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Abstract Laser cladding process has been developed to be an
advanced surface modification technique in re-manufacturing
and maintenance fields. Service performance of the compo-
nent formed by laser cladding largely depends on its subse-
quent finish cutting processes. Depth of cut in cladding turn-
ing process was restricted relatively small due to the thickness
limitation of cladding layer, which reflected distinctive and
crucial compared with cutting operations of homogeneous
materials. The effect of depth of cut on turning performance
of Cr-Ni-based stainless steel formed by laser cladding was
investigated in this paper to get a novel insight into the ma-
chining process of cladding layer. Larger cutting force, worse
surface roughness, and strengthened work-hardening with
depth of cut increasing were observed similar to a convention-
al turning process. However, radial force rather than tangential
force dominated especially in the given cutting conditions
owing to the shallow depth of cut. Both surface roughness
parameters Rz and Rt exhibited twice larger when the depth
of cut exceeds 0.18 mm. Furthermore, comprehensive ma-
chinability of turning process was quantitatively evaluated
based on modified digraph and matrix method so as to obtain
a superior functional cladding. The results indicated that the
machinability of cladding layer became worse with depth of
cut increasing initially. The machinability value reached the
worst level with depth of cut equaling to 0.24 mm. Thus, an

optimized depth of cut was determined as 0.12mm for turning
of laser cladding Cr-Ni-based stainless steel. It should be not-
ed that tool vibration should be eliminated for improved sur-
face roughness as well as work-hardening with the depth of
cut increasing, which performed beneficial to the machining
of functional component formed by laser cladding.

Keywords Laser cladding . Cr-Ni-based stainless steel .

Turning .Machinability . Depth of cut

1 Introduction

As a surface modification technique, laser cladding has been
developed to be an important process in re-manufacturing and
maintenance fields, e.g., metallurgy, traffic, petrochemistry, and
mining industries [1]. Suitable cladding feedstock with superior
physical and chemical properties can save consumption of ma-
terial resources and energy. They can optimize the part’s per-
formance and expand its service life [2, 3]. Laser cladding has
been developed for many years as a re-manufacturing and sus-
tainable manufacturing technique in industry [4, 5]. However,
laser cladding results in irregular surface and poor dimensional
tolerance. It is necessary to machine the cladding layer in a
finishing operation to achieve the tight geometric, dimensional,
and roughness tolerances required.

Recently, advanced surface modification techniques in-
cluding high velocity oxy-fuel (HVOF) spraying, arc
spraying, and plasma spraying have been applied widely in
mechanical fields.Machining processes of such spraying coat-
ings have a similar material removal mechanism with that of
cladding layers. These machining operations mainly involve
the turning [6–8], milling [9, 10], grinding [11–13], and bor-
ing [14, 15] processes. Wang et al. [6, 7] experimentally in-
vestigated the influence of cutting parameters on cutting
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forces, surface roughness, chip morphology, and tool wear in
turning of Fe-based overlay deposited by arc spraying. How-
ever, the intrinsic mechanism of coating cutting process was
not explained. Furthermore, Sun et al. [8] proposed analytical
models in rough and finishing turning of the Fe-Al-based
overlays for transient cutting force prediction. Zhao et al. [9,
10] analyzed the chip morphology and machining vibration in
end milling and side milling of laser cladding layer. In their
research, sawtooth chips were generated on account of low
thermal conductance. Machining vibration was considered to
be the result of uneven distribution of grain size and hardness,
which was effectively improved with La2O3 addition.
Masoumi et al. [11, 12] investigated the effects of grinding
parameters on grinding force and properties including poros-
ity content, residual stress, micro-hardness, and adhesion
strength of HVOF sprayed coating. A mechanism of material
removal presenting both brittle fracture and ductile flow
modes was proposed. The porosity content of the coating in-
creased after grinding, whereas micro-hardness and adhesion
strength were reinforced, which resulted from the effects of
compressive residual stress states. Rausch et al. [13] opti-
mized a five-axis numerical control (NC) grinding process
for improving the surface topographies and shape accuracies
prior to industrial application. Ding et al. [14, 15] reported the
mechanism of tool wear as abrasive effect by hard oxide par-
ticles in boring of plasma-sprayed Fe-based alloys coating.
The challenges in machining of cladding or sprayingmaterials
are due to their abrasive resistance as well as high hardness
and limited thickness of the surface layer.

