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A multinomial approach to the machine interference 
problem 
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Abstract: This paper presents a multinomial model for a special case of the machine interference problem (MIP), where each of N 
identical machines randomly requests several different service types. The model allows the calculation of the expected interference time in 
the queue for each service type. The extended version of the model allows calculation of the exact distribution function of the steady state 
waiting time and total service time for each type of requested service. In addition, the model can be adjusted for the case where the service is 
provided by a group of K identical operators, each operator is capable to handle all types of service, but each service type has a different 
priority. 

Keywords: multinomial model, queuing, machine interference problem, multiple service types, priority. 

 

1. Introduction 
The presented multinomial approach to the machine 

interference problem was recently developed by Hadad et al. [1], 
Gurevich et al. [2]-[3] and Keren et al. [4]. The proposed models 
are applicable for a production system with N identical machines 
that produce the same product in parallel and independently of each 
other. Each of N identical machines randomly requests several 
different service types. Each request for a service type is fulfilled by 
an operator who can provide only one service type. Firstly, we 
shortly outline the basic model proposed by Hadad et al. [1] that 
allows the calculation of the expected interference time in the queue 
for each service type. The advantages of this model are that it is 
much easier to apply compared to the Markovian models and it does 
not need any restrictive assumptions about failure rate and service 
distribution, as those of the Markovian models. Afterward, we 
present the extended version of the model that allows calculation of 
the exact distribution function of the steady state waiting time and 
total service time (waiting time + service time) for each type of 
requested service. These distributions functions are useful for the 
case in which there is a time limit for one service (or more), such 
that it must be accomplished within a certain time from the moment 
of the request. A delay in the service above a given time spoils the 
product and makes it useless for its intended purpose. Finally, we 
adjust the basic model for the case where the service is provided by 
a group of K identical operators, each operator is capable to handle 
all types of service, but each service type has a different priority. 
The presented models enable practitioners to determine the optimal 
number of operators in order to minimize the cost per unit of 
product or maximize the total profit, or to set other performance 
measures.  

2. The basic model 
The model is suitable for MIP with multiple service type 

requests. Each request can be handled by a qualified operator that 
assigned to only one service type. At least one operator is assigned 
for each service type, but the number of operators may not exceed 
the number of machines, N. 

2.1. The model assumptions 
The following list sets forth the assumptions used in creating 

the model: 

1) There are N identical machines.  

2) Each machine can be in one of the following positions, 
where the probabilities for each position are constant in a 
steady state situation and identical for all machines:  

a. running (producing items),  

b. having a type j  service, 1j ,...,J= ,  

c. waiting for type j  service (interference).  

3) Machine failures are independent.  

4) Service time is random. 

5) Each service request transfers immediately to the 
operators assigned to handle that specific service request type.  

6) An available operator handles a service request 
immediately. 

7) Each service request is handled by only one operator.  

8) Walking time from one machine to another is negligible. 

9) A machine is idle while waiting for a service or while 
getting a service.  

2.2. Notations  
This section presents the notations that are used for the model 

definition.  

T - Runtime. The length of time needed for a machine to 
process one unit of a product. 

jt - Average time of a type j  service, 1j ,...,J= . The 

average length of time that a type j  operator invests in one unit of 
a product during a cycle time.  

1H - Cycle time. The length of time needed for one machine 
and one operator for each service type to produce one unit of the 
product. This cycle time is calculated as follows: 

   
(1) 

1
1

 .
J

j
j

H T t
=

= + ∑ 

The parameters T , jt  and 1H  are not dependent upon the 

number of machines ( )N .  

N  - Number of machines. The number of identical machines 
in the production line.  

NH  - Adjusted cycle time. The expected length of time 

needed for a production line with N  identical machines that are 
operated by a given number of operators for each service type to 
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produce N  units of the product. (During NH  each machine 
produces an average of one unit.)  

I jt - Interference time. The average time during a production 

cycle ( NH ) during which a machine is idle because it is waiting 

for a type j  operator, 1j ,...,J= .   

ji - Interference rate. The ratio between the interference time 

I jt  and the adjusted cycle time NH , that is, 
I j

j N

t
i H= . 

jS - Service rate. The ratio between the average time of a type 

j  service jt  and the adjusted cycle time NH , that is, 

j
j N

t
S H= . 

K j - Number of operators assigned to type j  service, 

1 K Nj≤ ≤ . 

The adjusted cycle time NH  is calculated as follows: 

 

(2) 
1 1

1 1
1 1

1

1

 .

1

J J
N j I j

j j
J J

I j Nj
j j

J
j

j

H T t t

H t H i H

H

i

= =

= =

=

= + +

= + = + ×

=
 
 −
 
 

∑ ∑

∑ ∑

∑

 

0p - Probability that a machine is running. This probability is 
calculated as follows:  

1
0

1

1
J

j
j

N

T i
Tp

H H
=

 
 −
 
 = =

∑
. 

 jp -  Probability that a machine is getting or requiring a type 

j  service, 1j ,...,J= . This probability is calculated as follows: 

,  1j j jp S i j ,...,J= + = . 

Each machine can be in one of two states-running or idle. The 
idle state has J  sub-states for each service type request. A machine 
in sub-state j  can be in one of two positions-getting a service j  
or waiting for this service. Because all these states are mutually 

exclusive, it is clear that 0
1

1
J

j
j

p p
=

+ =∑ . 

0X - Number of running machines (a random variable). 

jX - Number of machines that are getting or requiring a type 

j  service (a random variable), 1j ,...,J= . It is clear that 

0
1

J
j

j
X X N

=
+ =∑ , where the number of running machines and 

the number of idle machines is equal to the number of machines in 
production line N . 

A group with N machines and J types of service has 
N J

J
+ 

 
 

 states. A state is a vector 

( )0 0 1 1,...,  J JX x ,X x X x= = = , where 0X  is the number 

of running machines and jX , 1 2j , ,...,J= , is the number of 

idle machines that are getting or requiring a type j  service. The 
probability of each state can be calculated using the multinomial 
distribution as shown in equation (3):  

 

(3) 
( )

( )

0 0 1 1

  where 
00  .

0
0                                 otherwise    

!

!

P X x ,X x ,...,X xJ J
J JxN jp x Nj jJ

jjx j
j

= = =


 =
 === 
 =


∑∏
∏

 

2.3. An interference calculation 
This section presents the interference rate calculation derived 

directly from the multinomial distribution properties.  

Step 1- Perform time study/work measurement to measure and 
to determine the running time T and the time for each service type 

 ( 1 2 )jt j , ,...,J= . Use the measured data and equation (1) to 

calculate 1H .  

Step 2 – Calculate ( )jE L , the expected number of machines 

waiting for type j  service, 1j ,...,J= . According to the model 

assumptions, the number of machines requiring a type j  service 
has a binomial distribution with expected value computed by: 

( )
0

N
j j j

m
E( X ) P X m m N p

=
= = × = ×∑ . 

Then, ( )jE L  has the form 

 

(4) 

 

( ) ( ) ( )

( ) ( ) ( )

1

0
1  .

N
j j j

m K j

j j
K j m N m

j j j
m

E L P X m m K

N p K

N
p p K m

m

= +

−

=

= = × −

= × −

 
+ − × − 

 

∑

∑

 

(see  [1]). 
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Step 3 – Calculate ji , the interference rate, as follows:  

( )j
j

E L
i

N
= . 

Since ( ) 111 J
j j j j j jjp i S i t i / H== + = + −∑ , by (4), 

the  previous equation has the following form:  

 

(5) 

 

( )

1 1

10 1

1 1

1

1

1 1

.

Jj j
j j j

j

mK j Jj
j j

m j

N m
Jj

j j j
j

t K
i i i

H N

tN
i i

m H

t
i i K m

H

N

=

= =

−

=

  
  = + − −
  

  

       + + −         

   
   × − + − × −
   

   

∑

∑ ∑

∑

 
Equation (5) produces a system of J  equations, one for each 
service type. The solution of these J  equations is the interference 
rate. This system of J  equations has a uniquely feasible solution as 
derived from the multinomial distribution properties (see [1]). The 
solution can be obtained by "trial and error" or by software tools 
such as Excel-Solver.  

3 Distribution of the steady state waiting time and 
total service time  

This section considers a production line with N  identical 
machines, as was presented in Section 2. An additional assumption 
here is that the service time of a specific service type j  has an 
exponential distribution with the parameter jλ . For all service 

types other than j , the additional assumption related to the exact 
service time distribution is not needed. The section presents exact 
CDFs for the steady state waiting time and total service time for 
service type j , 1j ,...,J= , in the context of FCFS queue 
discipline. 

The first step in deriving these distributions is evaluation of the 
inputs of the model described in section 2 (the machine runtime and 
the average time of each service type) by work study (Hadad et al. 
[5]). The second step is to use the model described in section 2 to 
calculate the probability that a machine is getting or requiring a type 
j  service, jp . Let us define the following random variables:  

jW - the steady state waiting time of a machine for a type j  

service, 1j ,...,J= , (the waiting time from the moment of the 
request for this service until the moment the requested service is 
commenced.) 

jTS - the steady state total service time (waiting time + service 

time) of a machine for a type j  service, 1j ,...,J= , from the 
moment of the request for this service until completion of the 
requested service. 

The following Proposition 1 provides the CDF of the steady 
state waiting time jW  and total service time jTS  of a machine 

for service type j , 1j ,...,J= , in the context of the FCFS queue 
discipline. 

Proposition 1. Given that the queue discipline is FCFS, for any 
value of time 0y > , the probability that the steady state waiting 

time jW  is longer than y  is:  

 

(6) 

 

( )

( ) ( )

( )1
1

0

1

.

j

r K N r Kj j
j j

jN K j
n

r j jK yr j j

n

P W y

N
p pr K

K y
e

n!
λ λ

+ − −

−

− − × ×=

=

>

  
× × −   +  

 =   × ×  × ×      

∑
∑

 

The probability that the steady state total service time jTS  is  

longer than y  is:  
 

 

(7) 

 

( ) ( ) ( )

( ) ( )

( ) ( )( )

0

1

1
00

1

1

 .

K j m N myj
j j j

m

r K N r Kj j
j j

j
N K j ny r j jK y x xj j j

jr
n

yj

N
P TS y e p p

m

N
p pr K

K y x
e e dx

n!

e

λ

λ λ

λ

λ
λ

−− ×

=

+ − −

−
− − × × − − ×

=
=

− ×

   > = × × × −    
  

× × −   +  
 
   × × −+    × ×   ×         +  

∑

∑ ∑∫

 
Note that the integral in Equation (7) can be easily calculated 
numerically. 
 

4. Different priorities of service types 
This Section presents an adjusted model for the case where the 

service is provided by a group of K identical operators, each 
operator is capable to handle all types of service, but each service 
type has a different priority. The service types are ranked according 
to their priorities. The operators serve the machines (handling the 
requests) according to these priorities. For example, if two 
machines are waiting for different service types and only one 
operator is available, the operator will serve the machine that 
requests the service type with the higher priority. The machines are 
served according to the absolute priority policy (a preemptive 
priority). When all the operators are busy and an additional machine 
requests a service with a higher priority than one of the machines 
currently being served, the lowest priority service type that is 
provided ceases immediately and the operator serves the machine 
with the higher priority service type. When a ceased service is 
resumed, this service is accomplished from the point where it was 
preempted without loss of the prior work. If there are several 
machines with the same priority, and there are not enough operators 
available to service all of them, machines are randomly selected to 
be served. The probability of each state of the production system  

( )0 0 1 1,...,  J JX x ,X x X x= = =  can be calculated using the 

multinomial distribution as shown in equation (3). According to the 
model assumptions, the expected number of machines that are 
getting or requiring a type 1 service (with the highest priority) has a 
binomial distribution with an expected value computed by:  

( )1 1 1
0

( )
N

m
E X P X m m N p

=
= = × = ×∑ .                    

Hence, for  1 1K ,...,N= − , ( )1E L  (the expected number of 
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machines that are waiting for a type 1 service) is calculated as: 

( ) ( ) ( )

( ) ( ) ( )

1 1
1

1 1
1

1  .

N

m K
N m N m

m K

E L P X m m K

N
p p m K

m

= +

−

= +

= = × −

 
= − × − 

 

∑

∑

 

 

(8) 

It is obvious that for K N= , ( )1 0E L = . The ratio between 

the expected number of machines that are waiting for a type 1 
service and the total number of the machine is the interference rate 
for type 1 service, ( )1 1i E L / N=  (see [6]).  

Under the model assumptions, the machines are served 
according to the absolute priority policy. Therefore, the number of 
machines waiting for the type 1 service does not depend on the 
number of machines requiring or getting service types with lower 
priority. The number of machines that are waiting for type j , 

2 j J≤ ≤ , service depends on the number of machines requiring 
or getting service types with higher priority. The expected number 
of machines that are waiting for type j  service is calculated as 

follows for any 2 j J≤ ≤ :  

 

( )
1 1

0 1 1

j jN
E L E L X n P X nj j i i

n i i

 − − 
   = = × =     = = =  

∑ ∑ ∑ , 

 

 

(9) 

where  

1 1 1
1    

1 1 1
0 1

n N nj j j
N

P X n p pi i in
i i i

n , ,...,N ,

−− − −     
      = = −      
      = = =     

=

∑ ∑ ∑  

 

(10) 

because according to the model assumptions 

( )1 1
1 1

j j
i ii iX ~ Bin N , p− −

= =∑ ∑ . Thus, straightforwardly we 

have for any 1 1K N≤ ≤ − , 2 j J≤ ≤ , the expected number 

of machines that are waiting for type j  service is presented by the 
following equation: 

( )

( )( )

( )

11 1
1 10 1

1 1

0

E L j

m N n m

p pN n j jN n
j jm

p pi im max ,K n
i i

m max ,K n

N
pin

  − −                      −   −  −       − −          − −   = − +          =  = =        
 × − −   

 
× 
 

∑ ∑ ∑
 . 

0

1 1
1  

1 1

N

n

n N nj j
pi

i i

 
 
 
 
 
 
 
 
 
 
 =  
 
 − − −   
     −     

    = =    

∑

∑ ∑

 

 

 

(11) 

The interference rates ji  are calculated as follows:  

( )j
j

E L
i

N
= , 1j ,...,J= .                                                                           

 

(12) 

By substitution of 

( ) 111 J
j j j j j jjp i S i t i / H== + = + −∑ , and by 

calculating ( )jE L  as defined by equation (8) and equation (11), 

equation (12) produces a system of J  equations, one for each 
service type. This system of J  equations has a unique feasible 
solution (see [4]). The solution of these J  equations is the 
interference rate. The solution can be obtained by “trial and error” 
or by software tools such as Excel-Solver. 

5. Conclusions 
This paper outlines the multinomial approach to a special case 

of the machine interference problem where each of N identical 
machines randomly requests several different service types. The 
presented models derived by this approach allow the calculation of 
the expected interference time in the queue for each service type 
and the exact distribution function of the steady state waiting time 
and total service time for each type of requested service. The 
interference times enable practitioners to calculate the adjusted 
cycle time, the expected number of machines that are waiting for 
each service type, the workload, the utilization of the machines, and 
the outputs for any given number of operators and priority. 
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Abstract: The article deals with determining of fatigue lifetime of structural materials during by multiaxial cyclic loading. The theoretical 

part deals with the fatigue and with criteria for evaluation of multiaxial fatigue lifetime, especially Fatemi-Socie, Smith-Watson-Topper, 

Brown-Miller and Liu. The experimental part deals with testing of specimens for identification of the strain-life behaviour of material and 
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using 6063.T66 aluminium alloy under multiaxial bending-torsion loading. 
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1. Introduction 

 Aluminium is the world’s most abundant metal and is the 

third most common element, comprising 8% of the earth’s crust. 

The versatility of aluminium makes it the most widely used metal 

after steel. Pure aluminium is soft, ductile, corrosion resistant and 

has a high electrical conductivity. It is widely used for foil and 

conductor cables, but alloying with other elements is necessary to 

provide the higher strengths needed for other applications. 

Aluminium is one of the lightest engineering metals, having 

strength to weight ratio superior to steel. By utilising various 

combinations of its advantageous properties such as strength, 

lightness, corrosion resistance, recyclability and formability, 

aluminium is being employed in an ever-increasing number of 

applications. This array of products ranges from structural materials 

through to thin packaging foils [1, 2, 3]. 

Fatigue failures in metallic structures are a well-known 

technical problem. In a specimen subjected to a cyclic load, a 

fatigue crack nucleus can be initiated on a microscopically small 

scale, followed by crack grows to a macroscopic size, and finally to 

specimen failure in the last cycle of the fatigue life. Understanding 

of the fatigue mechanism is essential for considering various 

technical conditions which affect fatigue life and fatigue crack 

growth, such as the material surface quality, residual stress, and 

environmental influence. This knowledge is essential for the 

analysis of fatigue properties of an engineering structure [4, 5].  

Fatigue under combined loading is a complex problem. A 

rational approach might be considered again for fatigue crack 

nucleation at the material surface. The state of stress at the surface 

is two-dimensional because the third principal stress perpendicular 

to the material surface is zero [6]. Another relatively simple 

combination of different loads is offered by an axle loaded under 

combined bending and torsion. This loading combination was tested 

in our and also in many others experiments [7, 8]. In spite of this 

fact, fatigue mechanisms are still not fully understood. This is partly 

due to the complex geometrical shapes and also complex loadings 

of engineering components and structures which result in multiaxial 

cyclic stress-strain states rather than uniaxial. 

 

 

2. Fatigue criteria 

There are plenty of hypotheses used for evaluating a degree of 

damage caused by variable load [9, 10]. Life prediction methods 

which presume homogeneous material (free from cracks, inclusions 

or defects) at the outset of the investigation can be divided into 

strain-based (low-cycle fatigue) and stress-based (high-cycle 

fatigue) methods. Low-cycle fatigue is characterized by repeated 

plastic strains during cyclic loading conditions where fatigue failure 

occurs after relative low number of load cycles (in the order of 104 

cycles). This design approach is normally used in fatigue 

assessment of local areas where high stress concentrations exist and 

the material response locally is repeated plastic deformation. In 

addition, stress-based approaches use the elastic stress range (or 

amplitude) as the governing load parameter. There were chosen four 

fatigue criteria: Fatemi-Socie, SWT, Brown-Miller and Liu fatigue 

criterion. 

Fatemi and Socie [11] observed that the Brown and Miller’s 

idea could be successfully employed even by using the maximum 

stress normal to the critical plane, because the growth rate mainly 

depends on the stress component normal to the fatigue crack. 

Starting from this assumption, he proposed two different 

formulations according to the crack growth mechanism: when the 

crack propagation is mainly MODE I dominated, then the critical 

plane is the one that experiences the maximum normal stress 

amplitude and the fatigue lifetime can be calculated by means of the 

uniaxial Manson-Coffin curve; on the other hand, when the growth 

is mainly MODE II governed, the critical plane is that of maximum 

shear stress amplitude and the fatigue life can be estimated by using 

the torsion Manson-Coffin curve [9]. Criterion has the following 

form: 

∆𝛾

2
× (1 + 𝑘 ×

𝜎𝑛,𝑚𝑎𝑥

𝜎𝑦
) =

𝜏𝑓
´

𝐺
× (2 × 𝑁𝑓)

𝑏𝛾
+ 𝛾𝑓

´ × (2 × 𝑁𝑓)
𝑐𝛾

 (1) 

 

Smith, Watson and Topper (SWT) created a parameter for 

multiaxial load, which is based on the main deformation range ∆ε1 

and maximum stress σn,max to the main plane. Criterion has the 

following form: 

𝜎𝑛,𝑚𝑎𝑥 ×
∆𝜀1
2

=
𝜎𝑓
´2

𝐸
× (2 × 𝑁𝑓)

2𝑏
+ 𝜎𝑓

´ × 𝜀𝑓
´ × (2 × 𝑁𝑓)

𝑏+𝑐
 (2) 
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Brown and Miller [12] observed that the fatigue life 

prediction could be performed by considering the strain components 

normal and tangential to the crack initiation plane. Moreover, the 

multiaxial fatigue damage depends on the crack growth direction. 

Different criteria are required if the crack grows on the component 

surface or inside the material. In the first case they proposed a 

relationship based on a combined use of a critical plane approach 

and a modified Manson-Coffin equation, where the critical plane is 

the one of maximum shear strain amplitude. Criterion, which was 

created, has the following form: 

∆𝛾𝑚𝑎𝑥

2
+ 𝑆 × ∆𝜀𝑛 = 𝐴 ×

𝜎𝑓 − 2 × 𝜎𝑛,𝑚𝑒𝑎𝑛

𝐸
× (2 × 𝑁𝑓)

𝑏
+ 𝐵 × 𝜀𝑓

´ ×

× (2 × 𝑁𝑓)
𝑐
 

(3) 

 

Liu created a virtual model of the deformation energy, which 

is a generalization of the axial energy on the basis of prediction of 

fatigue life. Criterion has the following form: 

∆𝑊 = 4 × 𝜎𝑓
´ × 𝜀𝑓

´ × (2 × 𝑁𝑓)
𝑏+𝑐

+
4 × 𝜎𝑓

´2

𝐸
× (2 × 𝑁𝑓)

2𝑏
 (4) 

 

Where: γf´ is the fatigue ductility coefficient in torsion; εf´ is the fatigue 

ductility coefficient; σf´ is the fatigue strength coefficient; σn,max is the 

maximum stress; σn,mean is the mean stress; σy is the stress in the 

direction of the axis y; τf´ is the fatigue strength coefficient in torsion; 

∆ymax is the maximum shear strain range; ∆εn is the normal strain 

range;  ∆W is the virtual strain energy; b is the fatigue strength 

exponent; bγ is the fatigue strength exponent in torsion; c is the fatigue 

ductility exponent; cγ is the fatigue ductility exponent in torsion; Nf  is 

the number of cycles to fracture; A, B, S, k, α are material parameters; 

E is the elasticity modulus in tension; G is the elasticity modulus in 

torsion. 

3. Test material 

The research was conducted on an AlMgSi07.F25 aluminium 

alloy: the EN AW 6063.T66 aluminium alloy. The EN AW 

6063.T66 is a medium strength alloy, suitable for applications 

where no special strength properties are required. The T66 

treatment corresponds to solution heat-treated and then artificially 

aged (precipitation hardened) to a higher level of mechanical 

properties through special control of a manufacturing process. The 

material used in this research was delivered in the form of a 

cylindrical shape with a diameter 10 mm. The length of cylindrical 

bars was 150 mm. The material was in a rolled state. The shape of 

test bar is shown in Fig.1. This test bar had a defined section, in 

which was expected an increased concentration of stress and 

creation a fatigue fracture. 

 
Fig.1 The shape of a test bar 

 

4. Experimental strain-life data results 

One hundred and ninety-five smooth specimens for phase 

shift 0° and one hundred and ninety-five smooth specimens for 

phase shift 90°, were tested under strain controlled conditions in 

order to identify the strain-life behaviour of the experimental 

material. After machining, the specimen surfaces were 

mechanically polished. The experiments were carried out in an 

electro mechanic fatigue test machine developed on University of 

Žilina (Fig.2 and Fig. 3).  

 

 
Fig.2 Electro mechanic fatigue test machine 

 

 

 
Fig.3 A gripping attachment of test machine 

 

 

For evaluation of fatigue curves it needs to know stress and 

strain conditions on individual loading levels. A sinusoidal 

waveform was used as command signal. The fatigue tests were 

conducted with constant strain amplitudes, at room temperature, in 

air. The specimens were cyclic loaded under strain control with 

symmetrical proportional bending- torsion loading, with a nominal 

strain ratio, Rε = -1. 

The computational fatigue tests were performed under in-

phase cyclic loading with the zero mean value. All tests were 

performed under controlled bending and torsion moments. 

Frequency of each analysis was equal to 30 Hz. 

This research was conducted on an EN AW 6063.T66 

aluminium alloy. This material is a medium strength alloy, suitable 

for applications where no special strength properties are required. 
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From experimentally measured values of number of cycles to 

failure was created three-dimensional fatigue curve εxx – γxy – Nf for 

phase shift 0°, which is shown in Fig. 4. 

 
Fig.4 Three-dimensional fatigue curve εxx - γxy - Nf  for multiaxial 

fatigue with phase shift 0° 

 

 

For another analysis was used a Fatigue Calculator software 

[13]. This program can quickly calculate fatigue lifetime of selected 

material. In our calculation we considered with four multiaxial 

criteria described above.  

From those calculated values of number of cycles to failure 

were created three-dimensional fatigue curves for phase shift 0°. In 

Fig. 5 is shown a three- dimensional fatigue curve for Fatemi-Socie 

criterion, in Fig. 6 is for SWT criterion, in Fig. 7 is for Brown-

Miller criterion and in Fig. 8 is for Liu criterion. 

 
Fig.5 Three-dimensional fatigue curve εxx - γxy - Nf  for multiaxial 

Fatemi-Socie criterion with phase shift 0° 

 

 

 
Fig.6 Three-dimensional fatigue curve εxx - γxy - Nf  for multiaxial 

SWT criterion with phase shift 0° 

 

 

 
Fig.7 Three-dimensional fatigue curve εxx - γxy - Nf  for multiaxial 

Brown-Miller criterion with phase shift 0° 

 

 

 
Fig.8 Three-dimensional fatigue curve εxx - γxy - Nf  for multiaxial 

Liu criterion with phase shift 0° 

 

 

From the experimentally measured fatigue values there was 

created three-dimensional fatigue curve εxx – γxy – Nf for phase shift 

90°, which is shown in Fig. 9. 

