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Abstract The machining process for vertical turning mar-
tensitic gray cast iron is of great importance to the automotive
industry, mainly in the manufacturing process of piston rings.
The aim of this paper is to demonstrate the process of devel-
opment of coated carbide tools to maximize the productivity
of the process, considering the maximum life of the cutting
tool and the minimum machining cost per part. Using full-
factorial design of experiments, we tested two different geom-
etries: a square tool with special geometry—formed by two
edges and two ends simultaneously cutting—and a hexagonal
tool. Considering that the special square geometry provided
maximum life, full quadratic models for responses of interest
were constructed using a central composite design for feed (f)
and rotation (n). Applying the generalized reduced gradient
algorithm, the proposed optimization goals were achieved
with feed f00.37 mm/v and rotation of 264 rpm for the use
of the special square tool. Confirmation experiments prove the
effectiveness of this solution.
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1 Introduction

The vertical turning of Martensitic cast iron piston rings is a
relatively complex machining process. A roughing opera-
tion, it is conducted simultaneously on the outer and inner
diameters of the parts. Machining is carried out using two
twin cutting tools with special geometry; abundant cooling
is provided throughout the cutting process. Of the many
types of cast iron used by the auto industry, gray cast iron,
according to Wang et al. [20], is used most. The main
features of gray cast iron are its low melting point [16],
good fluidity, and high resistance to wear [4]. Its chemical
composition and metallurgical structure, however, compro-
mise its machinability, according to Souza et al. [19]. The
machinability of martensitic gray cast iron is aided by its
chemical composition, which include graphitizing elements.
It also includes elements that impair its machinability:
carbide-forming elements and hard abrasives, such as niobi-
um, tungsten, vanadium, chromium, titanium, and molybde-
num. These are in addition to the martensitic microstructure,
an impairment itself to machinability. Alloying elements can
be added to martensitic cast iron material to give it better
mechanical properties (higher corrosion and wear resistance,
wear, tensile and rupture strength). After casting, gray cast
iron is subjected to a tempering process. Here forms the
extremely hard and brittle martensitic structure. Consequently,
the material undergoes a tempering heat treatment, producing
the tempered martensitic structure.

What the industry needs is a conditioning process that
improves the machinability of martensitic gray cast iron in
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vertical turning operations of piston rings. To meet this
need, this paper proposes a new tool geometry as well as
an optimization of cutting conditions. Our proposals enable
martensitic gray cast iron to meet the industry’s quality and
productivity standards [14].

Regarding machining processes, many studies have inves-
tigated the optimization of cutting parameters and tool geom-
etry by employing design of experiments (DOE). This
methodology facilitates studying the optimization of many
types of machining processes and materials while considering
different manufacturing scenarios. Nalbant et al. [11] use
Taguchi designs as methodology; Al-Ahmari [1], Horng et
al. [5], and Lalwani et al. [8] use response surface methodol-
ogy (RSM). The objectives of such studies are to increase
production rates, reduce machining costs, and improve com-
ponent quality. Generally, researchers set up a classical exper-
iment to discover relationships between process variables and
the output characteristics of machined products. To determine
optimum operating conditions, researchers apply a nonlinear
optimization algorithm using the equations obtained by ex-
periment as objective functions or constraints.

Noordin et al. [12] evaluated, in the turning process of
AISI 1045, the performance of a hard metal tool with
multiple layers. To investigate such factors as cutting speed,
feed rate, and tool geometry, the researchers utilized RSM.
Also utilizing RSM, Courbon et al. [2] investigated the
influence of four cutting parameters on ten responses of
high-pressure jet-assisted turning of Inconel 718. These
responses were clustered in five groups: cutting forces,
contact length, chip formation, surface finish, and heat
transmitted to the tool. Reddy and Rao [17] used a Taguchi
experimental setup along with a genetic algorithm in the
optimization process of milling AISI 1045.

Sarma and Dixit [18] applied a full-factorial design to
optimize the cutting parameters of the turning process of
gray cast iron. The researchers studied the performance of a
mixed ceramic tool in the machining of gray cast iron. Using
response surface methodology with neural networks, they
analyzed the tool life and surface roughness of the parts.
Kurt et al. [7] used arrays of Taguchi to optimize the drilling
process of Al 2024 alloy. The hole quality parameters were
analyzed under different cutting speeds, feed rates, depths of
drilling, and types of drill coating. The Taguchi approach to
process optimization was validated by their results. To op-
timize multiple correlated responses in the turning process
of AISI 52100 steel, Paiva et al. [13] applied RSM with
principal component analysis and generalized reduced

gradient (GRG). They adopted the following parameters:
cutting speed, feed rate, and depth of cut. They analyzed
the following responses: tool life, cost per manufactured
part, cutting time, total machining time, roughness, and rate
of removal of material. All of these works cited above
sought to optimize the machining process through a small
but effective number of experiments.

