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Abstract
AerMet100 steel is a typical difficult-to-cut material, and laser-assisted milling (LAM) is a promising machining technology for
this kind of material. In LAM process, the material is softened by the thermal effect of laser beam, which improves the
machinability of the materials. And finally, the cutting forces are reduced compared with conventional milling (CM). This paper
presents an analytical model considering material softening effect to predict the cutting force during LAM. The cutting force is
produced by shearing and ploughing action. Both laser source and cutting tool are discretized into elements. Based on the
Johnson-Cook (J-C) constitutive model and the thermal model due to laser beam and cutting action, the shear plane temperature
and the shear flow stress considering the combined effects of laser heating and plastic deformation are calculated iteratively, and
the influence of material softening effect on cutting force coefficients is taken into account. A series of experiments carried out on
AerMet100 steel demonstrate the accuracy of the cutting force model, and the results show that the three-axis cutting force in
LAM is reduced by up to 33.9%. Besides, the influence of laser parameters related to material softening effect on the cutting force
is discussed based on the proposed model.
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1 Introduction

Ultrahigh strength steel AerMet100, with excellent compre-
hensive mechanical properties, is an advanced material for
manufacturing important structural parts such as carrier air-
craft landing gear. However, AerMet100 steel is also a typical
difficult-to-cut material and its poor machinability will result
in surface damage and low tool life during CM process. In

order to overcome the difficulties in machining difficult-to-cut
materials, some compound processing technologies have been
developed. Among them, laser-assisted milling (LAM) is a
promising technology applied in machining difficult-to-cut
materials. In the research of laser material processing technol-
ogy (such as laser welding [1, 2]), the effect mechanism of
laser on materials is very complex, and naturally, it is more
difficult to reveal the processing mechanism under the com-
bined action of laser heating and cutting. During LAM, the
material is softened by the thermal effect of laser beam, which
causes a reduction in cutting forces and improves the machin-
ability of the material compared with CM. Research on LAM
is a hot topic at present.

Many studies have shown that LAM performs well in ma-
chining difficult-to-cut materials. Hu et al. [3] combined laser
heating with grinding to machine difficult-to-cut materials.
The experimental results indicated that the surface roughness
of workpiece was smaller and the hardness distribution of
surface was more uniform after laser-assisted machining.
Kim and Lee [4] conducted laser-assisted machining experi-
ments on AISI 1045, Inconel 718, and titanium alloy respec-
tively. Their research proved that laser-assisted machining
technology can improve the surface quality of workpiece. In
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addition, compared with conventional machining, laser-
assisted machining can also reduce specific machining energy
[5], increase material removal rate [6], suppress chatter [7],
and extend tool life [8].

In the traditional machining process, the main means to
study the machining mechanism are experimental [9], finite
element (FE) [10], and analytical methods [11]. Mastering the
machining mechanism of LAM is the prerequisite for the suc-
cessful application of this technology. In order to reveal the
machining mechanism of LAM, an accurate cutting force
model must be established. During laser-assisted machining,
the cutting forces are significantly affected by the softening
behavior of materials caused by laser heating. Many re-
searchers have studied cutting forces in thermally enhanced
machining by using FE simulation and empirical and analyt-
ical methods respectively.

Özel and Pfefferkorn [12] presented a FE model of laser-
assisted micro-milling to explore the effect of laser heating on
cutting forces. The laser preheating temperature in the uncut
chip zone was approximated as a fixed value and used as the
initial condition of the FE simulation. Xi et al. [13] presented a
FE model of thermally enhanced machining on Ti6Al4V. The
simulation results under different initial temperature condi-
tions indicated that the root cause for the reduction in cutting
forces was the decrease of shear flow stress caused by the
increase in shear plane temperature. Pan et al. [14] also pre-
sented a FE model to predict cutting forces in LAM of
Incon718 based on DEFORM software. The motion of laser
spot was simulated by defining time-dependent temperature
boundary conditions.

Kim and Lee [15] established an empirical model of cutting
forces in LAM of different materials (Inconel 718 and AISI
1045 steel) by using statistical regression analysis. The main
cutting force was expressed as a quadratic polynomial of spin-
dle speed, feed speed, and cutting depth with fixed tool diam-
eter and laser power. Woo and Lee [16] used a similar method
to predict cutting forces in LAM of Ti6Al4V and Inconel 718
alloy respectively.