 
Fig.9 Three-dimensional fatigue curve εxx - γxy - Nf  for multiaxial 

fatigue with phase shift 90° 

 

 

Using by Fatigue Calculator software there were calculated 

values of number of cycles to failure of three-dimensional fatigue 

curves for phase shift 90°. From the Fig. 10 it can be seen a three-

dimensional fatigue curve for Fatemi-Socie criterion, in Fig. 11 can 

be seen fatigue results for SWT criterion, in Fig. 12 can be seen 

fatigue results for Brown-Miller criterion and in Fig. 13 can be seen 

fatigue results for Liu criterion. 
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Fig.10 Three-dimensional fatigue curve εxx - γxy - Nf  for multiaxial 

Fatemi-Socie criterion with phase shift 90° 

 

 

 
Fig.11 Three-dimensional fatigue curve εxx - γxy - Nf  for multiaxial 

SWT criterion with phase shift 90° 

 

 

 
Fig.12 Three-dimensional fatigue curve εxx - γxy - Nf  for multiaxial 

Brown-Miller criterion with phase shift 90° 

 

 

 
Fig.13 Three-dimensional fatigue curve εxx - γxy - Nf  for multiaxial 

Liu criterion with phase shift 90° 

 

 

5. Conclusion 

Every multiaxial criteria applied to fatigue lifetime calculation and 

also values of number of cycles to failure from experiment for 

specimens of aluminium alloy EN AW 6063.T66 increases with 

decreasing strain amplitude continuously in the cycles of number 

region. Comparing three-dimensional curves is evident that criteria 

from Fatigue Calculator give higher lifetime than experiment in the 

whole area of the number of cycles at the same load amplitudes. 

This may be caused by different material parameters, which were 

used for each models of damage. They probably do not include all 

real parameters and properties of the comparison of the 

experimental material that probably affected the sensitivity of the 

numerical calculation. 
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Abstract : Based on the analysis of the initial equations of the plastic state,established  the distribution of strains in the initial and final 
stages of axisymmetric drawing. The dependencies to assess the accuracy of linear and diametrical sizes taking into account volumetric of  
strain state. 
Keywords: stress, strain, deep drawing, hardening, sheet blank. 

 

1. Introduction.  
 One poorly developed theoretical problems of the drawing process 
is to assess the impact of amount and distribution of stress and 
strain on parameters and strength of precision manufactured parts. 
The scientific-technical handbooks no calculated based, allowing to 
determine the maximum possible deviations of linear and 
diametrical dimensions and strength values at different degrees of 
deformation and technological characteristics of the materials used 
[1, 2]. 
This state is due to the fact that the existing theoretical approaches 

to the creation of science-based methods for the analysis of the 
stress-strain state built, as a rule, based on simplifying assumptions, 
the most important of which are the adoption of the plane scheme 
strain state, the analysis methods of deformation theory with the 
approximate conditions of plasticity adoption perfectly rigid-plastic 
model deformable material. 
The decisions derived from such approaches are very approximate 
and provide a  idea of the stress-strain state of the blank. Besides 
this, the theoretical analysis methods developed in many respects 
depend also on the interests of authors of scientific studies and carry 
to some extent subjective. 
An essential feature of the drawing process is that initially the same 
material elements sheet blank, plastically deformed acquire certain 
identity, characterized by changing the thickness of the accumulated 
value of deformation due to hardening effects, the change indicator 
of resistance to deformation. 
Obviously, the performance precision linear and diametrical sizes of 
cylindrical parts of an isotropic material, manufactured by drawing, 
without the influence of the he elastic aftereffect must be due to the 
value and distribution of finite deformation and strength parameters 
under the same conditions - the total and the distribution of the 
index of deformation resistance. 
In the present paper the process of drawing cylindrical parts sets the 
following tasks: 
• Establishment of settlement dependences allowing to define the 

dimensions of workpieces with volume strain state; 
• Determination of the distribution of finite quantities and 

component deformation and deformation resistance index. 
 

2.An analysis of the initial stage of the drawing 
process. 
Numerous studies have established that the drawing process starts 
with plastic deformation of the uncompressed part annular portion 
of the blank located between the contact zones deforming 
tools[3,4].At this stage, as you move the deforming tool is 
increasing stress deformation and plastic deformation of the flange 
cover the entire piece. Set a balance between effort and drawing 

resistance to plastic deformation of the flange and the second stage 
of the process - the retraction flange blank into a die. 
At the initial stage of the outer boundary of the plastic material and 
the field elements are moved radially in opposite directions, and the 
second stage - in the same direction. In both phases of the size of 
the plastic zone are continuously changing, so that the process of 
forming the blank is transient in nature. Therefore, scientifically 
based methods of analysis of drawing should be based on the theory 
of plastic flow with the hardening material and of volumestrain 
state. 
Given the complexity of the analysis of the processes occurring in 
the initial stage of drawing, first consider an axially symmetric 
tension thin plate with a low-cut, limited radius circular contour 0r  

along which the specified uniformly distributed normal stresses ρσ

.Existing solutions such tasks usually carried out either for a plate of 
constant thickness, or for perfectly rigid-plastic model deformable 
material with plasticity condition for the hypothesis of constant 
maximum shear stress, thus cannot be used for the task [ 5 ]. 
In [6,7] that the stress-strain state in the process of forming an 
axially symmetric parts from sheet metal appropriate and 
convenient to represent the deviatory plane Mises plasticity cylinder 
in oblique two-dimensional coordinate system. The possibility of 
such a representation should be the condition on which the 
incompressible materials for three linear strain are interdependent 
and have only two degrees of freedom, as well as the assumption 
that the deformation of the blank with the flange stretching occurs 
under conditions close to the plane stress[3]. 
In these studies found that the module current vector magnitude 
equivalent strain is numerically equal to the value of accumulated 
deformation (strains rate), the current value of the linear strains are 
the projections of the vector equivalent strain in the oblique 
coordinate axes, and the pattern of accumulation of strains in this 
material element describes the nature of the change in the vector 
equivalent strain in time. 
Consequently, the problem of assessing the performance precision 
linear and diametrical sizes, as well as the final value of the index of 
deformation resistance is reduced to the analysis of time-dependent 
vector fields equivalent deformations. 
The [6,7] initial equations of plastic flow under plane stress 
deformation and axial symmetry, namely the equilibrium equation 
for the changes in thickness of the material condition of plasticity 
Mises condition of constant volume equation relating voltage and 
increment (speed) of strains are shown in single structure and 
displayed in the deviatoric plane plasticity cylinder as the 
differential between the radial dependence of tensile stress and 
strain accumulate  s id dρσ σ ε=  . 
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Acceptance of the power law strain hardening n
s iAσ ε=   allowed to 

integrate said differential dependence and dependence to obtain and 
a component of accumulated strains on a parameterϕ  ωin the form 
of: 

( ) ( )1

2ln cos 6 ;
3

ln 31 cos2 sin 2 ;
2 3

ln 3cos2 sin 2 ;
2 3

ln 2 31 sin 2 .
2 3

i

z

K n

K n

K n

K n

ρ

θ

ε ε ϕ π

ε ϕ ϕ

ε ϕ ϕ

ε ϕ

= = + + 

 +

= + −      
 + = − +     
 +

= − −      



        (1)                                                                   

where
1

ε  - the magnitude of equivalent strain in the initial stage of 

the drawing process, ( )ln 1n δ= +   - in the received exponent law 

strain hardening , δ  - relative uniform deformation of the material 
when tested in uniaxial tension,ϕ  - the angle between the polar axis 
and the radial strain vector equivalent strain varying within
0 3ϕ π≤ ≤   (Fig. 1), , , zρ θε ε ε  - linear deformations, respectively, 

in the radial and circumferential directions, as well as perpendicular 
to the workpiece surface, the coefficient of drawing 0 0K R r=  ( 0R

and 0r - respectively outer radius of the workpiece and the radius of 
the point of the die). 
Dependence ( )iε ϕ  on deviatoric plane is a circle of radius

( )ln 3K n+  ( )ln 3K n+ , centered on the line 0θε =  and 

passes through the origin [6]. 
The possibility of integrating the differential above depending based 
on the assumptions made about the same for the considered material 
element of the vector direction of the increment equivalent strain in 
the deviatoric plane, which is equivalent to the assumption of 
proportional relationships change over time component strains

( )constρ θε ε =  . 

Upon receipt of (1) the following dependence for the radial and 
circumferential stress 

( )2 2cos 6 ; sin
3 3s sρ θσ σ ϕ π σ σ ϕ= + = −  ,      (2)            

satisfying Mises plasticity plane stress condition and set of joint 

solution of the equations of stress and communication increments 

(speeds) strains with the condition that the volume [7] . 

From the analysis of (1) that the resulting solution can be 
represented as the sum of two deformed states. The first term 
describes the initial plastic state for ideal rigid-plastic model 
deformable material ( 0n = ) is the largest size of the plastic zone
( )K e=  and characterizes the distribution of strains in the 

parameterϕ . The second term linearly superimposed on the first, 
describes the increment of strains at a given index in the received 
power-law strain hardening. 
Such an interpretation of the results based on the fact that the 
oblique axes in the deviatoric plane are logarithmic dimension, 
whereby it becomes possible additive sum strains. 
Dependencies (1) and (2), describing the stress-strain state are 
closed parametric solution of axially symmetric stretching thin plate 
with a low-cut, limited circular contour, taking into account the 

interdependent changes in the thickness of the material and work 
hardening. 
From (1) it also follows that as the indicator, the relative magnitude 
of the plastic region increases in the direction of the inner contour 
(reduced radius of the inner contour). This result follows from the 
condition, according to which the external contour of the workpiece 
is realized the stress state of the linear compression, regardless of 
the relative magnitude of the field of plastic and technological 
characteristics of the deformable material. 
In between these kinds of deformed states is a smooth transition 
from one type to another strain state. The schedule of dependence 
(1) and (2) as well as the main characteristics of the distribution of 
stresses and strains in detail in [7,8]. 
(1) is determined by the highest relative value of the plastic region 

( )0 exp 1R r n= +  ( 0 ,R r - respectively the radii of the outer and 

inner contours of the plate in a deformed state). Obviously, when 

00, ,n r r= = the relative value ( )0 0 2,718K R r e= = ≈  and 

coincides with the results of the prior art for a plate of constant 
thickness at an ideal rigid-plastic model deformable material [3,5].   
 
3. An analysis of the second stage of the drawing 
process.  
The main problem of analysis of the second step drawing process is 
obtained for mapping the initial stage parametric solutions (1) and 
(2) into the material of the deformable medium of the preform. To 
do this, first consider the process of being drawn into the die blank 
flange, excluding the effect of hardening ( )0n =  and bending 

effects on the stress-strain state. 
With the reduction of the outer radius of the blank flange material 
elements moving radially coordinates 0 0 ,R rρ≤ ≤ accumulate a 
certain deformation and radius reaching further move vertically 
without deforming. At the end of this process for forming 
cylindrical parts set a specific variable distribution of accumulated 
strain, the values of which can be determined by the well-known 
relationship between the parameterϕ  in the deviatoric plane and 
relative coordinates 0rρ in a material medium deformable billet. 
The previous section established that for a perfectly rigid-plastic 
model deformable material nature of the distribution of the 
accumulated deformation in (1) and radial stresses in relative units 
(2) are similar in the deviatoric plane and described the same 

functional dependence ( ) ( ) ( )2 3 cos 6 .F ϕ ϕ π= +
 
From (1) and 

(2) it also follows that the initial stage of drawing

( )0,2 ; 0, 2 0s i nσ σ ε= = =%; blank thickness remains constant, 

the distribution of radial stresses in relative units of well-known 

solution has the form
lns Rρσ σ ρ=

 
[3] on the basis of which (2) 

21 cos
63

0

.K
r

πϕρ
  − +  

  =                      (3)                                            

For (1) and (3) it is possible to find the distribution of the 
accumulated strain in the deviatoric plane and forming the 
cylindrical member. Different range ϕ of fixed K and (3) defines 
the relationship 0rρ 0 3ϕ π≤ ≤  and the value calculated by the 

formula ( )0ln rθε ρ=  district deformations. Among the relevant 

points of the negative direction of the axis θε drop a perpendicular 

to the intersection with radial raysϕ . Connect the start of oblique 
coordinate the points of intersection is set equivalent to the vector 
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field strains for all material elements.Based on the generality of the 
methodical approach and to simplify the numerical calculations, the 
outer radius of the plastic zone 0R  is adopted when changing K is 

the fixed and variable radius of the die is considered 0r . 
From trigonometric representation strains in the deviatoric plane 
(Figure 1) shows ( )cos 3cosρ θε ε ϕ π ϕ= − where the absolute 

value of the components of the district, according to (3) shall be 
determined from the equation ( )0ln rθε ρ= . On the basis of the 

established relationship between ϕ the parameter and the relative 
coordinate 0rρ  in a material medium deformable billet it becomes 
possible to install the distribution component of finite deformations 
and appropriate equivalent deformations of the vector field 

( )

( ) ( )
( )

( ) ( )

2
;

cos 3
cos1 ln ;

cos 3 ,
1 ln ;

cos1 1 ln
cos 3z

F K

F K

F K

θ

ρ

θ

ε
ε

π ϕ
ϕε ϕ

π ϕ

ε ϕ

ϕε ϕ
π ϕ


= − 


=  −    − 

= − −   
 
=  −  −   −    



           (4) 

where 
2

ε  - the magnitude of equivalent strain (cumulative strain) 

in the second stage of the drawing process. 
Figure 1 shows a plot of the component deformation and 
deformation resistance index at the end of the second stage drawing 
at K = 2 assigned in accordance with (3), to the original plastic 
state. From the analysis of (4) and provided graphs implies that the 
radial component of the outer contour near the blank (at a certain 
distance from the end of the extended parts ( 0rρ = 1.76) reached 
the highest value (0.36), and the strain in the thickness achieves the 
lowest (-0.047) values near the points of the matrix (at some 
distance from the bottom of the elongated parts 0rρ  = 1.13). On 
the basis of (3) and (4) it is possible to define the size of blanks on 
the set sizes detail and thickness distribution of the generator with 
volume strain state. 
The current value for a given height K and ( )h ϕ can be determined 

by comparing the width dρ  of the ring members on the initial 
preparation and the increment dh in the cylindrical part, according 
to the expression ( )ln dh dρε ρ= , which, after transformation, 

taking into account (3) and (4) leads to the following differential 
equation 
 

 

Figure 1. The distribution of the components of deformation and 
deformation resistance index at the end of the second stage drawing 

( ) ( ) ( )
cos1 1

cos 3

0

2 sin 6 ln .
3

Fhd K Kd
r

ϕϕ
π ϕ ϕ π ϕ

 
 − +   −  

 
= + 

 
    (5) Integrals 

( )
0

; lnK Kd
ϕ

ϕ ϕΦ∫ allow us to determine the current value of the 

relative height of the cylindrical part ( )0h r ϕ of the annular portion 

of the blank 0rρ − , as well as the distribution of thickness in a  
volume strain state. 
The main difference between the stated and the actual drawing 
process is that when drawing deforming tool in a region close to the 
inner contour of the blank has the effect of limiting the radial 
movement of certain material elements. Material element initially 

located at a radius 0r moves vertically in the absence of 

circumferential strain ( )0θε =  and, according to the equation

zρε ε= , it is deformed in a shear plane ( ; ).zρ  

The vector equivalent strain characterizing the deformation of the 
element, the deviatoric plane is shifted to the left and becomes 
perpendicular to the axis θε , and the parameter ϕ has values in the 

range 6 3π ϕ π− ≤ ≤ . Absence of circumferential deformation at 
constant unit vector equivalent strain offset by increased strain 
thinning. 
 
4. Results and discussion. Let us compare the results of 
studies with similar results obtained by making assumptions about 
the constancy of the thickness of the material in the process of 
drawing cylindrical parts with a diameter 02r  and height h , 

excluding the radius of curvature [2]: 

( )2

0

1 1
2

h K
r
= −  .                                      (6)  

For the same K  values 0h r , taking into account the volume of 
strain state, is smaller than the corresponding values calculated by 
(6) ( )0 0 02,72 2,66; 2 1,34;1,5 0,59h r h r h r→ = → = → = . In 
expressing this difference as a quadratic trinomial, after determining 
the relevant standing, we obtain the expression 
( ) ( ) ( )2

0 1 3 2 3 5 3 1 ,h r K K ∆ = − +  from which it follows that 

the relative height of the cylindrical part, with the of volume strain 
state1,5 K e≤ ≤  it can be written as: 

( )2 2

0

1 1 2 51 1
2 3 3 3

h K K K
r

 = − − − + 
 

 .          (7) 

From a comparison of (6) and (7) it follows that the relative error of 
the height of the cylindrical part, without changing the thickness 
reaches 20%. 
Despite some arbitrariness of the analysis obtained calculated 
dependences allow to determine the relative error of linear and 
diametrical sizes, as well as indicators of resistance to deformation 
and to evaluate the quality of cylindrical parts. 
5. Conclusion 
1. Is given the theoretical accuracyestimateof  linear and 

diametrical sizes and index of resistance to deformation of 
cylindrical parts in  drawing. 

2. Set vector fields equivalent deformations for the initial and 
final stages of the drawing process. 

3. Based on the display of finite strains in deformed blank 
material environment identified characteristic features of the 
distribution of the radial deformation and deformation in 
thickness. 
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СПЕКАНИЕ НАНОСТРУКТУРНОГО ОКСИДА АЛЮМИНИЯ 
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Abstract: The purpose of this paper was to study the regularities of formation of ultrafine structure in alumina by magnetic pulse 
compaction (MPC) and spark plasma sintering, and the producing of nanostructured compacts having high density and microhardness. The 
combined application of two technologies magnetic pulse compaction and spark plasma sintering in the practice of compacting powders is 
very rare and unique. We have studied the microstructures of consolidated alumina samples. The anomalous zones present in volume of 
magnetic pulse compacted and spark plasma sintered samples of both types α and δ phases of alumina. The microstructure of the fracture 
surface between anomalous zones depends on the phase state of the particles of the initial powder. MPC of δ-alumina leads to a more 
uniform distribution of anomalous zones along diameter compact after SPS. MPC of α-alumina leads to an increase of the microhardness on 
the surface of compacts. 
KEYWORDS: MAGNETIC PULSE COMPACTION, SPARK PLASMA SINTERING, NANOSTRUCTURE, ALUMINA, MICROHARDNESS 
 
 

1. Introduction 
 

The purpose was to study the regularities of formation of ultrafine 
structure in Al2O3 ceramics by magnetic - pulse compression and 
spark plasma sintering, and getting out of Al2O3 nanopowder 
compacts having high density and microhardness, observed 
experimentally in [1]. Overview magnetic pulse compaction and 
spark plasma sintering of powder materials [2] has showed that the 
combined application of these two technologies in the practice of 
compacting powders is very rare and unique. 
The studies were conducted on the powder Al2O3, obtained by the 
explosion of aluminium wire in the oxygen-containing gas 
produced by "Advanced Powder Technology", Tomsk. The specific 
surface area is 35-40 m2 / g. The mean particle size of 36 nm, an 
average size from the surface - 45 nm, a mass median size - 54 
nanometers. Most of the powder was in a state of δ-phase. The part 
of the powder was heated in air to a temperature of 1300°C to 
transfer from unstable low temperature phases to stable α-phase. 
 

2. Experimental results 
 

Spark plasma sintering was performed in vacuum with LABOX-
Sinter Land 625 in the graphite mold with an inside diameter of 10 
mm at a pressure of 50 MPa. Temperature was determined by 
pyrometer. The mass of alumina powder was 0.4 g. The thickness 
of the resulting compacts was a little over 1 mm. Heating was 
performed at a rate of 100°C / min to 1400°C and staying10 
minutes at this temperature. 
In conventional pressure compaction was 185 MPa. Pressure at 
MPC was defined by high voltage discharge. For δ- Al2O3 we 
have used a single pulse with a discharge voltage of 1.8 kV, and for 
α- Al2O3 we have used five pulses with a discharge voltage of 2.0 
kV. Selected compaction modes correspond to the boundary of the 
overpressing. If MCP compact was cracked, then it was ground in a 
mortar and this powder was loaded into a mold for SPS.  
SPS results of α and δ phases alumina powders with four kinds of 
pre-treatment are shown in Figures 1 and 2.  
 

 
Fig. 1. Relative density of the SPS compact depending on the type 
of pre-treatment. 
 
The numbers on the x-axis correspond to: 1   ̶  the initial powder 
material  (without training), 2  ̶  powder after the traditional 
pressing, 3 - after the MPC, 4  ̶  milled powder after MPC. Rhombs 
correspond to the original δ-phase Al2O3 powder, quadrates 
correspond to the α-phase Al2O3 powder or powder compact 
before the SPS. 
 

 
Fig. 2. Microhardness on the surface of SPS compacts depending 
on the type of pre-treatment. 
 
At the fracture surface of the sintered pellets for both types α and δ 
phases of alumina powders present anomalous zones (AZ) a 
bimodal structure with  length of about 300 microns with a 
microhardness much higher than on the surface microhardness of 
compacts (Fig. 3).  
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Fig. 3. Microstructure zones bimodal structure. 

 
Dimensions of large crystallites in anomalous zones reach 40 
microns. The proportion of fracture surface occupied by the 
anomalous zones increases from the edge to the center of the 
sample. In the center of the proportion of AZ is up to 40%. MPC 
leads to a more uniform distribution of AZ along the diameter of 
compact. 

 
Fig. 4. Microstructure with alternating coarse and fine-grained 

layers (mainly for compacts of α-phase Al2O3). 
 
The microstructure of the compact fracture surface between AZ 
depends on the phase state of the particles of the initial powder. 
The homogeneous microstructure of δ-Al2O3 powder regardless of 
the method of pre-treatment has an average grain size of 0.5-0.8 
microns after SPS. Fine grains in anomalous zones have a similar 

size. The microstructure of α-Al2O3 samples between AZ is 
bilayer. It consists of layers of large and small grains (Fig. 4). 
 

 
Fig. 5. The average grain size alumina outside the zones with 
abnormal structure (coarse-grained layers - red quadrates; fine-
grained layers - blue quadrates; original δ-phase Al2O3 - rhombs) 
 
Their dimensions are shown in Fig. 5. 
 

3. Conclusion 
 

Best results for the microhardness and density for all the studied 
options were obtained by SPS of initial nanopowder δ-Al2O3 
without any pretreatment. 
MPC of δ-alumina before SPS leads to a more uniform distribution 
of anomalous zones along diameter compact. 
MPC of α-alumina before SPS leads to an increase of the 
microhardness on the surface of compacts, leads to equalize the 
distribution of anomalous zones along diameter compact and leads 
to  reduce the size of the grains in a layered structure between AZ. 
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OBTAINING OF ALUMINIUM FOAM BY INTRODUCING MECHANOCOMPOSITES 
INTO THE MELT 
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Abstract The report focuses on the process of obtaining closed cell aluminum foam by introducing a composite material obtained by high 
energy mechanical treatment in a planetary mill into the melt. In contrast to known methods, the paper describes the foaming performed by 
introducing compressed precursors based on aluminum into the melt. Air-atomized aluminum powder and titanium hydride were used as raw 
materials for the production of precursors, AK5M2 silumin melt was used for the basis. Implementation of these works does not require the 
creation of a protective atmosphere and equipment for hot pressing. Photographs of the samples’ appearance and study results have been 
presented. It has been shown that the method of introducing mechanocomposites into the melt may be used for the manufacture of closed cell 
aluminum foam. 
 
KEYWORDS: ALUMINIUM FOAM, ALUMINIUM-BASED MELT, MECHANOCOMPOSITES, HIGH-ENERGY MECHANICAL 
TREATMENT, PROPERTIES 

 
1. Introduction 
Recently there has been a considerable interest in the development 
of new compounds and technologies for production of aluminum 
foam because the products from this material possess an unusual set 
of properties due to chemical and physical properties of aluminum 
and the anisotropic structure of the material. 
Aluminum foam is a cellular aluminum-based material. There are 
two types of aluminum foam:  
(a) close-cellular; and  
(b) open-cellular. 
Aluminum foam is widely used in various branches of engineering 
and construction. It is also applicable for manufacturing filters and 
heat exchangers, sound insulation material, etc. 
The method for production of open-cellular foam aluminum is as 
follows: Liquid metal is cast into a mould with filler (water-soluble 
salt with the melting temperature which is higher than the liquidus 
of the implemented alloy) [1, 2]. After removal of the filler we have 
a solid with interconnected pores.  
Basic methods for production of close-cellular foam aluminum  
[3, 4, 5]:  
Gas purging through the molten Al-SiC or Al-Al2O3. It is the least 
expensive method which is used for production of foam aluminum 
with a relative density of 0.03-0.1 and pore diameter of 5-20 mm 
[3, 4].  
Addition of titanium hydride (zirconium) into the melt followed by 
dynamic stirring, heating and pressure control during cooling of the 
resulting material [3, 4]. Mixing of metal powder (mainly 
aluminum) with titanium hydride (TiH2), followed by melting to a 
pasty consistency [3, 4, 5]. 
Mixing of the charge components may occur as a result of either a 
direct mixing or simultaneous milling [3, 4], or mechanical alloying 
of the matrix material by a foaming agent [5]. This technique  
[3 - 6] involves four steps: рreparing powder mixtures of a matrix 
alloy and foaming agent; сompacting; heating to the foaming 
temperature and aging; cooling. This method is suitable for 
 Al-, Zn-, Fe-, Pb-, and Au- alloys. Foaming occurs by introduction 
of solid mixed powders of different chemical substances into the 
metal.  
The method of mechanical alloying is a promising method for 
producing foam aluminum. It involves handling of powder 
components and their mixtures of various compositions in high-
energy mills and the subsequent consolidation of the newly-formed 
activated mixture for producing semi-finished or finished 
components [7]. The advantage of mechanical alloying is the use of 
production waste and scrap of aluminum alloys, which greatly 
reduces the cost of the process. 

 
In this paper we suggest entering mechanocomposites into the 
silumin melt in order to obtain close-cellular foam aluminum. 
Foaming is achieved by introducing pressed mechanocomposites 
into the silumin melt (Grade AK5M2). The mechanocomposites are 
obtained from mechanically alloyed aluminum powder and titanium 
hydride, a foaming agent. The implementation of the process does 
not require additional machining (obtaining cuttings, grinding etc.) 
of the matrix alloy, supply of gas medium for foaming the melt, hot 
[8] or a two stage compacting of mechanocomposites [5]. 
The purpose of this work is to study the process of obtaining 
aluminum foam with closed porosity by means of introducing 
mechanocomposites (based on dispersed aluminum powder) into the 
melt. 
 