This work represents a confluence of three approaches—
efficient experimental arrangements, objective functions and
constraints, and nonlinear solution algorithms for gradient
methods. In such manner, we propose to optimize the process
of vertical turning martensitic cast iron piston rings by com-
bining ideal cutting parameters and tool geometry. The study’s
aim is to find a machining condition that leads to the maxi-
mum life of the cutting tool, a high production rate, and a
minimal per part machining cost.

This paper is organized as follows: “Section 2” provides an
overview of the vertical turning process with dual tools as it
applies to the packet machining of cast iron piston rings.
“Section 2” also covers the chemical composition and mechan-
ical properties of this material. “Section 3” details the chemical
composition and geometric characteristics of the developed
square and hexagonal tools. It goes into the process parameters
and the levels used in the tests of machinability. The section
also briefly reviews DOE arrangements. “Section 4” presents a
statistical analysis of the effects caused by the machining
parameters; it presents the obtained models and the results of
the optimization methods on the turning process with the
square tool. “Section 5” presents the main findings of the study.

2 Process of vertical turning dual piston rings

Cast iron piston rings, manufactured in sand molds, have an
extremely rough and abrasive martensitic surface. Its chem-
ical composition consists of graphitizing elements (silicon,
nickel, copper), which assist the machinability, and carbide-
forming elements, which impair the machinability (Table 1).
This material is characterized by a microstructure consisting
of graphite shafts and a tempered martensitic matrix (Fig. 1),
with an average hardness of 40 HRC. Deviations in shape
and excessive surface roughness, both caused by the smelt-
ing process, must be corrected for. To do so, rings with
diameters of Ø081.60 mm and 1.95 mm in thickness un-
dergo a process of dual vertical turning (Fig. 2a) in packets
of 77 units (Fig. 2), kept under constant pressure and aligned
with a recess in the internal diameter (Fig. 2c). The packets

Table 1 Chemical composition
of martensitic cast iron % C Si Mn P S Cu Cr Ni Mo Ti V W Nb

Mean 3.4 4.3 0.85 0.18 0.08 1.15 0.4 1.05 1.5 0.15 0.75 0.8 0.65
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are drilled vertically by the simultaneous action of two
identical, cemented carbide tools.

3 Development of cutting tools

For this work, we designed cutting tools with two geomet-
rical designs: the first was square in shape (Fig. 3a) and the
second was hexagonal in shape (Fig. 3b). The cutting tools
were made of a twin-carbide substrate ISO class K10, with
mechanical properties that are described in Table 2. They
were mounted on an indoor and outdoor bar on a vertical
lathe. The carbide tips were coated, through a PVD process,
with titanium nitride (TiN). For this machining process, we
used a CNC vertical lathe, suitable for machining packet
rings 150 mm in length in a single machining cycle. The
same position angle (Kr) of 45° was used for the internal
and external tools.

Table 3 presents the geometrical details of these tools. The
basic difference between them is the material removal system
(described in Fig. 4). The hexagonal tool was designed with a
single-tip radius to remove, in a single pass, 100% of the value
determined for the depth of cut (ap). The square tool had two
square edges, staggered, with two successive identical end
radii that would remove 60% and 40%, respectively, of the
material being machined. Since the cutting forces and heat
generated are now distributed along two edges, the geometric
modification could increase tool life. With the scaling, the tool
tip, now having two tip radii, has been strengthened.

3.1 Methodology for the study of the machining conditions

According to the needs of piston ring manufacturers, the
ultimate goal of developing new carbide tools coated with
TiN is to increase productivity while reducing production
costs. Thus, to efficiently test machinability and tool life, we
adopted an experimental methodology based on balanced
designs [9]. First, a full-factorial design 23 was used, adopt-
ing as factors: feed (f), rotation (n), and tool geometry (Gt).
For the experiment’s responses, tool life (T) was adopted,
measured in total length machined (mm). For the three
cutting parameters, we adopted the experimental levels de-
fined in Table 4. A factorial design is one in which all
combinations of k factors in L levels are to undergo exper-
iment; the total number of experiments is equal to N k0L [3].
At this early stage, there was an experiment with three
replicates.