Even though various researches have been carried out
aiming at the machining of cladding layer or spraying
coatings, the effects of the shallow thickness of surface
cladding layer on cutting processes are less reported. As
shown in Fig. 1, materials formed by laser cladding

process, which are to be removed by turning process,
are crucial difference along radial direction with homo-
geneous materials formed by other forming processes.
The depth of cut is restricted relatively small due to
the total thickness limitation of cladding layer. The
thickness of the cladding layer is in comparable scale
to nose radius of the tool insert applied, similar to a
hard turning process.

The influences of depth of cut on turning performances
of Cr-Ni-based stainless steel cladding including cutting
force, surface roughness, and micro-hardness are investi-
gated in this research. Comprehensive machinability of
the series turning processes is further evaluated based on
a modified digraph and matrix method. Optimized selec-
tion of depth of cut will be determined in cladding turning
process.

2 Surface preparation and laser cladding process

Figure 2 shows a schematic representation of the laser
cladding process. A laser beam is focused and moves on
the top surface of substrate for producing a melting pool
where a powder flow is injected coaxially. The treated
area is heated by absorption of energy delivered by the
laser beam. Special powder totally melts and then quickly
re-solidifies for creating a track, characterized by high
density and metallurgical bonding to the bulk material.
Meanwhile, the heated layers consisting of a cladding
layer and a heat-affected zone (HAZ) are self-quenched
after passing of the laser beam due to diffusion of heat to
the cold bulk or air. The high heating and cooling rates
result in grain refinement as well as the formation of
metastable phases and/or altered microstructures in the
surface layer.

The Cr-Ni-based stainless steel cladding was gener-
ated on the surface of worn out part, which was fabri-
cated by laser cladding process. Special powder after
drying and filter was used as feedstock, while medium
carbide steel was used as the bulk material. In this
research, a self-designed semiconductor laser cladding
equipment was employed for the surface preparation.
The substrate material was selected as AISI 1045 steel
with a diameter of 40 mm and a length of 90 mm,
while the cladding material was Cr-Ni-based stainless
steel powder. The compositions of both bulk and clad-
ding material were analyzed by energy disperse spec-
troscopy (EDS, INCA, Oxford Co.) and is summarized
in Table 1. After cladding, the thickness of the cladding
layer was approximately 1000–2500 μm, as shown in
Fig. 2d. The parameters adopted in laser cladding pro-
cess are listed in Table 2.
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3 Experimental details

3.1 Experimental setup and measuring instruments

The effects of depth of cut on cutting force, surface roughness,
and micro-hardness were studied through dry turning experi-
ments. All trials were conducted on the DAEWOO
PUMA200MA computer numerical control (CNC) turning
center, as shown in Fig. 3. The CNC turning center is
equipped with a spindle power of 28 kW and a maximum
spindle speed of 6000 rpm. Firstly, the original cladding sur-
face was peeled off and the thickness of the removal layer was
about 0.3–0.5 mm depending on the cladding quality. Then,
the pre-turned surface was grooved with an interval of 10-mm
width. The created grooves separated the workpiece into five
segments for the subsequent experiments. Each trial was con-
ducted separately between the adjacent grooves. Inserts with
wiper-modified geometry were used for improving surface
quality of the cladding layer. More detailed characteristic
properties of the insert are listed in Table 3.

Cutting force components of radial force (Fx), tan-
gential force (Fy), and axial force (Fz) were measured
by Kistler three-component piezoelectric dynamometer
during turning process. The values were monitored and
recorded through a three-channel charge amplifier with
date acquisition system (DynoWare). Surface roughness
Ra, Rz, and Rt of machined surface were measured
using a TR200-type portable roughmeter. The HVS-
1000 digital micro-hardness tester was used to measure
the micro-hardness beneath the machined surface to sub-
strate. Measurements of the surface roughness and

micro-hardness were tested three times and an average
of these values was taken as a response.

3.2 Design of experiments

A single factorial design was adopted in this research so that
the independent effect of depth of cut could be investigated
explicitly. Five levels of depth of cut were selected covering
the spectrum of 0.06–0.3 mm, while cutting speed and feed
rate were kept constants as 60 m/min and 0.08 mm/r,
respectively.