2. Results and discussion 
In order to investigate the process of producing aluminum foam with 
closed porosity we used aluminum powder obtained by spraying 
molten metal by the gas flow, titanium hydride TiH2 and silumin 
alloy of Grade AK5M2. The content of the foaming agent TiH2 in 
the charge of the mechanocomposite Al + TiH2 was  
Al 99,25 - Ti 0,75 % wt, Al 99,0 - Ti 1,0 % wt,  
Al 98,5 - Ti 1,5 % wt, Al 98,25 - Ti 1,75 % wt,  
Al 98,0 - Ti 2,0 % wt; Al 97,75 - Ti 2,25 % wt. The process of 
preparation comprises the following steps: drying of initial powders, 
mixing, mechanical alloying, extrusion, foaming.  
Drying of initial powders. The powders were dried on stainless steel 
trays. The depth of filling was not more than 30 mm. Drying was 
carried out in the oven SNVS 4,5.4,5.4/3I1 at 80 - 90 °C for two 
hours. 
Mixing. In the creation of the mechanocomposite for producing 
aluminum foam we used the method of mechanical alloying which 
consists in intensive plastic deformation of the acquired charge in a 
high-energy mill. Initially suspended samples of dispersed  
aluminum powder fractions (-0.315 + 0.2) mm and 50 grams of the 
foaming agent (titanium hydride powder containing 1.5 % by weight 
of the powder) was placed in the mixer SMB-4 and stirred for four 
hours at the rotational speed of 60 min-1. The photos describing the 
morphology of the powder particles of aluminum and titanium 
hydride are shown in Figure 1. 
Mechanical alloying. Mechanical alloying of the powder mixture 
was carried out in a planetary ball mill RM400MA (Retsch, 
Germany) at the ratio of 10:1 (the weight of the balls to weight of 
the processed material). The rotational speed of the planetary disc 
was 400 rev/min (corresponding to an overload of 26 g) for  
30 minutes. 
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a) 
 

 
b) 
 

Fig. 1 Surface morphology of particles in the initial powders 
a) аluminum, atomization of molten metals by a gas 

flow (argon) × 50; 
b) titanium hydride (TiH2), × 1000 
 
 

We used steel balls (structural bearing steel) of 10 mm in diameter 
as grinding media. The surface morphology of the acquired 
mechanocomposites was performed using a scanning electron 
microscope MIRA from Tescan (Czech Republic) in the backscatter 
electron mode at accelerating voltage of 20 kW (Figure 2). 
The phase composition study of the mechanocomposite Al + TiH2 
after mechanical alloying was performed in Cukα radiation using an 
x-ray diffractometer DRON-3. The analysis results show that the 
phase composition of the samples as follows: aluminum (Al), 
titanium hydride (TiH2), aluminum hydride (AlH3), titanium 
aluminide (Al3Ti). The X-ray diffraction image of the sample 
mechanocomposite is shown in Figure 3.  
 
 
 
 
 
 
 
 
 
 

 

 
a) 

 

 
b) 

Fig. 2 Surface morphology of mechanocomposites 
Al – 1.5% TiH2, for producing aluminum foam, 30 minutes after 

mechanical alloying in the planetary mill at different magnifications 
a) × 34; b) × 200 
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 Fig. 3 X-ray diffraction image of the sample mechanocomposite  

Al + TiH2 
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During the high-energy treatment a partial interaction of Al and 
TiH2 takes place with formation of intermetallics Al3Ti and AlH3. 
Semi-quantitative analysis using the programs DRWIN (point-to-
point X-ray processing) and Qual (comparison of the cards with 
processed X-ray images) is difficult due to the superposition of the 
main peaks of the identifiable phases. 
Extrusion. The sample of mechanocomposite Al + TiH2 was 
weighed on the scales VK-600 within the accuracy of 0.01 g.  It 
was filled into the forming block with the diameter of 30 mm and 
then molded in a press type ZD40 at 425 MPa. After molding the 
preform is extruded from the die. Appearance of compacts is shown 
in Figure 4. 
 

 
 

Fig. 4 Appearance of a compact made of the mechanocomposite  
Al + TiH2 

 
 
Foaming. Foaming was achieved by introducing compacts of the 
mechanocomposite Al + TiH2 into the silumin melt AK5M2. The 
silumin AK5M2 was melted at 700 °C in a muffle furnace  
SNOL 1.6 equipped with a pot for manufacturing test specimens of 
foam aluminum by mechanical alloying. The pot with the melt was 
removed from the furnace chamber and mechanocomposite 
compacts were added into the melt. While warming up the 
mechanocomposite to 350-400 °C, decomposition of the foaming 
agent intensified, together with evolution of hydrogen. During 
decomposition of the foaming agent the mechanocomposite was 
destroyed. Its particles were distributed in the melt, releasing 
hydrogen and foaming the silumin melt. Then the fixture was 
placed in the refrigerator for the final crystallization of the melt. 
After cooling, the experimental sample of aluminum foam was 
taken out. The structure of the aluminum foam is shown in  
Figure 5.  
 

 
 

Fig. 5 Structure of aluminum foam. The mechanocomposite  
Al + TiH2 contains 1.5 % of the foaming agent (titanium hydride) 

The study of dependence of porosity on the content of the foaming 
agent showed the following results. When the charge contains less 
than 1.25 % of TiH2 the porosity of the samples is uneven, some 
solid portions are not foamed and the close cell rate is low:  (48 % 
or lower). The samples prepared using the charge with 1.25 – 1.5 % 
TiH2 have a uniform structure, high close cell rate (56 and 63 %) 
and no cavities. The samples prepared using the charge with 1.75 % 
TiH2 have uneven structure and contain unmelted inclusions of 
compacts. When the amount of TiH2 exceeds 2 % the samples have 
open pore structure, cavities in the surface and a low close cell rate 
(lower than 55 %). 
Based on the acquired data, the optimal composition of a workpiece 
for processing in a charge shall contain 1.5% of the foaming agent. 
The results show that when the mechanocomposite Al + TiH2 
contains 1.5 % of TiH2 there is a complete dissolution and uniform 
distribution of AK5M2 silumin in the melt. We observed a uniform 
distribution of closed pores without cavities. The porosity of the 
samples containing 1.5 % of the foaming agent TiH2 was 63 %. 
 
3. Conclusion 
The study results show that when the mechanocomposite Al + TiH2 
contains 1.5% of TiH2 there is a complete dissolution and uniform 
distribution of AK5M2 silumin in the melt. The porosity of the 
samples containing 1.5% of the foaming agent TiH2 was 63%. 
It is proved that the proposed method of manufacturing closed cell 
aluminum foam allows obtaining a uniform structure of closed 
pores. The method implies introduction of mechanically alloyed 
atomized aluminum-based powder into the melt. 
The described works do not require additional mechanical treatment 
(shaving, grinding, etc.) of the matrix alloy, admission of gas 
environment for foaming the melt, hot [8], or a two stage 
compacting of mechanocomposites [5]. 
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CREATING NANOSTRUCTURED SUPERHARD AND HEAT-RESISTANT SURFACE 
LAYERS ON CARBON TOOL STEEL AT INFLUENCE TO INTENSE ELECTRON 

BEAMS 

СОЗДАНИЕ НАНОСТРУКТУРИРОВАННЫХ СВЕРХТВЕРДЫХ И ЖАРОПРОЧНЫХ 
ПОВЕРХНОСТНЫХ СЛОЕВ НА УГЛЕРОДИСТЫХ ИНСТРУМЕНТАЛЬНЫХ СТАЛЯХ ПРИ 

ВОЗДЕЙСТВИИ ИНТЕНСИВНЫХ ЭЛЕКТРОННЫХ ПУЧКОВ 
 

Senior Researcher, Candidate of Engineering Sciences Milonov A.S., Postgraduate Danzheev B.A., Research Officer Dasheev D.E., Main 
Scientist Researcher, Doctor of Engineering Sciences, Assoc. Prof. Smirnyagina N.N. 

Institute of Physical Materials Science SB RAS, 670047, Ulan-Ude, Russia, 
e-mail: terwer81@mail.ru, bel.tunka@mail.ru, fokter@mail.ru, smirnyagina09@mail.ru 

 
Absract: The saturation of the surface layers of metals and alloys boron is conducted with the purpose of increase of their surface hardness, 
wear resistance, etc. Multicomponent layers containing in its composition borides of refractory metals, as a rule, formed by the methods of 
chemical-thermal processing in the interaction boriding component with refractory or by saturation boron refractory impurities metal or 
alloy. 
In this work, we studied the features of formation of vanadium and iron borides on the surface of instrumental steels U8A and R18 under the 
influence of intense electron beams in continuous and pulse modes. 
KEYWORDS: ELECTRON BEAM, BORIDES, ALLOYS, MICROHARDNESS, X-RAY DIFFRACTION, STRUCTURE, THE SELF-
PROPAGATING HIGH-TEMPERATURE SYNTHESIS (SHS) 
 

1. Introduction 

The surface layers saturation of metals and alloys from boron spend 
with the purpose of increase of their surface hardness, wear 
resistance, etc. Application of electronic heating with high (> 109 
W/m2) specific capacity in vacuum owing to fast not inertial 
achievement of limiting heats and ease of regulation of heating in a 
wide range of temperatures opens sample opportunities for creation 
of boride layers.  
In [1] it was informed about formation of strengthening coating of 
TiB2, CrB2, VB2, W2B5 on carbonaceous steels under influence of an 
electron beam on boron compound reactionary daub in vacuum. The 
assumption of an active role of a surface metal has been made at 
electron beam alloying of self-heating synthesis products which 
initiated by an electron beam and proceeding in reactionary daub of 
steochemetric mixtures.  
In this work, we studied the features of formation of vanadium and 
iron borides on the surface of instrumental steels U8A and R18 
under the influence of intense electron beams in continuous and 
pulse modes.  
 
2. Layers based on the boride VB2 on steel U8A 
 
Vanadium boride layers VB2 (and forth, and borides of iron Fe2B 
and FeB) at the same time synthesized and formed on the surface of 
cutting plates size 12×12×5 mm with roughness Rz = 4.41 ÷ 4.02 
microns of instrumental steels U8A and R18. Samples were 
prepared by applying the reactionary daubs on the pre-prepared 
(well-fat) surface of the steel. In the composition of the daubs 
consisted of 1:1 by volume stoichiometric mixture oxide, boron 
containing and carbon component and organic binder - solution 
1:10 glue BF-6 in acetone. As initial substances used amorphous 
boron, charcoal (birch) and oxides V2O3, Fe2O3. Processing of 
samples was conducted within 2-5 minutes with the power of 
electron beam 150-300 watts. The pressure in the vacuum chamber 
did not exceed 2×10-3 Pa [2, 3]. 
X-ray diffraction revealed that in the boride layer on steel U8A 
observed prevalence of carbide phases (cementite). This can be 
explained only by the deviation from stoichiometry by evaporation 
of the intermediate boron oxide. Application of the protective layer 
of amorphous oxide B2O3 (1:1 by volume reactionary daub: daub 
based B2O3) allowed to form a more uniform boride layers. It was 
found that the weight of the crystalline phases in the samples is 

92.3%, and the amorphous phases – 7.7%, while the crystallite size 
ranges from 15 to 70 nm. 

 
Figure 1. X-ray pattern of layer based VB2, formed on steel U8A 

 
On X-ray patterns of all investigated vanadium boride layers can be 
observed reflections of refractions  belonging vanadium ferrite α-
Fe-V, the corresponding phase α-Fe9V space group Im3m, with a 
cubic lattice parameter a = 0.2878 nm and cementite Fe3C (PDF 00-
003-0989), space group Pbnm with rhombic elementary cell with 
parameters a = 0.4518, b = 0.5069 and c = 0.6736nm, z = 4 (Figure 
1). 
On X-ray patterns of vanadium diboride layers found boride V3B4 
(PDF 03-065-2551, space group Immm, with elemental rhombic cell 
with parameters a = 0.303, b = 1.318 and c = 0.2986 nm, z = 2). 
Education vanadium diboride VB2 radiographically not detected, 
although there are reflexes, light intensity related to the interplanar 
distances of this phase. In this regard, more research is needed. 
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Figure 2. General view (etched layer) (a) and structure (b) layer 
VB2 on steel U8A 

 
Figure 2 shows a general view (Figure 2.a) and the structure of the 
boride layer VB2 on the surface of cutter plate steel U8A (Figure 
2.b). Layer thickness reaches up to 500 μm. 
Microhardness testing showed uneven distribution of its thickness 
in the cross-section. Separate very rare inclusions have 
microhardness HV≈ 24000 MPa and are located in the surface 
layers. Next we will see two areas: in the first area microhardness 
reaches 2500 MPa, and in second - 1500 MPa. The metal base is 
microhardness 200 MPa. 
 
3. Layers of iron borides Fe2B and FeB at high-
cutting steel R18. 
 
X-ray diffraction (XRD) revealed that in the samples of cutter plate 
steel R18 after electron beam treatment reflexes following phases 
are present: the metal substrate - α-Fe and carbide W3Fe3C. It was 
found that the weight of the crystalline phase is 92.7% and the 
amorphous phase – 7.3%. 
Boride FeB located near the surface of the coating. This is 
evidenced by the results of the investigation of the end surface of 
the cutter plate steel R18 and X-ray analysis data (scanning electron 
microscope JSM-6510LV JEOL with microanalysis system INCA 
(Figure 3). 
Application of the protective layer of amorphous oxide B2O3 
contributed obtaining equilibrium boride layers Fe2B and FeB. 
 

 
 

 
 

Figure 3. General view (a) and structure (b) boride layer FeB on 
steel P18 
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Figure 4. Structure of the surface layer on the steel R18 after 
electron beam boriding, a – at the power density of the electron 
beam J =2.8×104 W/cm2, b – at the power density of the electron 
beam J=2.5×104 W/cm2, c,d – at the power density of the electron 

beam up to J =2.2×104 W/cm2 

4. Wear resistance of boride layers on high-
cutting steel R18 
 
When the electron beam boriding steel R18 with the power density 
of the electron beam J =2.8× 104 (W/cm2) layer was formed as a 
result of deep weld penetration, which determined its structure. 
Figure 4a shows that when directed crystallization main axis line 
dendrites oriented in the direction of heat removal. The structure of 
dendrites (chain separate globules) indicates of the intermittent 
nature of their education. When power density of the electron beam 
J=2.5×104 (W/cm2) layer consists predominantly of stellate 
dendrites (Figure 4b). When reducing the power density up to J 
=2.2×104 (W/cm2), surface layer also contains stellate dendrites, but 
their number is not dominant (Figure 4c,d). Microhardness layer is 
1100-1860 kg/mm2. The thickness of layer is 25-100 μm. 

 
 

Figure 5. The microstructure of cutters from steel R18 after 
electron beam treatment 

 
After treatment by the electron beam of cutter plate with boron-
containing daubs, on the surface formed layer with thickness 8-10 
μm (Figure 5). The resulting layer have a specified thickness 
practically over its entire length. With increasing × 500 shows that 
the layer contains particles which are located not only within the 
layer, but also at the boundary layer - base. This suggests that these 
particles are carbides of alloying elements (tungsten, chromium, 
molybdenum and vanadium). Layer was firmly held on the metal 
base. Microhardness layer slightly higher microhardness is 550 
bases and HV and 410 HV, respectively. 
To assess the tribological properties of the resulting layer tests 
conducted strength incisors. Tests were performed on lathes 1A616 
on the following modes: feed - 0.1 mm / rev, rate speed - 224 rev / 

min, depth of cut - 1.0 mm. Processed material - steel 45 and 
sus321. Wear incisors determined by the rear surface with a 
magnifying glass Brinell. Geometric parameters of incisors: rake 
angle γ= 15o, the main rear angle α = 8o, plan approach angle ϕ = 
45°. Criterion for stability incisors taken the time to reach the limit 
flank wear of 0.6 mm. 
The results are given in figure 6. The figure shows that formation 
boride layers thickness of 8-10 μm on the front surface, allows to 
increase the resistance of incisors almost 1.5 times (for processed 
steel sus321). 

 
Figure 6. Kinetics of wear cutters from steel R18 1-R18 hard. (steel 

sus321), 2-R18 thermochemical treatment (steel 45), 3-R18 
electron-beam boriding (steel sus321), 4-R18 hard. (steel 45) 

 
5. Conclusion 
 
Conditions for the formation, structure and properties boride layers 
on the surface cutting plates of carbon steel U8A  formed during 
electron beam processing in vacuum were investigated and 
discussed.It found that at the directional crystallization the main 
axis of line dendrites is focused in the direction of heat removal. 
The structure of dendrites (a chain separate globuly) speaks about 
intermittent nature of their education. Microhardness layer 
constitutes 1100-1860 HV. The thickness of 25-100 μm. 
The formation boride layers thickness of 8-10 microns on the front 
surface, allows to increase the resistance of incisors almost 1.5 
times (for processed steel sus321). 
A more significant increase of resistance incisors are associated 
with increased thickness boride layers. When electron beam 
boriding thickness of boriding layer can be up to 300 microns, but 
the temperature processing is 1100-1200oC. The processing time is 
2-3 minutes. On this basis, electron-beam boriding cannot be 
recommended as a final, but as an intermediate processing operation 
of the cutting tool, for example, before hardening. It should be 
noted that to achieve the same thickness of a layer when diffusion 
borating (for example, when borating in sealed containers with 
safety valve) is required not less than 3 hours. 
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1. Introduction 
An effective approach at metallurgical design is to use data 

from previous experience, processed up to a statistical model, based 
on a large amount of data related by composition, processing and 
properties. The design of the alloy composition and the optimization 
of the technological-process parameters are directly related to the 
resolution of the compromise between the measured values related 
to certain selected indicators of the quality of a set of materials for a 
test group or a class [1]. The most characteristic for these 
approaches is that they do not use the principles of metallurgy and 
metal physics. It is relied mainly only on an a priori information 
about the relation “composition and processing and their influence 
on the properties.” Compared with physical models, the advantage 
of statistical models is their ability to explore a complex of 
properties and to obtain information in a timely and effective 
manner, even when there are no well-established physical theories 
and models. 

The aim of this study is to present a robust approach for 
determining the influence of alloying elements on the properties of 
Ti - alloys that ensures better results than the input ones used to 
obtain a mathematical model.The formulated optimization models 
are used at the stage of modeling the mechanical properties of the 
composition of Ti - alloys during the production metallurgy process.  

The multidimensional regression analysis is one of the most 
popular data-mining methods. It has been applied successfully to 
the study of multiple relationships in metallurgical industry, [2] –
[4]. Due to the nature of each statistical analysis, the coefficients of 
limitations imposed by the regression analysis are known only 
approximately. That should be reflected in the mathematical model 
of the optimization problem. 

2. General description of the approach  
The analysis presented in this paper is related to the analysis of 

mechanical properties of Ti - specimens described by the following 
parameters: yield strength, Rp 02 [MPa], tensile strength and 
relative elongation (A [%]). The limitations connected with these  

parameters are due to Ti grade characteristics and customer’s 
specifications. However, the main problem is that these parameters 
cannot be under direct observation during the manufacturing 
process, so any limitations associated with them cannot be clearly 
defined in the optimization model. That means that we must 
develop models linking the final mechanical properties of the 
specimen/sample of the steel chemical composition as well as the 
parameters of the production process. 

The regression analysis allows describing the relation between the 
variables of input and output, without going into the phenomenon 
nature during the process. 

The regression models presented below have been created based 
on the data collected during the industrial production process. 

The statistical analysis described in this section is based on a data 
set of 300 records extracted from the whole database. 

The Pareto front was built based on this initial information related 
to the couple of parameters yield strength, Rp 02 [MPa] and relative 
elongation (A [%]). The chemical composition of the various 
compositions is given in an implicit form in the case. From the list 
of compositions in the full range of variations there have been 
selected Pareto compositions for which the sum of the basic 
elements had a relatively small value. The selection is focused on 
compositions for which the relatively small price of their expensive 
elements does not affect the values of the explored parameters for 
optimization. The obtained regression models are related to this 
information. In respect to the problem under examination, nonlinear 
regression dependencies have been identified for each of the 
mechanical properties of alloys. The regression dependencies are of 
the following kind: 

 Here bij are the regression model parameters. The coefficients in 
equations are defined in Table 1. The models can be used for 
prediction if the check-up F > F (0.5, ν1,ν2) described in details has 
been made. 

The relationship between the derived coefficients in Table 1 and 
the specific chemical elements is described in the regression 
elements. 

Rp 02 = 1211.88 + 51.5221 Al - 24.9734 Mo - 80.7796 Sn + 
96.9246 Zr + 209.828 Cr + 80.3385 Fe + 72.0976 V - 21.4625 Si + 
40.3190 O - 6.81555 Al2 - 106.347 Al Mo - 69.9600 Al Sn - 
43.6439 Al Zr + 15.4261 Al Cr -61.9896 Al Fe -81.5665 Al V + 
10.3925 Al Si + 47.3631 Al O + 31.7825 Mo2 - 24.5042 Mo Sn - 
19.5766 Mo Zr - 43.8777 Mo Cr - 34.0499 Mo Fe - 70.3951 Mo V - 
51.3807 Mo Si + 60.8373 Mo O + 6.35824 Sn2  - 62.3299 Sn Zr -
49.0562 Sn Cr + 47.2030 Sn Fe - 84.9186 Sn V + 7.34492 Sn Si + 
47.5112 Sn O + 44.0214 Zr2 -39.5834 Zr Cr - 34.9639 Zr Fe + 
19.4983 Zr V + 34.0014 Zr Si + 1.40613 Zr O + 109.626 Cr2 - 
26.3554 C Fe + 12.6771 Cr V + 0.829980 Cr SI - 24.8476 Cr O - 
75.0358 Fe2 + 3.91375 Fe V + 25.5956 Fe Si - 67.2523 Fe O - 
6.09390 V2 + 19.2299 V Si + 17.1889 V O -51.7804 Si2  +19.0743 
Si O -38.5409 O2 
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Table  1. Coefficients of regression modelds of the examined target parameters. 

№ designation Rp 02 A № designation Rp 02 A 
1 b( 0 0) 1211.88 43.4377 29 b( 3 4) -62.3299 7.48801 
2 b( 1 0) 51.5221 -12.4873 30 b( 3 5) -49.0562 3.57374 
3 b( 2 0) -24.9734 5.83605 31 b( 3 6) 47.2030 -13.2362 
4 b( 3 0) -80.7796 16.1346 32 b( 3 7) -84.9186 18.1995 
5 b( 4 0) 96.9246 -26.5634 33 b( 3 8 7.34492 2.45297 
6 b( 5 0) 209.828 -41.6628 34 b( 3 9) 47.5112 -7.84135 
7 b( 6 0) 80.3385 -11.3614 35 b( 4 4) 44.0214 -12.5869 
8 b( 7 0) 72.0976 -12.2634 36 b( 4 5) -39.5834 11.2109 
9 b( 8 0) -21.4625 9.45284 37 b( 4 6) -34.9639 11.6078 
10 b( 9 0) 40.3190 -7.32094 38 b( 4 7) 19.4983 -1.06720 
11 b( 1 1) -6.81555 4.99262 39 b( 4 8) 34.0014 -5.39692 
12 b( 1 2) -106.347 32.8537 40 b( 4 9) 1.40613 3.89560 
13 b( 1 3) -69.9600 13.9749 41 b( 5 5) 109.626 -11.8927 
14 b( 1 4) -43.6439 6.60931 42 b( 5 6) -26.3554 18.2370 
15 b( 1 5) 15.4261 2.81458 43 b( 5 7) 12.6771 12.9706 
16 b( 1 6) -61.9896 24.7026 44 b( 5 8) 0.829980 0.427527 
17 b( 1 7) -81.5665 26.9275 45 b( 5 9) -24.8476 8.14636 
18 b( 1 8) 10.3925 -4.94533 46 b( 6 6) -75.0358 22.7628 
19 b( 1 9) 47.3631 -7.11438 47 b( 6 7) 3.91375 14.6460 
20 b( 2 2) 31.7825 -8.72509 48 b( 6 8) 25.5956 -10.9786 
21 b( 2 3) -24.5042 3.37836 49 b( 6 9) -67.2523 18.1532 
22 b( 2 4) -19.5766 1.36551 50 b( 7 7) -6.09390 1.46032 
23 b( 2 5) -43.8777 13.8703 51 b( 7 8) 19.2299 -4.26022 
24 b( 2 6) -34.0499 13.3358 52 b( 7 9) 17.1889 -6.80520 
25 b( 2 7) -70.3951 18.9816 53 b( 8 8) -51.7804 14.9821 
26 b( 2 8) -51.3807 9.02304 54 b( 8 9) 19.0743 -5.02353 
27 b( 2 9) 60.8373 -3.70434 55   b( 9 9) -38.5409 1.21278 
28 b( 3 3) 6.35824 2.60378 

Rp 02 R  = 0.9880 F cal. = 18.8637 (а=0.05,54,25)    >    1.8367 = F tabl 
A R   = 0.9906 F cal. = 24.2416 (а=0.05,54,25)    >    1.8367= F tabl 

 

A = 43.4377- 12.4873 Al + 5.83605 Mo + 16.1346 Sn - 26.5634 Zr 
- 41.6628 Cr -11.3614 Fe - 12.2634 V + 9.45284 Si - 7.32094 O + 
4.99262 Al 2 + 32.8537 Al Mo + 13.9749 Al Sn + 6.60931 Al Zr + 
2.81458 Al Cr + 24.7026 Al Fe + 26.9275 Al V- 4.94533 Al Si -
7.11438 Al O - 8.72509 Mo 2 +3.37836 Mo Si + 1.36551 Mo Zr + 
13.8703 Mo Cr + 13.3358 Mo Fe + 18.9816 Mo V + 9.02304 Mo Si 
-3.70434 Mo O + 2.60378 Sn2 +7.48801 Sn Zr + 3.57374 Sn Cr-
13.2362 Sn Fe + 18.1995 Sn V +2.45297 Sn Si-7.84135 Sn O - 
12.5869 Zr 2 + 11.2109 Zr Cr + 11.6078 Zr Fe - 1.06720 Zr V -
5.39692 Zr Si + 3.89560 Zr O - 11.8927 Cr 2 + 18.2370 Cr Fe +  
12.9706 Cr V + 0.427527 Cr Si + 8.14636 Cr O + 22.7628 Fe 2  + 
14.6460 Fe V - 10.9786 Fe Si + 18.1532 Fe O + 1.46032 V 2 -
4.26022 V Si - 6.8052 V O + 14.9821 Si2 - 5.02353 Si O + 1.21278 
O 2 

The numerical experiment [6] has proved the ability to improve the 
quality of Ti alloy of a certain class. Mathematical models suitable 
for forecasting and optimization have been derived. The approach 
of Taguchi applied has lead to a desired result, to separate variables 
Xi for the examined parameters that do not influence significantly 
on the final result. With this limit, the numerical optimization for 
maximum search has been conducted with each chemical 
composition. That allows improving it. Relative elongation A 
turned to be less variable index and yield strength Re requires 

caution with extreme selecting. The decision of bi-criteria problem 
set has been defined thus proving that the Taguchi approach is 
applicable to a similar class of problems.Following the applied 
optimization procedure and based on the derived models, a solution 
was formulated. According to it, the content of aluminum and 
molybdenum is about 8-9 percent, and the values of vanadium, 
chromium and silicon are negligible. Fig. from 1-8 visualizes an 
interpretation of the main alloying elements and their effect on the 
investigated variables at fixed values of the rest of the elements that 
are equal to the determined optimal  

Conclusion 

It has been proven that during the design of the properties of the 
materials it is possible to determine effective solutions via defining 
a multicriteria problem. It has been proven that during modeling 
process costs for the different Ti - alloys grades in aggregate, it is 
possible to evaluate equally possible for realization technological 
routes.Optimal compositions of a Ti-alloys have been determined 
grade by Pareto-front in terms of strength and ductility that are 
experimentally verified for a particular application. The number and 
the amount of alloying elements in low-alloy steels are determined. 
For Ti - alloys with economic alloying there are constructed models 
defining the relationship. 
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WINDING TECHNOLOGY 
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 Abstract: The aim of this study is to investigate the design of continuous fiber reinforced composite pipes, produced by filament winding 
technique. For this purpose, the full factorial experimental design was implemented. When designing filament winding composites three 
major factors are the most important: fiber orientation, fiber tension and velocity of the filament winding. The ultimate target is to achieve 
the composite pipes with good characteristics as bearing material for construction with the lowest possible weight. Preparation of the 
composites was done by applying the 23 full factorial experimental design. For the purposes of these investigation, eight test specimen 
configurations are made and on the basis that, test results should provide material properties useful in the design stage. The velocity of the 
filament winding was taken to be the first factor, the second – fiber tension and the third – winding angle. The first factor low and high 
levels were chosen to be 525 m/min and 21 m/min, respectively, for the second factor – 64 N and 110 N, respectively and for the third factor 
– 100 and 900, respectively.  
KEYWORDS: \ FILAMENT WINDING, GLASS FIBERS, EPOXY RESIN, COMPOSITE PIPES.  

