as the
laser and cutting tool traversed in the axial direction
and the workpiece rotated relative to the pyrometer.
Experimental conditions of the study are given in
Table 1. The depth of cut, d, was chosen to be large
enough to minimize the influence of the cutting tool
nose radius (r,=0.625 mm) and small enough to pre-
serve the structural integrity of the workpiece. The
ranges of laser translational velocity, V., beam power,
Py, and diameter, D,, were selected to provide signifi-
cantly different surface temperature distributions. The
lower and upper bounds of P, were chosen to provide
surface temperatures above 650°C, the minimum mea-
surable by the laser pyrometer, and to avoid melting
of the workpiece surface, respectively. The inverse was
true for the prescribed values of V. and D,. The range
of the laser-tool lead distance, L,, permitted examin-
ation of the effect of laser radiation deposited on the
unmachined workpiece surface, which increases with
increasing L,. For D,/2 > L,, the laser beam will over-
lap the chamfer. The preheat time, f,, was fixed at ten
seconds. All of the experiments involved removal of
one layer of material, at a constant depth of cut 4 and
over a machined length of 10 mm, from a sintered sili-
con nitride workpiece of diameter 8.46 mm and length
57.2 mm, with 5.53 mm long hemispherical ends.
Several experiments performed at nominal operating
conditions (Case 1 of Table 1) enabled calculation of
cutting forces corresponding to zero tool flank wear
[16]. The corresponding value of gg; obtained from Eq.
(13) was found to be 1.1 x 10" W/m?®. Additional ex-
periments performed for the nominal conditions
involved flank wear, and a value of ¢g.x &~ 0.06 deg
was determined for the circumferential extent of the
wear region. From Eq. (17), a value of g, & 9.45 X
107 W/m? was determined for the heat flux at the

workpiece—tool flank interface. For the nominal con-
dition, the prescribed values of gfank and gfan corre-
spond to values of ¢p and gpanc of 11 and 4 W,
respectively. Computation of g, and gpanx values from
the experimental data [16] for other operating con-
ditions revealed that the values of gy and ggan calcu-
lated at the nominal operating condition were
representative of all LAM operating conditions. The
values of g,; and gganx calculated at the nominal oper-
ating condition were therefore held constant for this
study.

8. Comparison of experimental and numerical
temperature histories

The computed surface temperatures represent an
area weighted average of the workpiece control
volumes beneath the 0.3 mm diameter pyrometer spot.
The moment the stationary pyrometer spot acquired
radiant energy emitted by the chamfer interface or
machined surface, the effective distance between the
pyrometer and the measurement surface changed from
the required value of 14 mm and data acquisition was
terminated. However, the numerical simulation was
allowed to continue well beyond this point in time.

Fig. 5 illustrates measured and predicted tempera-
ture histories at three axial locations (N1, N2, and N3)
for nominal operating conditions (Case 1 of Table 1).
Workpiece conduction in the axial direction transports
thermal energy to each measurement location during
the preheat phase, and as the laser approaches. The
temperature reaches a peak value as the laser spot
passes the r—¢ plane of the measurement location, and
subsequently decays, largely due to radial and axial
conduction of energy from the heated surface. The first
computational result after the peak temperature rep-
resents an average of control volumes on the machined
and unmachined surfaces, after which average tem-
peratures represent those of the machined surface.
After the laser and cutting tool have passed a particu-
lar measurement location, the temperature decreases
due to radial and axial conduction, as well as surface
convection and radiation losses. While the model may
have slightly underpredicted the surface temperature
on the unmachined workpiece surface as the laser
approaches for the nominal operating conditions at
measurement station N2, the agreement between the
measurements and predictions is, in general, excellent
with the majority of the data falling within + 5% of
the predictions.

As the workpiece rotates away from the laser source,
thermal energy is transported from the surface by the
three modes of heat transfer, and circumferential sur-
face temperature gradients decrease with increasing dis-
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Fig. 5. Experimental and numerical surface temperature histories for nominal operating conditions at selected axial positions (N1,
N2, and N3).
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Fig. 6. Effect of laser/tool translational velocity on experimental and numerical surface temperature histories at location N2.
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Fig. 7. Comparison of the average temperature at the material removal plane for 4 = 1 and 1.5 mm and the average temperature
of a comparable region for a simulation without material removal.
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Fig. 10. Effect of laser power on experimental and numerical surface temperature histories at location N2.
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tance from the laser source. As circumferential advec-
tion increases with increasing workpiece rotational
speed, v, the peak value of the surface temperature at
location N2 increases.