4 Results and discussion

4.1 Cutting force

Figure 4 shows the relationships between cutting force com-
ponents and depth of cut. It can be seen that the cutting force
components ascend with the increases of depth of cut, which
accordingly result in the augmentation of resultant force. Ra-
dial force rather than tangential force dominates in experimen-
tal conditions because of the shallow depth of cut, which
shows a similar trend to the hard turning process as reported
in refs. [16, 17]. This phenomenon can be explained by the
ploughing effect which prevails under the conditions of com-
parable depth of cut-to-nose radius. Besides, tangential force
nearly catches up with radial force as depth of cut increases. It
is preconceived that tangential force will re-dominate when
the depth of cut exceeds 0.3 mm.
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Table 1 Chemical compositions of bulk and cladding material

C Si Mn Fe Cr Ni

Bulk (wt%) 0.90 2.77 1.34 94.98 – –

Cladding (wt%) 1.18 2.65 0.75 83.20 10.10 2.13

Table 2 Laser cladding parameters used for surface preparation

Laser
power

Scan
velocity

Powder
feed rate

Carrier gas (N2)
pressure

Footstep

3 kW 5.1 mm/s 450 g/min 0.5 MPa 7 mm
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For further comprehension over the variation of cutting
force components, the cutting force mechanism in three-
dimensional oblique turning process is considered, as shown
in Fig. 5. Assuming that the cutting force Fc and the thrust
force Ft in orthogonal machining had been derived from shear
stress, shear angle, and friction conditions, thus, the tangential,
axial, and radial forces can be calculated, respectively, as
Eqs. (1)–(3).

Fx ¼
Z θ1

θ2

F tcosθþ Fcsinλssinθð ÞRndθ ð1Þ

Fy ¼
Z θ1

θ2

FcRncosλsdθ ð2Þ

Fz ¼
Z θ1

θ2

F tsinθ−Fcsinλscosθð ÞRndθ ð3Þ

where θ represents the position of arbitrary point on cutting
edge participated in the turning operation, which will be pos-
itive if across the vertical line anticlockwise.

Increasing depth of cut lengthens edge segment participat-
ed in the turning procedure, represented by the integral angle
θ. The ascending of cutting force can be ascribed to depth of
cut increment Δap. The thrust force will largely contribute to
axial force rather than radial force due to increases of the
transient slopes with depth of cut increasing. Thus, the mag-
nitude of axial force increases faster than the radial force as
shown in Fig. 4. Besides, longer edge segment participated in
the turning procedure enlarges the tangential force according

to Eq. (2). In consequence, the tangential force will increase
over the radial force overwhelmingly.

4.2 Surface roughness

Surface roughness Ra, Rz, and Rt as a function of depth of cut
is illustrated in Fig. 6. There is a slight increase in arithmetic
mean roughness Ra with depth of cut increasing. This varia-
tion could attribute to severe vibration accompanied with
screech in the cladding turning processes. Figure 7 shows
the optical images of machined surface with typical values
of depth of cut. Chatter marks are clearly visible with a high
depth of cut, as shown in Fig. 7c, d. The feed marks and
vibration deteriorate the surface quality of the machined sur-
face. Besides, surface defects including porosity inherited
from laser cladding process and fall-off could also be discov-
ered in the magnification images. Both ductile flow and brittle
fracture coexist in the material removal mechanism based on
the results of surface observation. Plough effect is another
reason for surface deterioration, resulting in severe friction
between tool flank face and machined surface. Therefore,
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Table 3 Detailed properties of turning tooling and coated carbide insert

Tool holder Coatings Insert geometrical parameters

PCLNR2
525M12

Al2O3-TiN-TiCN Side cutting edge angle Cs −5°
End cutting edge angle Ce 5°

Rake angle γ 13°

Clearance angle α 6°

Inclination angle λs −7°
Nose radius Rn 0.8 mm
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mean depth of roughness Rz and total roughness Rt exhibit
almost twice larger when depth of cut exceeds 0.18 mm under
experimental conditions in this research.