 
1. Introduction 

Development of new composites and new applications of 
composites is accelerating due to the requirement of materials 
with unusual combination of properties that cannot be met by the 
conventional monolithic materials. Actually, composite materials 
are capable of covering this requirement in all means because of 
their heterogeneous nature (Krivokuća, M. et. al., 1999). 

Properties of composites are strongly influenced by the properties 
of their constituent material, their distribution, and the interaction 
among them. The composite properties may be the volume 
fraction sum of the properties of the constituents, or the 
constituents may interact in a synergistic way so as to provide 
properties in the composite that are not accounted for by a simple 
volume –fraction sum of the properties of the constituents (Roux, 
M, 2010). 

Fiber – reinforced composite materials consist of fibers of high 
strength and modulus embedded in or bonded to a matrix with 
distinct interfaces between them. In this form, both fibers and 
matrix retain their physical and chemical identities, yet they 
produce a combination of properties that cannot be achieved with 
either of the constituents acting alone. In general, fibers are the 
principal load-carrying members, while the surrounding matrix 
keeps them in the desired location and orientation, acts as a load 
transfer medium between them and protects them from 
environmental damages due to elevated temperatures and 
humidity, for example (Dorigato A., Pegoretti A., 2014). 

Many fiber-reinforced composites often a combination of 
strength and modulus that are either comparable to or better than 
many traditional metallic materials. Because of their low density, 
the strength-weight ratios and modulus weight ratios of these 
composite materials are markedly superior to those of metallic 
materials. In addition, fatigue strength as well as fatigue damage 
tolerance of many composite materials are excellent. For these 
reasons, fiber reinforced composites have emerged as a major 
class of structural materials and are either used or being 
considered for use as substitution for metals in many weight-
critical components in aerospace, automotive, and other 
industries. Filament winding technique is a very important and 
widely used technique for production of fiber reinforced 
composites (Mallick, P.K, 2007). 

For the production of composite materials by the filament 
winding technology, a reinforcing agent in the form of 

continuous fibers (glass, carbon, aramid, etc.) and an 
impregnation agent in the form of liquid resin (polyester, epoxy, 
etc.) are used.  

The basis of this technology includes winding of resin-
impregnated fibers into a tool and hardening of the wound 
structure (Figure 1). 

 

 

Figure 1. Schematic presentation of the filament winding 
technology 

This technology enables the fiber to be placed into the direction 
of the load that may be expected during exploitation of 
construction elements. Owing to this unique capability, the 
mechanical properties of fibers in the longitudinal direction can 
be maximally exploited (Belingardi, G. et al., 2006). 

Based on that, it is clear that the filament winding technology is 
used for creating new materials with distinct anisotropy 
according to the direction in which the fiber is placed. In other 
words, different directions result in a material with different 
mechanical properties.  

Thus produced composite materials have the highest percent of 
fibers of all composite materials and small density. This fact is 
important for loaded elements of construction, which also need to 
have small mass. 

2. Preconditions and means for resolving the 
problem 
 

a. Experimental stand 
 

For the production of the composites 10 bobbins of E-glass 
fiber roving 185P with 1200tex from Owens Corning were 
used. The glass fibers were impregnated into epoxy resin 
system Araldite LY564/Aradur 917/Accelerator 960-1 
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from Huntsman.  
The preparation of the composites was done by applying 
the 23 full factorial experimental design. For the purposes 
of these investigation, eight test specimen configurations 
are made and on the basis that, test results should provide 
material properties useful in the design stage. The velocity 
of the filament winding was taken to be the first factor, the 
second – fiber tension and the third – winding angle. The 
first factor low and high levels were chosen to be 5,25 
m/min and 21 m/min, respectively, for the second factor – 
64 N and 110 N, respectively and for the third factor – 100 
and 900, respectively (Table 1). 
Samples with different winding designs were winded on 
iron mandrel with pins on the both sides with help of 
laboratory filament winding machine MAW FB 6/1 with 
six axes, roller type resin bath manufactured from 
Mikrosam A.D. Fibers pass through a resin bath after 
tensioning system and gets wet before winding operation.  
After winding samples were cured with industrial heater at 
80oC and at 140°C, for four hours. 
 

Table 1. Full factorial experimental design - 23 
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1 -1 -1 -1 +1 +1 +1 -1 5,25 64 10 
2 +1 -1 -1 -1 -1 +1 +1 21 64 10 
3 -1 +1 -1 -1 +1 -1 +1 5,25 110 10 
4 +1 +1 -1 +1 -1 -1 -1 21 110 10 
5 -1 -1 +1 +1 -1 -1 +1 5,25 64 90 
6 +1 -1 +1 -1 +1 -1 -1 21 64 90 
7 -1 +1 +1 -1 -1 +1 -1 5,25 110 90 
8 +1 +1 +1 +1 +1 +1 +1 21 110 90 
 

Primary level X1 = 13,125 X2 = 87 X3 = 50 
Interval of 
variation 

7,875 23 40 

Lower level 5,25 64 10 
Upper level 21 110 90 
 
3. Results and discussion 

Tensioning system is an important part of filament 
winding. This importance gets critical when winding at 
high angles. Since tension changes the friction force 
between fiber and the mandrel, it should be kept at a 
certain value during winding operation (Jones, R. M., 
1998). 

Fiber tension also affects the volumetric ratio of composite 
at a given point. Excessive resin, due to a low tension, can 
result in decreased mechanical properties (Putic, S., et. al., 
2007). Therefore, tensioning systems should be capable of 
rewinding a certain value of fiber. This condition occurs 
when fiber band reverses at the end of tube, while winding 
at low angles. 

Wetting can be done by two commonly used bathing type: 
drum bath and dip bath. 

Drum bath provide: less fiber damage than dip bath, this is 
especially important when using carbon fibers, drum baths 
can be heated for a better wetting action, lowering resin 
viscosity, reducing fiber speed, increasing fiber path on the 
drum are other methods used for better wetting action. 

Dip bath provides: a better wetting action, resin can be 
heated during the travel of fiber through a dip bath, non-
rotating surfaces are used for guidance, non-rotating 
surfaces provide good wetting, dip baths are used with 
aramid or glass fibers. Each layer of reinforcement can 
vary in winding tension, winding angle, or resin content.  

In filament winding, one can vary winding tension, 
winding angle and/or resin content in each layer of 
reinforcement until desired thickness and strength of the 
composite are achieved. The properties of the finished 
composite can be varied by the type of winding pattern 
selected (Babu, M., et al., 2009). Three basic filament 
winding patterns are: 

1) Hoop Winding: It is known as girth or circumferential 
winding. Strictly speaking, hoop winding is a high angle 
helical winding that approaches an angle of 90 degrees. 
Each full rotation of the mandrel advances the band 
delivery by one full bandwidth (Figure 2). 

 
 

Figure 2. Presentation of hoop winding of layers 
 

2) Helical Winding: In helical winding, mandrel rotates at 
a constant speed while the fiber feed carriage transverses 
back and forth at a speed regulated to generate the desired 
helical angles (Figure 3). 

 
Figure 3. Presentation of coupled helical winding of layers 

3) Polar Winding: In polar winding, the fiber passes 
tangentially to the polar opening at one end of the 
chamber, reverses direction, and passes tangentially to the 
opposite side of the polar opening at the other end (Figure  
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4). 

 
 

Figure 4. Presentation of polar winding of layers 
 

In other words, fibers are wrapped from pole to pole, as 
the mandrel arm rotates about the longitudinal axis as 
shown in Figure 2. It is used to wind almost axial fibers on 
domed end type of pressure vessels. On vessels with 
parallel sides, a subsequent circumferential winding would 
be done. 

In the above three, helical winding has great versatility. 
Coupled helical winding of layers (±Ө) are usually 
preferred, whereas hoop winding - winding angle, very 
close to 90° can also be used. Very low winding angle 
values need some arrangements at the ends of the mandrel, 
such as pins, etc.  By varying the winding angle with 
respect to the mandrel axis, directional strength can be 
obtained by considering the loads, which will operate on 
the finished product. Almost any combination of diameter 
and length may be wound by trading off wind angle and 
circuits to close the patterns. Usually, all composite tubes 
and pressure vessels are produced by means of helical 
winding. 

 
Filament winding is a manufacturing process which can 
offer:  

• A high degree of automation; 

• Relatively high processing speeds (> 50 m/min winding 
speed); 

• An ability to fabricate composites with relatively high 
fibre volume fractions (~ 70%).  

The main limitation of filament winding technique is the 
difficulty in production of complex shapes due to the 
requirement of very complex mandrel designs.  In 
addition, production of reverse curvature parts is not 
possible by using this technique. 

   

Figure 5. Produced glass fiber/epoxy resin filament wound 
composite pipes 

4. Conclusion 

The glass fiber/epoxy resin composite pipes were 
produced by using of filament winding technology. For the 
designing of the filament winding composite pipes the full 
factorial experimental design - 23 was applied. Base on that 
eight test specimen configurations were made. Three major 
factors were taken and two levels of variation. The first 
factor low and high levels were chosen to be 5,25 m/min 
and 21 m/min, respectively, for the second factor – 64 N 
and 110 N, respectively and for the third factor – 100 and 
900, respectively. The effect of a filament-winding 
processing variables on longitudinal and hoop tensile and 
bending properties of the prepared composites further will 
be investigated. The produced filament wound composite 
pipes are shown on figure 5.  

 

5. References 
 

1. Babu, M. S., Srikanth G. & Biswas, S. Composite 
Fabrication by Filament Winding - An Insight. 
AEC/MECH/2009. 

2. Belingardi, G., Cavatorta, M. P., Frasca C., Compos. 
Sci. Techol. 66, pp. 222-232, 2006.  

3. Dorigato A., Pegoretti A., J. Compos. Mat., 48, pp. 
1121-1130, 2014.  

4. Jones, R. M., Mechanics Of Composite Materials 
(Materials Science & Engineering 
Series) Hardcover – July 1, 1998 

5. Krivokuća, M., Putić, S., Uskoković, P. Aleksić. R., 
Uticaj strukture na savojna svojstva laminarnog 
kompozitnog materijala, III Jugoslovenska 
Konferencija o Novim Materijalima YUCOMAT 99, 
Herceg-Novi, Zbornik izvoda, (1999), p.228. 

6. Mallick, P.K., Fiber-Reinforced Composites: 
Materials, Manufacturing, and Design, Third Edition 
(Mechanical Engineering), 2007. 

7. Putic, S., Stamenovic, M., Zrlic,M., Bajaceta, B, 
Bending properties of Glass – Polyester Composite 
Pipes, 3th International Conference on Deformation 
Processing and Structure of Materials, Belgrade, 
2007. 

8. Roux, M., Reinforced Nanocomposites for electrical 
Applications, Master thesis, European School of 
Material Sciences and Engineering, France, 2010. 

28



DETERMINING OF STRAIN RATIO IN TENSILE TEST  
USING BY IMAGE PROCESSING 

 
Ass. Prof. Dr. Daei Sorkhabi A. H., Eng. Vahdat Panahi Shokouh V., Eng. Parsa Khanghah S.   
Department of Mechanical Engineering, Tabriz Branch, Islamic Azad University, Tabriz, Iran. 

Email: amirsorkhabi@iaut.ac.ir 

 

Abstract:  In tensile machines to measure the change in length of the specimen during the stress, most time extensometer and various contact 
methods and tools, such as strain gauges are used, but these methods have limitations and low accuracy that cause unexpected and different 
results  from the theoretical values for the strain. In this paper, to address this shortcoming and improve strain measurement, a non-contact 
method using image processing techniques in the MATLAB environment is introduced. for this purpose after capturing a move of tensile test and 
converting that in to some high quality pictures and using image processing we put some pattern in the first image and with using a special 
algorithm with name of Digital Image Correlation (DIC) detect that patterns until the last image then we can use of displacement algorithm and 
calculate change in the specimen’s length and after that we can also have “Strain” with using these values.  

KEYWORDS: DIGITAL IMAGE CORRELATION, PATTERN RECOGNITION, STRAIN 

Introduction: Nowadays we can see in order to perform strain test 
and record strain-stress changes, many of corporations or Academic 
Centers use of tensile machines. In these devices two different 
mechanisms measure the force and length change. For measure of the 
force they use of the change in length of the spring or use of force 
meters. Also the general mechanism for measuring the change in 
length of the specimen is using of strain gauge or Shaft encoder or 
Extensometer that all of these conventional instruments have special 
limitation for themselves. Therefore, in this study, to reducing these 
deficiencies in tensile testing machine we prepare a new and non-
contact method that use of image processing to solve these problems. 
Fig 1) 

 

Fig. 1: A schematic overview of research 

As you see tensile test specimen is connected to the machine and after 
that a camera with a high speed shooting capture movie as our 
specimen tolerate a force Then algorithms for image processing and 

digital image correlation function in MATLAB environment, measure  
variability of the sample. New method for detecting changes in the 
length is using of digital image correlation [1]. Image processing is a 
new and very powerful technique in computer science and electronics 
which has been implemented in several studies in various fields. For 
example, Shell and Nicola have used this method to achieve their 
goals [2,3].The use of image processing has many advantages, for one 
it is not difficult like conventional methods and also it has good 
accuracy. We can say there are several algorithms for computing the 
strain of an object that most common of them is based on image 
correlation. Correlation or cross-correlation between two images is a 
standard approach for the detection of object features which has also 
been widely used to measure the surface deformation. This method of 
analysis is called digital image correlation (DIC) which can detect 
form of shape and its movement. DIC is an optical metrology based 
on digital image processing and numerical computing. It was first 
developed by a group of researchers at the University of South 
Carolina in the 1980s [4–8] when digital image processing and 
numerical computing were still in their infancy [8]. In this technology 
some spot (like black and white points) will be selected in the surface 
of specimen and then we will take a picture. Now our pattern is ready. 
Many of these patterns will be prepared before deformation and also 
after deformation. These patterns will be then sent to the computer 
after digitization. In the next step digital images will be compared 
with each other. Generally a subset of pixels (30 × 30 or 40 × 40) 
from original picture will be selected. The algorithm works like this:  

Position of the subset in the first picture will be searched in the second 
picture with matching of Gray Levels and for each point will be 
calculated a level of Gray light intensity and therefore  we can find the 
closest match points in the second image with the original image 
subsets. Thus, the position of the points in the secondary image is 
obtained. After getting these subsets in the second picture we can have 
movement amount of specific points. Fig 2 can show an overall view 
of this topic: 

29



 

Fig 2. Moving points in successive images 

In order to better estimate the displacement, one particular factor “S” 
is defined as the normalized cross-correlation: 
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We should also mention that all of this work can be performed in the 
MATLAB environment. In other words, we can advance our project 
with help of image processing toolbox functions and there is no need 
for the user to use more complex formulas. 

The core of the correlation tool is based upon a Matlab routine which 
uses a normalized cross correlation to correlate a part of the source 
image with the target image (Fig 3). This routine uses the grey scale 
levels of the pixels in the area of interest. The routine returns for each 
pixel in the target image a correlation value between -1 and 1. The 
value 1 means that the part of the source image is exactly the same as 
the area in the target image, 0 means that no correlation exists and -1 
means that the analysed area in the target image is a negative of the 
source image. Because DIC is an image based technology, a pixel 
based coordinate system is used. In this correlation tool the X and Y 
coordinate within an image are defined as shown in Fig. 3. The 
correlation square is always uneven with the pixel of interest exactly 
in the centre of this square. The size of the square must be such that 
enough detail of the specimen surface is included such that the square 
is unique. For instance if only one pixel is taken in the example, many 

locations exist in the target image which are the same. In the 
correlation tool the size of this square can be adapted. 

 

Fig 3. Correlation process for one pixel 

The correlation square is compared with all the pixels in the target 
image, returning a correlation value for each pixel, resulting in a data 
set as illustrated by Fig 4. The location in the target image that 
corresponds best to the correlation square is clearly recognized by the 
peak with the highest correlation value. However, the new coordinate 
has an accuracy of 1 pixel which is not accurate enough for strain 
measurements. To get higher accuracy a method was developed which 
uses the correlation values around the peak to get sub pixel level 
accuracy. To obtain that a 6th degree polynomial surface is fitted 
through the correlation values of the pixels around the pixel with the 
highest correlation value, using a least squares approach. By filling a 
grid of sub pixel coordinates into the function of the fitted polynomial 
surface, a new maximum can be obtained at sub pixel level. In the 
correlation tool the resolution in which the coordinates are given is 
0.01 pixels. It was found that a higher resolution did not further 
contribute to the accuracy of the measurement [19]. 

 

Fig 4. Correlation values for an area in a target image 

Implementation: 

The main processing in this test is defined like this: 
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For the first step we should prepare some pictures from our specimen 
before deformation. In this test, in order to remove possible vibrations, 
for example vibrations caused by the tensile test machine, we use of 
video camera. Finally, we can prepare some good pictures without any 
vibration. For this purpose we use a software that is suitable for video 
cameras (Fig 5). Other available software may be used for the purpose 
of this research.  

 

Fig 5. PMB software from "SONY" corporation 

as we mentioned we have a video camera that its specifications is as 
follows(Fig 6): 

Lens: Carl Zeiss® Vario-Tessar / 30m 
Zoom Ratio (Optical) 25X 
Zoom Ratio (Digital) 300X 
 
In the next step the prepared images should be processed. For this 
purpose all pictures are sent to the MATLAB environment. After this 
the first image will be called for processing. With help of written 
codes we can select a desire region for processing. We will do that 
with making a rectangle region (Grid) that can be processed. In simple 
terms, the image processing code will only focus on these points. Fig7 
and demonstrate an example of this way. 

 

 
Fig 6. Shoot picture with XR150E. 

. 

 

Fig 7. Select the desired region for processing 

As it can be seen in Fig 8 we have some yellow points for processing 
although in this level we can increase a points density which will be 
more accurate. However, the processing time will increase. In fact we 
can say processing time relates both parameters. First number of 
pictures and second point density 

In the third phase, correlation algorithm starts and searches points in 
the first image onto the second image. This is done using “Cpcorr” 
function in the MATLAB environment. This function using 
normalized image correlation algorithm and match its input arguments 
that they have acquired from both pictures first, before deformation 
and second, after deformation. As a result, coordinates of specified 
points in the first picture will be emerged in the second picture. (To 
learn more about this function refer to the MATLAB Help). Although 
it is noteworthy we should have image processing toolbox in 
MATLAB. After finding the location of specified points in the second 
picture they will save and process will be continued in the third 
picture and like this process will be gone until the final stage. It should 
also be noted that if “Cpcorr” function cannot detect the position of 
some points it will return points to its previous position. In this case 
some points that are static in their position during the processing will 
be demonstrated. Also we should say if we increase the points density 
in the first stage its probability will be less that “Cpcorr” function 
don’t be able to detect position of points or in other word Noises will 
decrease dramatically. However, processing some area like this will 
require a computer system with powerful processors. Two different 
phases of image processing are visible in Fig 8  

 

Fig 8. Coordinates of the points in picture 32 
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In the fourth phase we can get the desired amount of displacement or 
traction during the test using the coordinates of points obtained for 
each image and processing and mathematical calculations on them. 
The result of the process will have two matrices. A matrix for the x 
coordinates of the points in each image and also other matrix y 
coordinates for the points in the same image. (Fig 9) 

 

Fig 9. Calculating displacement matrix in X 
dimension 

Now with caring that the displacement matrix is available, we can 
calculate strain. It can be said the core of this research at this stage 
will implement like this:  

It uses “GC” matrix, Displacement Matrix, and also a function with 
name of “Lsqcurvefit” in “matlab” optimization toolbox to calculate 
optimal strain. Optimal strain for processed pictures will fit with a 
liner function and then strain amount for each picture will detect. 

Result: With caring to image correlation Algorithm and also 
calculations the results will be presented like bellow: The plot (Fig 10) 
is related to the strain in the tensile direction. As shown, the strain is 
specified for each image. 

 

Fig 10. Strain plot in a tensile direction  

 

Conclusions: With considering the results that are obtained 
through image correlation Algorithm and using of image processing 
techniques we can say although this method needs more accuracy 
during test but obtained results show our information after test can be 
reliable and even sometimes it can compete with conventional 
methods. So we can use of this method for an alternative ways for 
calculating Poisson’s ratio. 
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Abstract 
The results of performed analysis and the study of analytical methods for assessing the precision of the measuring system are presented in 
this paper. Studies are related to the methods for assessing the precision based on the range calculation and the method of variances 
analysis  (ANOVA).The  importance of each factor in variation inducation in the measurement process  is estimated by applying both 
methods in the analysis of the same measured sample.  In order to assess the accuracy  and efficiency of the applied methods,  the obtained 
results are compared, which is the basis for obtaining  specific conclusions.Reliability of the obtained results from the investigations  are 
verified by applying the tools of programming package MINITAB. 

 
KEYWORDS: PRECISION, ANALYTHICAL METHODS, MEASURING SYSTEM, VARIATIONS 

1. Introduction  
Modern measurement techniques has developed various 

measuring devices. Certain types of measuring devices have 
different specific properties, but also some common general 
characteristics that allow comparation. One of the basic 
metrological characteristics of the measuring device is its precision. 

Measuring equipment precision - is the ability of the measuring 
device to show the similar measured values (Figure 1). 

1) accurate and precise  2) inaccurate and precise  

3)   accurate and impreccise  4) inaccurate and imprecise 

 

Figure 1:   Possibilities of accuracy and precision or inaccuracy      
and imprecision of a measurement [G1] 

The metrological charastheristics – measurement precission  
contains two typical aspects [G1] :  

• repeatability of the measurement results, the degree of mutual 
overlapping of each measurement results obtained in mutually 
multiple repetition of the measuring operation over a measured 
value, which value is time-independent (constant), using the same 
measurement equipment, the same operator and the same ambient 
conditions. 
• reproducibility of the measurement results, the variations that 
occur when multiple realization of the measurement process, using 
the same measurement equipment and different operators. 

In practice, analytical and graphical procedures are used  for 
assess the  measurement systems accuracy. Analytical procedures 

for the determination of repeatability and reproducibility of the 
measuring system are aimed to determine (quantify) which part of 
the calculated variations of the observed measurement process are 
due to the variations of the measuring system, while graphical 
procedures allow analysis of the measurement process. 

Analytical methods for repeatability and reproducibility 
calculation of the measuring system, which are subject of this paper 
can be:  

• Method based on range, which assess the measurement variations 
by comparing the standard deviations of the factors in the 
measurement process. This "traditional" method divides the total 
variation in three categories: variations from product to product 
(variations induced in the manufacturing process), measurement  
repeatability and reproducibility (variations caused by the 
measuring system).                                                             

• ANOVA (Analysis of Variance) method - investigates the effects 
of one or more qualitative inputs  (factors) on the quantitative 
outputs, that helps assessing which of the factors have the most 
significant impact on the output (answer). ANOVA Gauge R & R is 
a method which uses ANOVA random effects model for 
measurement systems analysis. This method calculates the level of 
variations induced in the measuring process of the measurement 
system and compares it with the total variation in order to determine 
the "quality" of the measuring system, i.e. its participation  in the 
total variation. This method goes a step forward in terms of the first 
method and the component reproducibility is separated in two 
subcomponents: operator and operator - measured sample 
component in interaction. 

Which analytical method will be applied depends on the 
measurement nature. If it is a non-destructive test (test sample after 
measuring retains all its properties), there is  possibility to use both 
analytical methods. 

In the case of a destructive test (test sample after measuring 
loses its characteristics, and repeated measurement is not possible) 
can be applied only  ANOVA - method. The of homogeneity of the 
tested samples serie should be assumed, i.e. all samples in the tested 
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serie sufficiently identical to be able to consider  operation with the 
same samples. Otherwise the variations of the process will "mask" 
the variations of the measuring system. 

 
2. Preparation, planning and realization of then 

engineering experiment  

In order to realize the analysis of the measuring system 
accuracy  as a function of the measuring equipment and operator,  it 
is necessary more operators to measure more samples on the same 
measurement equipment several times in reference conditions. 
Experiment is prepared from the measured samples. The aim  is as 
much as possible sources of variation to be covered in the 
measurement process in order to be properly understood and 
assessed. 