When statistical analysis of the factorial arrangement was
carried out, important aspects were found in terms of the
adequacy of the tools developed for the process. We were able
to determine (a) the geometry that provides the greatest life, (b)
the significance of cutting parameters and their more suitable
levels for the process, and (c) the interactions between the
geometry and the cutting parameters. After defining the best

Martensitic 
Matrix

Graphite 
Flakes

Carbide

Fig. 1 Tempered martensitic matrix

(a) Placement of twin tools (b) Packet with 77 rings (c) internal machining,
interrupted cuts 

Fig. 2 Vertical turning of
Martensitic cast iron piston
rings. a Placement of twin
tools. b Packet with 77 rings. c
Internal machining, interrupted
cuts
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tool geometry, using an experimental arrangement of the re-
sponse surface was proposed. An increasing factorial design
with axial and central points was built. Doing so allowed the
construction of quadratic models for responses of interest.
Generally, the points of optimal processes are located in
regions near the stationary points of functions.

An arrangement of response surface allows the mod-
eling and analysis of problems in which the response of
interest is influenced by a set of variables and in which
the response should reach an optimum value [10]. Gen-
erally, the relationship between the dependent and inde-
pendent variables is unknown. For a number of factors
generally reduced, it is a reasonable approximation of
the real relationship between the responses (Y) and the
set of independent variables (x) [9]. Generally, explor-
atory experiments have already been performed. Thus,
the relationship between variables can be established by
a polynomial model such that:

bY xð Þ ¼ b0 þ
XK
i¼1

bixi þ
XK
i¼1

biix
2
i þ

XXK
i<j

biixixj þ "μ ¼b0

þ rf xð ÞT
h i

þ 1

2
xT r2f xð Þ� �

x

� �
ð1Þ

In this equation, the parameters (β) of the polynomial are

estimated by bb ¼ XTX
� ��1

XTY
� �

. The complete quadratic
model shown in algebraic form in Eq. 1 can also be written
in matrix form, where x is the vector of experimental points,

rf xð ÞT
h i

is the gradient of the function evaluated at x, and

r2f xð Þ½ � is the Hessian matrix, formed by the second-order
partial derivatives of the complete quadratic model.

The response surface design most commonly used is the
central composite design (CCD), an arrangement consisting of
a full-factorial or fractional, a set of center points, and, addi-
tionally, a group of extra levels called axial points. This
arrangement’s main advantage is that it can fit a quadratic
model with the set of process parameters, maintaining the
rotational arrangement. Rotatability is a property characterized
by constant variation observed by the expected response for all
experimental points located at the same axial distance [9]. In
terms of optimization and process control, this property is
extremely useful. The more external a solution adopted for
the process, the less accurate will be the prediction of new
values or an average.

As described above, the goal in testing was to define a
machining operation setup excellent for internal and

Fig. 3 Square (a) and hexagonal (b) tools

Table 2 Mechanical properties of the substrate and coating for the developed carbide tools

Substrate Coating

Hardness (HV30) 1.6 Coating process PVD arc evaporation

Density (g/cm ³) 14.45 Microhardness (HV 0.05) 2.3

Compressive strength (N/mm²) 6,250 Coefficient of friction against steel (dry) 0.4

Flexural strength (N/mm²) 4,300 Internal stress (GPa) −2.5

Heat resistance (°C) 900 Max temp of application (°C) 600

Modulus of elasticity (kN/mm²) 580 Structure of coating Monolayer

Grain size (mM) 0.8 Jacket color Golden yellow
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external vertical turning, a setup that considered tool life (T),
production rate (PR), and machining cost per number (Kp).
As shown in Table 5, taking a CCD to analyze the influence
of tool feed and rotation of pack rings was the level
considered.

Data from the vertical turning process of piston rings
(shown in Table 6) were used to obtain the total machining
time, production rate, and the machining cost per part. These
responses of interest were obtained in the various cutting con-
ditions suggested by the CCD array, using tool life (T) as a
characteristic of output that was observed during the tests. The

rate of production (PR) and machining cost per part (Kp) were
obtained, as suggested in Paiva et al. [13], fromEqs. 2, 3, and 4.

