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ABSTRACT

Comparative testing of three modified metaheuristic algorithms - the cyclic algorithm of the bat family (Loop BFA), 
the hybrid cuckoo search and the firefly algorithm (H-CS-FA) and the modified krill herd algorithm (MKH)was per-
formed in the paper. The authors tested these algorithms in relation to original ones and the effectiveness of the 
modifications was confirmed for each individual algorithm. Here, the effectiveness of all three algorithms was verified 
on two engineering problems in the field of metal cutting - optimization of the body of the turning knife and optimi-
zation of the eccentric of the clamping tool. In both cases, multi-objective optimization with two objective functions 
was performed. By comparing the obtained optimization results as well as the speed of convergence, appropriate 
conclusions about the efficiency of the algorithms and recommendations for their application were made. 

KEYWORDS

Metaheuristic, Multiobjective optimization, Modified algorithms, Turning knife, Eccentric of clamping tool 

1. INTRODUCTION 

Metaheuristic algorithms are widely used in modern engineering problems. They can be classified into biologically 
inspired and non-biologically inspired. Bio-inspired algorithms imitate phenomena and processes in nature (e.g. the 
evolution process), but they also find inspiration in animal systems (flocks of birds, colony of ants, bees, ...). Metaheu-
ristic algorithms are being developed permanently and their number is constantly increasing. A detailed review of 
existing algorithms was given by Yang [1]. 

In order to obtain better characteristics of the algorithm, some modifications (improvements) and hybridization of 
algorithms are carried out. The paper compares the efficiency of three modified biologically inspired algorithms: the 
cyclic algorithm of the bat family (Loop BFA), the hybrid cuckoo search and the firefly algorithm (H-CS-FA) and the 
modified krill herd algorithm (MKH). The cyclic algorithm of the bat family (Loop BFA) represents a modification of 
the standard BA by including the loop search in the zone of solutions [2,19]. H-CS-FA represents a combination of two 
algorithms and it was used in the optimization of the dynamic quantities of the mechanism which is described in 
detail in[3, 4]. Modified krill herd algorithm (MKH) proposed by Bulatović et al [5] corresponds to an improved version 
of the standard krill herd algorithm. 

In the text below, the mentioned algorithms will be used in the optimization of machining parameters. The problem 
of choosing optimal parameters, in order to improve the quality of machining process, reduce costs and increase the 
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efficiency of production, dates back to the beginning of the XX century. The problem of choosing optimal machining 
parameters is actually a problem of multi-objective optimization, where the objective functions are often opposed to 
each other. Namely, it is clear that an increase in quality of machining process requires an increase in machining costs, 
while an increase in efficiency (use of more robust machining parameters: higher cutting speed, larger step and in-
creased cutting depth) can lead to a decrease in quality of the process of machining. Different methods are used in 
optimization of machining parameters, from conventional optimization methods (geometric programming, dynamic 
programming, integer programming) to meta-heuristic algorithms [6-14]. 

Johari et al. [6] used a hybrid algorithm which combines firefly algorithm and particle swarm optimization to optimize 
the machining parameters in turning operation. A. R. Yildiz [7] presents a new hybrid optimization algorithm based 
on the algorithm of differential evolution (DE) and receptors for editing the properties of the immune system, which 
is applied in the optimization of the milling process. In order to obtain optimal machining parameters pattern search 
algorithm was applied in [8]. In addition to single-criteria optimization, the authors also use this algorithm for multi-
objective optimization when determining the optimal machining parameters for EDM. A methodology based on 
multi-objective particle swarm optimization algorithm, for identifying the optimal parameters for machining a work-
piece with a milling is presented in [9]. To solve the problem of multi-objective optimization when determining the 
optimal turning parameters, Deb and Datta [11] use the evolutionary multi-objective optimization (EMO) algorithm. 
In order to obtain better convergence properties, EMO is modified using a procedure of local search. Optimization of 
multi-pass face milling parameters using six metaheuristic algorithms are described in [13]. Hossain [14] applied five 
metaheuristic algorithms (Artificial Bee Colony, quick artificial bee colony, modified differential evolution, ant colony 
optimization and simulated annealing) for solving optimization problem of minimizing the machining time for end 
milling operation on hot die steel (H13). 

The rest of the paper is organized as follows: Section 2 describes the problem of optimization of the body of the 
turning knife, while the optimization of the eccentric of the clamping tool is described in detail in Section 3. Conclu-
sions are given in Section 4. 

2. OPTIMIZATION OF THE BODY OF THE TURNING KNIFE 

When machining metal by turning, the separation of the material is caused by the penetration of the cutting wedge 
of the turning knife into the material of the object of machining. It belongs to the group of oblique cutting, in which 
the main movement, which is rotary, is performed by the workpiece, while the auxiliary movement is straight and it 
is performed by the tool[19]. 

Three main cutting resistances occur during the turning process (Figure 1): F1- main resistance to cutting, F2- re-
sistance to the penetration of the cutting wedge of the tool into the workpiece material, F3 - resistance to auxiliary 
movement [15]:  

 

Figure 1: Model of cutting forces in metal turning 

The basic parameters of machining process when perform turning are [15]: cutting depth a[mm], number of turns of 
the workpiece n[o/min], tool steps[mm/o]. 

The main cutting resistances (Figure 2) can be expressed as a function of the machining parameters, which is repre-
sented by equations (1) to (3). 
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Figure 2: The main cutting resistances in the horizontal and vertical planes 

 1 1
1 1

x y
kF C a s=   (1) 

 2 2
2 2

x y
kF C a s=  (2) 

 3 3
3 3

x y
kF C a s=  (3) 

where kiC , ix and iy ( )1,2,3i = are factors that depend on the type of workpiece material [15, 16]. 

Since the turning knife is clamped in the tool holder, it is necessary to check the resistance of the body of the knife to 
bending and pressure which occurs under the influence of the main resistance to cutting. The expressions for the 
stresses, which occur in the body of the turning knife, are given by equations (4) - (6). 

 2 2
x

F F
A b h

σ = − = −
⋅

 (4) 

 y
y

y

M

W
σ =  (5) 

 z
z

z

M
W

σ =  (6) 

where: xσ  [N/mm2] is the pressure experienced by the knife body from penetration resistance 2F [N], yσ [N/mm2] is a 

normal stress due to bending moments about the y-axis yM [Nmm] - equation (7), yW [mm3] is a resisting moment of 

the knife body section for the y-axis -equation (8), zσ [N/mm2] is a normal stress due to bending moments about the 

z-axis zM [Nmm] -equation (9), zW [mm3] is a resisting moment of the knife body section for the z-axis -equation(10), 

,b h [mm] are dimensions of the cross-section of the body of the knife. 

 3y nM F l= − ⋅  (7) 

 
2

6y

b h
W

⋅=  (8) 

 1 2 2z n

h
M F l F= − ⋅ + ⋅  (9) 

 
2

6z

b h
W

⋅=  (10) 

When equations (7) and (8) are included in equation (5), i.e. when equations (9) and (10) are inserted into equation 
(6), expressions for yσ and zσ represented by equations (11) and (12) will be obtained, respectively. 

 
3 3

3
2

6 x y
k n

y

C a s l
b h

σ ⋅ ⋅
= −

⋅
 (11) 
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1 1 2 2

1 2
2 2

6 6
2

x y x y
k n k

z

C a s l C a s h
b h b h

σ ⋅ ⋅ ⋅ ⋅
= − +

⋅ ⋅ ⋅
 (12) 

The total normal stress represents the sum of the absolute values of the stress xσ , yσ  and zσ , and it must satisfy the 

criterion of the allowed stress, equation (13). 

 x y z allowedσ σ σ σ σ= + + ≤  (13) 

Due to the setting of restrictions related to the stress state of the body of the knife in the turning process, this analysis 
of the load of the body of the turning knife was necessary. 

2.1. Objective functions and constraints 

The optimization problem refers to the determination of the maximum amount of material during turning processing
( ), ,MRR f v s a= , at the minimum dimensions of the cross-section of the body of the turning knife ( ), , nV f b h l= . The 

mathematical model of the objective function with constraints is given by equations (14)-(20). 

 ( ) 3max  mm / minMRR v s a  = ⋅ ⋅    (14) 

 min(V b h l )n= ⋅ ⋅  (15) 

Constraints: 

 1 0;  allowedg σ σ= − ≤  (16) 

 2 1 2300 0;g F= − ≤  (17) 

 3 max 0;g P P η= − ⋅ ≤  (18) 

 4 1.6 0;
h

g
b

= − ≤  (19) 

 5 1.6 0;nlg
h

= − ≤  (20) 

Multi-objective optimization is defined by equations (14) and (15). Namely, the idea is to choose the machining pa-
rameters (cutting speed -v, step -s, depth of cut –a) which will result in the maximum amount of processed material 
(MRR), while the dimensions of the cross-section of the knife are minimal. In equation (15), the total length of the knife 
body L is not taken into account, because it can be expressed as a function of the free length of the knife ln and the 
length necessary for clamping L= ln+const. 

The constraint 2g  refers to the recommendation of the maximum cutting force [ ]1max 5000 NF = , while constraint 3g  

refers to the maximum cutting power [ ]max 10 kWP = .The data for 1maxF  and maxP , taken from [11], refer to the machin-

ing of a steel bar with a turning knife with a P20 plate on a CNC lathe with a motor power of 10kW and a degree of 
utility 75%η = . Constraints 4g  and 5g refer to the recommended values of the ratio of the dimensions of the cross-
section of the knife body, i.e. the ratio of the free length of the knife body ln and the height of the cross-section h [15, 
16]. 