Singh and Melkote [17] developed an analytical model to
predict cutting forces in laser-assisted micro-grooving based
on the slip-line field theory. In the model, the temperature rise
due to laser heating was taken as shear plane temperature, and
shear flow stress was calculated by the material flow stress
equation. Kumar et al. [18] proposed an iterative algorithm for
calculating shear plane temperature considering the combined
effects of laser heating and plastic deformation to predict cut-
ting forces in laser-assisted micro-milling. The average tem-
perature in the axial depth of cut region after laser heating was
used as the initial value of the algorithm, and the yield strength
of the material corresponding to the shear plane temperature
was approximated to the shear flow stress. Elhami et al. [19]
studied the combination of external concentrated heat source
and ultrasonic vibrations in milling process. An analytical

model was developed based on consideration of thermal soft-
ening of material caused by the concentrated heat source to
predict cutting forces during the hybrid milling process. The
temperature at the theoretical tip point after laser heating was
taken as the shear plane temperature, and then, the shear flow
stress and cutting forces were calculated in turn. In order to
predict cutting forces in LAM, Pan et al. [20] established an
analytical model, which considered the effect of the dynamic
recrystallization effect of material on shear flow stress, and
took the temperature after laser preheating as the ambient
temperature.

The analytical model based on theory can characterize the
influence of each parameter on cutting forces, so as to better
elaborate the machiningmechanism. As for analytical models,
most researchers only considered temperature rise due to laser
heating and ignored the influence of plastic deformation dur-
ing the cutting process to calculate the shear plane tempera-
ture. Although other researchers have calculated the shear
plane temperature under the combined effects of laser heating
and plastic deformation, the shear flow stress has not been
solved clearly.

The main purpose of this paper is to establish an accurate
analytical model, which is capable of predicting the cutting
force during LAM process. Based on the heat conduction
theory, the unequal division shear zone model, and the J-C
constitutive model, shear plane temperature and shear flow
stress considering the combined effects of laser heating and
plastic deformation are calculated iteratively. Meanwhile,
ploughing force is taken into account as well.

In Section 2, the modeling procedure of the cutting force
considering shearing and ploughing is elaborated. Shear plane
temperature and shear flow stress considering material soften-
ing effect during LAM are calculated in Section 3. Section 4
introduces model verification and discussion. Conclusions of
the entire study are summarized in Section 5.

2 The cutting force model for LAM

Cutting force is considered not only an important index for
evaluating the feasibility of LAM technology but also the
basis for exploring the machining mechanism. In this paper,
an analytical model based on theory is proposed to predict the
cutting force in LAM. The overall flow of cutting force pre-
diction is shown in Fig. 1. Based on the slip-line field theory
and classical cutting mechanics theory, the three-axis cutting
force (Fx, Fy, Fz) is obtained. In order to simulate the actual
working condition of LAM, the influence of shear flow stress
under the combined action of laser heating and plastic defor-
mation on each cutting force coefficient is taken into account.
The shear flow stress is calculated iteratively by combining
the temperature rise model considering laser heating and
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plastic deformation and constitutive model, and the detailed
process will be described in Section 3.

2.1 Elemental cutting force

A square shoulder milling cutter with one insert is used and
the milling mode is down-milling in this study. The milling
tool is discretized into elements at equal intervals dz along the
tool axis to tackle the problems of interrupted cutting process

and complex cutter geometry. The motion of each element can
be considered as an independently oblique cutting process.

Figure 2 shows the schematic diagram of LAM process.
Tool coordinate system OcXcYcZc is established in Fig. 2; it
moves together with the cutter at the same feed speed F along
the direction ofOcXc. And the relative position of the tool and
the laser heat source are determined by d1 and d2, where d1
and d2 represent the distance between laser spot center and
tool center in the X and Y directions respectively. An arbitrary

Fig. 1 Overall flow of cutting
force prediction

Fig. 2 LAM process schematic
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element P at elevation z is taken as an example to illustrate the
geometrical relationship between tool and workpiece.

Radial immersion angle φ(z) and axial immersion angle
κ(z) of the arbitrary element P in Fig. 2 can be formulated as
follows:

φ zð Þ ¼ φ0−
2z
D

tanβ ð1Þ

κ zð Þ ¼ cos−1
r0−z
r0

� �
z≤r0

π=2 z > r0

8<
: ð2Þ

where φ0 is defined as the radial immersion angle of the insert
at elevation zero. β, D, and r0 are the helix angle, diameter,
and corner radius of the cutter respectively.