PR ¼ 60� T�1
t ð2Þ

Tt ¼ Ct þ ta þ ts
tp
Z

� 	
þ Ct

T
� 1

Z
�


 �
tft ð3Þ

Kp ¼ Tt
60

� 1

Z


 �
: Sh þ Smð Þ þ Ct

60
Sh þ Smð Þ þ Ct

T

� Vsi

Nfp
þ Kpi

Ns


 �
þ tft Sh þ Smð Þ

� 

ð4Þ

The criteria for the end of tool life were based on the
maximum flank wear VBmax00.3 mm (Fig. 5a), the breakdown
of the tool (Fig. 5b), and the chipping of the piston ring (Fig. 5c).

4 Modeling and optimization

The response surface models generally estimate the behav-
ior of the average response characteristic. The equation of its
variance, however, can be derived from the CCD array
itself, using the principle of propagation of error [15]. In
this case, the response variance, σ2bY xð Þ

can be obtained on the

basis of a full quadratic model for the absolute values of

residuals of bY xð Þ, σ2
ei

bY xð Þ
h i

. Whereas σ2
ei

bY xð Þ
h i

¼ beij j, the
experimental variance σ2

"i

� 	
obtained from the analysis of

variance (ANOVA) of bY xð Þ, and adjusting the full quadratic
model for residuals R2

i

� �
, one can write:

σ2by xð Þ ffi σ2
ei by xð Þ½ � þ 1� R2

i

� �
σ2
"i

ð5Þ

Table 3 Characteristics of
cutting tools Description Inscribed circle

(i.C), mm
Edge length
(l), mm

Tool thickness
(s), mm

Tip radius
(rε), mm

Clearance
angle (α)

Angle breaks
the chip (γ)

Hexagonal 12 7 4.5 1.8 10° 3°

Square 12 12 4.5 1.3 10° 0°

Depth of cut (Hexagonal) 
(mm)

Depth of cut (Square) 
(mm)

apt =1.25 (100%) 

apt = 1.25  ( 100 %) 

ap1 = 0.76 ( 60%) 

ap2 = 0.49 (40%) 

Fig. 4 Relationship between the geometries of the tool and the cutting
depth

Table 4 Factors and levels of full-factorial

Parameters Symbol Unit Levels (Uncoded)

−1 1

Feed rate f mm×rot.−1 0.32 0.38

Rotation n rpm 235 275

Tool geometry Gt – Hexagonal Square
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For many problems, the optimal location of the point
should be made using a constrained nonlinear algorithm.
Thus, the solution must belong to the space experiment,
such that xTx � ρ2 . This constraint, however, can lead to
optimal points belonging to the convex boundary of the
region of solution. Although these points are feasible, the
response variance increases with the expected departure
from the center point of the optimal arrangement. To limit
this increase in uncertainty, a constraint could be included
that is related to the confidence interval for the mean,

defined as by x0ð Þ � ta 2= ;n�p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s xT0 XTX

� ��1
x0

h ir
[3]. A

compromise solution related to the increase of the processes
must take into account the remoteness of the target media
proposal and a simultaneous reduction of variance. In math-

ematical terms, this can be written as l1 by1 xð Þ � T½ �2þ
1� l1ð Þσ2by xð Þ , where T is the target for the trait of interest

and l1 is a weight denoting the relative importance between
the mean and variance. Thus, to combine the functions
obtained experimentally with the algorithms for solving
the optimization problem, we can write:

Minimize f xð Þ ¼ l1 by1 xð Þ � T½ �2 þ 1� l1ð Þσ2by xð Þ

Subject to : gi xð Þ � 0

xTx � ρ2

Var by xð Þ½ � � "

by x0ð Þ þ ta 2= ;n�p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 xT0 XTX

� ��1
x0

h ir
� Ub

by x0ð Þ � ta 2= ;n�p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 xT0 XTX

� ��1
x0

h ir
	 Lb

ð6Þ

With: by xð Þ ¼ b0 þ rf xð ÞT
h i

þ 1
2 x

T r2f xð Þ½ �x� �
The optimization system of Eq. 6 can be solved using the

algorithm of the GRG. The GRG is one of the most robust and
efficient methods of constrained nonlinear optimization [6].
The algorithm assumes the partition of the original variables
into basic (Z) and non-core (Y) such that F(X)0F(Z,Y) and
h(X)0h(Z,Y). To meet the optimality condition requires that

dhj(X)00, making A ¼ rzhjðX ÞTeB ¼ rY hjðX ÞT , then
dY0−B−1AdZ. Thus, the GRG can be written as:

GR ¼ d

dZ
FðX Þ ¼ rzFðX Þ � B�1A

� �TrYFðX ÞT ð7Þ

The search direction is SX ¼ �GR dY½ �T . For itera-
tions, X kþ1 ¼ X k þ aSkþ1 should be used, verifying at each
step whether Xk+1 is feasible and h(Xk+1)00. Then, just solve
F(X) written in terms of a, using a one-dimensional search
algorithm, like Newton’s method.