The aspect of measurement reproducibility to be covered, it is 
necessary the participation of more operators. Some standards [A1] 
require the participation of at  least ten operators, but  others require 
participation of only two or three operators for the same sample 
measuring. 

To cover aspects of the measurement repeatability, the same 
samples are measured several times by the same operators. Each 
measurement cycle of each sample must include the whole set of 
required operations, including the complete handling, sampling and 
disposal of the measuring sample from the measuring system. 

To include the interaction between the operator and the sample 
(eg some sample could  be more difficult for measuring than the 
other samples), usually five till ten samples are measured. 

Of course, this is not a universal criteria for the minimum 
samples recommended for R & R matrix. This is the question for 
the person which manage the experiment to establish a balance 
between the risks, measurements and laboratory ability. Model 
10x2x2 (10 samples, two operators and two repetitions of 
measurements)  is acceptable sample for certain studies, although 
there are little degrees of freedom for the component of the 
operator. 

In order the measuring sample to be considered as relevant for 
further processing and carry out more valid conclusions it is 
necessary to check the existence of harsh errors and their 
elimination and verification of the fulfillment of the conditions of 
normality and homogenity of the measuring sample: 

1) As a first step in the process of determining of the participation 
of measuring equipment and operator in the total level of 
variations from the set of measured values by applying the 
Grabs criteria [G2], harsh errors are identified and eliminated 
for measured values of each operator separately. 

2) In the next step of the analysis, it is necessary to test the 
fulfillment of the conditions for normality of measured results 
and homogeneity of the variations. This is done through testing 
the hypothesis by applying more tests: 

• for testing of normality:  λ - test, λ- test, Anderson – Darling, 
Ryan – Joiner, Kolmogorov – Smirnov test, by using of 
probability diagram or by p - value analyze e.t.c. 

• for testing of homogeneity: z – test, Student  t – test, Fisher F – 
test e.t.c. 

3. Results 

Example number 1. R&R  Analisis of the mearuring system 
precision  

Тable 1: Measured values in the analysis of the components to the  
measuring system precision. 

Number FIRST OPERATOR SECOND OPERATOR 

Product 
First 

measurement 
Second 

measurement 
First 

measurement 

Second 

measurement 

1 50,08 50,08 50,06 50,06 

2 50,04 50,05 50,04 50,04 

3 50,03 50,02 50,04 50,02 

4 49,99 49,96 49,98 49,98 

5 50,10 50,08 50,08 50,06 

6 49,98 50,00 49,99 50,00 

7 50,08 50,06 50,10 50,09 

8 49,99 50,00 50,01 50,01 

9 50,02 50,02 50,00 50,01 

10 49,96 49,94 49,98 49,99 

 

By the implementation of Grabs test for the series of 
measurements on the first and the second operator high values of p 
– indicator can be seen, significantly bigger than the level of trust α 
= 0.05 (p = 1.000 for the first operator, and p = 0.923 for the second 
operator) and can be concluded that in both series of measurements 
do not exist unusually measurements – harsh errors. 

Although it is about series with a relatively small number of 
measurements (twenty measurements in serie), the two series of 
measurements (from the first and the second operator), show a high 
degree of compliance to normal distribution (p = 0.199 for the first 
operator, and p = 0.168 for the second operator ), 

 

Figure. 2 Analysisof the measurind results normality by using of 
probability diagram  
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The existence of consistency of the variations and their uniformity 
can be determined by  using of t – test for analysis of the 
homogeneity of the variations of whole measured sample. 

Тable 2:    Calculated values in the analysis of the components to 
the  measuring system precision using a balanced 
ANOVA - method. 

Sources  Var. comp. 
% 

Participation 
Standard 
deviation 

% 
Participation 

Measuring system 0,0002381 12,58% 0,0154290 35,47% 

 Repeatibility 0,0001025 5,42% 0,0101242 23,27% 

 Reproducibility 0,0001356 7,16% 0,0116428 26,76% 

 Operator 0,0000000 0,00% 0,0000000 0,00% 

 Product*Operator 0,0001356 7,16% 0,0698570 26,76% 

Product 0,0016544 87,42% 0,2440490 93,50% 

Total variations 0,0018925 100,00% 0,2610170 100,00% 

 

Тable 3: Calculated values in the analysis of the components to the  
measuring system precision using a method based on 
range  

Source Var. Comp. 
% 

Participation 
Standard 
deviation. 

% 
Participation 

Measuring system 0,0001039 7,36% 0,0101950 27,13% 

 Repeatibility 0,0001039 7,36% 0,0101950 27,13% 

 
Reproducibilit

y 0,0000000 0,00% 0,0000000 0,00% 

Product 0,0013078 92,64% 0,0361635 96,25% 

Total variations 0,0014117 100,00% 0,0375731 100,00% 

 

4. Conclusion 
 

Both methods for assess the accuracy of the measuring system 
show that the manufacturing process is the most important factor 
that induces variations. Variations of the measuring system 
according to ANOVA – almost equally is due to the repeatability 
(variation of the measuring instrument) and reproducibility 

(variations induced by the interaction of the operator and the 
measuring sample). Because the method based on range did not 
detect variations from the interaction of the operator and the 
measuring sample, the whole measuring system variations are 
shown for repeatability. 

• Procedure for analysis of the components on variation and 
procedure for standard deviation factors analysis are used in the 
analysis of the measuring system. The obtained results  with both 
procedures are equally indicative. Which metrics will be used 
depends on the purpose of the research. If the measuring system is 
used in  process for improvement, (reduction of variations in the 
manufacturing process), analysis of the components of variations is 
used, and if assessed the quality of the product in terms of meeting 
the specified values, then analysis of the standard deviations is used. 

•   Ability of ANOVA - Method to assess the variations caused by 
interaction of the operator and measuring sample makes this method 
more effective in detecting the sources of variation. Furthermore, 
only ANOVA – Method is applied  in the realization of the analysis 
of the measuring system in the case of destructive test. The 
application of ANOVA method can significantly improve the view 
for measuring system precission  by fulfillment of assumptions for 
realization of engineering experiment, by possession of 
mathematical, technical and practical experience of the operator and 
computer supported analytical process. 
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Abstract: AISI 316Ti stainless steel is prone to local corrosion in aggressive chloride environments. Its resistance to pitting in the 
absence and presence of molybdate inhibitor was tested by two independent tests with different mechanisms of corrosion process: by 
exposure (24 hours immersion test) and electrochemically (potentiodynamic polarisation test). Both tests were carried out in 1 M chloride 
acidic solution without inhibitor and with two different amounts of added inhibitor (concentration ratio inhibitive/aggressive anions was 
1:10 and 1:20 respectively), at room temperature. Results of immersion tests were evaluated on the bases of corrosion rates calculated from 
corrosion losses during immersion and by morphology of pitting. Results of potentiodynamic polarisation tests were evaluated by pitting 
potentials.  
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1. Introduction 
Austenitic stainless steels have high resistance to uniform 

corrosion in oxidation environments due to their passive oxidic 
surface film. However, aggressive ions present in environment 
(namely chlorides) cause local breakdown of this protective film 
and they enable a progress of the pitting corrosion. This corrosion 
type is very dangerous and deleterious and it may cause a major 
failure in industrial applications [1-4]. The best way to prevent the 
pitting corrosion attack is developing new highly resistant alloys. 
The major disadvantage of these materials is their high cost 
compared with conventional stainless steels due to the higher 
percentage of the alloying elements such as Cr, Ni, Mo as well as 
the complexity of the fabrication process [5]. The favorable effect 
of some alloying elements e. g. Cr and Mo can be achieved by their 
addition into aggressive solution in the form of nonaggressive 
anions (molybdates MoO4

2-, chromates CrO4
2-) that can adsorb on 

the metal surface, strengthen the passive film and inhibit the pitting 
corrosion process [5]. 

Many authors underline that a corrosion inhibitor acts 
effectively only above a certain concentration ratio of non-
aggressive to aggressive anions [1, 2, 6]. The authors [6] apply the 
ratio between concentration of molybdate ions and concentration of 
chloride ions 1:10 and they document positive effect of the inhibitor 
on the embryonic stages of pitting corrosion (metastable pitting) 
and on the value of the pitting potential as well (in acidic chloride 
solution). However, there are some authors, who have tested 
inhibitors added into solution in a very broad interval of 
concentration ratios, and they also bring positive results about their 
inhibitive effects [4, 5, 7, 8].  

According to many authors, chromans are very efficient pitting 
corrosion inhibitors [1, 2, 4-6], but they have an important 
disadvantage. These species are highly toxic and therefore 
ecologically unfriendly and handling them requires very strict rules. 
From this point of view molybdates are much more suitable for 
ordinary use.  

AISI 316Ti is Cr-Ni-Mo austenitic stainless steel stabilized by 
Ti widely used in various industrial and biomedical applications [2, 
3, 5, 9]. In spite of its wide use and high Pitting Resistance 
Equivalent Number (PREN=23.688) [10] this steel is prone to local 
corrosion failure in chloride solutions [2, 3, 5, 9]. 

This paper deals with the pitting corrosion resistance of the 
above mentioned steel in the absence and presence of sodium 
molybdate (Na2MoO4), which was tested by 24 hours immersion 
test and by potentiodynamic polarisation test. Both tests are 
independent, with different mechanisms of corrosion process. They 
were carried out in 1 M chloride acidic solution without inhibitor 
and with two different amounts of added inhibitor (concentration 

ratio inhibitive/aggressive anions was 1:10 and 1:20 respectively), 
at the temperature of 20 ± 3 °C. Results of immersion tests were 
evaluated on the bases of corrosion rates calculated from corrosion 
losses during immersion and by morphology of pitting (observed 
visually and by optical microscope). Results of potentiodynamic 
polarisation tests were evaluated by pitting potentials.  

2. Experimental material 
AISI 316Ti stainless steel with chemical composition listed in 

Table 1 was used as an experimental material. 

Table 1: Chemical composition of experimental material (wt. %) 
Cr 

16.5 
Ni 

10.6 
Mo 
2.12 

Mn 
1.69 

N 
0.012 

Ti 
0.41 

C 
0.04 

Si 
0.43 

P 
0.026 

S 
0.002 

Fe 
balance 

Microstructure of experimental material (optical metallographic 
microscope Neophot 32) in longitudinal section is shown in Fig. 1. 
It is created by polyedric austenitic grains with observable twins, 
which could be created by annealing or by rolling. Parallel lines 
arose by the rolling during the technologic process. Observed 
microstructure contains numerous carbides. (Mo, Ti)C carbides are 
of cubic shape, (Mo, Cr)23C6 carbides [11] are localized along the 
above mentioned lines. 

 
Fig. 1 Microstructure of AISI 316Ti stainless steel in longitudinal 

section (etch.10 cm3 HNO3 + 20 cm3 H3PO4 + 30 cm3 glycerin,  for 
5 minutes) 

3. Experimental conditions and methods 
1 M chloride solution was used as the basic corrosion 

environment for both immersion and potentiodynamic polarisation 
tests. 1 M chloride solution was represented by 5 % FeCl3 (pH=1.2) 
for immersion tests and by 0.9 M NaCl + 0.1 M HCl (pH=1.1) for 
potentiodynamic tests. The basic solution was applied without 
inhibitor and with two concentrations of molybdate inhibitor:  0.05 
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M and 0.1 M (it means the concentration ratio inhibitive/aggressive 
anions 1:20 and 1:10 respectively).  

Immersion tests 

The specimen’s shape for immersion tests was rectangular (30 
mm x 80 mm x 1.5 mm). The specimen surface was not treated 
(mechanically or chemically) only the edges were grinded by 
abrasive paper grain 600. The grease was removed by diethyl ether.  
The specimens were weighted out with accuracy ± 0.000 01 g 
(Mettler Toledo XS 205). All immersion tests were 24 hours and 
they were carried out at ambient temperature 20 ± 3 °C [2, 9, 10]. 
The group of three parallel specimens was tested for each solution. 
After exposure the specimens were carefully brushed, washed by 
de-mineralized water, freely dried up and weighted out again.  

Pitted surfaces of specimens after immersion tests were 
observed by the optical microscope NIKON AZ 100. Average 
corrosion rates (g.m-2.h-1) were calculated from corrosion losses 
(g.m-2) during the immersion tests. 

Potentiodynamic polarization tests 

Potentiodynamic polarisation tests were carried out in a three 
electrode cell of corrosion measuring system (VoltaLab 10 with 
VSP unit). Potentiodynamic polarisation curves were obtained by 
the EC-LAB SOFT software. Potential between the sample and the 
electrolyte has been settled for 10 minutes before the polarization. 
Scan range was -0.3V – 0.9V vs the open circuit potential and the 
scan rate was 1mV/s. The surface of working electrode AISI 316Ti 
of 1 cm2 area was not mechanically treated, only rinsed with diethyl 
ether before measurement. The saturated calomel electrode (SCE) 
was applied as the reference electrode and platinum foil as a counter 
electrode. All experiments were carried out at ambient temperature 
of 20 ± 3°C. At least five experiment repeats were carried out for all 
specimens. 

4. Experimental results and discussion 
Tested specimens were locally damaged by pitting during 

immersion tests (Fig. 2). The corrosion failure is localized non-
uniformly. Pits seem to be situated into lines related with rolling. 
(Mo, Cr)23C6 carbides occur along this lines (Fig. 1) and they may 
affect negatively the quality of passive film in these places [11].  
Local corrosion failure is also situated to the edges of specimens 
and to the holes for hanging with higher surface roughness (Fig. 2). 

 
a) 

 
b) 

 
c) 

Fig. 2 Pitted surfaces of tested specimens after 24-hours immersion 
test:  a) without inhibitor, b) with 0,05 M molybdate, c) with 0,1M 

molybdate. 

As we can see in Fig. 2 a), the pits on the specimen immersed in 
1 M chloride solution without inhibitor are oblong and generally 
bigger than pits in Figs. 2 b) and 2 c). The specimens immersed in 
solution with inhibitor have similar character of pitting – the shape 
of pits is rounder and specimens edges are less damaged than in 
case without inhibitor. The typical pit shapes and profiles are shown 
and can be compared in Fig. 3. This comparison confirms 
differences of pit shapes observed visually (Fig. 2). Molybdate ions 

MoO4
2-   are considered an efficient oxidizing anodic inhibitor for 

pitting corrosion of stainless steels. The primary step of their action 
is the adsorption on the metal surface which enables to prevent the 
breakdown of surface passive film [6, 8]. Subsequently, Mo6+ 
(present in MoO4

2-) is reduced to Mo4+ and MoO2
 is formed [6]. The 

adsorption of molybdate on the steel surface probably prevented 
growth of pits sideways and caused better bounded rounder pits. 
This phenomenon can be observed on the profiles of pits as well. As 
we can see, the molybdate inhibitor limited the width of pits, but it 
did not prevent their increase in depth. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Fig. 3 Typical shapes and profiles of pits after 24-hours immersion test: a), 
b) without inhibitor, c), d) with 0,05 M molybdate, e), f) with 0,1M 

molybdate. 

Average corrosion rates calculated from corrosion losses during 
the immersion tests in dependence on the molybdate concentration 
are shown in Fig. 4. Obviously, the average corrosion rate decreases 
with the increase of inhibitor concentration. However the corrosion 
rate based on the corrosion loss cannot be generally considered as 
the essential factor of evaluation of pitting corrosion resistance 
because of non-uniform, local character of pitting. However, it 
helps make an idea about probable changes in the pitting corrosion 
kinetics [2, 9]. 

 
Fig. 4  Average corrosion rates in dependence on inhibitor concentration 

Potentiodynamic polarisation curves enable determination of 
the pitting potential (Ep), which is an important electrochemical 
characteristic of the resistance to pitting. When the potential reaches 
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this critical value, current density suddenly increases, denoting the 
breakdown of the passive film and the beginning of stable pit 
growth. The shift of Ep to more positive values on the polarisation 
curve means the rise of stability to pitting [1, 2, 9, 10]. 

Potentiodynamic polarisation curves of AISI 316Ti stainless 
steel in 1 M Cl- solution in the absence and presence of molybdate 
inhibitor (0.05 M and 0.1 M additions) are shown in Fig. 5. Pitting 
potentials in dependence on inhibitor concentration are compared in 
Fig. 6. The higher inhibitor concentration (0.1 M) caused the 
extension of the passive region and the shift of Ep to higher positive 
potential values. According to curve 2 the lower inhibitor 
concentration (0.05 M) was not sufficient to improve the resistance 
to stable pitting in comparison with the case without inhibitor ( Ep is 
only slightly higher, Fig. 6).  

 
Fig. 5 Anodic potentiodynamic curves for AISI 316Ti working electrode in 

1 M Cl- solution: 1 without inhibitor, 2 with 0.05 M molybdate,  3 with  
0.1 M molybdate 

 

 
Fig. 6 Comparison of the pitting potentials (Ep) in dependence on 

concentration of molybdate inhibitor   in 1 M chloride solutions 

Moreover, a passive current density in presence of 0.05 M 
molybdate is rather high and it points to lower stability of passive 
stage in this case.  

5. Conclusion 
Presence of molybdate inhibitor in 1 M chloride solution 

(represented by 5 % FeCl3 solution) did not prevent a local pitting 
corrosion of tested steel during 24 hours immersion test. The 
inhibitor used positively affected the shape of pits (the pits became 
rounder and better bounded) but it did not prevent their increase in 
depth. The appearance of pitting seemed to be influenced only by 
the presence of inhibitor, not by its higher or lower concentration 
(0.1 M and 0.05 M).  

Performed potentiodynamic polarisation tests showed a marked 
shift of the pitting potential Ep to higher positive values in the case 
of 0.1 M concentration of inhibitor and it points to higher resistance 

to pitting. However, this result does not correlate clearly with 
results of performed immersion test.  

In spite of some partial positive results (results of 
potentiodynamic polarisation test), a use of the molybdate inhibitor 
does not seem to be a reliable means which would prevent a local 
corrosion of AISI 316Ti stainless steel in 1 M chloride acidic 
solution. 
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principles calculations based on density functional theory. In this approach the local-density approximation (LDA) and generalized gradient 
approximation (GGA) are used for the exchange-correlation (XC) potential. The calculated lattice constant, bulk modulus, and elastic 
constants are in agreement with the previous ab-initio calculations and available experimental results. Electronic properties are discussed 
from the calculations of band structure and density of states. The direct method is used to derive the phonon frequencies and density of 
states. 
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1. Introduction 
Heusler alloys have received much study due to their potential 

as key materials for spintronic devices [1-5]. Heusler compounds 
belong to a group of ternary intermetallics with the stoichiometric 
composition, X2YZ, ordered in L21-type structure (space group Fm-
3m) and many of these compounds are ferromagnetic. Full-Heusler 
alloys X2YZ crystallize in the L21 structure. The unit cell consists of 
four interpenetrating fcc sublattices with the positions (0,0,0) and 
(0.5,0.5,0.5) for X, (0.25,0.25,0.25) for Y and (0.75,0.75,0.75) for Z 
atom. For Cu2MnAl, the electronic, optical, elastic and magnetic 
properties were studied by Rai et al. [6] using the full potential 
linearized augmented plane wave method with the generalized 
gradient approximation (FPLAPW-GGA). They found  that 
Cu2MnAl is a ferromagnet metallic compound. In this work, we 
have aimed at to provide some additional information to the exhibit 
data on the structural, elastic, electronic and phonon properties of 
Cu2MnZ(Z=Al, Ga, In, Si, Ge, Sn, Sb) alloys. The full phonon-
dispersion curves are necessary for a microscopic understanding of 
the lattice dynamics. Knowledge of the phonon spectrum plays a 
significant role in determining various material properties, such as 
phase transition, thermodynamic stability, transport and thermal 
properties. 

2. Computational Methods  
The calculations were performed within the density functional 

theory, as implemented in the MedeA-Vasp package [7, 8]. In order 
to ensure the reliability of the calculations, the total energy and 
lattice parameter of Cu2MnZ(Z=Al, Si, Ge, Ga, Sn, Sb, In)  alloys 
were calculated with respect to plane wave cutoff energy Ecut and k-
point sampling. The optimization of the structural parameters is 
performed until the forces on the atoms are less than 0.02 eV/Å. 
The elastic properties (G, E) were calculated from the Hill value, 
which is a geometric mean of the Voigt and Reuss values [9]. The 
phonon dispersion curves of the considered materials have been 
calculated through the direct method [10], in which the forces are 
calculated via the Hellmann-Feynman (HF) theorem.  

3. Results and Discussion  
In Table 1, we summarize our calculated convergence 

parameters (Ecut and k-point), equilibrium lattice constant (a0) Bulk 
modulus (B) and total magnetic moments (Mt) of Cu2MnZ(Z=Al, 
Si, Ge, Ga, Sn, Sb, In) compared with the available data in the 
literature.  There is a good agreement between our results and that 
previously reported [6].  

 

 

 

Table 1: Calculated convergence parameters (Ecut, k-point), lattice 
constants (ao), Bulk modulus (B) and total magnetic moments (Mt) for 
Cu2MnZ(Z=Al, Si, Ge, Ga, Sn, Sb, In) alloys. 

  E
cut

(eV) k-point  a
0 
(Å) B (GPa)  M

t
(μB)  

 

 

GGA-

PBE  

Cu
2
MnAl 376,696 7x7x7 

5,928606 

5,957[6]  

124,24  

115,64 [6]  

3,5764 

3,568 [6]  

Cu
2
MnSi 344,196 8x8x8 5,864956 133,60  3,7303 

Cu
2
MnGe 395,823 9x9x9 6,005586 114,80  3,9944 

Cu
2
MnGa 344,196 5x5x5 5,956234 121,19  3,6176 

Cu
2
MnSn 360,446 7x7x7 6,233775 101,31  3,8685 

Cu
2
MnSb 360,537 6x6x6 6,313866 96,50  3,9057 

Cu
2
MnIn 344,196 6x6x6 6,202166 106,96  3,7879 

     LDA  Cu
2
MnAl 376,696 6x6x6 5,755385 153,49  3,2020 

Cu
2
Mn Si 340,446 7x7x7 5,677539 170,76  3,3961 

Cu
2
MnGe 361,492 6x6x6 5,815464 147,32  3,6596 

Cu
2
MnGa 360,446 6x6x6 5,761216 164,45  3,3771 

Cu
2
MnSn 344,196 7x7x7 6,038436 139,36  3,6249 

Cu
2
MnSb 360,446 6x6x6 6,102149 125,51  3,6367 

Cu
2
MnIn 360,537 5x5x5 6,002546 139,22  3,5131 

 

Table 2: The calculated elastic constants Cij (in GPa), shear moduli (in 
GPa) and Young's modulus (in GPa). 

 

 
 

  C11 C12 C44 G  E  
 
 
GGA-
PBE  

Cu2MnAl 137.2 
137.68 [6]  117.75 

104.614 
[6]  

105.28 
460.41 [6]  67.06 

116.04 [6]  170.50 

Cu2MnSi 128.33 136.24 89.43 52.08 138.27 
Cu2MnGe 110.64 116.88 65.72 38.18 103.12 
Cu2MnGa 124.49 119.55 90.00 54.99 143.30 
Cu2MnSn 105.93 99.00 64.75 40.24 106.60 
Cu2MnSb 80.38 104.56 29.27 12.73 36.58 
Cu2MnIn 114.45 103.22 78.26 49.20 127.98 

      

 

LDA  
Cu2MnAl 170.13 145.17 129.76 82.85 210.65 
Cu2Mn Si 162.48 174.90 105.41 60.76 162.95 
Cu2MnGe 137.52 152.22 85.38 48.29 130.59 
Cu2MnGa 169.35 162.01 117.77 72.13 188.79 
Cu2MnSn 142.35 137.86 83.84 51.20 136.85 
Cu2MnSb 103.65 136.43 46.87 21.56 61.18 
Cu2MnIn 149.53 134.06 100.69 63.51 165.38 

39



The elastic constants require knowledge of the derivative of the 
energy as a function of lattice strain. In the case of cubic system, 
there are only three independent elastic constants, namely, C11, C12 
and C44. The well-known Born stability criteria are a set of 
conditions on the elastic constants (Cij) that are related to the 
second-order change in the internal energy of a crystal under 
deformation. Cu2MnZ(Z=Al, Ga, Sn, In) all fulfill the stability 
criteria, while the unstable Cu2MnZ(Z= Si, Ge, Sb) fails to satisfy 
the Born criterion.  

The electronic structure plays an important role in determining 

the magnetic properties of Heusler compounds. Fig. 1 shows the 
electronic structure of the Cu2MnZ(Z=Al, Si, Ge, Ga, Sn, Sb, In). 
Band structure calculations, which were performed using various 
methods (GGA, LDA) show almost the same shape. There is no gap 
between the two spin density of states at the Fermi level, meaning 
that it exhibits a typical metallic nature. 

 Fig. 2 shows the phonon dispersion curves along the high-

symmetry directions for Cu2MnZ(Z=Al, Si, Ge, Ga, Sn, Sb, In). The 
calculated phonon dispersion curves of Cu2MnAl and Cu2MnIn 
confirm that these two compounds are dynamically stable in the 
L21-type structure without any imaginary phonon frequencies. 

4. Conclusion 
Structural, elastic, electronic and phonon properties for a series 

of Cu containing bulk Heusler alloys Cu2MnZ(Z=Al, Si, Ge, Ga, 
Sn, Sb, In) were investigated by first-principles investigations. The 
lattice constant has been calculated using two different methods 
GGA and LDA and gave excellent agreement with others. The band 
structure for the Cu2MnZ(Z=Al, Si, Ge, Ga, Sn, Sb, In) alloys were 
analysed and compared. The phonon properties of Cu2MnZ(Z=Al, 
Si, Ge, Ga, Sn, Sb, In) were studied in the direct method.  
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Fig. 1 The spin resolved electronic band structure of Cu2MnZ(Z=Al, 
Si, Ge, Ga, Sn, Sb, In). Solid red and blue lines are corresponding to 
spin up and down states, respectively. 
 