The cutting force is calculated on the premise that the cutting
edge meshes with the workpiece. The meshing state is judged
by comparing elemental radial immersion angle with the angles
of cutting entry and exit. In the down-milling process, the an-
gles of cutting entry and exit can be formulated as follows:

φst zð Þ ¼ π=2þ sin−1
D=2−ae
R zð Þ

� �
φex zð Þ ¼ π

8<
: ð3Þ

where ae and R(z) are the radial depth of cut and the effective
cutting radius of element P respectively.

Shearing force and ploughing force should be calculated to
evaluate cutting force, when the tool is not absolutely sharp.
Elemental tangential (dFt), radial (dFr), and axial (dFa) cutting
forces acting on element P can be determined as follows [21]:

dF t zð Þ ¼ K tcha zð Þdbþ dF tp

dF r zð Þ ¼ Krcha zð Þdbþ dF rp

dFa zð Þ ¼ Kacha zð Þdbþ dFap

8<
: ð4Þ

where Ktc, Krc, and Kac are the shearing force coefficients in
tangential, radial, and axial directions respectively, and these
coefficients will be obtained in Section 2.2. dFtp, dFrp, and
dFap are elemental tangential, radial, and axial ploughing forces
respectively, and they can be determined from the slip-line field
model proposed by Waldorf et al. [22]. db is the projected
length of element P in the direction of cutting velocity. ha =
fz·sinφ·sinκ, db = dz/sinκ, fz is the feed rate, andφ and κ are the
radial and axial immersion angles of element P respectively.

Three orthogonal cutting force components of element P in
workpiece coordinate system OXYZ can be derived from ele-
mental tangential, radial, and axial cutting forces by the fol-
lowing coordinate transformation:

dFx τ ; zð Þ
dFy τ ; zð Þ
dFz τ ; zð Þ

2
4

3
5 ¼

−cosφ −sinφsinκ −sinφcosκ
sinφ −cosφsinκ −cosφcosκ
0 cosκ −sinκ

2
4

3
5 dF t τ ; zð Þ

dF r τ ; zð Þ
dFa τ ; zð Þ

2
4

3
5

ð5Þ

Furthermore, three orthogonal components of the total in-
stantaneous cutting force with cutting depth ap on the cutting
tool caused by all elements can be determined as the following
expression:

Fx τð Þ ¼ ∫ap0 dFx τ ; zð Þ
Fy τð Þ ¼ ∫ap0 dFy τ ; zð Þ
Fz τð Þ ¼ ∫ap0 dFz τ ; zð Þ

8<
: ð6Þ

2.2 Calculation of shearing force coefficients

According to the oblique cutting model proposed by
Armarego and Brown [23], shearing coefficients can be esti-
mated by Eq. (7).

Ktc ¼ τ s
sinϕn

cos βa−αnð Þ þ tanintanηcsinβaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos ϕn þ βa−αnð Þð Þ2 þ tanηcsinβað Þ2

q
Krc ¼ τ s

sinϕncosin

sin βa−αnð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos ϕn þ βa−αnð Þð Þ2 þ tanηcsinβað Þ2

q
Kac ¼ τ s

sinϕn

cos βa−αnð Þtanin−tanηcsinβaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos ϕn þ βa−αnð Þð Þ2 þ tanηcsinβað Þ2

q

8>>>>>>>>>><
>>>>>>>>>>:

ð7Þ
where τs is the shear flow stress. βa, αn, and ϕn are the normal
friction, and rake and shear angles respectively. The angle of
inclination in of the helical cutting edge to the cutting velocity
is equal to the cutter’s helix angle β. ηc is the chip flow angle
which approximately equals to the inclination angle in [24].

Shear flow stress τs is proportional to the shearing force
coefficients and is the key to the calculation of cutting force. In
LAM, τs is comprehensively affected by laser heating and
plastic deformation, and the solving process of τs will be in-
troduced in Section 3.