Once we model the main features of the process’s quality
and productivity, we can apply it to the previously proposed
optimization system.

5 Results and discussion

Taking into account the results obtained for the tool life (T)
with factorial arrangement 23, a statistical analysis was
performed using Minitab® 15 software, obtaining a model
for tool life (T). Table 7 presents the results obtained in
experiments with the full-factorial.

The statistical analysis showed that all main effects and
interactions were significant (P-values <5%), with adjusted
R2 equal to 97.81%. Figure 6 presents an analysis of the
main factors on the tool life.

Table 5 Levels of factors used in central composite design

Parameters Symbol Unit Levels (Uncoded)

−1.41 −1 0 1 1.41

Feed rate f mm×
rot.−1

0.31 0.32 0.35 0.38 0.39

Rotation n rpm 227 235 255 275 283

Table 6 Technical and economic process variables

Parameters Symbols Values

Tool life T From CCD

Batch of parts (units) Z 15,000

Cutting time (min) Ct Calculated

Secondary time (min) Ts 0.003

Approximation and removal tool time (min) Ta 0.008

Setup time (min) Tp 25

Tool change time (min) Tft 2

Unproductive time (min) t1 0.0125

Cost + machinery operator (US $/h) (Sm+Sh) 80

Cost of the tool holder
(internal + external) (US $)

Vsi 250

Average life of tool holders
(external and internal), edges

Nfp 2,400

Cost of the square insert
(internal + external) (US $)

Kpi qd. 64

Number of edges of square insert Ns qd. 4

Cost of hexagonal insert
(foreign + domestic) (US $)

Kpi hx. 40

Number of edges of hexagonal insert Ns hx. 6

Path forward (mm) Lf 1.95

Initial diameter of the part (mm) Di 81.35

Final part diameter (mm) Df 78.98

Average final part diameter (mm) Dm 80.165
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According to this analysis, the most significant factor
for increasing tool life is the tool’s geometry, followed
by rotation, and then feed. In the vertical turning of
martensitic gray cast iron, the special square tool
showed the best performance, thanks to its staggered
cutting edge. This cutting edge splits the removal of
material during the cutting operation and the cutting
edge is strengthened by two radii of 1.3 mm each,
leading to increased tool life. A total of 60% of the
material is removed by the first cutting edge; the second
cutting edge removes the remainder. Martensitic cast
iron, with its particularly irregular and extremely abra-
sive surface, has an uncommonly deleterious effect on
tools; this effect can be ameliorated by the special
square-shaped tool’s geometry and its staggered two
tip radii of 1.3 mm each.

Since the model shows interactions among the main
factors, we cannot complete the study by analyzing only
their main effects on tool life.

5.1 Full quadratic models

Having better defined the geometry of the tool, we
chose to explore the parameters of cutting speed and
feed using a CCD (Table 8). In this phase of the work,

tool life was also discussed considering the production
rate and the machining cost per part. All these proper-
ties are obtained using the special geometry of the
staggered square.

Table 9 presents the ANOVA, significance of the terms of
the models, and an analysis of the residue of the responses
studied. Aside from the feed rate to tool life and rotation to
machining cost per part, the main effects as well as the
interactions were significant for the models. Since for all
the answers the adjusted R2 values were above 90%, the
results show that the models demonstrated excellent fit.
Although some terms are not meaningful in isolation, ex-
cluding them hampers the ability to explain the model.
Consequently, an increased experimental variance was
found to justify adopting them in this study. Residual anal-
ysis was performed to compare with normal tool life, pro-
duction rate, and cost.

Figure 7 shows the response surfaces for the tool life and
the cost of the process and describes the behavior of the
interactions between the cutting parameters for each re-
sponse of interest. It can be seen in Fig. 7a that the greatest
tool life occurred at intermediate rates of feed and rotation,
i.e., at intermediate levels of feed rate and cutting times. Due
to the extremely abrasive surface of martensitic cast iron, a
reduction in cutting time moderately favors an increase in
tool life. In Fig. 7b, we can see that a high feed rate but
lower RPM obtains a lower machining cost per part. Unlike
T and Kp, the process is productive (Fig. 8) only at the
highest feed and rotation speeds.