Design variables: cutting speed -v, step –s, cutting depth -a, body dimensions of the turning knife section –b x hare 
within the limits: 

 [ ]250 400; 0.15 0.55; 0.5 6 11v s a≤ ≤ ≤ ≤ ≤ ≤   

[ ]6 40; 6 50; 9 80 16nb h l≤ ≤ ≤ ≤ ≤ ≤  

2.2. Optimization results 

A comparative view of the results obtained by the cyclic algorithm of the bat family (Loop BFA), the hybrid cuckoo 
search and the firefly algorithm (H-CS-FA) and the modified krill herd algorithm (MKH) is given in Table1. 
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Тable1:The optimization results of the body of the turning knife 

 LoopFBA H-CS-FA MKH 

v 400.00 269.33896 396.54641 
s 0.55 0.15 0.4909 
a 0.8378628547 1.45836 1.55493 

b × h × ln 6 × 11 × 32 6 × 49 × 80 6 × 10 × 16 
g1 -4437.506512054349 -2500.859192700796524 -3796.969160138297 
g2 -1.250043413696 - 0.578612316356966 -0.370862022226 
g3 -25.219197149399 -190.310830811429 -22.737268160532 
g4 -1.309090909091 -0.0326530612244897 0 
g5 -0.23333333 -6.56666666666667 -0.0666666 

 MRR V MRR V MRR V 

The best 184329.82803274 2112.00 168511.0910474 2288.00 302692.3929835 960.00 

Mean value 183979.56124019 3009.084 165766.029386 3479.672 299723.9669634 2322.4833 

The worst 174427.75962776 13230.00 162150.580446 4800.00 242608.23611 13182.434 

S.D. 1432.809543 1874.2335 3091.82371 1229.655 5751.79684722 1000.729 

It can be seen (Table 1) that the values of the objective functions obtained by the modified krill herd algorithm (MKH) 
are the best compared to the other two algorithms. Also, the constraint functions ( ) 1,..,6ig i = are satisfied for all 

three algorithms, because 0,  1,..,6.ig i≤ ∀ =  

On the other hand, the fastest convergence is obtained by applying the cyclic algorithm of the bat (LoopFBA), i.e., the 
best solutions are reached the fastest. With the MKH algorithm, we also have a very fast convergence, and then fre-
quent repetition of values close to or equal to the mean values of the objective functions, so the best results are 
obtained only at the end of the iterative process 

3. OPTIMIZATION OF THE ECCENTRIC OF THE CLAMPING TOOL 

Clamping with an eccentric is based on the principle of a wedge - an oblique plane. The eccentric is cylindrical (Figure 
3.a) or the plate element (Figure 3.b) revolving around an axis that is placed eccentrically in relation to its axis of 
symmetry[17]. 

 

                                                          a)                                                              b) 

Figure3: Examples of eccentrics 

Eccentrics are made of case-hardening steel and they are cemented to a hardness of 55-60HRC, while the contact 
surfaces of the eccentrics are ground. Due to a shorter service path (downward movement of the handle) eccentric 
clamping is performed in a short time interval. However, eccentrics have a narrower application. They are used in 
machining operations characterized by high stability of the clamping tool, lower cutting forces and machining with 
slight vibrations. In principle, there are two types of eccentrics - circular and curvilinear. A circular eccentric was cho-
sen for the optimization problem, while the basic formulas for calculating the eccentric are given below. 

One of the basic conditions that the eccentric must satisfy is the provision of self-braking. For this reason, it is neces-
sary to consider the relationships that should be fulfilled in order for the friction angle to be greater than the angle of 
climb of the eccentric [17]. 
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Looking at Figure 4, it is possible to establish the dependence between the angle of climb of the eccentric - α and 
the angle of rotation of the eccentric - β , equation (21). 

 
cos

tan
sin

e
R e

βα
β

⋅=
+ ⋅

 (21) 

where: e – eccentricity, 
2
D

R = - radius of the eccentric. 

The clamping force sF , which is achieved when clamping with a circular eccentric, can be calculated with sufficient 
accuracy assuming that the eccentric functions as a wedge. In principle, the problem can be presented as a static 
balance of forces in relation to the point of rotation of the eccentric arm (Figure4). 

 

Figure4:Analysis of forces on a circular eccentric 

Starting from the equilibrium equation of moments at the point of rotation of the eccentric sleeve (22), i.e., the equa-
tion of the distribution of forces at the wedge (23), it will be obtained the dependence of the clamping force on the 
force on the lever arm of the eccentric (24). 

 '
1 1, cosr tF l F R F F α⋅ = ⋅ = ⋅  (22) 

 ( )tg tg1 2

t
s

F
F

α ρ ρ
=

+ +
 (23) 

 
( )tg tg '

1 2

r
s

F l
F

Rα ρ ρ
⋅

=
+ + ⋅  

 (24) 

where: rF  - force on the eccentric lever (it can be adopted~ 150N), l  - arm of force [mm], α  - variable climbing angle 
of eccentric [rad], 1ρ  - friction angle on the contact surface of the eccentric and the workpiece [rad], 2ρ  - friction angle 

on the sleeve of the eccentric [rad], 'R  - distance of the pivot point of the eccentric from the point of contact

'
sin

2
cos

D
e

R
β

α

+ ⋅
= , 1F  - resulting force acting on the object of processing. 

3.1. Objective functions and constraints 

Based on the previous analysis, an optimization model of the circular eccentric can be set up. In this case, it is a multi-
objective optimization with two objective functions. The first objective function refers to determining the minimum 
dimensions of the eccentric, while the second objective function enables the achievement of the maximum clamping 
force. 

The mathematical model and the corresponding constraint functions are given by equations (25) to (32). 

 
2

Minimize 
2
D

V bπ = ⋅ ⋅ 
 

 (25) 
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( )tg tgs '

1 2

Maximize rF l
F

Rα ρ ρ
⋅

=
+ + ⋅  

 (26) 

Constraints: 

 1 0R sg F F= − ≤  (27) 

 ( )2 0contact contact allowed
g p p= − ≤  (28) 

 ( )3 0allowed sleeve
g p p= − ≤  (29) 

 4 14 0
D

g
e

= − ≤  (30) 

 5

18.65
41.4 0sF

g HRC
K D b

⋅
= + − ≤

⋅ ⋅
 (31) 

 ( )6 0allowed eccentric
g p p= − ≤  (32) 

The constraint 1g  ensures that the clamping force is not less than the maximum cutting force. In this example, it was 

assumed that the maximum cutting force is 2500NRF = . 

The constraint 2g checks whether permanent deformations will occur at the point of contact [17]. The contact surface 

pressure, contactp  , is calculated according to the equation (32),while the value ( )contact allowed
p represents the 20% in-

creased value of the stress at the yield point of the weaker material ( ) 1.2contact eallowed
p R= ⋅ . 

 
'

4 e s
contact

E F
p

R bπ
⋅

=
⋅

 (33) 

where: 1 2

1 2

2
e

E E
E

E E
⋅ ⋅

=
+

 - the equivalent Young's modulus of elasticity,  1 2,E E  - Young's modulus of elasticity of eccentric 

and workpiece, respectively and b - width of the eccentric. 

Furthermore, it is necessary to check the pressure values obtained on the contact line between the eccentric and the 
workpiece (equation (34)),as well as the pressure in the sleeve of the eccentric (equation (35)) in relation to allowed 
pressure values for the materials of the eccentric and the working material allowedp .Since it is steel, the allowed pressure 

value in this case is 2150 /allowedp N mm =   . 

 s
eccentric

F
p

D b
=

⋅
 (34) 

 s
sleeve

r

F
p

D b
=

⋅
 (35) 

where rD  is the diameter of the sleeve of the eccentric. 

Equation (31) refers to the checking of surface deformation according to Levin and Reshetov, for line contact. In this 
equation, Krepresents the permissible contact load, which depends on the type of thermal treatment (fully hardened 
or cemented then hardened; induction hardened or nitrided) and on the type of contact (ball, short roller, long 
roller).For induction-hardened surfaces and a short roll 218 /K N mm =   , while 96.4HRC = for steel Č3130. 

Design variables: diameter of the eccentric - D, eccentric - e, angle of rotation of the eccentric - β , force arm - l , width 

of the eccentric - b and diameter of the sleeve of the eccentric - rD are within the limits [18]: 

 40 115; 4 10; 30 90; 60 120; 15 35rD e b Dβ≤ ≤ ≤ ≤ ≤ ≤ ≤ ≤ ≤ ≤   

3.2. Optimization results 

A comparative view of the results obtained by the cyclic algorithm of the bat family (Loop BFA), the hybrid algorithm 
of the cuckoo search and firefly algorithm (H-CS-FA) and the modified krill-herd algorithm (MKH) is given in the Ta-
ble2.  
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Тable2: The results of the optimization of the eccentric 

 LoopFBA H-CS-FA MKH 

D 56.00007347098426 68.86583 56.22869 

E 4 4.00000 4.01169 

Β 90° (π/2) 90°(π/2) 85°(π⋅17/30) 

l 164.3 180.00000      174.13285     

B 10.039361 96.00000      110.47683      

Dr 31.0841824131 35.00000 20.12035 

g1 -562.3928    -293.665770918547 -598.8392358535625   

g2 -0.1095  -38.5151961538239 -1.3786958795177  

g3 -149.0965    -149.168551853893 -148.6059051886784   

g4 -0.0012   -3.2164575 -0.0162101259070   

g5 -54.4804  -54.56216975549 -54.4831360914344 

g6 -149.4985 -149.577429254628 -149.5011501150574 

 V Fs V Fs V Fs 

The best 268610.06705 3062.39278 292348.91465 2975.81491 274332.3369382 3098.8395451 

Mean value 268930.13266 3058.82352 323218.03655 2815.65655 277164.7488624 3039.7645054 

The worst 275779.70696 2996.54577 423905.92624 2231.86118 295327.5310168 2933.7663861 

S.D. 707.52216565 6.56736132 45435.2027358 266.058509 2191.683067381 42.749816778 

It can be seen, from the table above, that the highest clamping force is obtained by the MKH algorithm, while the 
smallest volume is obtained by applying the LoopFBA algorithm. All constraints ( ) 1,..,6ig i =  are satisfied because

0,  1,..,6.ig i≤ ∀ =  

4. CONCLUSION 

The application of three biologically inspired algorithms- the cyclic algorithm of bat (LoopFBA), the hybrid algorithm 
of the cuckoo search and firefly algorithm (H-CS-FA) and the modified krill-herd algorithm (MKH)was tested in this 
paper. Testing of modified algorithms was performed on the examples of optimization of the body of the turning 
knife and eccentric. 

Based on the obtained results, it can be concluded that the mentioned algorithms function correctly. Convergence is 
good, with a high value of standard deviation for both examples and all three algorithms. This can be explained by 
the fact that it is a multi-objective optimization of two contradictory objective functions. In the first example, the 
minimum dimensions of the body of the turning knife were requested, but with the achievement of the maximum 
amount of removed material during the machining. In the second example, the objective function was to achieve the 
maximum clamping force while obtaining the minimum dimensions of the eccentric. 

Comparing the results, for both examples, it can be concluded that the MKH algorithm gives better results than the 
other two algorithms. 

In the example of the optimization of the turning knife body, the MKH algorithm gave significantly better results than 
the Loop BFA and H-CS-FA algorithm (Table1). Unlike Loop BFA, MKH algorithm converged relatively quickly, but 
towards a value close to or equal to the mean value of the objective function, only to achieve the best result at the 
end of the iterative process. 