 

Cu2MnAl 

 

Cu2MnSi 

 

Cu2MnGe  

 

Cu2MnGa  

 

Cu2MnSn  

 

Cu2MnSb  

 

Cu2MnIn  

  
                  GGA                                      LDA 

Fig. 2 Calculated phonon dispersions of  Cu2MnZ(Z=Al, Si, Ge, Ga, 
Sn, Sb, In). 
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Abstract:  

Due to technological particularities of low carbon low alloy API 5L X80 steels producing they have strong texture and its 

inhomogeneity on plate thickness. Charpy impact tests at ambient and negative temperatures and investigation of texture of samples 

of API 5L X80 steel were performed. By the method of X-ray structural analysis DPF, IPF and ODF were obtained. Texture 

components and their volume fraction were determined. It was shown that correlation between volume fractions of main texture 

components, misoriented grains fraction and DBTT exists. As a result analysis of texture parameters allowed characterization of 

effect of texture on cold resistance of low carbon low alloy API 5L X80 steel.   

KEY WORDS: LOW CARBON MICROALLOYED API 5L X80 PIPE STEELS, TEXTURE, MICROSTRUCTURE, IMPACT 

TOUGHNESS, COLD RESISTANCE.  

1. Introduction 
At present, the API 5L X80 grade pipe steels are widely used 

for building structures, thereby reducing the metal and energy 

consumption [1-3]. This is associated with a unique set of 

mechanical and processing properties of low carbon 

microalloyed steels: combination of high strength, plasticity, 

ductility, weldability, seismic resistance, and fire resistance [4, 

5]. Typically building construction units made of sheet >25 

mm in thickness are used. In such thick sheets strong 

structural inhomogeneity can be formed, induced by chemical 

inhomogeneity, nonuniformity of deformation and temperature 

over sheet sequence in the rolling process and heat treatment. 

This structural inhomogeneity leads to inhomogeneity of 

mechanical properties and anisotropy [6]. One of the factors 

that affect the mechanical properties and cold resistance of 

these steels is the texture formed during rolling and 

transformation [7]. It is believed that the formation of 

austenite deformation texture components {110} <1-12> leads 

to the formation of the ferrite texture {332} <113>, which is 

preferred for achieving high strength and toughness. Austenite 

recrystallization causes the formation of the texture 

component {100} <001>, which transforms into the ferrite 

texture {100} <011>, that is highly  
 

undesirable, since it coincides with the cleavage plane of the 

ferrite [8]. The problem of the impact of a texture on cold 

resistance and fracture of steels is not still clear. For example, 

in [9] it was found that the increasing of volume fraction of 

the {001} <110> components is accompanied by the decrease 

of DBTT. So this work is devoted to determination of the role 

of texture in cold resistance of the API 5L X80 grade pipe 

steels.  

 

2. Preconditions and means for resolving the 

problem 

 
2.1 Material and procedures 
The materials under the study represented API 5L Х80 low 

carbon low alloy steels after thermo-mechanical processing, 

produced in manufacturing conditions. The chemical 

compositions of the steels are presented in Table 1. The 

mechanical properties of the steels are given in Table 2. The 

samples under the study were cut from pipes of 1420 mm in 

diameter and 27,7 (steels #1, 3, Table 1) and 33,4 mm (steel 

#2, Table 1) in wall thickness. 
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Table 1 – Chemical composition of the steels under the study 

 
 

Table 2 – Mechanical properties of studied steels  

 
 

Samples for impact bending tests were cut at a depth of 2 mm from 

the pipe surface, and the notch was oriented perpendicularly to the 

rolling direction. To study the effect of structural nonuniformity 

over the sheet thickness on cold resistance, the samples were also 

cut from the central region of the pipe wall of the steel #2. Standard 

V-notch samples of 10x10x55 mm in size were tested with 

instrumented impact test machine Roell Amsler RKP-450 (Zwick / 

Roell) at temperatures of +20, -20, -40, -60, -80, -105, -120, -160, 

and -196°C. The experimental temperature dependence of 

toughness was approximated by the function F(T) = A+B*tanh(T-

T0)/C, where A and B are the half-sum and half-difference of the 

levels of the upper and lower shelves of serial curves, respectively, 

F(T0) = A, and the C parameter was determined graphically [21]. The 

ductile-brittle transition temperature (DBTT) was taken as T0. The 

texture of the samples was examined with a Rigaku ULTIMA IV X-

ray diffractometer. With usage of MoKα radiation by the divergent 

beam method inverse pole figures (IPF) were obtained and by the 

parallel beam method in CoKα radiation direct pole figures (DPF) 

were plotted. For each sample, the XRD patterns were taken from 

two planes parallel to the rolling plane and located at a depth of 2 

mm from the surface and at center of the pipe wall thickness. With 

help of software ToolBox MTEX 4.0 from DPF orientation 

distribution functions (ODF) were calculated, volume fractions of 

main texture components and misoriented constituent were 

determined.    

 

2.2 Results and discussion 

As a results of Charpy impact tests values of ductile brittle 

transition temperature for the steels were determined. Steel 

#3 had maximal DBTT value. Minimal DBTT value was 

determined for steel #2 (table 3).  

 

Table 3 – DBTT values for the steels under the study 

 

The comparison of the DBTT values of the samples cut from the 

center and near the surface of the pipe wall (by the example of steel 

#2) showed that the DBTT of the surface layers of the pipe wall was 

below by >30 degrees than that of the central part of the pipe wall 

(Table 4). 

 

Table 4 – DBTT values of steel samples cut from the center and 

near the surface of the pipe wall 

 
 

Thus plates for pipe production possess strong inhomogeneity of 

ductility over plate cross section. Because of deformation and 

cooling nonuniformity over the plate thickness, the texture also 

differ at different distances from the rolling surface [29].  Analysis of 

the results showed that texture in studied steels contained two main 

components (100) and (211). In all the samples, there is a 

pronounced texture component (100), due to the austenite 

recrystallization texture. The study showed heterogeneity of texture 

components over pipe wall thickness. Comparison of obtained DPF 

showed their strong difference near the surface and in the center of 

pipe wall. 

 

 
a)          b)               c) 

 

   d)         e)         f) 

 

 
g)        h)    e) 
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j)        k)             l) 

Figure 1 -  DPF obtained from steel #1 and #3 for the edge of pipe 

wall (a,b,c, g, h, e) and the center (d,e,f, j,k,l) respectively 

 

It should be noticed that there is main difference in DPF {100} of 

center and edge of pipe wall. As it is seen from fig. 1 a, d, g, j 

pronounced texture components were {112}(110) and {111}(112). 

Investigation of ODF for the steels under the study showed that 

edge of pipe wall contained as known misoriented constituent 

(fig.2). It should be reminded that it is just pipe wall edge has lower 

DBTT.   

 
Figure 2 – Volume fractions of texture component {100}-    

sum of components {112}<001>, {111}<110>, {111}<112>, 

{011}<011>, {332}<113>, {113} <011>      and misoriented  

constituent  

 

Also steel having lower DBTT possesses maximal sum of total 

component and misoriented constituent. Analysis IPF showed that 

growth of DBTT was accompanied by increasing of pole density of 

{100} component and decreasing of {112} texture component. 

 

3. Conclusion 
The study showed that the plates for pipe production possess strong 

inhomogeneity of ductility and texture over the plate thickness.  

Steels having a low DBTT value were characterized by low pole 

density of texture components (100) and increased pole density of 

orientation (211). Also steel with high cold resistance (low DBTT) 

has maximal sum of total component and misoriented constituent. 
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RELATIONSHIP BETWEEN PARAMETERS OF TEMPERING AND EDDY CURRENT 

TESTING OF CARBURIZED PARTS 
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Abstract: The process of low-temperature tempering has been studied by eddy current testing and measuring the hardness HRC at a 
constant temperature as well as at increasing temperature and duration. Technological factors of tempering were considered in their 
interdependence, according to the Hollomon-Jaffe equation. It has been argued that the factor levels, temperature and duration, are 
determined by the carburization and quenching results. Eddy current testing has been introduced as an indicator of quality with high 
sensitivity to changing technological factors; it has integral importance in terms of structural changes and electromagnetic properties of the 
parts. Hardness and electromagnetic characteristics, as indicators of quality after low-temperature tempering, were presented as a function 
of the tempering parameter Pa. 
 
Keywords: EDDY CURRENTS, LOW-TEMPERATURE TEMPERING, CARBURIZING, QUENCHING, HOLLOMON-JAFFE 
 
 
 

1. Introduction 
 

The tempering of carburized and quenched parts is the obligatory 
final stage of the technology of the thermochemical treatment.  
During this stage the purpose is to reduce the effects of quenching 
which reduce the potential for exploitation or subsequent treatment 
of parts, as well as to achieve different combinations of useful 
levels of the mechanical properties. After quenching, the properties 
achieved at room temperature change when the temperature rises 
and after various durations of heat treatment they try to achieve 
equilibrium. During this stage, called tempering, all changes which 
occur in the parts are related to diffusion processes. The latter are 
activated thermally and involve the dislocation of alloying 
elements, carbon, and impurities in the steel parts. The 150-250⁰C 
levels define the basic characteristic of low-temperature tempering.  
Having in mind the stronger effect of temperature on the results of 
tempering [7] the main classification of the process is based on 
limiting discrete values of that technological factor. The limits of 
the other technological factor, i.e the duration of the process, are not 
so clearly defined. The usual technological solution is the 
application of isothermal and isochronal diagrams of tempering 
[12].  It is not difficult to predict that like every other search for 
equilibrium, with occurring diffusion processes [1], tempering 
would lead to different levels of mechanical properties depending 
on its duration. One should not underestimate the phase difference, 
grain size and the presence of defects, connected with carburising 
and quenching processes. That is the reason why this paper looks 
for arguments in favour of the statement that the technological 
factors, temperature and duration of tempering, should not be 
considered constant or fixed values, but they should change 
dynamically depending on the results of the previous processes of 
thermochemical treatment.  On the other hand, the control of the  
tempering results control presents another challenge due to the 
nature of hardness measurements, the extent of this control, and the 
thickness of the layer, where changes are measured. Typically, 
when this zone is measured according to the Rockwell scale C, it 
does not exceed 0.1 mm, but it is there and also in depths up to 0.3 
mm that carburized layers develop the main flaws. 
 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

 

 
2. Elements of the tempering theory 

 
The process of low-temperature tempering causes the 
transformation of tetragonal martensite into cubic martensite [4, 5, 
6, 7, 8] and the formation of hexagonal ε-carbides Fe2,4 C  10-20 
mm in size [7]. Apart from carbides and martensite, the structure 
retains different quantities of residual (paramagnetic) austenite as 
the temperature of the end martensite transformation drops below 
0⁰C [7]. With the quantity of carbon gradually diminishing, 
martensite reacts differently to temperature treatment by decreasing 
its tetragonality and tension. If the layer structure consists of 
martensite alone, it might be possible to register unequivocal 
changes after the tempering process. The layered structure with a 
gradual transition to the steel core, and the possible presence of 
characteristic sub-layers, such as: 
- Surface  oxidation  layer; 
- Carbides  and troostite layer; 
- Residual austenite layer; 
- Martensite layer,  
results in complications and uncertainty in the final grading of parts 
which have been gas carburized [2,10]. Steel improvement 
tempering seems a far better studied process; one of its 
characteristic features is the mutual relationship between the 
technological factors, temperature and time, a relationship called 
“tempering parameter” by Hollomon-Jaffe [1, 2, 3, 11]: 
 

(1) Pa = T.(a + log τ) 
 

Where:  
Pa is the tempering parameter; 
T is the temperature in Kelvin degrees;  
τ is the tempering time in seconds [7] or hours [1,2,3]; 

     a is a constant which for most steels is equal to 20 [2,3]. 
 
There is too little information on the usage of this correlation in the 
control of low-temperature tempering of carburized and quenched 
parts [7]. The value of the constant a depends on the type of steel 
and the rate of heating and cooling of parts, i.e. it depends on their 
size and shape, too. That is why the value of the a constant has to be 
determined by a number of research teams. For steels meant for 
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carburization, the a constant has been determined to be equal to 15-
17 [7]. 
The Pa parameter is in direct correlation with hardness. For 
example, for improvable steels, one hour is needed in order to 
achieve the same hardness at 400°C, while at 390°C, the time 
increases twice. For many steels the hardness-tempering parameter 
relation is presented graphically in the tempering diagrams [2]. The 
complete tempering diagram must contain data about the effect of 
the degree of hardening Rh and the tempering parameter Pa, on 
hardness and toughness. Rh is the correlation between the desired 
value of hardness and the maximum value of hardness [1, 2]. The 
tempering parameter allows for different combinations of factors T 
and τ, which will result in the same hardness, and according to 
many researchers, also in relative similarity of the rest of the 
mechanical properties [7, 8, 10]. Such tempering modes are called 
isoscleric [8]. This premise is at the basis of many cost-effective 
tempering processes. It is also desirable, in case embrittlement  
develops during tempering, that the desired hardness be achieved in 
a short time and maximum high temperatures [11]. 
 
Unlike improvable steels, carburized and hardened steels pose too 
many complications, connected both with quenching results, and 
their behavior during tempering. They experience the influence of 
quite a few of the major factors in carburizing, the process kinetics, 
carbon activity, and many others. Although the Hollomon-Jaffe 
correlation requires the availability of quite a lot of empirical 
information, it makes it possible to estimate the expected hardness 
quite accurately in a number of computer controlled gas carburizing 
units [7]. 
The other significant difference from improvable steels lies in the 
method of tempering results control, where if hardness penetration 
is sufficient, HRC, HV10, and HV30 hardness measurements offer 
good grade reliability. This, however, does not apply to hardness 
measurements of carburized and quenched parts [11]. A number of 
factors make the results for measured hardness uncertain. Among 
them are the presence of defective layers, sub-layers with increased 
contents of retained austenite, low-depth carburizing, the measured 
surface class or type, etc. These make it necessary to  find an 
additional quality criterion. The metallographic control of low-
temperature tempering is practically very hard to achieve [2, 4, 9]. 
In the search of a method which could register the changes in 
carburized layers of different thickness, eddy current testing offers a 
wide range of capabilities. According to the theory of eddy currents, 
the latter react to changes in the inside tensions, the change in 
electro-magnetic properties of separate phases and conglomerate 
structures, and depending on the excitation frequency, they derive 
information from layers of different depth, etc.[15, 16]. The high 
sensitivity of eddy current testing to tempering conditions has been 
studied many times and has been well proven by a great number of 
planned experiments[13, 14]. 
 

3. Object and methodology of the research 
 

4 20CrMo5, BDS EN 10084 steel shafts have been studied. The 
parts were tested with eddy currents at different duration of 
tempering, at 225°C. Another 4 shafts of the same steel were tested 
at increasing duration and incremental temperature change. In the 
second group testing, apart from the electromagnetic property Z, 
[17], HRC hardness [18] was measured as well. The data was 
processed by means of statistical processing software [19]. 
 
 

4. Objectives of research 
 

The objective of eddy current testing research is to find a criterion 
for the levels of tempering processes, “degree of tempering”, so that 
this criterion could become an indicator of the quality of the 
thermochemical treatment. 
The research also aims to collect data on the behavior of parts 
during tempering and present the data in relation to the tempering 

parameter Pa, so that this would become a prerequisite for 
optimizing and creating a cost-effective process of low-temperature 
tempering, and eddy current testing would be used as a quick and 
comfortable means of control. 
 
            5. Results of the experiment 
 
5.1 Isothermal tempering: temperature 225°C and increasing 
duration of up to 6 hours 
 
Table 1 and Figure 1 display the results of the eddy current testing 
of 4 threaded conical output shafts.  
Table 1 contains the following designations: 
 

}4,3,2,1);()()({ =+=≡ iiXiRiZZ Li  
{R (i) ; i = 1, 2, 3, 4} – active resistance  
{XL (i) ; i = 1, 2, 3, 4}- inductive reactance 
The values {R} and {XL} are displayed by Eddy Current Tester 
MIZ 21B after the necessary calibration has been done. 
 
Table 1 Variations in the electromagnetic property {Zi;i= 1, 2, 3, 4} 
for the i shaft in relation to the tempering duration τ at 225°C. 
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1 2 3 4 5 6 7 
0 1,43 1,25 0,13 0,75 0,89 0,45 

0,33 3 2,25 0,63 1,68 1,89 1,67 
0,66 3,1 2,08 1,13 2,45 2,19 2,27 
0,99 3 3,13 2 2,08 2,55 2,71 
1,99 3,9 3,88 2,63 2,75 3,29 3,68 
2,99 4,5 3,7 3,63 3,5 3,83 4,40 
3,99 6,03 5,48 4,98 5,23 5,43 5,00 
4,99 6,39 5,84 6,14 6,07 6,11 5,51 
5,99 6,33 6,18 6,28 6,07 6,22 5,98 

 
 

 
 
Fig.1 Electromagnetic property variations {Zi;I = 1, 2, 3, 4} in 
relation to the tempering duration for different shafts  at 225°C. 
 
Fig.2 represents the interpolation between the mean electromagnetic 
property Z and tempering time τ, which is described by means of 
the following regression model with Correlation Coefficient -  
Rsq=0.95: 
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(2)  
 

where Y↔ Z mean, X↔ Time τ  [h]. 
 

 
 
Fig. 2 Variations in the mean electromagnetic property Z (for 4 
shafts) in relation to the tempering duration τ and the interpolation 
curve. 
 
After taking the logarithm of (2), we obtain: 

 
(3)  

 
The relationship introduced by Hollomon-Jaffe for the tempering 
parameter at constant temperature (T=constant) would be: 
 

(4)    

or with T= constant =>  
(5) : 

From (3) we get: 
 

(6)   

The Pa values, calculated in (5) are given in Table 2 and Fig.3 with 
the constant a=15. 
 

 
 
Fig.3 Variations in the tempering parameter Pa in relation to the 
duration of tempering τ. 
 

5.2 Isothermal incremental change in tempering temperature with 
1-hour hold at each level/step with a total duration of 6 hours. 
 
The HRC hardness variations in the course of the experiment are 
represented by Fig. 4. 
 
 

 
 
Fig. 4 Variations in HRC hardness during low-temperature 
tempering at increasing temperature and duration. 
 
The interpolation of data on the mean hardness values for the four 
shafts during the different tempering stages is given by a third-
degree polynomial: 
 

(7)  
-  
 
and Correlation Coefficient Rsq=0.9858. 
 
The variations in the electromagnetic property Z are given in Fig.5. 
 

 
 
Fig.5 Variations in the electromagnetic property Z during low-
temperature tempering 
 
The experimental data on the electromagnetic property is also given 
in a third-degree polynomial: 
 
 

        (8)    
,  
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The values calculated for the tempering parameter Pa from equation 
(1) are given in Table 2. 
 
Table 2. Experimental data on HRC and Z for the studied 
temperatures and duration, given by means of the tempering 
parameter Pa. 
 

Time 
[sec] 

Temperature 
 [°K] Pa HRC Z 

3600 436,15 8093 63,78 0,83 
7200 456,15 8602 62,58 1,61 

10800 476,15 9063 61,25 3,09 
14400 496,15 9505 61,05 6,49 
18000 516,15 9939 60,88 10,01 
21600 536,15 10366 60,7 10,40 

 
 

  

 

 
Fig.6 Variations in the hardness HRC and the electromagnetic 
property Z in the course of the experiment 
 
Fig.6 shows the variations in the hardness HRC and the 
electromagnetic property Z, and Fig. 7 represents part of the master 
diagram of the low tempering of 20CrMo5 steel after carburizing 
and quenching. 
 
 

 
 
Fig.7 Changes in the hardness at different tempering parameters 
 
 

The representation of the variations in the two quality indicators 
HRC and Z as a function of the tempering parameter reveals a range 
of capabilities of recalculating and achieving the necessary 
combinations of the two technological factors, so that the 
requirements would be met. 
 

6. Discussion 
 
The eddy current inspection of low-temperature tempering is 
sensitive to the changes in the structure and the inside tension of 
carburized and quenched parts. It is evident in Fig.1 and Fig.4 that 
the changes in the hardness and the electromagnetic property have 
the most significant deviation at the beginning of the process. It is 
only after 6 hours at constant temperature and after reaching 250°C 
that the quality indicators for the different specimens reach 
equivalent levels. Even this fact alone is enough to question the 
feasibility of low-temperature tempering processes and durations 
under 3 hours. The variations in the electromagnetic property and 
the tempering parameter in the first group of experiments, as a 
function of the duration of the process, are similar, and they show 
that with the increase in duration at a certain temperature, the 
changes in the parts are closer to stability and closer to 
termination/completion. This is a reason why all previous changes 
should be considered as degrees in the tempering process. On the 
other hand, with the increasing temperature and duration of 
tempering, /the second group of experiments, Fig.5/, the 
electromagnetic property stops changing significantly at around 
250°C. At the same time, significant changes in the hardness occur 
up to 200°C, Fig.4. The electromagnetic property starts changing 
significantly only after reaching the hardness of around 61-61.5 
HRC, Fig. 6. The variations in hardness for the different tempering 
parameters, Fig.7, has two clear-cut linear periods: up to HRC 61.3, 
and after that value. After that hardness value, even if the tempering 
parameter increases significantly, the hardness will change very 
slowly. This fact makes it even more difficult to control the process 
at this stage by measuring the hardness by Rockwell C method. It is 
exactly here, in this period, that the electromagnetic property 
variations provide a favourable means of controlling the process. 
 

7. Conclusions 
 
Carburized and quenched parts pose a challenge in inspecting and 
grading after low-temperature tempering. Commercial production 
creates prerequisites for big deviations in quality indicators. In the 
last stage of thermochemical treatment, control by means of  
hardness measurements is unable to detect changes in parts, and the 
registered level of hardness cannot guarantee the quality of the 
process and give a correct forecast about the exploitation potential 
of parts. The measurement of hardness cannot provide the necessary 
information about the kinetics of the occurring processes. The 
combination of the two technological factors, temperature and 
duration, into one, the tempering parameter Pa, is useful and 
convenient, and allows for the technological determination of levels 
by means of two-dimensional diagrams and search for cost-effective 
modes of low tempering. It is necessary that observation is carried 
out for every steel grade used. The eddy current testing provides an 
opportunity for the simultaneous control of the two combined 
technological factors; it provides information on the speed of the 
ongoing processes; it registers and offers a quantity criterion for 
statistical data on deviation inherently occurring in the parts or 
externally conditioned by the furnace unit. The similarity in the 
changes in the electro-magnetic characteristic and the Hollomon-
Jaffe tempering parameter in the experimental conditions of the 
study proves that the results of low-temperature tempering depend 
on the diffusion rate, and also on the fact that these two quantities 
are the two sides of the same technological process: its input and its 
output. 
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PLASMA-AIDED SURFACE FINISHING FOR 
FLAME RETARDATION OF WOOD THROUGH THE USE OF SURFACTANTS 

 
Assist.-Prof. Ivanov I., Prof. Dineff P. Ph. D. 

Faculty of Electrical Engineering - Technical University of Sofia, Bulgaria 

E-mail: igi@tu-sofia.bg 
Abstract: The plasma aided flame retardation of wood, wooden products and cellulosic fibrous materials has been conceived 

and developed as a result of plasma aided process of capillary impregnation with nitrogen- and phosphorous containing water 
solution. The surface pre-treatment in non-thermal equilibrium atmospheric pressure plasma substantially alters its electrical, 
chemical and capillary activity, thus improving some basic characteristics, such as penetration depth, water solution spreading 
and wicking, liquid adsorption capacity. This study has been developed as part of a large investigation on plasma-chemically 
activated wood surface and its capillary impregnation with nitrogen- and phosphor flame retardant containing water solution. It 
has been used to reveal and illustrate the impact of some ionic and silicon surfactant. The experimental studies of some chemical, 
ion and capillary activity changes of three species of rain-forest Mexican heart wood surfaces using selected surfactants and 
spreaders show that they have substantial contribution to the effective plasma-aided capillary impregnation processes. 

Keywords: ATMOSPHERIC OR AIR DIELECTRIC BARRIER DISCHARGE (DBD), FLAME RETARDATION OF WOOD, 
PLASMA-AIDED SURFECE FINISHING PROCESS, SURFACTANT, SILICON SURFACTANT, SPREADER.  

 

1. Introduction 
Surface finishing is the art in manufacturing having to do with 

substrate new useful texture, morphology, and properties. It is well 
known that these processes may range from deposition, removal, 
or cleaning. Such processes are conducted inside sophisticated 
tools that can be limited in their flexibility for research and 
development. 

Corona surface treatment  
Since 1951 corona treatment (Verner Eisby, Vetaphone A/S, 

Denmark) is currently the most used surface finishing technique in 
the industry for treating surfaces of polymer films and textiles. 
“Corona” is a Dielectric Barrier Discharge (DBD) in air at 
atmospheric pressure and room temperature. This kind of electric 
discharge is controlled by a dielectric barrier and is in form of 
streamers distributed in a haphazard manner over the surface, [4]. 

The Corona surface treatment or Atmospheric pressure 
plasma treatment (APPT) is essential in converting processes. A 
quality Corona is necessary to obtain sufficient wetting and 
adhesion on plastic films or metallic foils before the printing, 
laminating or coating. Due to the low surface energy (surface 
wettability, adhesion) of stock materials the printing press or 
laminator cannot run at full speed. Corona systems are used to 
create fresh clean surface that is receptive to ink, glue and lacquer. 
This Corona technique has proved to be both highly effective, 
cost-effective and can take place “in-line”, [4]. 

In general the following rule is true: “A material will be 
wetted, if its surface energy is higher than the surface tension of 
the liquid”. If not, there will be wetting and adhesion problems. 

Durability of corona treatment or how long does it last? 
Over time the obtained surface energy (dyne-level) will 

decrease and it can be necessary to corona treat the material again 
just before use. Also storage conditions and temperatures can 
affect the decay of the corona treatment result. 

Generally, the more difficult a material is to treat the quicker it 
is likely to decay with time. It has been established that polymer 

film with very high slip additives (over 1200 ppm) can be totally 
resistant to printing just 24 hours after treatment, and it may be 
necessary to process the film immediately following treatment, or 
boost the treatment in line with the printer. Material which has not 
been treated under extrusion can be difficult to treat afterwards. 
Therefore it is recommended to treat film just after the extrusion, 
and then use a refreshment treatment just before the liquid/media 
is supplied to the surface, [4]. 

 
Fig. 1. Changes of wood surface chemistry after plasma surface DBD 

(corona) pre-treatment (or functionalization). Classes of various oxygen 
containing functional groups according to number of oxygen atoms 
bonding to carbon atom: Class C2, with one oxygen atom (C-O; C-OH); 
Class C3, with two oxygen atoms (O-C-O) or with one carbonyl oxygen 
atom (C=O); Class C4, with one carbonyl and one non-carbonyl oxygen 
atoms (O-C=O), (after Kazayawoko, 1998). 