A worse surface quality performs detrimentally to us-
ability of the functional cladding layers. Turning inserts
with wiper-modified geometry are selected for the pur-
pose of surface improvement. Thereby, it can increase
feed rate twice while maintaining the same surface
roughness or can reduce surface roughness by half
while maintaining the same feed rate when compared
to the machined surface by using conventional turning
inserts [18–20]. The effect of the interface between
cladding layer and substrate should be considered as
well. Property differentials between cladding and bulk
materials, such as the coefficient of thermal expansion,
Young’s modulus, and Poisson’s ratio, would result in
an interfacial residual stress and generating the substrate
effect on cladding turning process. Once the depth of
plastic deformation reaches the interface or inducing
transformation of the interfacial residual stress state,
similar to the indention of coatings [21, 22], the sub-
strate effect could not be ignored any longer.

4.3 Micro-hardness

Micro-hardness of the laser cladding samples was measured
from top layer of the machined surface till 60 μm beneath the
surface. The micro-hardness is recorded with an interval of
5 μm in constant, as shown in Fig. 8. The results indicate a
relative stable distribution of micro-hardness in the work-
hardening layer. On one hand, the measured micro-hardness
of cladding layer is considerably higher than the substrate with
an average micro-hardness 250 kgf/mm2 because of the exis-
tence of Cr and Ni elements. On the other hand, increasing
depth of cut strengthens the machined surface with an im-
provement of the micro-hardness. Especially, the micro-
hardness increases by 50 % with the maximum depth of cut
than that with the minimum depth of cut.

4.4Machinability evaluation based on digraph andmatrix
method

Machinability quantifies the machining performance and is
defined for a specific application by various indexes, such as
cutting force, surface quality, and chip formation. However,
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opposite evaluation values could be obtained with different
indexes. Comprehensive machinability considering multiple
indexes should be applied for a given machining operation
[23, 24]. Digraph and matrix method for machinability eval-
uation has been developed considering machinability indexes
and their relative importance to the operation. This model has
been proved useful for modeling and analyzing various kinds
of systems and problems in numerous fields of science and
technology [25, 26].

4.4.1 Determination of machinability indexes

In this research, resultant force R, mean depth of rough-
ness Rz and micro-hardness Hv are determined as ma-
chinability indexes for turning machinability evaluation.
Cutting force indirectly reflects the deformation of clad-
ding layer. If the cutting force is large enough, cladding
layer could be tore off and inducing catastrophic failure
of the functional cladding. Surface quality is the most
important factor which affects the performance of func-
tional cladding. The mean depth of roughness could
well reflect the topography of the machined surface.
With the increment of Rz, more residual spaces storing
corrosive medium would be generated which act detri-
mental to corrosion resistance of the functional clad-
ding. Micro-hardness could induce grain refinement
which would be also beneficial to corrosion resistance
of the cladding layer.

Firstly, contributes of depth of cut to resultant force, mean
depth of roughness, and micro-hardness are determined, re-
spectively, by Eq. (4).

Con% ¼ xmax−xmin

xmin
� 100% ð4Þ

where xmax and xmin represent the maximum and the minimum
value of the machinability indexes, respectively. According to
each contribute to the performance of functional cladding
shown in Fig. 9, the relative importance of machinability in-
dexes is listed in Table 4.

Machinability indexes are dealt with Eqs. (5) and (6). Thus,
they are transformed into the closed interval [0, 1], performing
the same trend of monotone increment. It is noted that a ben-
eficial index (e.g., micro-hardness) means its higher value is
more desirable for the given machining operation, whereas
lower value is desirable for a non-beneficial index (e.g., resul-
tant force and mean depth of roughness).

xi ¼ xi−xmin

xmax−xmin
ð5Þ

yi ¼ xi ; f o r beneficial index

1−xi ; for non‐beneficial index

(
ð6Þ

where xi represents the ith value of the machinability indexes.
Normalized results of the machinability values are given in
Table 5.

4.4.2 Machinability evaluation

Digraph for machinability evaluation of cladding turning pro-
cesses is developed as shown in Fig. 10. This digraph consists
of three nodes 1, 2, and 3 representing resultant force, mean
depth of roughness, and micro-hardness, respectively. The
relative importance of the above indexes is also illustrated.
The comprehensive machinability matrix A for this digraph
can be written as Eq. (7). This is a 3×3 matrix with diagonal
elements yi and off-diagonal elements aij. The comprehensive
machinability function for the matrix is expressed by Eq. (8).