A similar conclusion can be drawn for the example of optimization of the eccentric. The highest clamping force was 
obtained by using the MKH algorithm, while Loop BFA gives the smallest dimensions of eccentric with the achieve-
ment of a satisfactory clamping force (Table 2). The results obtained by the H-CS-FA algorithm are worse than the 
other two mentioned algorithms. Unlike the Loop BFA, the MKH algorithm converged relatively quickly to a value 
close to the mean value of the objective function, only to achieve the best result in the last third of the iterative pro-
cess. 
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ABSTRACT 

This work presents the optimization of process of car shell painting in FCA Serbia Ltd. by using the world class manu-
facturing (WCM). In order to show the advanced Kaizen within the pillar “Focused improvement” we have taken an 
example of problems in the production of a passenger vehicle “Fiat 500L” which is reflected in an inadequate colour 
match during serial production. The anticoincidence in the process of painting the shell of a vehicle was eliminated 
by Kaizen method. The analysis of vehicle shell painting process improvement was carried out by DOE, the verification 
of the proposed activities was completed, the experiment factor was identified, a hypothesis testing was conducted, 
all results were viewed and the process of verification and optimization was completed.

KEYWORDS

World Class Manufacturing, The elimination of anticoincidence, The process of painting

1. INTRODUCTION 

Most worldwide manufacturing industries due to the increasing market competency and economic crisis are seeking  
solutions to improve their performances. The two most significant strategies (models) which are used by companies 
are Lean Production and World Class Manufacturing. The similarities and differences between these two manufactur-
ing strategies are described in details in this work [1]. At a very detailed level, the lean production practices include 
but not limited to practices such as cellular manufacturing, multifunctional workforce, lot size reduction, just-in-time 
(JIT), work delegation, total productive maintenance (TPM), set up time reduction, total quality management (TQM), 
continuous flow production, agile manufacturing strategies, safety improvement programs, process capability meas-
urement and human resource management [2]. Of course, not all companies are ready to apply contemporary mod-
els, so in support to this, the authors in this work propose a model on assessing the maturity of the organizations 
when applying WCM system [3]. Various consultants have started implementing their own versions of Toyota's pro-
duction system under Western names such as Continuous Flow Manufacturing, Inventory-free manufacturing, and 
World Class Manufacturing [4]. 
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Model WCM (World class Manufacturing) world class production based on 10 interconnected technical pillars related 
to the production process and which, due to the easier understanding and monitoring, are presented and defined 
through seven steps. Beside technical, WCM consist of 10 managerial colums which are evaluated during the review 
as a subjective perception of the examiner. WCM was developed in the 1920s by Hausan, Schonberger and other 
authors. They determined that the measuring methods of the quality of manufacturing organizations at the time, 
especially those which carry out production by working orders, (MTO-Make to order) no longer gave good results and 
it was necessary to develop a new concept that, in addition to the more realistic description of the process, enables 
benchmarking on a global scale[5,6]. The management of the organization according to WCM principles is based on 
high-quality reliable methods and tools in the wide involment of all employees and company management. The mere 
adoption of such an approach   allows accomplishing high-quality and measurable savings in the production process 
[7]. In Serbia, this concept is most often used in foreign companies, with international or combined management, 
where changes in the competitiveness of any organization are monitored on a monthly basis. This work will show the 
optimization of the process of painting the shell of vehicles in FCA Serbia Ltd. by applying WCM governance model. 
Precisely, process optimization using WCM management model is the goal of the work, practical implementation and 
problem solving using the Kaizen approach and methodology is a possible contribution of the work. 

2. BASICS OF THE WCM 

The WCM principles are applied to all aspects of the organization, from quality systems to maintenance, from cost 
control to logistics to constant improvement. WCM system is based on the systematic reduction of all types of costs 
and losses through the benefits of all employees and with the precise use of the methods, standards and tools that 
world class production requires. 

Each of the technical pillars must achieve a specific goal, which is supported by the managerial pillars. Managerial 
pillars are prescribed the requirements which are necessary in order to obtain better working conditions and im-
provement of technical pillars. Each technical pillar, following the prescribed standards must go through seven steps, 
where in each it is necessary to fulfill certain tasks in order for the pillar to move to the next level. Although this is 
about different pillars with different goals, they are closely related to each other and one without the other cannot 
manage. So, for example,  the Safety pillar aims to eliminate accidents, the Cost Deployment pillar aims to identify 
problems related to the costs and points out where the major problems are, so that everyone can focus on eliminating 
them,  the Focused Improvement pillar develops new insights  and reduces the costs by using appropriate methods, 
the Workplace organization and Autonomous maintenance aims to increase the level of the competency of the peo-
ple in the facility by organizing the workplace  where the greatest costs are and where intensive work is needed, and 
by autonomous maintenance in parts with large investments in equipment. Thus, pillars are like the links of the chain, 
attach to each other and with their corporation provide support to the WCM temple. The ten management pillars 
form the foundation of the WCM:  

Dedication – If the plans of the boards of directors are unaware or do not support management in order to achieve a 
level of world-class performance, company is doomed. 2) Involvement- All people in the company must be aware of 
the goals and tasks of the business. They must also be a key factor that will enable companies achieve their goals 
through their actions. 3) Communication- Before people can commit to this concept, they need to be informed about 
it in detail. People need to understand how and why WCM is important to the decisions of the company's goals. 4) 
Understanding – Understanding what and where the problems are is the starting point for making  improvements. 5) 
Measurement - Measurement is the key in qualifying problems and determing their priorities, as well as determing 
the efficiency of the improvements achieved. It is necessary to perform a performance measurement before and after 
the changes and in that way determine weather and to what extent the changes of performances have improved. 6) 
Scheduling - Scheduling refers to how goals are converted to actions. 7) Application - Implementation of the right 
solutions to identified problems by applying strict principles with the help of trained people is essential for success. 
People can also learn and improve when implementing solutions. 8) Assessment - The assessment needs to be an 
integral part of the improvement process to see if the problem and solution have been solved. 9) Standardization – 
When the evaluation cycle is over, it is the time to standardize the method of process management, so that the ob-
tained result is maintained  after solving the problem, not that we have the same problem again. 10) Documentation 
– Documentation is created in order to accumulate the degree of knowledge and to use them in other areas in the 
future. 

The quality pillar is responsible for carrying out quality studies. In the world class manufacturing model, the "Quality 
Control" (QC) pillar focuses on determining process conditions, maintaining predetermined conditions and ensuring 
production compliance to prevent nonconformities (Szewieczek, Roszak and Helizanowicz, 2008). 

In WCM system, it is necessary to first identify the problems that will be considered, than determine the location and 
prioritize them by the cost analyses. After that, it is necessary to determine the right methods and evaluate how much 
the solution costs. It is necessary to implement solutions with accuracy and evaluate the achieved results in relation 
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to the original goal. To solve the problem WCM tools are used that can be divided into three groups: tools for describ-
ing the problems, tools for finding the root of the sample and tools for the standardization of the results.      

When a problem arises, it is necessary to describe it with the use of appropriate tools. Using the tool 5W+1H we de-
scribe the problem by filling out a standardized form. After the description, it is moved to search for a sample problem 
with the help of a tool 4M (Men, Machine, Material, Method) that uses a herringbone diagram to show all possible 
causes of the problem, whereby the same is shared with those produced by man, machine, method and material. 
After generating all possible samples using no check list, the circle of possible causative agents is narrowed.  

Finally, for the remaining possible samples, the depth of the problem is entered bu using the tool 5W – question 
“Why?”, at least five time, we determine the actual cause of the problem [8]. 

3. FOCUS IMPROVEMENT 

The purpose of the third technical pillar is to eliminate the main loss previously identified within the steps for the 
distribution and analysis of costs. In this way, organizations do not use resources for problematic issues of lower pri-
ority. Corrective actions are targeted and must lead to the final resolution of the problem and the renewal or intro-
duction of a new specific standard. Focused on improvements make seven steps: 

Step 1: Defying a model of a zone or machine within which continuous improvement will be carried out. Zones can 
be parts of production that are recognized as bottlenecks or zones that produce large losses. 

Step 2: Stratification loss is carried out, and, that is, a breakdown is carried out into all types of losses.  

Step 3: Choosing a project to be done and defying the activities of the project itself. When we talk about the tool that 
will be implemented in order to solve a particular problem, we use “Kaizen”. 

An example of good practice of using the Lean-Kaizen concept is described by the authors in their work [9]. 

3.1. KAIZEN 

Kaizen is a method of continuous improvement. A substantive translation would mean a change for the better that 
everyone is doing every day at all levels in one company. Kaizen comes from the best practice of Japanese manage-
ment, it is dedicated to improving productivity, efficiency, quality and business excellence at all. Small improvements 
that apply to key processes, generate an increase in profits while gaining client loyalty. The purpose of this method is 
to exceed the stated goals of one company.  

Step 4: Creating a team based on their competencies that will work on the project depending on the complexity of 
the problem. 

Step 5: Defines the work on the implementation project in seven steps: Defining the problem. Classification of poten-
tial causes of the problem. Detecting the real or true causes of the problem. Establishing a definite solution to a given 
problem. Implementation of the solution. Verification of solutions and monitoring of the results. Standardization of a 
certified solution. Analysis of the cost-effectiveness of the project. Solution verification and horizontal expansion. 

Step 6: Cost-benefit analysis of the project's profitability. 

Step 7: Verification of the solution and its horizontal expansion [10, 11]. 

4. ELIMINATION OF ANTICOINCIDENCE IN COLORIMETRY IN THE PROCESS OF CAR  
SHELLPAINTING BY APPLYING ADVANCE KAIZEN 

In order to display Advance Kaizen within the pillar “Focused Improvement”, an example of a problem has been taken 
within the production of a passenger vehicle “Fiat 500L” which is reflected  in an inadequate color match  during serial 
production. Due to the data protection in the continuation of the work, the color will be qualified as a “Specific color 
“. After the improvement of internal standards in the automotive industry, new methods have been defined about 
checking the harmonization of the color of the finished product. The method previously applied was based on the 
visual perception of the controller who was tasked with verifying the harmony of colors (compared to a master pat-
tern) with reflection at the corner of 25°,45° and 75°, that is, (Face, Flash, Flop) as shown in the figure 1 [12]. 



Engineering Today Vol. 1 • (2022) • No. 3 

 20 J. Jovanović et al. 

 

Figure 1: Previous method certification of color harmony on a vehicle. 

The new method of checking the color alignment on the finished product is reflected in the measurement of the 
specific color using device “BTC MAC” which is pressed on the painted surface and by measuring it calculates the 
difference between the absolute value and the defined standard, figure 2. 

a) b)    c)   

Figure 2: A new method certification of color harmony on a vehicle (a) - measuring device “BYC MAC”, b) - measured 
values, c) – defined standards [12]. 

What was observed using the device is that the shell of the vehicle is darker than the bumpers of the vehicle, which 
were painted in an independent process in relation to the shell of the vehicle, figure 3. 

 

Figure 3: A sketched view of the vehicle effect. 

Although the problem was related only to a “specific color”, it occupied a high position in the classification of quali-
tative problems by using “Quality Assurance Matrix”, shown in Table 1. 

The Quality matrix is the main tool for establishing a quality control in WCM methodology. The purpose of the tool is 
to find correlation between the non-compliance of products from the process itself, as well to priorities the problems, 
that is, critical processes based on the criticality index. 