Considering the individual optimization from the qua-
dratic models obtained and using the GRG algorithm, we
can observe those results shown in Table 10.

Given the conflicting nature of the responses of interest,
we can conclude that for the proper functioning of the
process individual optimization may not meet all the neces-
sary requirements. It was possible, however, to identify
which values could be used as targets of response variables
during optimization for multiple prioritizations.

Thus, according to the equation proposed in the
system of Eq. 3 and considering the results obtained
in the individual optimization of the three responses of

(a) Flank wear (b) Tool Breakage (c) Chipped Piston Ring

Fig. 5 Criteria for end of
cutting tool life. a Flank wear, b
tool breakage, c chipped piston
ring

Table 7 Full-factorial design for tool life

Experiment
number

f n Gt T
(mm/rot.) (rpm) (mm)

1 0.32 275 Hexagonal 400

2 0.32 235 Square 2,202

3 0.38 275 Hexagonal 1,001

4 0.32 235 Hexagonal 1,351

5 0.32 275 Square 1,902

6 0.38 235 Hexagonal 701

7 0.38 275 Square 1,802

8 0.38 235 Square 3,053
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interest, we can propose the following system for si-
multaneous optimization:

Min f xð Þ ¼ l1 bPr xð Þ � T
h i2

þ 1� l1ð Þσ2bPr xð Þ

Subject to : bT xð Þ 	 2; 450bKp xð Þ � 0:038

xTx � 2:00

Var by xð Þ½ � � 2:1

bT x0ð Þ þ ta 2= ;n�p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s21 xT0 XTX

� ��1
x0

h ir� �
� 2; 700

bT x0ð Þ � ta 2= ;n�p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s21 xT0 XTX

� ��1
x0

h ir� �
	 2; 200

bPr x0ð Þ þ ta 2= ;n�p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s22 xT0 XTX

� ��1
x0

h ir� �
� 1; 904

bPr x0ð Þ � ta 2= ;n�p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s22 xT0 XTX

� ��1
x0

h ir� �
	 1896

ð8Þ

Where t(0.025; 7)02.364, s21 ¼ 13:38; s22 ¼ 35765:00, l10
0.8, and (XTX)−1 is determined as below:

XTX
� ��1 ¼

0:200 0:000 0:000 �0:100 �0:100 0:000
0:000 0:125 0:000 0:000 0:000 0:000
0:000 0:000 0:125 0:000 0:000 0:000
�0:100 0:000 0:000 0:144 0:019 0:000
�0:100 0:000 0:000 0:019 0:144 0:000
0:000 0:000 0:000 0:000 0:000 0:250

2
6666664

3
7777775

Figure 9 shows the overlap of the different objective
functions and constraints and the feasible region for the
problem. For the GRG algorithm to be applied in solving
the optimization system, we must provide a feasible starting
point. Starting, therefore, with the point f00.35 mm/rev and
n0271 rpm, after eight iterations (Fig. 10), we obtained an
optimal located at f00.37 mm/rev and n0264 rpm. Table 11
shows the values of the three response variables obtained in
this condition and a comparison made with respect to the
hexagonal tool.

Fig. 6 Main effects for tool life

Table 8 CCDs for tool life (T), production rate (PR), and cost (Kp)

Experiment
number

f (mm/rot.) n (rpm) T (mm) PR (pc/h) Kp ($/pc)

1 0.32 235 2,102 1,523 0.04686

2 0.38 235 2,853 1,712 0.03682

3 0.32 275 1,802 1,677 0.04474

4 0.38 275 1,501 1,847 0.04413

5 0.31 255 1,652 1,555 0.05019

6 0.39 255 1,802 1,813 0.04117

7 0.35 227 2,853 1,588 0.04047

8 0.35 283 1,952 1,807 0.03985

9 0.35 255 3,153 1,714 0.03562

10 0.35 255 3,003 1,713 0.03620

11 0.35 255 3,303 1,716 0.03509

12 0.35 255 2,703 1,709 0.03755

13 0.35 255 2,853 1,711 0.03684

Table 9 Analysis of significance for individual terms of models and
ANOVA

Terms T (mm) PR (pc/h) Kp ($/pc)