A ¼
Attributes R Rz Hv
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Fig. 9 Contribution values of depth of cut to each machinability index

Table 4 Relative
importance of
machinability indexes
(aij) for cladding turning
processes

Attributes R Rz Hv

R – 3 5

Rz 7 – 7

Hv 5 3 –

Table 5 Normalized
machinability values (yi)
for cladding turning
processes

Depth of cut/mm R Rz Hv

0.06 1 1 0

0.12 0.80 0.78 0.06

0.18 0.64 0.15 0.19

0.24 0.23 0 0.43

0.30 0 0.08 1
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Machinability Að Þ

¼ ∏
3

i¼1
yi þ

X
i; j;k

ai ja ji

� �
yk þ

X
i; j;k

ai ja jkaki þ aikak ja ji

� � ð8Þ

The comprehensive machinability values for cladding turn-
ing processes under different depths of cut are calculated and
shown in Fig. 11. Higher machinability value means free ma-
chining under corresponding turning parameters. Figure 11
indicates that turning with depth of cut 0.06 mm has the best
machinability while that with 0.24 mm is the worst. Machin-
ability value drops down when the depth of cut exceeds
0.18 mm due to worsened surface quality. Thus, vibration
should be eliminated for lower surface roughness and stronger
work-hardening with the depth of cut increasing, which is
beneficial to the machining of functional component formed
by laser cladding.

The selection of cutting parameters should consider not
only machinability values but also the efficiency of cutting
process. Even though the cladding material has the best ma-
chinability with the depth of cut 0.06mm, the efficiency under

this condition is the lowest. Therefore, the optimized depth of
cut is 0.12 mm with cutting speed 60 m/min as well as feed
rate 0.08 mm/r when turning laser cladding material in this
study. In this way, the functional cladding component could
perform better with a relatively higher efficiency of the cutting
process as well.

5 Conclusions

This research presents the finding of an experimental investi-
gation on the effect of depth of cut on cutting force, surface
roughness, and micro-hardness in three-dimensional oblique
turning process of Cr-Ni-based stainless steel formed by laser
cladding process. The conclusions can be summarized with
the cutting conditions in this paper as following:

& Larger cutting force, worse surface roughness, and stron-
ger work-hardening with depth of cut increasing are ob-
served as similar to a conventional turning process. Espe-
cially, radial force rather than tangential force dominates
in the given conditions owing to shallow depth of cut. In
addition, both Rz and Rt exhibit twice larger caused by
drastic vibration when depth of cut exceeds 0.18 mm.

& The comprehensive machinability evaluation indicates
that machinability becomes worse with depth of cut in-
creasing and reaches the worst when depth of cut is
0.24 mm.

& The optimized depth of cut is 0.12 mm accompanied with
the given cutting speed and feed rate for turning of clad-
ding material with better performance and higher efficien-
cy of the cutting process.

& Vibration should be eliminated for improved surface
roughness as well as work-hardening with depth of cut
increasing, which shows beneficial to the machining of
functional component formed by laser cladding process.

A, comprehensive machinability matrix; aij, relative
importance of machinability indexes; ap, depth of cut
(mm); Δap, depth of cut increment (mm); Ce, end cut-
ting edge angle (in °); Cs, side cutting edge angle (in °);
Fc, cutting force (N); Ft, thrust force (N); Fx, radial
force (N); Fy, tangential force (N); Fz, axial force (N);
f, feed rate (mm/r); Hv, Vickers micro-hardness (kgf/
mm2); n, rational speed of spindle (r/min); R, resultant
force (N); Ra, arithmetic mean roughness (μm); Rn,
nose radius (mm); Rt, total roughness (μm); Rz, mean
depth of roughness (μm); vc, cutting speed (m/min); xi,
the ith machinability index; xmax, maximum value of
machinability indexes; xmin, minimum value of machin-
ability indexes; yi, normalization of the ith machinability
index; α, clearance angle (in °); γ, rake angle (in °); λs,
inclination angle (in °); θ, integral angle (in °).
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