The criticality index is calculated by multiplying four multipliers, which are defined by values from 1 to 5 for each 
individually: 

• The frequency of occurrence, that is, the repetition of the problem. 

• The cost of direct and indirect materials as well as working hours spent on troubleshooting. 

• Detection problem, that is, the location where the defect was detected (if the defect is reported by the buyer, 
its severity is greater than the defect defected in the production process). 

• Problem severity. If the problem affects the general security of the user or affects the ability to perform basic 
functions, the problem will carry more weight than if we talk about aesthetic problems [13]. 

INDEX=FREQUENCY×COSTS×DETECTION×SEVERITY 
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Table 1: A view of problem classification and position within the “QA” Matrix. 
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4.1. Analysis and corrective actions to improve the dyeing process of vehicle shells. 

The defect is generated during the painting process “specific color” in the painting booth and it is detected at the 
final check in the paint shop during spectrophotometer measuring. The painting of outer surface of the vehicle is 
performed using a robot in the spray booth, through paint bells that are located in the processes of the basic color 1 
and 2. (Base Coat 1 and Base Coat 2), so that there is no men's effect to generate problems. After measuring the 
colorimetry on the vehicle, it was observed that the parameters per L*axis deviate from the specification, that is, the 
shells of the vehicle tend towards a darker shade as in figure 4 (data is processed in the “Minitab”) [13]. 

 

Figure 4: The results of measurements of a non-compliant product. 

   

Figure 5: Distribution of measured values for the “specific color” L* characteristics for the angle of 25°, 45° and 75°. 

Optional values indicate that the application of paint applications uniformed throughout the product, but that it is 
outside the set control limit (LSL - lover specific limit, USL - upper specific limit), (figure 5). Also, based on the collected 
data, it was found that the defect is chronic and is present only on the “specific color” of the vehicle, which accounts 
for 8,5 % of the total production (figure 6). 
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Figure 6: Percentage of product non-compliance in relation to production volume for 3 weeks is shown. 

In the continuation of the analysis, the verification of all the basic elements related to the process of painting was 
carried out, taking into account the 4M analysis, that is, the causative agent of the problems associated with man, 
machine, method and material, what is shown in the chart. 

Table 2: Verification of the basic elements of the process using 4M analysis. 

4M Activities Status 
 
 
 

MAN 

Operator is following parameters of robots? OK 
Operator is respecting AM cycle? OK 
Operator checking parameters of spray booth? OK 
Operator is checking parameters of BC and CC according to proce-
dure? 

OK 

 
 
 

MACHINE 

Robot bell? OK 
Nozzles? OK 
Shaping air ring? OK 
Atomizer? OK 
Dozing pump? OK 
Pressure regulator? OK 
Pump for mixing in preparation tank? OK 
High tension controller? OK 

 
 
 

MATERIAL 

Viscosity of material? OK 
Expire data of material? OK 
Temperature of material? OK 
Spectrophotometry of material? KO 

 
 
 

METHOD 

Paint preparation? OK 
Tempering? OK 
Application parameters? OK 
Parameters of BC and CC booths? OK 
Oven parameters? OK 
Flash off BC1-BC2? OK 
Method of measurement check? OK 

 

The discrepancy found during 4M verification was referred to direct material. When delivering paints for serial pro-
duction, the supplier of materials performs the delivery of colored panels that are painted by simulating the industrial 
environment with the delivered color. Using  “BYC MAC” four panels were measured for the last four deliveries for the 
specific parameters L, a ,b where it was found that in the direct material there was a deviation from the specific pa-
rameters L* and for the angles of 25°, 45° and 75° as shown in figure 7 (data is processed in the “Minitab”). 

   

Figure 7: Results of color testing for the last four deliveries by suppliers. 

4.2. Verification of actions and defying new activities. 

After the report of non-compliance, preventive measures were carried out, i.e. color correction in the production sys-
tem by adding additives, a re-measurement of the finished product was carried out (figure 8). As a definite solution, 
a modification of the formula for the preparation of paint in the production process of the supplier. 
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Figure 8: Test setting, parameters of the measured value for the L parameter. 

After verifying the sample and confirming that the paint used in the process is within the specification, the entire shell 
of the vehicle was re-measured and it was found that there is still a deviation for the parameter L* but in this case it 
was present only in the positions of the front fender of the vehicle and only for the angle of 25 degrees, as shown in 
the figure 9. 

  

Figure 9: The results of measurement of the entire product after color modification. 

Taking into account that all elements of the process were within the specifications, the result of the product was 
unsatisfactory, it was approached to optimizing the process in order to achieve results and eliminate discrepancies 
by continuing DOE (Design Of Experiment) project. 

4.3. Identification of the experiment factor 

As already noted in this work, the entire process of painting the exterior of the vehicle is performed using a robot in 
the paint cabin (Spray Booth), taking into account that the current non-compliance is related to the front mudguards 
of the vehicle. This surface of the vehicle shell is painted by robots “R11- Base Coat 1(BC1), and robot “R13”- Base Coat 
2 (BC”)”- as shown in figure 10. 

 

Figure 10: The position of the robot R11 and R13 within the automatic painting process. 

In addition to the specific input parameters of the process, there are parameters that are controlled and are under 
constant monitoring: the viscosity of color and paint temperature, there are also factors that are not controlled and 
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that have no impact, defined as process noises, air humidity inside the booth and temperature of the spray booth 
which together form one process system that affects the formation of colorimetry of products.  

4.3.1 Hypothesis test 

In the continuation of the work, minimum and maximum input parameter values for all factors are defined (Table 3). 
Since there are 8 factors in total on two levels with two repetitions in case a full testing plan is applied, DOE will be 
28=256, with two repetitions which is 512 testings in total. 

Table 3: display of the minimal and maximum operating parameters (two levels) of input factors. 

FACTORS ACRONYM MIN Value MAX Value 
Paint Value BC1 PV-BC1 165 ml 180 ml 
Shaping Air BC1 SA-BC1 80 120 

Turbine Speed BC1 TS-BC1 40000 rpm 60000 rpm 
High Voltage BC1 HV-BC1 40 kV 50kV 
Paint Value BC2 PV-BC2 110 ml 170 ml 
Shaping Air BC2 SA-BC2 380 390 

Turbine Speed BC2 TS-BC1 40000 rpm 60000 rpm 
High Voltage BC2 HV-BC2 40 kV 50 kV 

 

Taking into account the total number of necessary tests to perform full testing, cost-effectiveness is called into ques-
tion, time it takes to spend on testing, therefore, it was decided to implement a difficult move in order to eliminate 
factors that do not have statistical significance. 

That is, zero hypothesis and alternatives with a reliability index a= 0.05 (if there is p< 0.05 statistical difference, that is, 
it represents the probability that hypothesis may be correct) is defined, as shown in Table 4. 

Table 4: Defining a zero and alternative hypothesis. 

FACTORS H0 H1 
PV-BC1 There is no impact PV BC1 on ΔL parameter There is impact PV BC1 on ΔL parameter 
SA-BC1 There is no impact SA BC1 on ΔL parameter There is impact SA BC1 on ΔL parameter 
TS-BC1 There is no impact TS BC1 on ΔL parameter There is impact TS BC1 on ΔL parameter 
HV-BC1 There is no impact HV BC1 on ΔL parameter There is impact HV BC1 on ΔL parameter 
PV-BC2 There is no impact PV BC2 on ΔL parameter There is impact PV BC2 on ΔL parameter 
SA-BC2 There is no impact SA BC2 on ΔL parameter There is impact SA BC2 on ΔL parameter 
TS-BC2 There is no impact TS BC2 on ΔL parameter There is impact TS BC2 on ΔL parameter 
HV-BC2 There is no impact HV BC2 on ΔL parameter There is impact HV BC2 on ΔL parameter 

 

On the sample of the 14 shells, the measured colorimetry status for parameter L* was subsequently changed for each 
of the 8 factors and compared with the first measurement using t-test (all data is processed in the “Minitab”). 

The results of the measurement of the base paint 1 (Basic Coat 1 – BC1) booth for factors “Paint Value”, “Shaping Air”, 
“Turbine Speed” and “High Voltage”, after measurement showed that all factors have a significant impact on the pa-
rameter L* except for the “Turbine Speed”, i.e. the obtained values p<0.05, as shown in figure 11. 
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X
_
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Figure 11: Display of results and t-tests for factors inside the base color 1 booth (Basic Coat 1-BC1). 

The results of the measurement of the base paint 2  (Basic Coat 2 – BC2) booth for factors “Paint Value”, “Shaping Air”, 
“Turbine Speed” and “High Voltage”, after measurement showed that only factor “Paint Value” has a significant influ-
ence on the parameter L*, that is the obtained values p<0.05, as shown in figure 12. 

 

Figure 12: Display of t-test results for factors inside the base paint 2 booth (Basic Coat 2 – BC2). 
 

4.3.2 Fractional Factorial 

After the hypothesis test, all relevant input factors that have statistical significance in terms of parameter L* have been 
identified. These factors will be the basis in the future development of the DOE project and creation of the “Fraction 
Factorial”. 

Within the program “Minitab”, launching of the DEO has been executed, as shown in figure 13, with an option that 
the planned tests “½ fraction” i.e. “fraction factorial”  by two repetitions would increase the number of tests performed 
and the sensitivity of the experiment itself in order to identify a correlation between factors [14]. 
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Figure 13: The experiment setting within the program.   

 

 Figure 14: The test setting, parameters and the measured values for the L* parameter. 

In the figure 14 are shown the basic elements of the test setting, the test sequence (column C2), factor parameters 
(column C2:C8) as well as the measured values for each of the tests. (column 9). 

4.4. Perceiving the obtained results and optimizing the process 

Based on the regression of factors, i.e. analysis, the variations between factors, it was found that the factors of the 
value of color “paint value”, as well as the voltage “high voltage” have the greatest influence on the output parameters 
of the testing of L* (figure 15) [15]. 

 

Figure 15: Regression of factors and their influence on the output parameter of testing L* 
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Based on all collected data within the software program “Minitab”, a platform for optimizing parameters was 
launched in order to achieve the best results, that is, to make the output by optimizing the output value as close as 
possible to nominal requirements “Hit a target value” and to achieve as much of the desired index “Desirability Index-
a” as possible, as shown in figure 16. 

    

Figure 16: The effect of plot the influence of parameters, their interaction, relative  
to the output parameter of testing L*. 

 

Figure 17: Parameter optimization using the "Minitab" software package 

4.5. Product verification based on process optimization 

After the software modification, a physical modification of the process parameters was also performed, as shown in 
the table 5. 

Table 5: Setting of process parameters after more applications of this optimization are completed. 