EASI-Plasma improvement 
However, on some materials the atmospheric pressure plasma 

effects are limited and have a relatively short life time. Long time 
surface functionalization are achieved by using a DBD-plasma and 
adding small quantities of dopant gas for functionalization in a 
pure nitrogen atmosphere (Enhanced Atmospheric Surface 
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Improvement or EASI-Plasma treatment, Vetaphone A/S, 2001). 
The EASI-Plasma is more homogeneous and “softer” than Corona, 
with low heat impact to the surface and it enables the realization 
of a versatile controlled surface chemistry. Consequently it can be 
considered as a gas primer replacing efficiently both the use of 
corona treatment and liquid primer. Hydrophobic, hydrophilic or 
anti-fog surface properties can also be achieved with a 1 to 50 nm 
thin coating, [4]. 

Plasma surface pre-treatment “out line” or “in situ” 
The plasma-aided flame retardancy of wood and wooden 

products has been developed as a result of creating new functional 
coating containing phosphor and nitrogen flame retardant. The 
flame retarded coating was built by new plasma-aided surface 
finishing process of capillary impregnation. The so called “open 
time” between plasma pre-treatment and capillary impregnation 
can reach up to 24 hours or the capillary impregnation is not 
obligatory to follow the plasma pre-treatment immediately such as 
corona treatment, [1]. 

Plasma-aided finishing process comprises of: i - plasma-
chemical (DBD-) surface pre-treatment for increasing the wood 
surface energy and altering its chemical, electrical (ionic) and 
capillary activities; ii- change of ionic activity and surface tension 
of flame retardant (FR) containing water solution by ionic and 
non-ionic aqueous surface-active agents (surfactants), and in 
general for improvement some characteristics of the capillary 
impregnation process such as solution spreading and wicking 
speed, as well as the amount of the penetrated (sorbed) flame 
retardant. In this way, the plasma pre-treatment of wood improves 
wooden flame retardancy, Fig. 2, [1, 2, and 3]. 

 
Fig. 2. Model of wetting phenomena - the wetting phenomena on a 

real surface can be involved by: i - spreading of liquid over a solid 
surface; ii - wicking of liquid into the porous solid (such as wood). 

The Sessile Drop Technique is a method for characterization 
of wood (solid) surface energy. The measured contact angle and 
the known surface energy of the probe liquids are the parameters 
which can be used to calculate the solid sample surface energy. 
Time-depending change of contact angle θ of a flame retardant 
(FR-) water solution as it advances slowly over a non-ideal wood 
surface (e.g., not chemically homogeneous, rough or not perfectly 
smooth, porous and hygroscopic as in the case of most practical 
wood surfaces) can by determined by contact angle measurements 
2 and 24 hours after DBD-treatment, [5]. 

The objective of this paper was to study the effect of some 
surfactants, [1, 2 and 3], on plasma-aided finishing process and 
more precisely on the “open time” between plasma treatment and 
capillary impregnation. Reaching an open time of 24 hours is a 
guarantee for the successful implementation of this plasma-aided 
process “in situ” or out of the production line. This study has been 
developed as part of a large research on plasma-chemically 
finished wood surfaces and flame retarded constructive wood 
products. 

2. Experimental Investigation 
A low contact angle indicates a high solid surface energy, and 

a high or sometimes complete degree of wetting. For example, a 
contact angle of zero degrees will occur when the droplet has 

turned into a flat puddle: this is called complete wetting. The 
droplet was deposited by a syringe pointed vertically down onto 
the wood surface and a high resolution camera captures the image, 
which can then be analyzed by using image analysis software. By 
taking pictures incrementally as the droplet advances over the 
surface the user can acquire a set of data to get a good time-
depending change of the contact angle, [2, 3]. 

The apparatus used for this study was a KRÜSS Drop Shape 
Analyzer DSA 30. Precisely controlled tempering and humidity 
chambers help to provide a realistic modeling of the process 
conditions. Measuring range (referred to image analysis): contact 
angle - 1÷180 deg; surface free energy - 0.01÷1000 mN/m. 
Measurement resolution: contact angle - 0.1 deg; surface free 
energy - 0.01 mN/m. Test volume of the used sessile drop: 20 μl 
(20 mm3). Zoom: 6.5 times and image resolution: 45 pix/mm, [2]. 

A way to experimentally determine liquid capillary penetration 
(spreading and wicking) is to look at the contact angle (θ). If 
θ = 0 deg, the liquid completely wets the substrate; if 0 < θ < 90 
deg, high wetting occurs; if 90 << θ < 180 deg, low wetting 
occurs; if θ = 180 deg, the liquid does not wet the substrate at all. 

 
Stage A: Wicking + Spreading 
Duration, sec 86 47 100 
Initial Contact Angle, deg 114.2 92.2 97.1 
Final Contact Angle, deg 51.3 74.3 47.9 
Wood Samples Tzalam Cedar Caoba 

Fig. 3. Time-depending changes of contact angle θ of basic FR-water 
solution as it advances slowly over the non-ideal bare (non-plasma 
treated) wood surfaces. There are two very different stages of wetting 
behavior. The first stage A or wicking stage is completed in time of 
100÷150 sec and the contact angle rapidly decreases. 

The determination of surface free energy and its disperse and 
polar fractions are performed after contact angle measurement 
with three well known probe liquids: Water (bifunctional); 
Ethylene glycol (acidic), and n-Hexadecane (neutral), [2, 3]. 

On the basis of prior art, as well as on our own former 
experience in plasma-aided capillary impregnation of wood, [1, 2], 
an oxidative (nitrogen oxides, NOx) surface plasma pre-treatment 
has been applied on two sides of the test samples for 60 sec in a 
DBD at industrial frequency (50 Hz) and 18 kV (RMS) or about 
25.4 kV (PV) voltage. 

Studies of cold plasma functionalization phenomena, i.e. 
interactions of oxidative cold plasma with wood surface may add 
valuable information about the capillary impregnation, gluing and 
coating properties of wood. Such information is essential in the 
development of efficient processing methods and for the 
prediction of the functionality and durability of wood products.  
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Three species of rain-forest Mexican heart wood were 
investigated: two hardwoods, i - Tzalam (Lysiloma bahamensis); 
ii - Caoba Mahogany (Swietenia macrophylla); and one softwood, 
White Cedar (Cupressus Lusitanica). 

Results and discussion 
The contact angle is amended in a specific way in the study of 

porous media - at the initial moment it has a given value, 
significantly lower after 5 sec and substantially (with 30 to 50 %) 
less after the first or wicking stage, Fig. 2 and 3, Table 1.  

Table 1. Contact angle θ measured dynamically by Sessile Drop Test 
with water – the contact angle increases dramatically after 24 hours and 
there is no significant wetting effect (see Caoba Mahogany). 

Sessile Drop Test (Water) 
Samples Tzalam Cedar Caoba 
Bare Wood Samples 
Initial Contact Angel θ, deg 126.7 98.9 92.1 
Contact Angel θ (5 sec), deg 97.6 92.6 71.3 
Contact Angle θ (300 sec), deg 56.7 62.0 65.0 
Plasma Pre-Treated Samples 
Contact Angle θ (2 hours), deg 19.2 70,2 21.3 
Contact Angle θ (24 hours), deg 84,0 78.2 101,0 

Reason for this characteristic for porous media (wood and 
wooden products) amending of contact angle, surface free energy 
and polarity, Table 1 and 2, is the presence of wicking that 
accompanies spreading and dominates in the first or wicking stage 
(A) of wetting and capillary impregnation process, Fig. 3. 

Table 2. Calculated total surface free energy and its fractions of bare 
rain-forest Mexican wood samples 5 sec (Stage A: wicking+spreading) 
and 300 sec (Stage B: spreading) after droplet deposition on surface at 
about 22 0C. 

Polar fraction and polarity (Р) of bare wood samples increase 
substantially (more than two times) after completion of the  

wicking stage of capillary impregnation. This means that the 
initial contact angle affects the participation of both basic 
processes - wetting and capillary impregnation, which run in 
parallel and at different speeds. For the same purpose due to 
technical impossibility to measure the initial contact angle it 
should be measured after 5 sec from droplet deposition on the 
surface. 

The study of the plasma treated wood surfaces makes it 
possible to show the effects of increase of surface free energy and 
of surface polarity after plasma treatment. However after 24 hours 
this effect decreases considerably, Table 3. 

The effects of plasma aided FR-impregnation can be easily 
studied by using suitable solutions and registering the kinetics of 
change of the contact angle, Fig. 4, 5 and 6. 

By following a similar manner it is possible to study plasma 
aided flame retardancy enhanced with surfactants, object of the 
current study, Fig. 4, 5 and 6. 

Table 3. Calculated total surface free energy and its fractions of bare 
rain-forest Mexican wood samples 5 sec (Stage A: wicking + spreading) 
and 300 sec (Stage B: spreading) after droplet deposition on surface at 
about 22 0C. Sessile drop measurement with three test flame retardant 
(FR-) liquids 2 and 24 hours after plasma (DBD-) treatment. NA – unable 
to be measured. 

Conclusion 
The obtained results allow us to make the following 

conclusions: 
- The Sessile Drop Technique enables direct study of the 

kinetic of liquid penetration by image analysis with FR- water 
solutions – basic phosphor and nitrogen containing FR-solution 
and FR- solution with different surfactants; 

- The Initial Contact Angle or this at 5 sec after the droplet 
deposition on the surface may be used as a common feature of 
wetting and penetration process without separating the two 
parallel running elementary processes to wicking and spreading; 

- The term defined as superhydrophilic is used for surfaces 
with a liquid contact angle of less than 20 degrees, where droplets 
spread out nearly flat. Plasma aided flame retardancy is a new 
technology that provides this effect at open time up to two and 
more hours but can’t provide this effect after 24 hours after 
plasma treatment.  

Sessile Drop Test (Bare Wood Samples) 
Total Surface Free Energy, mN/m 

Sample Zisman 
Theory 

Equation of State 
(EOS) Theory 

Fowkes 
Theory 

Wu 
Theory 

5 sec after droplet deposition on wood surface 
Tzalam 30.24 31.50 ± 4.61 29.77 42.46 
Cedar 32.50 33.04 ± 7.54 30.89 44.11 
Caoba 33.10 32.58 ± 8.89 29.91 42.95 

300 sec (5 min) after droplet deposition on wood surface 
Tzalam 34.74 42.25 ± 12.82 46.46 59.19 
Cedar 34.74 38.20 ± 10.10 38.94 52.88 
Caoba 34.74 38.91 ± 10.28 40.82 54.52 

Fractions of Total Surface Free Energy 
 Fowkes Theory Wu Theory 

Sampl
e 

Polar 
Fraction 

Disperse 
Fraction 

Pola 
rity, P 

Polar 
Fraction 

Disperse 
Fraction 

Pola 
rity, P 

mN/m mN/m - mN/m mN/m - 
5 sec after droplet deposition on wood surface 
Tzalam 4.74 25.04 0.159 7.53 34.93 0.177 
Cedar 4.04 26.85 0.131 6.90 37.21 0.156 
Caoba 2.66 27.25 0.089 5.21 37.73 0.121 
300 sec (5 min) after droplet deposition on wood surface 
Tzalam 17.67 28.78 0.380 19.45 39.74 0.329 
Cedar 10.16 28.78 0.261 13.14 39.74 0.248 
Caoba 12.04 28.78 0.295 14.78 39.74 0.271 

Sessile Drop Test (Plasma Treated Samples) 
Total Surface Free Energy, mN/m 

Sample Zisman 
Theory 

Equation of State 
(EOS) Theory 

Fowkes 
Theory 

Wu 
Theory 

Bare wood samples (5 sec) 
Tzalam 30.24 31.50 ± 4.61 29.77 42.46 
Cedar 32.50 33.04 ± 7.54 30.89 44.11 
Caoba 33.10 32.58 ± 8.89 29.91 42.95 
2 hours after plasma treatment 
Tzalam NA 47.08 ± 21.17 57.27 63.18 
Cedar NA 43.47 ± 21.75 49.25 56.20 
Caoba 27.90 35.41 ± 7.44 37.96 40.62 
24 hours after plasma treatment 
Tzalam 30.33 32.68 ± 4.96 34.77 37.54 
Cedar 31.44 29.17 ± 7.65 32.08 34.81 
Caoba 29.77 33.89 ± 5.48 36.07 38.77 

Components of Total Surface Free Energy 
 Fowkes Theory Wu Theory 

Sample 
Polar 

Fraction 
Disperse 
Fraction 

Pola 
rity 

Polar 
Fraction 

Disperse 
Fraction 

Pola 
rity 

mN/m mN/m - mN/m mN/m - 
Bare wood samples (5 sec) 
Tzalam 4.74 25.04 0.159 7.53 34.93 0.177 
Cedar 4.04 26.85 0.131 6.90 37.21 0.156 
Caoba 2.66 27.25 0.089 5.21 37.73 0.121 
2 hours after plasma treatment 
Tzalam 32.09 25.18 0.560 38.88 24.30 0.615 
Cedar 24.41 24.84 0.495 33.25 22.95 0.592 
Caoba 10.99 26.96 0.290 14.35 26.27 0.353 
24 hours after plasma treatment 
Tzalam 6.50 28.27 0.187 9.78 27.76 0.260 
Cedar 2.66 29.42 0.083 5.95 28.87 0.171 
Caoba 8.19 27.88 0.227 11.46 27.31 0.296 
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Fig. 4. Time-depending change of contact angle θ of basic (FR-) 

phosphor and nitrogen containing flame retardant water solution, 
FR- solution with 5 vol. % anionic phosphor surfactant (FR-A5-), and 
FR-A5 solution with 0.1 vol. % siloxane surfactant (FR-A5-S-) as they 
advance slowly over the surface of plasma treated wood samples 2 and 24 
hours after plasma surface pre-treatment (-2; -24). 

 

 
Fig. 5. Time-depending change of contact angle θ of basic water 

solution (FR-), FR- solution with 5 vol. % anionic phosphor surfactant 
(FR-A5-), and FR-A5- solution with 0.1 vol. % siloxane surfactant 
(FR-A5-S-). 

 

 
Fig. 6. Time-depending change of contact angle θ of basic (FR-) 

phosphor and nitrogen containing flame retardant water solution, 
FR- solution with 5 vol. % anionic phosphor surfactant (FR-A5-), and 
FR-A5 solution with 0.1 vol. % siloxane surfactant (FR-A5-S-) as they 
advance slowly over the surface of plasma treated wood samples 2 and 24 
hours after plasma surface pre-treatment (-2; -24). 

The contact angle remains larger than 20 deg, and for some of the 
studied wood samples (Mahogany caoba) – above 30 deg;  

- Plasma aided flame retardancy (without surfactants) 
provides superhydrophilic wood surfaces for 2 hours open time at 
contact angle under 20 deg (even 10 and below 10 deg);  

- Surfactants enhanced plasma aided flame retardancy enables 
„open time“ up to 24 hours, while in general the contact angle 
decreases and remains below 10 deg, i.e. these surfaces are still 
superhydrophilic even after 24 hours; 

- plasma aided flame retardancy enhanced with surfactants 
permits the implementation of „in situ” plasma finishing process.  
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CAPILLARY PENETRATION (SPREADING AND WICKING) MECHANISMS 
IN PLASMA-AIDED SURFACE FINISHING PROCESSES 
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Abstract: The plasma-aided flame retardation of wood, wooden products and cellulosic fibrous materials has been conceived 

and developed as a surface finishing process of capillary impregnation with nitrogen- and phosphorous flame retardant 
containing water solution. The surface pre-treatment in atmospheric pressure dielectric barrier discharge plasma substantially 
alters its capillary activity – the spreading on the wood surface and the wicking in the depth of wood, thus improving some basic 
characteristics of the impregnation process. This study has been developed as part of a large investigation on plasma-chemically 
activated (polarized, functionalized) wood surface and surfactants enhanced plasma aided capillary impregnation with nitrogen- 
and phosphor flame retardant containing water solution. The experimental studies of capillary activity changes on European 
white pine (Pinus Sylvestris, Bulgaria) wood surfaces using selected surfactants and spreaders show that they have substantial 
contribution to the effective plasma-aided capillary activity and impregnation processes. 

Keywords: ATMOSPHERIC DIELECTRIC BARRIER DISCHARGE, CONTACT ANGLE MEASUREMENT, FLAME 
RETARDANT, PLASMA-AIDED CAPILLARY IMPREGNATION, SESSILE DROP TECHNIQUE, SURFACE ENERGY 
DETERMINATION.  

 

1. Introduction 
The plasma-aided flame retardancy of wood and wooden 

products has been developed as a result of creating new functional 
coating containing phosphor and nitrogen flame retardant. The 
flame retarded coating was achieved by using a new plasma-aided 
surface finishing process of capillary impregnation. This plasma-
aided technology comprises a surface plasma-chemical pre-
treatment for alteration of chemical activity of wood surface as 
well as its electrical (ionic) and capillary activities, and in general 
for improvement of the capillary impregnation process, [1]. 

A technological system of plasma device and applicators has 
been created to produce cold technological plasma out of 
technological line or “in situ” through air dielectric barrier 
discharge (DBD) at atmospheric pressure and room temperature. 
The cold plasma pre-treatment of wood improves water solution 
spreading and wicking speed as well as a specific amount of the 
adsorbed flame retardant trough wood surface. In this way, the 
plasma pre-treatment of wood and wooden products improves its 
flame retardation [1, 2 and 6]. 

The objective of this paper was to study the effect of plasma 
pre-treatment on European white or Scots pine (Pinus Sylvestris, 
Bulgaria) wood surface functionalization as well as the effect of 
wood surface polarity on the wetting phenomena, both aiming to 
improve the capillary impregnation process. This study has been 
developed as part of a large research on plasma-chemically 
activated wood surface and flame retarded constructive wood. 

2. Experimental Investigation 
Wetting phenomena of wood may be characterized by using 

thermodynamic wetting parameters, for example contact angles, 
surface free energy, and work of adhesion, work of spreading or 
work of wetting, [3]. 

The wetting phenomena on a real (non-ideal) - rough, porous, 
heterogeneous, or hygroscopic wood surface, Fig. 1, can be 

involved by: i - spreading of liquid over a solid surface; ii - 
wicking of a liquid into a porous solid such as wood. 

 
Fig. 1. Young-Bikerman-Good model of wetting phenomena - the 

wetting phenomena on a real surface can be involved by: i - spreading of 
liquid over a solid surface; ii - wicking of a liquid into a porous solid such 
as wood. 

Wetting does not include dissolution or swelling of the solid by the 
liquid or any kind of chemical reaction between the materials that changes 
the system composition, (Berg, 1993). 

Basic relations of wetting phenomena 
Neumann and Good (1979) reviewed the classical techniques 

for measuring contact angles. Using well defined liquid, if the 
contact angle can be measured on a solid surface, the work of 
adhesion can be determined and the solid surface can be revealed. 
The most widely used technique, also regarding wood, involves 
digital image analysis of the profile dimensions of a droplet 
deposited on a horizontal surface from which the contact angle can 
be calculated - referred to here as the sessile drop method. 

A low contact angle indicates a high solid surface energy, and 
a high or sometimes complete degree of wetting. For example, a 
contact angle of zero degrees will occur when the droplet has 
turned into a flat puddle: this is called complete wetting. 

It must be emphasized that the contact angle of a liquid as it 
advances slowly over a non-ideal surface (e.g. not chemically 
homogeneous, porous and not perfectly smooth, as in the case of 
wood surfaces) changes (decreases) synchronously to droplet 
change and movement. The droplet was deposited by a syringe 
pointed vertically down onto the wood surface, and a high 
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resolution camera captures the image, which can then be analyzed 
by using image analysis software. By taking pictures 
incrementally as the droplet advances over the surface, the user 
can acquire a set of data to get a good time-depending change of 
the contact angle. 

Contact angle measurement  
The Sessile Drop Technique is a method for the 

characterization of wood (solid) surface energy. The main premise 
of the method is that by placing a droplet of probe liquid with a 
known surface energy on the solid surface. The measured contact 
angle and the known surface energy of the probe liquids are the 
parameters which can be used to calculate the surface energy of a 
solid sample, [5]. 

The apparatus used for this study was a KRÜSS Drop Shape 
Analyzer DSA 30. Measurement of the contact angle with three 
specified test liquids ensures maximum accuracy when 
determining the wood surface free energy. Precisely controlled 
tempering and humidity chambers help to provide a realistic 
modeling of the process conditions. Measuring range (referred to 
image analysis): contact angle - 1÷180 deg; surface free 
energy - 0.01÷1000 mN/m. Measurement resolution: contact 
angle - 0.1 deg; surface free energy - 0.01 mN/m. Test volume of 
the used sessile drop: 20 μl (20 mm3). Zoom: 6.5 times and image 
resolution: 45 pix/mm, [5]. 

The aim of this study was to verify possibility of determining 
the contact angle values of the plasma pre-treated wood surface 
and calculate the surface free energy and its components from the 
obtained contact angle values using Zisman, Equation of state 
(EOS), Fowkes and Wu theory and calculation method. All 
methods described there are integrated in the KRÜSS Drop Shape 
Analysis program DS A1, [5]. 

The determination of surface energy of European white pine 
(EWP) and its disperse and polar components was performed after 
contact angle measurement with three probe liquids: Water 
(bifunctional; θ = 70.2±0.1 deg, total surface energy - 72.8 mN/m; 
dispersive component - 21.8 mN/m; polar component - 51 mN/m; 
acid component - 25.5 mN/m, and base component - 25.5 mN/m); 
Ethylene glycol (acidic, θ = 41±0.1 deg, total surface energy - 
47.5 mN/m, dispersive component - 29.3 mN/m; polar component 
- 18.2 mN/m; and n-Hexadecane (neutral, θ = 10.3±0.1 deg, total 
surface energy - 27.6 mN/m, dispersive component - 27.6 mN/m; 
polar component - 0 mN/m). 

Contact angle measurement and capillary impregnation 
Time-depending change of contact angle θ of a liquid as it 

advances slowly over a non-ideal wood surface (e.g., not 
chemically homogeneous, rough or not perfectly smooth, porous 
and hygroscopic as in the case of most practical wood surfaces) 
was determined by contact angle measurements 2 and 24 hours 
after atmospheric dielectric barrier discharge (DBD) surface pre-
treatment in air. 

A possible option to experimentally determine liquid capillary 
penetration (spreading and wicking) is to look at the contact angle 
(θ). If θ = 0 deg, the liquid completely wets the substrate; if 
0 < θ < 90 deg, high wetting occurs; if 90 << θ < 180 deg, low 
wetting occurs; if θ = 180 deg, the liquid does not wet the 
substrate at all. 

Gravimetric study of capillary impregnation by dipping 
Fast ongoing processes of penetration (spreading and 

wicking), Fig. 1, may not always be examined by contact angle 
measurement technique. In this case the penetration study can be 
performed gravimetrically by dipping the test sample in 
impregnating solution. The test sample was immersed for 60 sec, 
drained for 60 sec and then weighed by laboratory balance 

(0.001 gr). This sample was dried at room temperature for 24 
hours before being weighed again. Thus, the penetration was 
defined integrally by the weight of the absorbed solution and its 
corresponding dry matter (flame retardant substance). 

Plasma-chemical surface pre-treatment 
On the basis of prior art, as well as on our own former 

experience in plasma-aided capillary impregnation of wood, [1, 2], 
an oxidative (nitrogen oxides, NOx) surface plasma pre-treatment 
has been applied on the test samples for 60 sec in a non-
equilibrium cold plasma of atmospheric air dielectric barrier 
discharge (DBD) at industrial frequency (50 Hz) and 15 kV (RMS) 
or about 21 kV (PV) voltage. 

European white pine (Pinus Sylvestris) 
Pines are among the most commercially important tree species 

valued for their timber in general construction work throughout 
the world. Commercial pines are grown in plantations for timber 
that is denser, more resinous, and therefore more durable than 
spruce. Pine wood is widely used in high-value carpentry items 
such as furniture, window frames, paneling, floors and roofing. 

European or Scots white pine (Pinus Sylvestris) is a species of 
pine that is native to Europe and Asia, ranging from Western 
Europe to eastern Siberia, south to the Caucasus Mountains and 
Anatolia, and north to well inside the Arctic Circle in Scandinavia. 

European white pine properties: Hard pine wood: Subgroup C 
(Red Pines): Red Pine (Pinus resinosa, US); Austrian or European 
Black Pine (Pinus nigra, Europe); and Scots or European White 
Pine (Pinus Sylvestris, Europe); Density (average dried weight) - 
550 kg/m3; Moisture content (MC): 8÷12 %; Specific gravity 
(basic/12 % MC): 0.39/0.55; Tree size: 20÷35 m tall, 0.6÷1 m 
trunk diameter; Shrinkage: Radial: 5.2 %, Tangential: 8.3 %, 
Volumetric: 13.6 %, T/R Ratio: 1.6; Janka hardness (12 % MC): 
2.420 kN; Modulus of rupture (MOR): 83.3 MPa; Modulus of 
elasticity (MOE): 10.08 GPa; Crushing strength (compression 
strength parallel to grain): 41.5 MPa, [ 

European white pine a major source of timber and lumber 
intended for building constructions. The behavior of wooden 
structures during fire gives rise to strong public interest. This is 
our main motive for undertaking serious and ongoing for years 
research on flame retardancy of European white pine (pine) by 
using plasma aided flame retardancy. The method went through a 
successful industrial approbation in the practice of 
"Interiorprotect" Ltd. (Bulgaria), funded within a project by the 
National Science Fund at the Ministry of Education and Science 
(2005÷2010). The disclosure of various aspects of the 
phenomenon of plasma-aided flame retardancy represents a 
serious scientific interest. 

Hard wood penetration or wicking 
Capillary liquid penetration (or wicking) in hardwoods, like 

e.g. European white pine is mainly restricted to the filling of 
vessels and the first cells of rays and very occasionally axial 
parenchyma and sclerenchyma, [4]. 