In the process of machining, when uncut chip thickness is
close to or less than the cutting edge radius, an effective rake
angle plays a more important role than a nominal rake angle.
Therefore, the normal rake angle αn is replaced by the effective
rake angle αe in the process of calculating cutting force. The
effective rake angle model [25] is used to calculate the elemen-
tal effective rake angle, as shown in the following formula:

αe ¼
tan−1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2−ςha=reð Þςha=re

p
−sinθ f

ςha=re−1þ cosθ f

" #
ha=re≤1þ sinα0

tan−1
ςha=re−1ð Þtanα0−secα0 þ sinθ f

ςha=re−1þ cosθ f

� �
ha=re > 1þ sinα0

8>>><
>>>:

ð8Þ
where re and α0 are the cutting edge radius and nominal rake
angle respectively. Empirical constant ς is taken as 2 [26]. θf is
the separation angle between tool and chip, which is taken as
37.6° [27].
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According to Ref. [28]. the normal friction angle βa can be
determined from the following relation:

tanβa ¼
τ1
P0

1þ ξ 1−
τ1
μP0

� �1=ξ
" #( )

τ1
P0

¼ ξ þ 2

4 ξ þ 1ð Þ
sin 2 ϕn þ βa−αnð Þ½ �

cosβað Þ2

8>>><
>>>:

ð9Þ

where μ is the sliding friction coefficient between rake face
and workpiece; it is solved inversely by the particle swarm
optimization (PSO) algorism based on the predicted and mea-
sured data of CM and equal to 0.78. τ1 is the shear yield stress
of the bonded zone on rake face. P1 is the normal pressure at
the tool tip on the rake face. Empirical constant ξ is considered
as 3.

The normal shear angle ϕn can be calculated by the shear
angle model proposed by Merchant [29]:

ϕn ¼
π
4
þ αn

2
−
βa

2
ð10Þ

3 Shear flow stress considering material
softening effect

The solution of shear flow stress is the key to calculating
cutting forces. In LAM process, the material is softened by
laser heating before shear action, which results in a significant
rise in the temperature of the shear zone. In analytical models
of cutting forces in LAM proposed by predecessors, some

researchers took the temperature of the shear plane caused
by laser heating as the shear plane temperature, while others
adopted approximation of shear flow stress. In this section, the
effect of laser heating on the plastic deformation of shear zone
is considered, and an accurate method for calculating the shear
plane temperature and shear flow stress under the combined
action of laser heating and plastic deformation is presented.

3.1 Calculation of shear flow stress

3.1.1 Preheating temperature of shear plane

The calculation of preheating temperature of shear plane is the
basis of calculating shear plane temperature. According to
Ref. [30], a temperature model of laser heating process is built
to predict the preheating temperature distribution of work-
piece. The laser heat source is discretized into point heat
sources in both angular and radial directions to calculate the
temperature of any point M (x, y, z) on the workpiece. The
angular and radial positions of the point heat sources are de-
termined by the variables i and j. The image heat sources of
the laser heat source are added to satisfy the adiabatic bound-
ary of workpiece [31]. Taking an arbitrary point heat source
Nij as an example, the schematic diagram of laser temperature
model is shown in Fig. 3.

When pointM is the cutting edge tip point, the temperature
at point M is the preheating temperature of the shear plane.
Therefore, the preheating temperature Ts1 of the shear plane in
LAM process corresponding to each cutting edge element can
be obtained by Eq. (11).

T sl zð Þ ¼ ∑
i¼1

N1

∑
j¼1

N2 a0PdijSij
2πλ

1

sij
exp −F

sij þ x0−xij
2α

� �
þ 1

sij1
exp −F

sij1 þ x0−xij
2α

� �� �� �
þ Tr ð11Þ

where N1 and N2 are the angular and radial discrete numbers of
the laser heat source respectively, and the range of variables i
and j is determined by N1 and N2. a0 is the absorptivity of
AerMet100 steel in the laser. Through calibration experiments,
t h e emp i r i ca l f o rmu la o f abso rp t i v i t y i s a 0 =
0.5652P0

−0.1536F0.0793, where P0 is the laser power. Pdij and
Sij are the power density and area of the ijth point heat source
Nij respectively. α and λ are the thermal diffusivity and thermal
conductivity of the workpiece material. sij and sij

1 are the dis-
tances from the cutting edge element toNij and image point heat
source Nij

1 respectively. x0 and xij are the x-coordinates of the
cutting edge element and the point heat source Nij respectively,
and the distance between x0 and xij increases with the increase
of laser-tool distance d1. Tr is the ambient temperature.