FACTORS ACRONYM RUN TEST1 RUN TEST 2 
Paint Value BC1 PV-BC1 180 ml 
Shaping Air BC1 SA-BC1 120 

Turbine Speed BC1 TS-BC1 40000 rpm 60000 rpm 
High Voltage BC1 HV-BC1 50kV 
Paint Value BC2 PV-BC2 110 ml 
Shaping Air BC2 SA-BC2 380 390 

Turbine Speed BC2 TS-BC1 40000 rpm 60000 rpm 
High Voltage BC2 HV-BC2 40 kV 50 kV 

 

Performing a confirmatory experiments is the rule of completion of DOE, in the case of a partial experiment it is even 
essential. The validation of the experiment must include and eliminate factors whose main goal is to avoid wrong 
decisions due to the small number of tests performed. Figure 18  shows the validation results of that test [16]. 
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Figure 18: Positive results of validation of new process parameters. 

 

Table 5: new setup of machine was done based on the test and observed results. 

FACTORS BEFORE AFTER FACTORS BEFORE AFTER 
PV-BC1 165 ml 180 ml PV-BC2 170 ml 110 ml 
SA-BC1 80 120 SA-BC2 380 380 
TS-BC1 40000 rmp 40000 rmp TS-BC1 40000 rmp 40000 rmp 
HV-BC1 40 kV 50 kV HV-BC2 50 kV 50 kV 

 
 1st 2st 
 ΔL ΔL 

Pr_Desni_Blato-
bran 

-0,82 -0,84 

Pr_Levi_Blatobran -0,78 -0,8 
 

5. CONCLUSION 

World-class production is an operational strategy that, if well applied, gives a new dimension of production that cor-
responds to the rapid inclusion of new high-quality products. In this paper WCM strategy was applied to optimize the 
process of painting the shell of vehicles in FCA Serbia ltd. 

The practical contribution of the paper is related to problem solving of inadequate color matching during serial pro-
duction on the example of production of a “Fiat 500L” passenger vehicle was solved. By applying DOE, through the 
Kaizen method, the non-compliances of colorimetry were eliminated and the process of painting the shell of the ve-
hicle was improved, after which the verification of proposed solutions and optimization of the mentioned process 
were carried out.  

The theoretical contribution is reflected in the definition of the world class manufacturing (WCM) methodology for 
the elimination of nonconformities in the automotive industry. The limitations of the work are reflected in the small 
number of repetitions of the experiment, so future directions of research should be in this sense. 
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ABSTRACT

Masonry is common used for classic building construction, but is known for its seismic vulnerability. The existing reg-
ulations in Serbia (Eurocode) demand control of the behaviour of masonry buildings exposed to seismic actions. For 
this it is most convenient to use, for engineering purposes, non-linear static (pushover) analysis. With the aim of in-
creasing knowledge about the seismic behavior of different structural configurations created by upgrading an exist-
ing residential two-story masonry building, a comparative study was conducted on four different proposed models. 
This paper presents the most significant results of pushover analyses performed on a spatial model of the structure 
of the existing building that needs to be upgraded and on spatial models of the structures with an additional floor 
level and different positioning of vertical confining elements while evaluating their seismic capacity in compliance 
with the regulations. Two different lateral load distributions are assumed in computation since the appropriate lateral 
load profile is not always obvious. Based on various approaches, there are different identified responses. 

KEYWORDS
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1. INTRODUCTION 

Masonry construction is common, and it has gained popularity mainly due to its low cost, widespread geographical 
availability, thermal insulation, protection from fire, durability, low maintenance cost, and it is easy to construct. Ma-
sonry has good compressive strength, thus the structures will behave well as long as the loads are vertical, but when 
a horizontal inertial earthquake forces act, they start to develop shear and flexural stresses. Masonry is a non-homo-
geneous, non-isotropic material, with a mechanical behavior dominated by the non-linear phase, characterized by 
negligible strength and brittleness in tension, and dissipative with softening behavior in compression. To increase 
the number of standardized economic solutions of masonry structures, further research is necessary into the prob-
lems that may occur during their construction and exploit. At the same time, based on the previous facts, it is neces-
sary to consider masonry structures as vulnerable to earthquakes[1]. 

An assessment of the seismic vulnerability of masonry structures is a complex task that must be performed by engi-
neers. Therefore, it is necessary to make a balance between sufficient accuracy and simplicity and availability of the 
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assessment for frequent use in practice. For this purpose, it is essential to know the characteristics of the structure 
being designed and the relevant actions on it, as well as the properties of the materials that will be used for construc-
tion. All the unreliability of the assessment and input data can create unfavorable solutions and lead to undesirable 
consequences [2].  

The regulations for the design of masonry structures under static and dynamic actions in Serbia have been signifi-
cantly improved with the introduction of Eurocodes. An assessment of the seismic resistance of the common masonry 
structures is conducted in accordance with provisions from the regulation: SRPS EN 1996-1-1 [3], SRPS EN 1998-1 [4], 
SRPS EN 1998-1/NA [5], and SRPS EN 1998-3 [6]. 

The seismic vulnerability of masonry structures is rarely assessed by linear elastic analysis procedures. Non-linear dy-
namic analysis methods represent the most reliable tool. Nevertheless, they are very complex and require a great 
amount of computational resources and time, and further research efforts are still needed before they can be confi-
dently used in standard design. Therefore, pushover procedures have been increasingly recognized as effective tools 
in seismic design and vulnerability assessment: they provide information on both the strength and ductility of the 
structure while preserving the simplicity of static analysis. Here a single degree of freedom (SDOF) system was derived 
to represent the multi-degree of freedom (MDOF) structure via an equivalent or “substitute” structure. However, the 
simplicity of these procedures is paid with a series of limitations that may restrict their application only to some classes 
of structures. The main outcome of pushover procedures is the curve relating the displacement of a certain control-
ling point to the resultant of a predefined horizontal distributed force applied to the structure. This curve, represent-
ing the seismic capacity of the structure, is then compared with the seismic demand, expressed in terms of response 
spectrum [7, 8]. 

Two basic things define different pushover procedures, one being the choice of the load pattern and the second 
simplification model of the pushover curve for design purposes. In pushover procedures the magnitude of structural 
loading is incrementally increased following a certain predefined pattern, thus causing weak links and developing 
failure modes. Pushover analysis is basically an attempt to evaluate the real seismic capacity of the structure, and it is 
effective for performance-based design. A drawback of the method is that for masonry structures, until now, the best 
pattern of loads is not yet determined. Additionally, it gives a time-independent displacement shape. The advantage 
of this procedure is that it is able to locate the most vulnerable parts of the structure [8]. 

The use of an equivalent static, simplified non-linear (pushover) method for seismic assessment of masonry structures 
was introduced in 1978 by Tomaževic(SFR Yugoslavia, today Republic of Slovenia) [9]. Such a method has undergone 
several refinements through the years and firstly was formulated anInvariant-force Pushover Analysis (IPA).This 
method considered that pushover analyses with invariant lateral force distribution cannot detect changes caused in 
non-linear dynamic characteristics due to the evolution of damage in the structure. More advanced pushover analysis 
like Modal Pushover Analysis (MPA) was developed based on lumped mass systems like frame structures. Unlike pre-
vious methods,the MPA permits the consideration of higher modes in pushover analysis and asymmetrical structures 
in the layout plan. One of the limitations of this method is that the sequence of damage development cannot be 
directly controlled, since the final deformed shape can be represented only by the superposition of the deformed 
shapes from each mode. Almost at the same time as the MPA, Adaptive Pushover Analysis (APA) was developed. The 
APA can represent the development of the damage during the analysis by updating the lateral force distribution 
pattern as damage propagates. This method considers inelasticity at the current step and updates the lateral load 
distribution accordingly. SRPS EN1998-1 suggests the application of the N2 method, based on the combination of 
pushover analysis with the capacity spectrum approach. The N2 method correlates the displacement capacity of the 
structure to the displacement demand of the expected earthquake. At first, the method was introduced for symmet-
rical structures, for which good performance was observed. Additionally, over time, the N2 method has extended to 
asymmetrical frame structures, structures irregular in layout plan, and structures irregular both in plan and height. 
The N2 introduced the impact of torsion with higher modes as well, and is relatively easy to use, thus it is more eco-
nomical in relation to the use of non-linear dynamic analysis[10-12]. 

It has been observed that under the action of moderate to severe earthquakes the masonry structures performed the 
worst, causing the largest loss of lives as well as properties. Thus, to save the people from the collapse of such build-
ings during an earthquake it is required to make them earthquake resistant. For existing buildings, seismic vulnera-
bility evaluation is needed, along with possible retrofitting [13]. Also, with an increase of population in cities, there is 
a constant need for new residential spaces. As a more economical solution than the construction of new buildings, 
upgrading existing buildings by adding one or more floor levels is often conducted. Such new structures must meet 
the same seismic resistance regulations as the existing ones. On the other hand, there are currently insufficient guide-
lines for modelling uncommon masonry structural configurations [2]. For these purposes, researchers are evaluating 
different types of masonry structures that require retrofitting and upgrading. By using pushover analysis, Manojlović 
et al. showed the possibilities of seismic retrofitting and upgrading an existing grammar school masonry building in 
Novi Sad, Serbia [14]. Galasco et al. showed the three-dimensional model of an old masonry building assembled with 
frame-type macro-element models of the walls and orthotropic membrane elements to represent the mechanical 
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behavior of flexible timber floors. This modelling approach, although very effective in representing the actual behav-
ior, does not allow to use of common simplifications such as rigid floor motion [15]. Ademović et al. discussed the 
behavior of a typical masonry building in Bosnia and Herzegovina built in the 1950s without any seismic guidelines 
[8]. Bocciarelli and Barbieri proposed a numerical procedure for pushover analysis of an old masonry tower with dis-
placement control [1].A similar discussion was provided by Shehu[16]. Giordano et al. investigated the seismic re-
sponse of plan irregular (asymmetric) two-storey masonry building structure to evaluate the magnitude of torsional 
coupling and the applicability of 3D pushover analysis for assessing the behavior under earthquakes[17]. 

This paper shows a comparative study for upgrading of existing residential two-storey masonry building by adding 
one additional floor level on four proposed models. The results of pushover analyses performed on proposed models 
were evaluated with the respect to the regulations. In the computations, two different lateral load distributions were 
assumed since the appropriate lateral loads profile is not always obvious. Based on various considered modelling 
approaches, different responses of the structures were identified. 

2. PUSHOVER ANALYSIS ACCORDING TO EUROCODE 8-1 

According to SRPS EN 1998-1, a pushover analysis must be performed with two lateral load patterns. A load distribu-
tion corresponds to the fundamental mode shape and a uniform distribution proportional to storey masses. Classical 
steps of the pushover analysis are: 

 Modelling of the structure with concentrated storey masses with elastic behavior. 
 Determination of the fundamental period of vibration. 
 Determination of the fundamental mode shape (Eigen vectors). 
 Determination of the modal mass coefficient for the first natural mode. 
 Determination of the lateral displacements at each level for the first natural mode. 
 Determination of seismic forces at each level for the first natural mode. 