The amount of laser energy deposition decreases
with increasing laser/tool translational velocity, V.,
causing the surface temperatures to decrease, as illus-
trated in Fig. 6. For the highest laser/tool translational
velocity, V.=30 mm/min, cutting tool fracture
occurred after a machined length of 4.5 mm. At this
location the near-chamfer surface temperature, T,
which is defined as the arithmetic average of the last
two measurements at a particular pyrometer location
before the chamfer entered the pyrometer viewing
area, was approximately 980°C, and the temperature at
a radial location corresponding to the depth of cut
may have been below or near the lower bound of the
transition temperature range for YSIAION glass,
which is from 920 to 970°C [22]. A value of Ty,
below this range would significantly increase the ma-
terial strength and brittleness and consequently the
propensity for tool fracture.

The relatively low heat transfer rates associated with
mixed convection and emission from the chamfer sur-
face to the ambient air and surroundings, respectively,
render the chamfer a significant thermal resistance to
heat transfer in the z-direction compared to the corre-
sponding conduction resistance for similar operating
conditions without material removal. This behavior is
clearly illustrated in Fig. 7, which compares the tem-
perature averaged over the material removal plane for
d =1 and 1.5 mm with the average temperature over
an identical region computed from a simulation with-
out material removal. The increase of the depth of cut
for machining increases the rate of material removal
for a fixed workpiece rotational speed and, corre-
spondingly, decreases the average (Fig. 7) and the
maximum temperatures over the material removal
plane due to the increased thermal energy leaving the
workpiece. However, the influence of an increasing
depth of cut is insignificant at measurement location
N2 due to conduction within the workpiece.

Since the amount of energy deposition within the
unmachined portion of the workpiece increases with
increasing laser-tool lead distance, L,, there is a corre-
sponding increase in the temperature of the unma-
chined workpiece surface as illustrated by Fig. 8. As
L, increases, the time required for the laser center lo-
cation to pass the stationary pyrometer for the same
machined length decreases because the initial cutting
tool location was identical for each experiment. Hence,
the peak temperature occurs sooner for increasing L,.
After the peak, the temperature histories begin to con-
verge due to the strong influence of conduction heat
transfer on the surface temperature distribution.

As shown in Figs. 9 and 10, surface temperatures

increase with decreasing laser beam diameter and
increasing laser power which correspond to an
increase in the maximum laser heat flux and energy
deposition, respectively.

Numerical simulations have been performed to
assess the sensitivity of the predicted temperatures to
uncertainties in the thermophysical and radiative prop-
erties. Temperatures in proximity to the material
removal zone decrease with increasing k, ¢, and ¢, and
if each property is independently varied by +20%, the
maximum ranges of the corresponding temperature
variations are approximately + 60°C, +80°C and
+ 50°C, respectively. These variations occur during in-
termediate stages of the LAM process, but decrease as
quasi-steady conditions are approached. Temperatures
increase with increasing o,, and for a +20% uncer-
tainty, variations as large as +200°C are associated
with intermediate stages of the process. Temperatures
decrease with increasing values of the convection coef-
ficient associated with the gas assist jet and vary by as
much as + 25°C for a + 10% variation in ;.

9. Conclusions

A three-dimensional thermal model has been devel-
oped for a laser assisted machining process, and the
model has been validated by comparing predicted sur-
face temperature histories with measurements made
using a focused laser pyrometer. For a turning oper-
ation involving a silicon nitride workpiece, predictions
and measurements were made to determine the effect
of the workpiece rotational and laser/tool translational
speeds, depth of cut, laser-tool lead distance, and the
laser beam diameter and power, on surface tempera-
tures at prescribed circumferential and axial locations.

For the laser-tool traverse distance of this study, the
experiments and the predictions revealed that near-
laser, quasi-steady conditions are not achieved, thereby
requiring characterization of the process as time-depen-
dent. The peak temperature at the measurement lo-
cation increases slightly with increasing rotational
speed due to the effect of increasing circumferential
advection. The amount of energy deposition within the
unmachined workpiece decreases with decreasing laser
power, decreasing laser-tool lead distance and/or
increasing laser/tool translational velocity, thereby
reducing the temperature along the machined chamfer
surface. If this temperature is less than the lower
bound of the YSiAION glass transition temperature
range, tool fracture may occur. The maximum laser
heat flux and, consequently, the maximum surface tem-
perature decreases with increasing beam diameter.
While decreasing the average and maximum tempera-
tures over the material removal plane, an increasing
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depth of cut does not significantly influence the surface
temperature distribution at a location which is circum-
ferentially removed from the cutting tool.
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