During LAM, the distance between different cutting edge
elements and the laser spot is different, so the corresponding

preheating temperature of the shear plane is not the same. For
the same element, the relative position of the element and laser
spot changes due to the rotation of tool, so there is also a
difference in the preheating temperature of the corresponding
shear plane.

3.1.2 Shear plane temperature and shear flow stress

The J-C constitutive model is used to solve the shear flow
stress on the main shear plane during the cutting process of
each cutting edge element:

τ s ¼ 1ffiffiffi
3

p Aþ Bεnð Þ 1þ Cln
ε̇

ε̇0

 ! !
1−

T s−T r

Tm−T r

� �m� �

ð12Þ

251Int J Adv Manuf Technol (2021) 113:247–260



where A, B, n, C, and m are the J-C constitutive parameters of

the workpiece material. ε and ε̇ are the equivalent plastic strain
and equivalent plastic strain rate respectively, which can be

determined by Eq. (13). The reference plastic strain rate ε̇0 is
set as 1. Tm is the material melting temperature. Shear plane
temperature Ts will be derived later.

ε ¼ c0cosαnffiffiffi
3

p
cos ϕn−αnð Þsinϕn

ε̇ ¼ 2Vcosαnffiffiffi
3

p
tacos ϕn−αnð Þ

8>>>>><
>>>>>:

ð13Þ

where c0 is the proportion of the main shear zone, which can
be solved by Eq. (14). V is the cutting velocity of cutting edge
element. ta is the thickness of the main shear zone, which is
taken to be half of the instantaneous uncut chip thickness [32].

c0 ¼ 1

2
þ cos 2ϕn−αnð Þ

2cosαn
ð14Þ

According to the non-equal shear zone model proposed by
Tounsi et al. [33], the main shear plane temperature Ts of the
cutting edge element in LAM can be derived as follows:

T s ¼ T0 þ c0 2τ s þ τ0ð Þcosαn

3ρcsinϕncos ϕn−αnð Þ ð15Þ

Fig. 3 Schematic diagram of laser
temperature model

Fig. 4 Flow chart for calculating elemental shear flow stress in LAM
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where T0 is the room temperature, while it is replaced by the
preheating temperature Tsl of shear plane in LAM. τ0, ρ, and c
are shear stress at main shear zone inlet, mass density, and
specific heat of workpiece material respectively.

The shear flow stress τs on the main shear plane of the
cutting edge element in Section 2.2 can be determined by
combining Eqs. (12) and (15). The flow chart for calculating
elemental shear flow stress in LAM is outlined in Fig. 4.

3.2 Comparison of models

At present, in most research on cutting forces during LAM
process, only the temperature rise due to laser heating was
considered, while the heat produced by plastic deformation
during cutting was ignored, such as the model proposed by
Elhami et al. [19]. The shear plane temperature and shear flow
stress under CM, LAM, and Elhami model respectively were
compared by the analytical model proposed in this paper to
reveal the softening behavior of materials caused by laser
heating in LAM. Among them, the simulation scheme of
CM is shown in Table 1. For LAM, the parameters are iden-
tical to CM except for laser power. The shear plane tempera-
ture of the Elhami model is the laser preheating temperature,
and the temperature rise due to plastic deformation is not
considered. In addition, laser power P0 is 500 W, radius of
laser beam rL is 1.8 mm, laser incidence angle iL is 45°, and
laser-tool distance d1 is 13 mm.

The simulation results of shear plane temperature and shear
flow stress under three different conditions are shown in Fig.
5. Figure 5a shows the shear plane temperature. In CM, the
shear plane temperature increases with the increase of rotation
angle of tool. This is because the instantaneous uncut chip
thickness decreases gradually with the increase of radial

immersion angle in down-milling mode, which leads to the
phenomenon of cutting with negative rake angle more and
more obvious. The shear plane temperature in LAM is higher
than that in CM under the influence of laser heating. In the
Elhami model, the shear plane temperature decreases gradu-
ally as the milling process progresses. This is attributed to the
fact that the laser heat source is gradually far away from the
cutting edge element and the effect of plastic deformation on
temperature is neglected.

As shown in Fig. 5b, the change trend of shear flow stress is
completely opposite to that of shear plane temperature.
Furthermore, shear flow stress in LAM is less than that in
CM, and the values of both tend to be equal as the tool rotates.
This phenomenon indicates that there is a softening effect of
materials in LAM and the softening effect decreases with the
progress of cutting. This is because the distance between the
cutting edge element and laser spot becomes longer during the
process of cutting entry and exit, which causes the decrease of
shear plane temperature. While in the Elhami model which
only considered the laser heating temperature, shear flow
stress increases with the decrease of the shear plane tempera-
ture and is even higher than that in CM.