 Transformation of the MDOF system to an equivalent SDOF with an equivalent mass *m as formulated in (1). 

 *
i i im = m Φ = F ⋅   (1) 

 Determination of the modal participation factor of the first natural mode according to (2). 
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 Determination of the force *F and the displacement *d of the equivalent SDOF represented in eq. (3, 4). 
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In (3, 4) bF  is the base shear force and nd  the control node displacement of the MDOF system. 

 Determination of the idealized bilinear force-displacement relationship as shown in Figure 1. The yield force 
*

yF , which represents also the ultimate strength of the equivalent SDOF system, is equal to the base shear 

force at the formation of the plastic mechanism. The initial stiffness of the equivalent SDOF system is deter-
mined in such a way that the areas under the actual and the equivalent SDOF system force displacement 
curves are equal. Based on this assumption, the yield displacement of the equivalent SDOF system *

yd  is 

given in (5). 
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In (5) *
mE  is the actual deformation energy up to the formation of the plastic mechanism. Figure 1 shows the principle 

of energy idealization. 

 Determination of the period of the equivalent SDOF system *T  as in (6). 
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 Determination of the target displacement for the equivalent SDOF system is given in (7). 
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( )*
eS T  is the elastic acceleration response spectrum at the period *T . Determination of the target displacement *

td  

for structures in the short period range is formulated in (8) for the elastic response and (9) for the non-linear response, 
while *

cT T< . For structures in the medium and long period ranges, target displacement is given in (10), while *
cT T≥

. uq  is the ratio between the acceleration in the structure with unlimited elastic behavior ( )*
eS T  and in the structure 

with limited strength *
yF / *m . cT  is the border between short and medium vibration periods. 
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 * *
t etd d=  (10) 

 The target displacement of the MDOF system is presented in (11). 

 *Гt td d= ⋅  (11) 

 

Figure 1: Linearization of the capacity curve[18] 

3. CASE STUDY 

To evaluate the most suitable structural solution, in terms of seismic vulnerability, for the upgrade of an existing res-
idential two-storey masonry building, four different models of upgrading were made and their responses were ob-
served, as well as the behavior of the existing building. Characteristic floor layout and three-dimensional representa-
tions of models are shown in Figure 2 and marked as: 

 M0 - model of the structure of the existing building, as an unreinforced masonry building, with the found 
mechanical and geometric characteristics of load-bearing structural elements. 

 M1 - model of the structure of the upgraded existing building with an additional floor modelled like the lower 
floors (unreinforced masonry), only with horizontal confining elements along the edges of the slabs, without 
vertical confining elements. 

 M2 - model of the structure of the upgraded existing building with an additional floor modelled like confined 
masonry with horizontal confining elements along the edges of the slabs and vertical confining elements at 
the ends and crossings of the walls and at appropriate distances, while lower floors remain unchanged like 
unreinforced masonry. 

 M3 - model of the structure of the upgraded existing building with an additional floor modelled like confined 
masonry with horizontal confining elements along the edges of the slabs and vertical confining elements 
that extend from the foundation to the top of the building only on the shorter façade walls of the building. 
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 M4 - model of the structure of the upgraded existing building with an additional floor modelled like confined 
masonry with horizontal confining elements along the edges of the slabs and vertical confining elements 
that extend from the foundation to the top of the building located in characteristic places on all façade walls 
of the building. 

For modelling of the building structure and proposed upgraded solutions, the software AmQuake was used with the 
finite element method for numerical calculation and common macro elements. Additionally, the software used the 
equivalent frame approach for the pushover analysis which considers all modelled line structural elements with their 
inelastic behavior. All models have openings in walls in accordance with architectural design, and around them soft-
ware generated new line macro elements for parapets and spandrels. The assumption of rigid floor motion was intro-
duced in all models. The AmQuake uses pushover analysis and determines the target displacements in accordance 
with the provisions of regulations [19]. The obtained target displacements were compared with the corresponding 
capacities. 

Although SRPS EN 1998-1 requires the use of mean values of the material properties, in this study the characteristic 
values were used, which provided a certain safety to the results of the pushover analysis. In the analysis, the stiffness 
of cracked sections was taken as half of the stiffness value of uncracked sections. Soil type C, acceleration agR= ag= 
0.20g,and building importance class II represented the seismic input. As SRPS EN 1998-1demands, two different load 
patterns of the seismic force were applied to all models for the pushover analysis, triangular and uniformly distributed 
lateral force in positive directions of the X and Y axis[4]. Additionally, in both these directions were added eccentrici-
ties equal to +0.05 times the building dimension in the plane perpendicular to the direction of the seismic force for 
the purpose of creating accidental torsional effects. 

Pushover analysis was conducted with consideration of the ultimate limit state (ULS) and damage limitation state 
(DLS). By SRPS EN 1998-3, for the masonry and reinforced concrete elements were taken drift limit for bending failure 
equal to 0.008 and drift limit for shear failure equal to 0.004[6]. The analysis included only the stiffness of the load-
bearing walls, while the stiffness of the partition walls was not taken into account, only their mass. 

        

     

             

Figure 2: Characteristic floor layout and three-dimensional representations of models for the existing building M0, 
and upgrading solutions M1-4 



Engineering Today Vol. 1 • (2022) • No. 3 

 36 S. Marinković et al. 

3.1. Materials and loads of the existing building 

Representing masonry building is situated in Serbia and it is relatively new. It consists of a high ground floor and one 
upper floor, with a gross floor area of 199.55 m2 and a characteristic floor layout as shown in Figure 2. Each floor level 
consists of four residential units with similar gross areas. Vertical communication inside the building is provided by 
the central staircase area. Storey height is equal to 300 cm and the clear height is equal to 280 cm. Structural walls 
were constructed using clay blocks without reinforcement, and floor slabs were made with reinforced concrete (RC). 
During inspections of building design data, no vertical confining elements were observed, only horizontal confining 
RC elements were found at floor levels and lintels made with reinforced concrete.  

The façade walls of the building are with a thickness of 25 cm as internal load-bearing walls. The walls around the 
staircase are with a thickness of 38 cm and the partition walls are 12 cm thick. All walls are made of porotherm clay 
blocks and dry-fix mort. Characteristic compressive strength calculated based on SRPS EN 1996-1-1 is fk = 3.87 MPa 
for bearing walls thickness of 25 and 38 cm. Characteristic initial shear strength of masonry under zero compressive 
stress was adopted asfvk0= 0.30 MPa, whereas for the limit value of characteristic masonry shear strength fvlt =0.52 MPa 
was used. Furthermore, the short-term secant modulus of elasticity of masonry was determined as E = 1000·fk = 
3.869GPa. For the shear modulus of masonry, a calculated value of G =1.548GPa was adopted. Horizontal confining 
elements and lintels were made with concrete class C16/20 (fck= 16 MPa) along with reinforcement B500 (fyk= 500 
MPa). Concrete elements have a rectangular cross-section of 25/20 cm, and they are reinforced with four 12 mm di-
ameter longitudinal bars and 6 mm diameter stirrups spaced at 15 cm. Solid concrete slabs are designed on all floor 
levels, including the roof. 

The existing building was designed with self-weight applied to every floor structure amounted to 4.0 kN/m2, an addi-
tional dead load applied at floors amounted to 1.5 kN/m2, and applied variable load at the floor (except the roof) 
amounted to 2.5 kN/m2.The roof floor structure was designed with self-weight, additional dead load, and the snow 
load equal to 5.0 kN/m2, 0.5 kN/m2, and 1.0 kN/m2, respectively.  

3.2. Materials and loads of the upgraded floor level 

To upgrade the existing building, the considered models used walls with the same mechanical and geometric char-
acteristics as the walls on the lower floors. All added RC structural elements are designed from concrete classC25/30 
(fck= 25 MPa). Along the edges of the slabs, horizontal confining elements with a rectangular cross-section of 25/20 
cm were designed and reinforced with four 14 mm diameter longitudinal bars and 6 mm diameter stirrups spaced at 
15 cm. The lintels have the same characteristics as the horizontal confining elements. Vertical confining elements 
were designed with a square cross-section of 25/25 cm at the ends and crossings of the walls and at appropriate 
distances. They were also reinforced with four 14 mm diameter longitudinal bars and 6 mm diameter stirrups spaced 
at 15 cm. 

The additional floor level was designed with a new RC roof slab and with applied self-weight, self-weight of the roof 
structure, additional dead load, and the snow load to 3.0 kN/m2, 2.5 kN/m2, 0.5 kN/m2, and 1.0 kN/m2, respectively. 

4. RESULTS OF THE STUDY 

Pushover analysis was performed with both types of elastic spectrum. This paper shows only results of the analysis 
with type 1 spectrum, as authoritative for the given soil acceleration. For target displacements, the N2 method was 
used as part of regulations in the software AmQuake[19]. Tables 1-2 show the most important parameters of the 
analysis for the uniform and the triangular distributions of the seismic force in X and Y positive directions: yield force 
(Fy) of the idealized bilinear pushover curve for the MDOF system, target top floor displacements for the ULS (dt,ULS) 
and DLS (dt,DLS), the ULS (dt) and DLS (dc,DLS) capacities for the top floor displacements, calculated maximum inter-storey 
drift (RShift), DLS inter-storey drift criterion (RShift criterion), period of vibration of the idealized structural system with 
SDOF (T*), capacity ductility factor μ and yield displacement (dy) of the idealized bilinear pushover curve for the MDOF 
system.  