In most of the permeable hardwood species (e.g. beech) 
vessels will be filled deeper and penetration in axial parenchyma 
and sclerenchyma would be more noticeable. The filling of a 
vessel by capillary impregnation is strongly reduced if tyloses are 
present. Extractives appeared to have none or only a very minor 
influence on the capillary penetration. Surface preparation can 
have some influence on impregnation penetration because sanding 
reduces the number of open cell capillaries in which flame 
retardant water solution can flow, [4]. 
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Results and discussion 
Surface energy of European white pine 
Since wood surfaces are porous, rough and not perfectly 

smooth, sessile drop method requires some type of video capture 
in order to measure the contact angle which changes as the droplet 
is absorbed. The n-hexadecane completely wets the substrate and 
θ → 0. Time-depending change of the contact angle θ of two 
probe liquids – water and ethylene glycol as well as its slowly 
advance over the non-ideal wood surface are presented in Fig. 1. 

 
Fig. 2. Time-depending change of the contact angle θ of probe liquids 

as well as its slowly advance over the non-ideal European white pine 
(Pinus Sylvestris) bare (non-plasma treated) wood surface. 

Based on the contact angle data of EWP-wood surface, the 
total surface free energy was obtained by using the Zisman, 
Equation of state, Fowkes and Wu theory and calculation methods, 
Table 1.  

The polar and dispersive (non-polar) fractions are obtained 
using Fowkes and Wu theories. They are presented in Table 2. 

Table 1. Calculated total surface free energy of European White Pine 
(Pinus Sylvestris) samples at about 22 0C. 

Sessile Drop Test 
Total Surface Free Energy, mN/m 

Zisman Theory Equation of State 
(EOS) Theory 

Fowkes 
Theory Wu Theory 

28.40 22.71 ± 7.95 29.06 29.86 

The energy of the bulk part of a wood substrate is determined 
by the types of interactions that hold the substrate together. High 
energy substrates are held together by bonds, while low energy 
substrates are held together by forces. Covalent, ionic and metallic 
bonds are much stronger than forces such as Van der Waals and 
hydrogen bonding. 

Table 2. Fractions of Total Surface Free Energy of European White 
Pine (Pinus Sylvestris) samples at about 22 0C. 

Sessile Drop Test 
Fractions of Total Surface Free Energy 
Fowkes Theory Wu Theory 

Polar 
Fraction 

Disperse 
Fraction 

Polarity/ 
Non-
Polarity 

Polar 
Fraction 

Disperse 
Fraction 

Polarity/ 
Non-
Polarity 

mN/m mN/m - mN/m mN/m - 

0.07 28.98 0.003/ 
0.997 1.47 28.39 0.049/ 

0.951 

Low energy substrates such as EWP-wood (surface free 
energy: 29.6 mN/m) are wet harder than high energy substrates. 
The dispersive fraction of EWP surface energy is much greater 
than its polar fraction, Table 2, i.e. almost equal to the total 
surface free energy. In addition, more complete wetting (spreading 

and wicking) will occur if the substrate has a much higher surface 
energy than the liquid. 

Wetting and capillary penetration of European white pine 
The contact angle of a liquid as it advances slowly over a non-

ideal surface decreases synchronously to droplet movement. The 
high resolution camera of KRÜSS Drop Shape Analyzer DSA 30 
captures the image, which was analyzed by using image analysis 
software. By taking pictures incrementally as the droplet advances 
over the surface we get a good time-depending change of the 
contact angle, Fig. 3 and 4. 

 
Fig. 3. Time-depending change of the contact angle θ of basic 

phosphor and nitrogen containing flame retardant as it advances slowly 
over the European white pine (Pinus Sylvestris) bare (non-plasma treated) 
sample surface (FR); 2 hours after plasma surface pre-treatment (PT-2h); 
and 24 hours after plasma surface pre-treatment (PT-24h). 

This approach, however, is only applicable for slower running 
processes of wetting and capillary penetration, Fig. 3. In these 
cases the contact angle is very quickly reduced to zero and the 
software can not correctly implement image analysis. For rapid 
processes of capillary penetration only two parameters can be 
reported - initial contact angle (ICA) and time of penetration, 
Table 3.  

Table 3. Sessile drop measurement with three test flame retardant 
(FR-) liquids for European white pine (Pinus Sylvestris) sample before and 
2 hours/24 hours after plasma pre-treatment. 

FR 

No Samples Age Initial Contact 
Angle (ICA) 

Time of 
penetration 

h deg sec 
1. Non-plasma treated - 28.6 677 
2. Plasma treated 2 35.8 594 
3. Plasma treated 24 18.1 317 
FR with 5 vol. % phosphor anionic surfactant (FR5) 

No Samples Age Initial Contact 
Angle (ICA) 

Time of 
penetration 

h deg sec 
1. Non-plasma treated - 28.6 40 
2. Plasma treated 2 35.8 3 
3. Plasma treated 24 18.1 3 
FR with 5 vol. % phosphor anionic surfactant and 
0.1 vol. % siloxane surfactant (spreader) (FR5S) 

No Samples Age Initial Contact 
Angle (ICA) 

Time of 
penetration 

 h deg sec 
1. Non-plasma treated - 21.3 7 
2. Plasma treated 2 8.0 2 
3. Plasma treated 24 21.1 7 
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Fig. 4. Time-depending change of contact angle θ of basic phosphor 

and nitrogen containing flame retardant as its advance slowly over the 
European white pine (Pinus Sylvestris) bare (non-plasma treated) sample 
(FR); 2 hours active depolarization after plasma surface pre-treatment (SC-
2h); and 24 hours after plasma surface pre-treatment (PT-24h). 

The obtained results confirm the possibility to use "open time" 
up to 24 hours for capillary impregnation using flame retardant 
water solution with surfactants (FR5 and FR5S), Table 3.  

 

 
Fig. 5. Voltage-depending change of the relative effect of plasma-

aided capillary impregnation – increase compared to the classic capillary 
impregnation, with three flame retardant water solution (30 mass % dry 
substances): FR – basic phosphor and nitrogen flame retardant containing 
water solution; FR5 – FR-solution with 5 vol. % phosphor anionic 
surfactant; FR5S – FR5-solution with 0.1 vol. % siloxane surfactant 
(spreader): a – relative effect of penetrated solution (wet sample); b – 
relative effect of penetrated dry substance (flame retardant). Weight 
increasing for classic capillary impregnation (100 %): for the FR-solution: 
wet – 9.80 %; dry – 4.01 %; for FR5-solution: wet – 10.86 %; dry – 
4.02 %; and for the FR5S-solution: wet – 14.44 %; dry – 5.24 %. 

Besides the registered significantly less time for capillary 
penetration a hypothesis was experimentally verified for larger 

quantity of FR-solution and active substance when using FR-
solution with surfactants (FR5 and FR5S). 

It is experimentally verified that there are modes of plasma 
pre-treatment, which provide more absorbed solution, Fig. 5a, and 
more absorbed dry matter, Fig. 5b. 

The hypothesis of electric polarization of wood samples at 
room temperature during plasma pre-treatment (plasma electret) is 
also experimentally verified. For this purpose after plasma pre-
treatment the wood samples are being placed in depolarization 
conditions by wrapping them in aluminum foil, Fig. 6. 

 
Fig. 6. Voltage-depending change of the relative effect of plasma-

aided capillary impregnation in wet (-W-) and dry (-D-) state – increase 
compared to the classic capillary impregnation, with basic flame retardant 
(FR) water solution (30 mass % dry substances). The impregnation was 
carried out after 2 and 24 hours of effective depolarization. HVE – high 
voltage electrode; GE – ground electrode; i – short circuit current. Weight 
increasing for classic capillary impregnation (100 %) with basic FR-
solution: wet – 9.80 %; dry – 4.01 %. 

It is established that after two hours of depolarization at room 
temperature there is no change in the contact angle, Fig. 4 and 3, 
the relatively positive (compared to non-plasma treated sample) 
effect, both in wet and in dry conditions, is preserved. This show 
that there is no effective depolarization of the plasma pre-treated 
samples, which may be explained by the preservation of the dipole 
polarization (hetero-discharge) and the polarization resulting from 
created on the surface radicals.  
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EFFECT OF EQUAL-CHANNEL ANGULAR PRESSING ON CRACK RESISTANCE AND 
CORROSION DAMAGE OF ZIRCONIUM ALLOY Zr-2.5%Nb 

 
ИССЛЕДОВАНИЕ ВЛИЯНИЯ РАВНОКАНАЛЬНОГО УГЛОВОГО ПРЕССОВАНИЯ НА 
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Abstract: Testing method for static crack resistance has been developed and applied for thin sheet (sample thickness ~ 1mm) samples of 
zirconium alloy Zr-2.5%Nb. Linear parameter of fracture mechanics - stress intensity factor Kc has been determined. Alloy Zr-2.5%Nb after 
ECAP was tested for corrosion resistance in the physiological Ringer's solution for two years. 
KEY WORDS: ZIRCONIUM ALLOY, BIOCOMPATIBLE MATERIALS, SEVERE PLASTIC DEFORMATION (SPD), EQUAL CHANNEL 
ANGULAR PRESSING (ECAP), CRACK RESISTANCE, CORROSION DAMAGE 

 
1. Introduction 
 
Fracture resistance is the important characteristic of any type of 

metallic implants used in the human body. Along with titanium alloys, 
zirconium alloys are also promising material for medicine, because 
they have good biocompatibility [1]. However, strength properties of 
zirconium alloys are insufficient, and in order to increase the strength 
with sufficient ductility zirconium alloys are subjected to severe 
plastic deformation (SPD), by means of equal channel angular 
pressing (ECAP) [2-5]. 

Currently, the actual problem is the evaluation of the corrosion 
damage of biocompatible zirconium material during the exploitation 
in the human body, as well as determination of critical stresses of 
biocompatible alloys that may appear in the implant. 

 
2. Experimental procedure 
 
Corrosion test and crack resistance test of flat sheet samples from 

zirconium alloy Zr-2.5%Nb before and after ECAP were conducted at 
room temperature.   

The size of samples for corrosion test was 10×10×1 mm. Samples 
were incubated inside a glass bottle with Ringer's solution 
(composition per 200 ml of H2O: NaCl - 8.6 g, KCl - 0.3 g, CaCl2 - 
0.25 g) within 730 days. These samples were placed in the glass bottle 
so that there were not contact between them to avoid a possible 
occurrence of "electrochemical couples". During the test, the glass 
battle was hermetically closed to prevent the solution evaporation. 
Every 30 days, each sample was removed from the glass battle using 
tweezers and was dried in air for 2 hours, then it was weighed on 
electronic scales GR-202. 

Flat thin samples for static crack resistance test were cut on 
electrical-discharge machine Chmer GX360L from bars of zirconium 
alloy Zr-2.5%Nb after ECAP with a different number of passes (1-6). 
Then, hole with diameter of 1 mm was drilled and two thin transverse 
notches (2 mm in length) were made in the center of a flat sample 
(Fig. 1).  

 

 
Fig. 1. Typical view of the sample for crack resistance testing 

 
 

Uniaxial tensile tests of flat thin sheet specimens with the stress 
concentrators were carried on a universal test machine Instron 5569 
using the acoustic emission (AE) method. The load of a crack 
initiation was determined from of the combined strain curves and 
acoustic emission (Fig. 2). 
 

 
Fig. 2. Typical view of a combined strain curves and AE 

 
Fracture surface of samples of zirconium alloy Zr-2.5% Nb in the 

initial state and after ECAP were investigated after the static crack 
resistance teste by scanning electron microscope (SEM) Hitachi S-
800. 

Also microstructure analysis of zirconium alloy Zr-2.5% Nb in the 
initial state and after ECAP was carried out by a transmission electron 
microscope (TEM) JEM 1400. 

 
3. Results and discussion 
 
Result of corrosion tests in Ringer's solution of the zirconium 

alloy Zr-2.5%Nb samples in initial state and after ECAP, showed that 
it was not revealed oxide film growth or shrinkage of the samples in 
the initial state and after ECAP. 

Figure 3 shows structure of zirconium alloy Zr-2.5% Nb in the 
initial state and after ECAP.  

It’s shown that the average grain size in the initial state is 3.3±0.5 
µm (12 hours annealing) and 2.5±0.1 μm (6 hours annealing), but the 
average grain size after ECAP is 300±65 nm (1 pass) and 250±50 nm 
(6 passes). 

The severe plastic deformation by ECAP leads to the formation of 
partially oriented grain, subgrain and submicrocrystalline structure. 
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a)                                               b) 

    
                          c)                                                 d) 

Fig. 3. The microstructure of zirconium alloy Zr-2.5% Nb in the 
initial state: a - annealed for 12 hours at 580 °C, b - annealed for 6 

hours at 580 °C; and after ECAP: c - single pass, d – 6 passes (TEM) 
 
The test results of flat thin samples of zirconium alloy Zr-2.5% Nb 

showed that the highest crack resistance observed in samples in the 
initial state after annealing for 6 hours at 580 °C (Kc = 29.4±1.8 
МPа*m1/2) and the lower crack resistance observed in samples after 
ECAP in a single pass (Kc = 14.8±1.5 МPа*m1/2). 

The fracture surfaces of zirconium alloy Zr-2.5% Nb samples in 
the initial state and after ECAP after the static crack resistance tests 
are shown at Fig. 4. 

 

    
a)                                               b) 

    
                  c)                                               d) 

Fig. 4. The fracture surface of zirconium alloy Zr-2.5% samples in the 
initial state: a - annealed for 12 hours at 580 °C, b - annealed for 6 

hours at 580 °C; and after ECAP: c - single pass, d – 6 passes (SEM) 
  

 Fractography analysis showed that all the samples were fracture 
by ductile fracture mechanism. The average size of dimples for 
samples in the initial state amounted 5.3 ± 0.5 µm (annealed for 12 
hours at 580 °C) and 4.5 ± 0.5 µm (annealed for 6 hours at 580 °C) 
but the average size of dimples after ECAP were 2.8 ± 0.3 µm (single 
pass) and 2.6 ± 0.4 µm (6 passes). 

 
4. Conclusion 
 
Prolonged corrosion tests in Ringer's solution of the samples of 

zirconium alloy Zr-2.5%Nb in the initial state and after ECAP were 
performed for two years with a periodic sample weighting. According 
to the test results no significant gain or loss of the sample weight was 
revealed in the initial state and after ECAP. 

Quantitative comparative values of crack resistance of the Zr-
2.5%Nb alloy were measured after ECAP and annealed states (after 6 
and 12 hours of annealing at 580 °C). The crack resistance of samples 
from zirconium alloy Zr-2.5% Nb in the initial state after annealing 
for 6 hours at 580 °C was in two times higher compared to the 
samples after ECAP in a single pass.  

Metallographic and fractographic analysis showed that the main 
factor influencing on the crack resistance of zirconium alloy Zr-
2.5%Nb after various modes of thermomechanical treatment is the 
presence of subgrain structure and recrystallized grain size before and 
after ECAP. 

 
The work is supported by RFBR (project No. 14-03-31422).  
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Abstract: 
In frame of the project KEGA 027STU-4/2014 at our institute, we are building a virtual laboratory of robotics. The main objective is to build 
a laboratory together with a set of training modules in the field of automation and industrial robotics that will serve to teach the principles of 
automatic control of manipulation and programming of industrial robots, which are now increasingly implemented in production practice. 
Built laboratory will develop the knowledge and expertise of students in the field of automated and robotic systems, application of innovative 
educational program and methodology of using modern technologies, including CA and e-learning. 
 
KEYWORDS: VIRTUAL LABORATORY, ROBOTICS, TEACHING, PROFESSIONAL COMPETENCIES 
 

 1.  INTRODUCTION 

In these days globalization, social, political and economical 
situation create special environment in which only the best can 
survive. 
Important requirement of potential employers is a right relationship 
between professional competences and key competences.  
Key competences can be represented as universal complex skills 
which overreach level of specific professional knowledge and skills. 
Key competences are skills which inform how will particular person 
behave accordingly to the situation. While professional  
competences are very important for high skilled work, key 
competences are helping to put better use of professional 
competences to   practice.  

 Professional competences ensure good managing of 
working tasks 

 Key competences are widely usable skills such as decide 
ability, ability of solving problems, team working, 
communication in foreign language, ability to learn, 
information working ability, etc 

The aim of whole project is creating a virtual laboratory of robotics 
which would be used to learn designing of creation of robotized 
workplaces and their simulation.  
Creation of such laboratory will lead to the quality increase of 

teaching process of  subjects  belonging to our study branch such as 
manufacturing devices and systems (industrial robots, automation 
and mechanization, automate theory, and so on…). Students which 
will go through courses in these kind of laboratory will receive 
required professional skills and competences.  
These competences and skills will strengthen their abilities which 
are very important for designing processes of such devices. The 
students will also learn the methodology of creating several types of 
systems, which will lead to increase  of their value at the labour 
market.  

 2.  VIRTUAL LABORATORY OF ROBOTICS 

New created virtual laboratory of robotics will be used for teaching 
of robotized workstation design  principles. Various manufacturing 
systems can be implemented  based on robotized workstation.  
In virtual laboratory, the students will create the virtual models of 
robotized manufacturing systems and they will also be able to 
simulate the function of such device (Fig. 1). Students will be able  
to create their own virtual robotized workstation systems as well as 
to test them. Based on this fact they will be able to verify the proper 
function of the system by using of the simulation. Students with 
help of such laboratory will be able to create projects from various 
kinds of subjects while operating on the robotized system.  
 

 

Virtual laboratory equipment will be composed of 10 PCs, each 
having a  function of single workstation. Then network server will 
be installed in the laboratory, it's functions will be  access to the 
internet and licensing of program on various PC devices. The 
environment of  laboratory should include high quality data 

projector with silver screen and interactive board. All this 
equipment will contribute to the use of modern teaching methods. 
Those tasks and exercises, which will be optimized and simulated in 
the virtual laboratory will be performed in real laboratory of 
industrial robots situated at our departments. (Fig. 2) That means 

 
Fig. 1: Simulation of industrial robot working cycle 
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the real laboratory will increase the number of tasks and it's 
teaching effectiveness. The teaching process will be more effective 
and thanks to the virtual laboratory, there will be less mistakes and 
possible dangerous collisions between the robot and other devices. 
Such collisions could lead to the damage of devices installed in the 
laboratory. Based on fact that time consuming part of laboratory 
work will be concentrated only to the correct solutions, the students 
will have more time for realization of their examples.  
Expected contribution of realization of this project can be seen in 
these steps: 

 Education process enhancement 
 Education process will be more attractive for the students 
 Student will improve their technical knowledge and skills 

 Before the real realization all practical tasks and examples 
will be simulated in virtual laboratory and only correct 
task wills be realized in real laboratory 

 Costs reduction in real laboratory, because non correct 
tasks will not be realized 

 More students can work  in the same time 
 Virtual laboratory will be accessible for the students 

through internet, which makes the use possible for 
external students, 

 Work in the virtual laboratory will increase professional 
skills and competences of technicians 

 The labour market's price of our graduate will grow

 3.  E-LEARNING AND VIRTUAL LABORATORY 

Information and communication technologies present new 
dimensions in education at all levels. Education becomes the 
primary factor of national prosperity. New education technologies 
offer a wide space for further learning and life-long learning; 
remove barriers and ruin national frontiers, supporting at the same 
time advisability of learning with the main emphasis on utilization 
in practice and global way of thinking. 
E-learning, as a new didactic method, facilitates distance learning 
and provides new possibilities for other education forms. Teachers 
become authors of educational, instructional documents with 
a specific mission – to transform the quality of all attendance forms 
of study into rationally configured documents in electronic form. 
Computers and other facilities gave rise to world wide 
communication network – internet. In present time internet 
represents the most extensive and most massive information and 
communication technology that enables both general and addressed 
bidirectional communication. 
If we are looking to the e-learning as to the effective using of 
information technologies in education process, we can say that we 
are talking about two new possibilities, which can be used in 
education process.  
Classical teaching leaded by a teacher is realized from the 
beginning of history. This type of teaching in not possible to 
change, for some kinds of teaching. Educating only with help of a 
teacher has many disadvantages.  
E-learning is created for improvement of these disadvantages and it 
is an optimal solution for complex education. To create interesting, 
address, individual and interactive education process which can be 
integrated in to the everyday life, we have to combine proper 

methods of classical and e-learning education style. Also in areas in 
which is personal contact with teacher necessary, the students can 
be study before the class through electronic system. Then the 
students will be coming to the lectures with new amount of 
information and questions. After such process teacher is able to 
speak only about interesting or difficult fields of study. Also the 
time of lectures can be reduced. 
A convenient combination of „classical“ and electronic education 
(e-learning) creates new possibilities to implement ideas of the 
teacher and demands on students. This is a new look on university 
education method in which proficiency and experience of the 
teacher unite with advantages of information communication 
technologies. The result of their bilateral action consists not only in 
human activity improvement but makes the education process more 
interesting, effective and more addressed. 
E-learning brings many communication ways such as emails, video 
conferences, which allows teacher to individual access to individual 
students. Following to the backward information about the lectures, 
teacher has exact information about the student. Information such 
as: how good were the students in single lectures, how many points 
did students reach in single fields of study or how much time does it 
take to understand for  students. Thanks to the number of 
communication ways, the teacher is able to communicate with his 
students more intensively than before by typical classes.  
Instead of constant repeating of the same information in the 
lectures, teacher will be able to work more intensively on 
preparation of new lectures or he can update lectures. 
E-learning gives to the teacher new useful tools which can be used 
for simple and rapid transfer of his/her own knowledge and skills in 
to the form which will make these information more accessible for 
everyone who needs them. 
E-learning is a solution designated for education process, but is 

 
Fig. 2: Industrial robot at our laboratory of robotics 

60



shows education in other context. E-learning is not restricted only 
for student education, but it is also a method of information passing 
and sharing. Such sharing and passing of information is important 
in field of whole life education process which is very important for 
technician. Classical information technologies and systems are 
dealing with information searching and searching in the exact time. 
E-learning gives emphasis on kind of information passing. 
Today not only reaching of the information in exact time  is 
important, but it is also very important to understand the 
information and give this information in wide coherences. And 
these accomplishments are coming with e-learning.  
E-education as a new progressive way of education and it brings 
new possibilities. This education form can be used in all degrees of 
formal education and can be also used in whole life education 
process. 
Content of e-lerning is showed at Fig. 3 

3.1. Asynchronous Education 
 
Under the term „asynchronous education“ we understand all tools 
and procedures without „face-to-face“ communication between the 
teacher and the student that means without direct contact in any 
way. Asynchronous education involves e.g. individual courses, self-
study of materials, preparation of specifications, participation in 
conference and e-mailing. 

3.2. Synchronous Education 
 
Under the term „synchronous education“ we understand all methods 
including direct contact of the student with other students and the 
teacher, e.g. chat, audio/video conference, application sharing, 
common board.  
For instance, students can be electronically „pre-trained“ also for 
areas where the personal contact with the teacher is considered to be 
inevitable. Such students come then to the teacher with a lot of 
information and questions and the teacher can deal only with the 
interesting or difficult parts of education and to shorten so  the 
training time significantly.  
E-learning brings along a lot of communication tools starting with 
e-mails up to video-conferences enabling teachers to work with 
individual students. Based on feed-back the teacher is exactly 
informed about student´s progress in individual lessons, the place 
and number of points achieved and time spent in individual 
education fields. Thanks to many communication channels the 
cooperation with the student can be more intensive compared with 
the classical education lessons. 
E-learning standards describe plenty of areas from hardware, via 
communication interface, up to didactics and meta-data. Standards 
are created by each organizer individually. 
E-learning: 

• Is aimed at the student´s needs,  

• Takes full advantage of IKT: real time,  
• Makes use of several education methods: a virtual 

classroom, simulations, interactive texts  
• Includes also supporting administrative functions: 

tutoring, evaluation, testing, registration, payments, 
records 

E-learning Structure for Distant Education: 
• Basic information about the course (teacher, 

annotation, syllabus,...) 
• Respective education materials (text, pictures, 

diagrams, graphs, animations, audio-video,..) 
• Students´activation (tests, tasks, homeworks,...) 
• Communication – synchronous  (chat,...) and 

asynchronous (e-mail,...) 
• Feed-back (delivery of solved tasks, questionnaires, 

inquiry,...) 
3.3. Manuals and learning materials 
 
Manuals will be created within the frame of this project and they 
will be accessible through the internet. Solved tasks will start with 
simple layouts and will end with more complex tasks. Every task 
will include detail device function description and standard 
connection scheme. These descriptions will serve as supplementary 
study literature for students of internal and also distant study form. 
Experiences gained by creating of such teaching system will be 
implemented into the distant study system by help of e-learning.  
 

 4.  CONCLUSION 

Researches of employers' requests and also researches of students' 
opinions about the university preparation are indicating that there is 
small connection between university education schedules and 
practice requirements. There is a number of competences, 
knowledges and skills which have to be learned by universities. Key 
competences are very important and integrating category, which 
influence to the quality student requirements. Such requirements are 
very important in the price of graduated on the labour marked. Most 
preferred employers' requirements are for example, solving 
problem's ability, determine ability, team working, team leading 
ability, etc.  
Amongst the most important requirements influencing the future 
employees (technical engineers) belongs: 

 Creativity 
 Foreign language skills 
 Independence 
 Computer working skill 
 Responsibility 
 Flexibility 
 Knowledge of actual trends in the branch 
 Willingness of  other education 
 Communication 

All these competences can be achieved by the students working in 
virtual and real laboratory of robotics.  
Graduates of study gets the needed skills, experiences and they will 
have knowledges about a methodology of robotized manufacturing 
systems design. They can simulate the working of designed devices. 
For simulation realization will be installed specialized software at 
out intranet. By this software we can supervising every parts of 
designed manufacturing system. This system include only real 
industrial parts (PLC, stepper driver, servo driver, sensors and 
other...). 
Systems and their functions which are thought in virtual laboratory 
can be found in real industrial environment. Knowledge and skills 
with those systems are highly reputable and are also demanded by 
wide number or employers, like huge international technical 
industries and concerns such as PSA, KIA, Volkswagen, and others. 
In last phases of laboratory building we would like to create internet 
access to this laboratory, because we would like to allow work in 
laboratory also for students of distant forms. We would like to allow 
the access to laboratory not only during classes so student will be 

Fi
g  3: Content of e-learning 
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able to fulfill their tasks  not only in reserved time.  
Knowledge acquired by process of creating of this kind of virtual 
laboratory will be also used in other projects and will be also used 
by creating of new modern kind of teaching process by e-learning. 
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