Therefore, compared with the Elhami model, the model
established in this paper reflects the material flow behavior
under the combined action of laser heating and plastic defor-
mation more objectively. Compared with CM, a significant
material softening effect is observed in LAM.

4 Model verification and discussion

In order to validate the cutting force model, LAM experiments
were carried out in this part. The three-axis cutting force (Fx,

Table 1 Simulation scheme of CM

Spindle speed N (r/min) Feed rate fz (mm/tooth) Axial depth of cut ap (mm) Radial depth of cut ae (mm) Tool diameter D (mm)

1000 0.05 2 4 25

Corner radius r0 (mm) Edge radius re (μm) Nominal rake angle α0 (°) Helix angle β (°) Milling mode

0.8 32.48 5.6 3.25 Down-milling

Fig. 5 Comparison of CM, LAM,
and Elhami model. a Shear plane
temperature. b Shear flow stress
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Fy, Fz) in machining was measured by a dynamometer
(Kistler, 9129AA). Based on the quantitative analysis, the
cutting force model presented in this paper was verified.
Besides, the influences of process parameters related to mate-
rial softening effect on the cutting force were theoretically
investigated.

4.1 LAM experiments

The workpiece is a block of AerMet100 steel with a length of
100 mm, a width of 30 mm, and a height of 30 mm, and its
bulk hardness is about 38–40 HRC. The main chemical com-
position and material properties of AerMet100 steel used in
this paper are listed in Tables 2 and 3 respectively. The J-C
constitutive parameters of AerMet100 steel were calibrated by
the particle swarm optimization (PSO) algorism based on the
shear flow stress obtained from orthogonal cutting experi-
ments and J-C constitutive equations respectively. The cali-
bration result is listed in Table 4.

All experiments were performed on the self-built LAM
platform shown in Fig. 6. A diode laser generator (HDLS-
1000) with the maximum output power of 1000 W was used.
The collimating optic focused the laser onto the workpiece
surface to realize laser heating. A fixture was designed to
clamp the collimating optic and was fixed on the spindle. A
square shoulder milling cutter (Kennametal, STELLRAM
7690VA12CA025Z03R40-3) with 25 mm diameter was used
in this study. Only one carbide insert (Kennametal,
ADHT12T308ER-46 SP6519) was installed on the cutter,
and a new carbide insert was used in each experiment. The
experimental scheme is shown in Table 5. In addition, spindle
speed N, radial depth of cut ae, axial depth of cut ap, laser
incident angle iL, and laser-tool distance (in the X direction)
d1 were kept invariant, and equal to 1000 r/min, 4 mm, 2 mm,
45°, and 13mm respectively. Down-milling was chosen as the
milling mode in this investigation.

4.2 Experimental results

The cutting force model established in this paper is used to
predict the three-axis cutting force under each experimental
parameter, and the cutting force of LAM is predicted by the
Elhami model too. The predicted and measured three compo-
nents of cutting force are shown in Fig. 7. The amplitude of
cutting forces is also used as an evaluation index. The results
of the comparison between the predicted and the measured
amplitude of the three-axis cutting force are shown in Table 6.

Figure 7 shows that the cutting force model established in
this paper is more accurate than the Elhami model in
predicting the cutting force of LAM. This is because the
Elhami model ignores the temperature rise generated by plas-
tic deformation, which increases the shear flow stress (as
shown in Fig. 5). Furthermore, the predicted cutting force is
significantly larger. Meanwhile, as shown in Table 6, the av-
erage relative error of the maximum cutting force in the X, Y,
and Z directions is about 7.5%. Overall, the consistence be-
tween experimental and predicted results demonstrates the
good prediction accuracy of the proposed cutting force model.

In addition, the effects of laser power and laser scanning
speed on the cutting force during LAM are shown in Figs. 8
and 9 respectively, which include both experimental and pre-
diction results. The graphs show that the predicted and exper-
imental influences are consistent, which verify the effective-
ness of the proposed model again.