Table 1: Most important results of the pushover analysis for building models with uniform distributed load 

Model M0 M1 M2 M3 M4 
Direction +X +Y +X +Y +X +Y +X +Y +X +Y 

Fy[kN] 1644.44 1503.91 1721.32 1380.19 2073.71 2249.21 1776.05 2493.19 2072.77 2553.65 
dt,DLS[mm] 1.278 1.105 3.600 2.766 1.745 1.715 3.909 2.881 4.230 2.872 
dc,DLS[mm] 4.956 5.097 15.597 17.197 7.600 6.601 16.412 10.390 15.400 10.564 
dt,ULS[mm] 4.894 4.928 17.925 16.839 7.399 6.230 18.755 10.313 17.843 9.951 

dt[mm] 4.956 5.097 15.372 17.197 7.600 6.601 15.812 10.390 14.600 10.564 
RShift 0.0009 0.0013 0.0044 0.0032 0.0020 0.0015 0.0041 0.0020 0.0044 0.0022 

RShift criterion 0.177 0.259 0.872 0.642 0.392 0.309 0.822 0.394 0.876 0.431 
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T*[s] 0.140 0.133 0.217 0.192 0.161 0.160 0.226 0.196 0.234 0.195 
μ 2.118 2.674 3.402 6.032 2.568 2.084 3.174 1.989 2.334 1.987 

dy[mm] 2.340 1.906 4.518 2.851 2.960 3.168 4.982 5.223 6.256 5.317 
 

Table 2: Most important results of the pushover analysis for building models with triangular load 

Model M0 M1 M2 M3 M4 
Direction +X +Y +X +Y +X +Y +X +Y +X +Y 

Fy[kN] 1231.14 1165.31 1311.20 1046.49 1910.89 2010.59 1319.58 2118.42 2047.59 2203.59 
dt,DLS[mm] 0.942 1.071 4.447 8.030 2.442 2.063 4.313 3.173 4.733 3.089 
dc,DLS[mm] 4.337 6.097 15.542 20.192 10.462 7.759 21.018 12.190 19.072 11.425 
dt,ULS[mm] 4.179 5.741 24.005 34.250 10.323 7.677 23.628 12.130 18.632 11.341 

dt[mm] 4.337 6.097 15.392 20.042 10.462 7.759 20.773 12.190 19.072 11.425 
RShift 0.0011 0.0017 0.0040 0.0040 0.0024 0.0016 0.0041 0.0021 0.0033 0.0019 

RShift criterion 0.224 0.336 0.800 0.789 0.488 0.318 0.810 0.413 0.658 0.387 
T*[s] 0.120 0.127 0.223 0.275 0.172 0.161 0.218 0.190 0.230 0.189 

μ 2.617 3.608 3.274 3.504 2.565 2.063 4.565 2.201 2.500 2.061 
dy[mm] 1.657 1.690 4.702 5.720 4.078 3.761 4.550 5.538 7.630 5.543 

 
According to the presented results, two models meet the ULS criteria, the model of the existing building M0 and the 
combined model of the upgraded building M2 where the lower floors are left with unreinforced masonry (URM) and 
the added floor contains horizontal and vertical confining elements (CM). In the case of the DLS criteria, it was found 
to be irrelevant for the proposed models, as all target parameters meet the criteria. 

Yield force (Fy) is larger in the X direction under uniform load for the URM models M0 and M1, while for the models 
M2-4 with CM yield force is larger in the Y direction under triangular load. The smallest difference in the magnitude 
of the horizontal seismic force when the load is uniform or triangular is for M2 which is the only model of upgrading 
that meet ULS criteria, while the largest difference between the horizontal forces occurs on M3. 

From Figures 3-7 it can be seen that for all models except M1 the DLS displacements (dt,DLS) are always on the parts of 
the pushover curves corresponding to the linear elastic structural response, which is an expected result. Only for 
model M1 dt,DLS was observed on part of the pushover curve related to the non-linear response. 

The most critical parameter of the analysis is ULS top floor displacement (dt,ULS) that can be expected for the given 
structure and seismic demand, and it must be smaller than top floor displacement when the structure starts to col-
lapse (dt) or when the base shear force drops below 80% of its maximal value. As stated, this criteria was met only by 
two models, M0 and M2. In terms of safety margin for the ULS criteria, defined as the percentile ratio between the 
target and the capacity values as presented in (12), model M1 performed with the lowest safety of -70,89% for Y di-
rection and triangular load, then models M4, M3, M2, M0 with their the most unfavourable safety of -22,21% (X, uni-
form load), -18,61% (X, uniform load), 1,05% (Y, triangular load), 1,25% (Y, triangular load), respectively. These, the 
most unfavourable displacements for each model are shown in Figures 3-7 with the pushover force-displacement 
curve and idealized bilinear force-displacement diagram. For URM model M1 it is expected to perform the worst in 
terms of displacements in the Y direction which is shorter and has less stiffness and under a triangular load pattern 
that accumulates higher top floor displacements. Similar behavior showed model M2 which has only vertical confin-
ing elements on top floor level and lower levels are URM, thus it has an increase in stiffness, decrease in inter-storey 
drift, and overall displacements values. Different behavior showed models M3-4 with vertical confining elements from 
the top floor to the foundation on the façade, and they performed the worst in the X direction under a uniform load 
pattern, thus indicating the formation of hinges in the vertical confining elements. This change in unfavourable con-
ditions is probably due to inserted vertical confining elements increasing more stiffness in the Y than X direction.  

 ,    100%t t ULS

t

d d
ULS safety margin

d

−
= ⋅  (12) 

RShift presents calculated maximum inter-storey drift from all storey's deflection/storey height and it is compared with 
DLS inter-storey drift criterion (Rshift/Damage limit). For three-storey models, the highest RShift has URM model M1. 
The introduction of vertical confining elements from the top floor to the foundation on the façade had lowered RShift, 
but only significantly in a shorter Y direction. Combined model M2 performed the best in terms of inter-storey drift. 
This may be due to the fact that in SRPS EN 1998-3 the same values of drift limits apply for all masonry structures, 
even though they are explicitly defined for the URM ones. 

Periods of vibration of the idealized structural system with SDOF (T*) for proposed models are similar for different 
directions and higher in the longer X direction as expected, only M2 with triangular load is an exception. All periods 
have lower values than period with constant acceleration in the elastic response spectrum (Tc = 0.6 s for soil type C), 
thus all models are in the short period range.  
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Capacity ductility factor μ for ULS is determined as the ratio between capacity displacement (dt) and yield displace-
ment (dy), and given values in tables 1-2 were calculated manually since AmQuake provides target ductility factor 
values calculated with target displacement. For models M0 and M2 that meet the ULS criteria with high non-linear 
response, there is a low ductility reserve which makes these models sensitive to seismic action, as shown on Figures 
3 and 5.  

On the left side of Figures 3-7 is shown the deformation of models with damage factor CF (confidence factor), which 
is a parameter indicating how much the element response deviates from the elastic one. It ranges from 0 for the fully 
undamaged to 1 for the fully damaged conditions. 

 

Figure 3: (left) Damage factor CF, (right) pushover force-displacement curve with idealized bilinear force-displace-
ment diagram for the model M0, +X direction and uniformly distributed load  

 

Figure 4: (left) Damage factor CF, (right) pushover force-displacement curve with idealized bilinear force-displace-
ment diagram for the model M1, +Y direction and triangular load  

 

Figure 5: (left) Damage factor CF, (right) pushover force-displacement curve with idealized bilinear force-displace-
ment diagram for the model M2, +Y direction and triangular load  
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Figure 6: (left) Damage factor CF, (right) pushover force-displacement curve with idealized bilinear force-displace-
ment diagram for the model M3, +X direction and uniformly distributed load  

 

Figure 7: (left) Damage factor CF, (right) pushover force-displacement curve with idealized bilinear force-displace-
ment diagram for the model M4, +X direction and uniformly distributed load  

5. CONCLUSIONS 

In this paper the seismic vulnerability of an existing two-story unreinforced masonry building was analyzed, and mod-
els for its upgrade with another floor level were proposed, by using pushover analysis. The existing building showed 
good properties for the effect of horizontal forces from earthquakes. It was analyzed four upgraded models of existing 
building: 

1. model without vertical confining elements,  
2. model with vertical confining elements only in the added floor level,  
3. model with vertical confining elements along the shorter façade walls and along the entire height of the 

building,  

4. model with vertical confining elements along the entire height of the building along all façade walls.  
The ULS parameters from earthquake using pushover analysis, was satisfied only by a second model with vertical 
confining elements only in the added floor level. The model without vertical confining elements performed the worst. 

Current regulations demand the use of two different lateral load patterns in pushover analysis without a detailed 
explanation of each pattern’s purpose. This paper confirmed that, as during analysis models showed different behav-
iors with uniformly distributed or triangular loads depending on proposed confining. While using software AmQuake 
for pushover analysis capacity ductility factor should be calculated manually. 

Seismic response of structure is in a tight connection with confining, and it has beneficial effects especially in a case 
of the shear capacity. Positioning of confining elements has a key role for evaluation of seismic vulnerability, and 
ductility capacity of the masonry structures. Further research on this topic must include models with retrofitting so-
lutions that are more common in practice, such as strengthening of the existing walls or installing vertical confining 
elements along the entire height of the building and in all load-bearing walls. There is a need for guiding the engi-
neers toward proper and better modelling of masonry structures. 
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ABSTRACT 

In this paper, the change in the microstructure of the centrifugally cast heat-resistant alloys of HP40 Nb after exposure 
to 0.5h and 2h of ageing times at 1123K and 1323K were investigated. The microstructures of the as-received alloy 
and aged conditions were examined using light microscopy (LM) and scanning electron microscopy (SEM) equipped 
with an energy dispersive spectroscopy (EDS). The chemical composition of various phases and precipitates observed 
in the aged sample microstructure was characterized by the means of scanning electron microscopy SEM via back-
scattered electron (BSE). The present results indicate that ageing enhanced the occurrence of different phenomena 
such as the transformation of primary M7C3 to M23C6 carbides and precipitation of secondary M23C6 carbides. It can be 
summarized that the present phases and the morphology of secondary carbides in the microstructure of aging results 
in higher values of hardness. 

KEYWORDS

Heat resisting cast alloys, Aging, Microstructure, Carbides 

1. INTRODUCTION 

Thanks to the unique properties of centrifugally cast heat-resistant alloys of HP series, such as: high mechanical prop-
erties, corrosion resistance and stability of mechanical properties under service at temperatures below 1323K; these 
alloys are found in application in many industries such as petrochemical, chemical and commercial heat treating in-
dustries [1-8]. The centrifugally cast heat–resistant austenitic stainless steels are mostly used in petrochemical plants 
as alloys for production reformer tubes for hydrogen production by steam reforming [9-10].  

The creep resistance of these alloys is high, thanks to the main alloying elements chromium and nickel, as well as 
other alloying elements (Ti, Zr, W and Cs) which in new generations of alloys have proven to be important for improv-
ing the required properties. Most heat-resistant alloys contain elements such as niobium, titanium, vanadium, and 
zirconium are commonly added to give higher creep resistance, as they form stable precipitates at the operating 
temperatures. In recent years, there has been growing interest in the application of the centrifugally cast HP40Nb 
alloy, which has been developed by adding a small amount of niobium element into HP40 alloy [11]. It should be 
mentioned that the addition of niobium in the HP alloy hinders the precipitation of chromium carbides and improves 
the mechanical properties (increase creep strength and creep ductility, as well as carburization resistance) [12].  

The normal designed service life of reformer furnace tubes is defined by the API standard and is 100,000h [6, 7]. How-
ever, the actual working life varies from 30,000 to 180,000 h, because it is correlated with the damage mechanisms 
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(corrosion, fatigue, creep and erosion). In addition, the designed service life is not expected to be the same as the 
actual service life, because the actual operating conditions or the actual performance of the materials and compo-
nents are not precisely known at the time of design.  