Constant 3003 1713 0.03626

f 83 90 -0.00293

n -366 75 0.00054

f2 -638 -15 0.00476

n2 -300 -8 0.00200

f×n -263 -5 0.00236

MSE 12.9

P-value

Regression (full quadratic) 0.000 0.000 0.000

Lack of fit 0.926 0.136 0.279

R2 (adj.), % 91.10 99.90 94.30

Normality of residuals 0.600 0.511 0.552

Values in italics represent significant terms of the full quadratic model
(P-value <5%)
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5.2 Confirmation runs

Having defined the optimum cutting conditions for the
vertical turning of martensitic cast iron piston rings, we
confirmed the mathematical results. We tested 75 times the
optimal condition grouped in 15 samples of size n05. Noise
conditions used during the machining process of the con-
firming trial were identical to those adopted during data
collection. After testing was completed, the value predicted
by the model lay in the range of 95% confidence interval
established for the confirmation experiments (Fig. 11). Such
a value reveals that the proposed model, experimentally
obtained through DOE, helps improve the machining
process.

Changes in the levels of factors positively impacted tool
life, production rate, and cost of machining. The improve-
ments in the machining process of the martensitic cast iron
piston rings can be explained by the changes to the cutting
parameters and tool geometry.

The contact time between the workpiece and tool was
reduced by increasing the feed rate to 15.63%. Reduc-
ing this contact time contributes to reduced machining
time and longer tool life, increasing the rate of produc-
tion of piston rings. Rotation was increased by 12.34%,
contributing to a higher spindle speed, reducing machin-
ing time, and favoring the rate of production. Last but
not least, the change in geometry of the cutting tool
contributed significantly to the success of this study.
The development of the special square-shaped geometry
gave rise to the improved tool life and machining con-
ditions obtained in this study.

6 Conclusion

Depending on the results obtained, one can conclude the
following about the study of the optimization of the
vertical turning of dual piston rings of martensitic cast
iron:

1. Tool life increased significantly, a fact explained by the
difference in the cutting geometry and the interaction of
cutting parameters, feed, and rotation. The special ge-
ometry of the square tool showed better performance
due to its design of two cutting edges, staggered. The
interaction between the cutting parameters decreased
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Table 10 Points of
individual optimals
(T, PR, and Kp)

T (mm) PR (Parts/h) Kp ($/Part)

byi 3,140 1,850 0.035

f 0.36 0.41 0.37

n 227 294 240
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Table 11 Comparison between
optimal versus previous
condition

Parameters Previous Optimized Previous Optimized

f (mm/rot.) 0.32 0.37 0.67

n (rpm) 235 264 0.46

Gt Hexagonal Square Lower bound (95%) Upper bound (95%)

T (mm) 1,351 2,450 2,243 2,657

PR (pc/h) 1,451 1,798 1,795 1,802

Kp ($/pc) 0.059 0.038 0.037 0.039
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the contact time between the workpiece and tool, con-
tributing to increased tool life.

2. The production rate was increased due to optimiza-
tion of process parameters (feed, speed, and tool
geometry), which contributed to a lower total ma-
chining time per manufactured part and a longer
tool life. The optimized condition, where the feed
rate (inside and outside) was increased by 15.62%,
reduced the total machining time per part, thus
increasing the rate of production.

3. The reduction of machining cost per part was realized
because of the sum of the benefits from better cutting
tool geometry and cutting parameters optimized for the
machining of martensitic gray cast iron in vertical turn-
ing operations.

4. For the responses studied, the results were significant—
an increase of 81.35% in tool life, of 23.91% in produc-
tion rate, and a decrease of 35.50% in machining cost
per part.

5. The optimization of the turning machine based on
the design of experiments combined with the GRG
algorithm, available in the application of Solver®

optimization, forms a very useful approach to mod-
eling machining conditions.

6. After being applied on a real scale by a piston rings’
manufacturer, the optimal condition obtained with the
present proposal was proved to be stable, predictable,

and under control. The proposed confidence intervals
were supported.

Even considering the quality of results of this approach,
these findings cannot be extrapolated to different materials,
tools, or machine tools and are valid only for the levels
adopted. The approach, however, can be recommended as
a means to optimize any manufacturing process.

Acknowledgements Thanks to MAHLE Engine Components of
Brazil, FECIAL, CNPq, and FAPEMIG for the support they gave to
this work.
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