4.3 Influences of laser parameters on cutting force

When the material is softened by thermal effect, the energy
required for plastic deformation during cutting process is re-
duced, whichmakes the material prone to shearing. Therefore,
in LAM, the material softening effect caused by laser heating
is the primary reason for the reduction of cutting forces. The
strength of material softening is determined by the heat gen-
erated by laser heat source. According to the self-built exper-
imental platform shown in Fig. 6, it is obvious that the soft-
ening degree of material is controlled by laser power, laser

Table 2 Chemical composition of AerMet100 steel [34]

C Mn Si Ni Cr Mo Al Co Ti O N S+P Fe

0.225 0.01 0.01 11.22 3.04 1.20 0.015 13.50 ≤ 0.015 ≤ 0.002 ≤ 0.0015 ≤ 0.01 balance

Table 3 Main material properties of AerMet100 steel

Density ρ
(kg/m3)

Thermal
diffusivity α
(m2/s)

Thermal
conductivity λ
(W/m·°C)

Specific heat
capacity c (J/kg·°C)

7889 126 19.3 412.7

Table 4 J-C constitutive model parameters of AerMet100 steel

A (MPa) B (MPa) n C m

831.8 731.3 0.2893 0.01 0.8571
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scanning speed, and laser-tool distance (in the X direction). In
this section, AerMet100 steel and the amplitude of the three-
axis cutting force are used as the research material and the
evaluation index respectively. The influence of laser parame-
ters that can control the strength of the material softening
effect on the cutting force of LAM is discussed.

4.3.1 Laser power

The effect of laser power on the three-axis cutting force of
LAM is shown in Fig. 8. Obviously, the amplitude of cutting
forces decreases with the increase of laser power, even if the
machining is carried out with different feed rate. The reason is
that the increase of laser power intensifies the softening degree
of the material, which leads to the increase of shear plane
temperature and the decrease of shear flow stress. Taking ex-
periment Nos. 7–10 as an example, the cutting force can be
reduced by up to 40% in LAM, compared with CM.

Theoretically, the larger the laser power is, the higher the
material softening degree will be, and the smaller the cutting
force will be. However, excessive laser power will cause the
residual heat affected zone. From the work in Ref. [25], the
experimental parameters in Table 5 of each group all meet the

requirements of yielding no residual heat affected zone in the
machined surface layer. Therefore, LAM processing of
AerMet100 steel can reduce the cutting force under appropri-
ate process parameters.

4.3.2 Laser scanning speed

In the LAM experimental platform shown in Fig. 6, the laser
device was fixed on the machine spindle and moved synchro-
nously with it. When the spindle speed is constant, the laser
scanning speed is adjusted by changing the feed rate. Figure 9
shows the effect of laser scanning speed on the amplitude of
the three-axis cutting force when machining with different
laser powers. It can be seen from the figure that the amplitude
of the cutting force increases obviously with the increase of
laser scanning speed. There are two reasons. One is that the
increase of laser scanning speed shortens the heating time of
the material, which reduces the preheating temperature of
shear plane and the degree of material softening. The other
is that the increase of laser scanning speed also represents the
increase of feed rate, which results in a proportional increase
in the instantaneous uncut chip thickness. Moreover, it can be
found that the cutting force componentsFx and Fz are the most

Table 5 Experimental parameters
No. Laser power P0 (W) Feed rate fz (mm/tooth) No. Laser power P0 (W) Feed rate fz (mm/tooth)

1 0 0.05 6 500 0.075

2 250 0.05 7 0 0.1

3 500 0.05 8 250 0.1

4 0 0.075 9 500 0.1

5 250 0.075 10 750 0.1

Fig. 6 LAM experimental
platform
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Table 6 Verification test results
No. Fx(amp) Fy(amp) Fz(amp)

Exp (N) Pre (N) Error (%) Exp (N) Pre (N) Error (%) Exp (N) Pre (N) Error (%)

1 101.4 85.6 15.6 343 357.1 4.1 70 69.7 0.4
2 85.8 77.8 9.3 314.6 294.9 6.3 57.6 58.9 2.3
3 76.2 71.8 5.8 265.1 247.4 6.7 46.7 52.2 11.8
4 125.5 125.6 0.08 439.6 443.5 0.9 71.2 76.2 7.0
5 105.4 113.9 8.1 343.2 366.4 6.8 56 64.6 15.4
6 92.4 104.8 13.4 318.1 306.8 3.6 51.4 56.7 10.3
7 150.4 162.3 7.9 515.4 528.5 2.5 79.4 82.2 3.5
8 129.2 146.7 13.5 413.9 437.3 5.7 69.3 69.9 0.9
9 114.1 134.8 18.1 377.6 367.1 2.8 53.9 61.0 13.2
10 107.6 124.1 15.3 340.5 306.0 10.1 56 54.8 2.1
Average 10.7 5.0 6.7