It is known that the characteristic microstructure of as-cast HP alloys consists of an austenitic matrix strengthened by 
a network of intergranular eutectic-like primary chromium-rich carbides (M7C3 and/or M23C6 types (M= Cr, Ni, Fe) and 
niobium carbides of MC type (M= Nb) [13]. However, the microstructure of HP-modified steel of the catalyst tubes 
changes during service at elevated temperatures. It was reported in [14,15] that the microstructure of centrifugally 
cast Fe-Cr-Ni heat resistant alloys would change relatively rapidly during service at high temperatures, in a process 
known as microstructural steel ageing. During ageing, the primary chromium carbides eventually transform into 
M23C6; while intragranular secondary M23C6 carbides precipitate, also. As a result of this process, the original niobium 
carbides undergo an in situ phase transformation to a nickel-niobium silicate, Ni16Nb7Si6 as reported by [16]. 

The purpose of the present study, due to the mentioned facts, is to examine the microstructural stability of the as cast 
tube made of HP 40Nb alloy after short-term exposure to temperatures of 1123K and 1323K for 0.5h and 2h, and to 
identify the types of phases and carbides in this alloy during ageing treatment. 

2. EXPERIMENTAL PROCEDURE 

2.1. Material 

The material investigated in this work was machined out of one tube and manufactured of the centrifugally cast alloy 
HP-40Nb. The chemical composition of the studied material is shown in Table 1. The specimens were aged at 1123K 
and 1323K for 0.5h and 2 hours in the electric furnace in an air atmosphere and then each aged sample was cooled in 
air. The temperature was controlled by the thermocouple Pt-Pt13%Rh placed just above the sample. Microstructural 
observations were performed on samples of the as-cast tube before and after heat treatment. The chemical compo-
sition of various phases and precipitates observed was characterized by the means of scanning electron microscopy 
via back-scattered electron (BSE) imaging and EDS analyses. 

2.2. Methods 

Chemical composition 

The chemical composition of the service reformer tube was analyzed through standard analytical spectrometry meth-
od, using the Optical Energy Spectrometer (OES) type I Spark 8860, Thermo Scientific, USA.  

Metallurgical evaluation 

Standard metallographic preparation techniques (mechanical grinding and polishing, followed by etching in Nital) 
were applied before light microscopy (LM) examinations on an Orthoplan microscope (Leitz, Germany).  

Metallographic specimens were prepared in accordance with standard metallographic preparation technique: grind-
ing (with SiC papers, from 180 to 2400), polishing (diamond suspensions with 6, 3, 1 and 1/4 μm particle size) and 
etched with a solution of 15 ml HCl, 10 ml Glycerol and 5 ml HNO3.  

The microstructure was examined using a scanning electron microscope JOEL JSM 6460 LV. The phases observed 
were analysed using an energy dispersive x-ray analyser system (EDS) INCA Oxford Instruments in conjunction with 
an SEM. 

Hardness measurement  

The Vickers hardness HV10 (ISO 6507) was determined with a test load of 98.07 N (10 kg) and a dwell time of 15 s. The 
testing machine was an HPO 250 (WPM, Germany). 

3. ANALYSIS RESULTS AND DISCUSSION 

3.1. Microstructure of as–cast material 

The results of the chemical analysis of the investigated alloy are shown in Table 1. The results correspond to centrifu-
gally cast alloy HP-40Nb. 

Table 1: Chemical composition of the investigated alloy (in wt%) 

 C Si Mn Cr Ni Nb Ti Cu Fe 

Wt% 0.44 1.81 1.11 26.99 34.04 0.63 0.03 0.01 Bal. 
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3.2. Microstructural analysis (Light microscopy) 

The microstructure of the as-cast samples consists of an austenite dendrite matrix, a cellular structure containing a 
network of skeleton shape eutectic primary carbides located at grain boundaries and between dendrites (Fig. 1a-b). 
At higher magnification observation, based on light contrast, the presence of two types of second phase particles of 
different morphology may be seen at the grain boundaries (Fig.1b). As can be seen in Fig.1b, one is a niobium-rich 
phase (white phase) having laminar type (or skeleton form) features, whereas the other is a chromium-rich phase 
(dark grey phase) having fine particle-like features [17, 18]. 

 

a)  100×                                                                         b)  500× 

Figure 1 Microstructure of HP40 Nb alloy as cast a) LM (Light microscopy) at low magnification (100×); b) SEM image at 
high magnification (500×). 

3.3. Scanning Electron Microscopy (SEM) and X-ray Energy Dispersive Spectroscopy (EDS) 

Figure 2a shows an SEM micrograph of the HP -40 Nb alloy in the as-cast condition. As seen in this Figure 2, the mi-
crostructure consists of an austenitic matrix and a network of primary carbides of two types: MC carbides (M = Nb, Ti) 
mainly NbC in white), and M7C3 carbides (M = Cr, Ni, Fe), in dark grey. One rich in Nb (bright particles in Fig.2a, Spec 3 
and 4) and one rich in Cr (dark particles in Fig.2a, Spec 1, 2). Carbides in the inter-dendritic boundaries appear as 
lamellar or skeleton forms. The niobium-rich carbides are more stable at high temperatures compared to the second-
ary chromium carbides [12]. 

 a) b) 

Figure 2 Micrograph of present phases in as-cast HP40 Nb alloy: a) SEM micrographs (BSE), b) EDS spectrum of M7C3 
carbide (M = Cr, Ni, Fe) in examination point 2 (Spectrum 2) 

Table 2. Chemical composition (mass. %) of participate phases in HP40 Nb alloy, corresponding to Fig.2b 
 C Si Cr Mn Ti Fe Ni Nb 

Spectrum 1 36.97  54.39   6.92 1.72  

Spectrum 2 15.83 3.41 28.73   27.11 24.93  

Spectrum 3 44.98  4.62  4.30 2.56 1.8 41.73 

Spectrum 4 38.99 1.52 11.78  1.02 10.03 8.49 28.16 
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3.4. After ageing treatment 

The change of microstructure during ageing at 1173K and 1323K after 0.5h and 2h is shown in Figure 3. The micro-
structures of HP-40 Nb alloy obtained by light microscopy (LM) after 0.5 h and 2h of ageing treatments performed at 
1173K are given in Fig. 3a) and Fig. 3b), respectively. After short–term heat treatment (0.5h) at 1173K, the very fine 
precipitates of secondary carbides were found in the austenitic matrix, in zones close to primary carbides (Fig. 3a). 
The number of secondary carbide particles increases with ageing time (2 hours), as shown in Figure 3b. From Figure 
3b it can be noticed clearly, that more fine secondary carbide particles precipitated in the matrix and agglomerated 
along the grain boundaries. Results of the EDS analysis of phases in the aged specimen at 1173K for 2h observed at 
SEM micrograph in Figure 4, are given in Table 3. The microstructure consists of an austenitic matrix (Spec.1) and two 
types of precipitates: one rich in Nb (white phase) - Spec.4, and one rich in Cr (dark gray phase) - Spec. 2, 3.  

  

a) 500× b) 500× 

  

c) 500× d) 500× 

Figure 3: Light microscopy micrographs of a samples aged at: a) 1173K for 0.5h; 1173K for 2h;  
c) 1323K for 0.5h; d) 1323K for 2h  

 a) b) 

Figure 4 Micrograph of present phases in 1173K aged HP40 Nb alloy: a) SEM micrographs (BSE), b) EDS spectrum of 
MC carbide (M= Nb) in examination point 4 (Spectrum 4) 
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Table 3: Chemical composition (mass%) of participate phases in HP40 Nb alloy, corresponding to Fig.4a 

Spectrum C O Si Ti V Cr Mn Fe Ni Nb 

Spectrum 1 4.12 0.89 1.25 - - 21.22 1.32 36.35 34.85  

Spectrum 2 5.71  1.95   23.85 1.62 32.70 34.18  

Spectrum 3 7.69    0.51 75.96 2.06 10.47 3.31  

Spectrum 4 15.41  0.46 0.61 0.43 8.55  5.81 6.56 62.18 
 

 a) b) 

Figure 5 Micrograph of present phases in 1323K aged HP40 Nb alloy: a) SEM micrographs (BSE), b) EDS spectrum in 
examination point 6 (Spectrum 6) 

Table 4: Chemical composition (weight %) of participate phases in HP40 Nb alloy, corresponding to Fig.5a 

Spectrum C Si Ti V Cr Mn Fe Ni Nb 

Spectrum 1 4.47 1.43   21.56 1.44 36.41 34.68  

Spectrum 2 6.33 1.41   26.91 1.45 32.02 31.88  

Spectrum 3 5.81 1.56   26.84 1.65 31.84 32.30  

Spectrum 4 9.16    70.38 1.81 12.61 5.59 0.45 

Spectrum 5 6.55 1.46   27.85 1.64 30.82 31.67  

Spectrum 6 15.70  3.69 0.64 4.33  1.50 1.32 72.82 
 
From Figure 5, it should be noted that the primary chromium carbides transform from M7C3 to M23C6. The secondary 
carbides were observed within the austenitic matrix close to the primary carbides. In this case, the microstructures 
after aging at 1323K for various aging times, are quite similar to those aged at 1173K, as can be seen in Fig.3c-d. 
However, it should be noted that the amount of needle-shaped M23C6 (M = Cr) type carbides formed in the austenitic 
matrix and secondary carbide film increased at this ageing condition [19].  

3.5. Change of hardness during ageing 

The Vickers hardness values determinations for samples aged at 1123K and 1323K and at different times are presented 
in Table 5. As can be seen, the different behavior in the evolution of the hardness for two temperatures of 1123K and 
1323K. The hardness results after the lower temperature ageing are less than those of higher ones. The samples that 
have a maximum (207 HV10) and minimum hardness (197 HV10) were compared in their microstructures; for exam-
ple, samples aged between 0.5h and 2 hours. The reason for this behavior can be explained by the change in the 
precipitate morphology and increased amounts of precipitates in the matrix. 
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Table 5: The results of Vickers hardness tests HV10 of the aged samples 

Ageing temperature 
(K) 

Ageing time (hours) 

0.5 2 

1123 197 207 

1323 200 204 
 

4. CONCLUSIONS 

In this study, the microstructural evolution occurring in the HP 40 Nb heat-resistant stainless steel tube during the 
ageing was investigated. The obtained conclusions can be summarized as follows: 

• After a short time of ageing (0.5h) at 1173K, the very fine precipitates of secondary carbides were found in the 
austenitic matrix, in zones close to primary carbides. 

• The amount of the secondary carbide particles increases with ageing time (2 hours) at 1173K and more fine 
secondary carbide particles precipitated in the matrix and agglomerated along the grain boundaries. 

• The microstructures after ageing at 1323K for various ageing times, are quite similar to those aged at 1173K. 
However, it should be noted that the amount of needle-shaped M23C6 (M = Cr) type carbides formed in the 
austenitic matrix and secondary carbide film increased at this ageing condition. 

• The presence of these secondary carbides and change in the precipitate morphology in heat-treated specimens, 
resulting in higher values of hardness. 
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