Fig. 7 Predicted and measured three-axis cutting force waves, a No. 4 (CM). b No. 7 (CM). c No. 2 (P0 = 250 W). d No. 3 (P0 = 500 W). e No. 6 (P0 =
500 W). f No. 8 (P0 = 500 W)
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and least sensitive to changes in laser scanning speed
respectively.

By comparing Fig. 9a–c, it is found that, when the laser
power is larger, the growth rate of the cutting force amplitude
is smaller than that under a lower laser power condition, which
indicates that the increase of the laser power can slow down
the disadvantage caused by the faster laser scanning speed.
The reason is that the increase of laser power can strengthen
the material softening effect.

4.3.3 Laser-tool distance (in the X direction)

Too small laser-tool distance will shorten the heating time,
while too large laser-tool distance will prolong the cooling
time after the material is heated, both of which will weaken
the softening effect of the material. Figure 10 shows the effect
of laser-tool distance in the X direction (d1) on the three-axis
cutting force of LAM. d1 varied from 10 to 20 mm, and laser
power P0 was 250 W and 500 W, respectively. Other process
parameters were the same as experiment Nos. 1–3 in Table 2.
As shown in the figure, the amplitude of the three-axis cutting
force gradually increases with increasing laser-tool distance.

This is because the increase of laser-tool distance lengthens
the cooling time before the material is cut, which weakens the
softening effect and leads to a reduction in the preheating
temperature of shear plane.

Figure 10a and b are drawn at a laser power of 250 W and
500W respectively. It is not difficult to find that the amplitude
of the three-axis cutting force in Fig. 10b changes more dra-
matically with the increase of laser-tool distance, which indi-
cates that, the greater the laser power is, the more significant
the influence of laser-tool distance on the three-axis cutting
force will be.

5 Conclusions

In this paper, an analytical model is established to predict
cutting forces in LAM. In the model, the effects of laser
heating and plastic deformation on shear plane temperature
and shear flow stress are considered simultaneously. And the
proposed model is verified by LAM experiments. According
to the experimental and predicted results, as well as the anal-
yses reported above, the following conclusions can be drawn:

Fig. 8 Variations of cutting forces amplitudes along laser power under different feed rates. a fz = 0.05 mm/tooth (Exp. Nos. 1–3). b fz = 0.075 mm/tooth
(Exp. Nos. 4–6). c fz = 0.1 mm/tooth (Exp. Nos. 7–10)

257Int J Adv Manuf Technol (2021) 113:247–260



Fig. 9 Variations of cutting force amplitudes along feed rate under different laser powers. a P0 = 0 (Exp. Nos. 1, 4, 7). b P0 = 250W (Exp. Nos. 2, 5, 8). c
P0 = 500 W (Exp. Nos. 3, 6, 9)

Fig 10 Variations of cutting force amplitudes along laser-tool distance under different laser powers. a P0 = 250 W. b P0 = 500 W
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(1) The predicted results of cutting force agree well with
measured data, which proves the feasibility of the model.

(2) A method for solving the shear plane temperature and
shear flow stress considering material softening effect of
LAM is proposed. Compared with CM, higher shear
plane temperature and lower shear flow stress are gener-
ated in LAM, which indicates that there is a significant
material softening effect. This model can reflect the ma-
terial flow behavior in LAM process better than the mod-
el established in Ref. [19].

(3) The amplitude of the three-axis cutting force (Fx, Fy, Fz)
in LAM is reduced by up to 28.5%, 33.9%, and 29.5%
respectively. The experimental results show that LAM of
AerMet100 steel has a significant effect in reducing cut-
ting forces.

(4) Material softening effect is controlled by laser power,
laser scanning speed, and laser-tool distance. The reduc-
tion of laser power, the acceleration of laser scanning
speed, and the increase of laser-tool distance will weaken
the degree of material softening, which reduces the
preheating temperature of shear plane and increases
shear flow stress, and finally leads to the increase of
cutting force.

This work can be applied to optimize process parameters
and reveal machining mechanism in LAM.
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