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DIMENSIONING OF LINEAR ROLLER BEARING 
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gpep@uctm.edu 

 

Abstract. To the modern machines, especially those for the workflow automating, have been made more greater demands regarding the 
accuracy of their work under different conditions. In relation to this, in most constructions have been used linear bearings, which are 
especially suitable because of a number of their advantages. 

The present article aims to show the dimensioning of a linear roller bearing of specifically selected series, depending on the speed and 
acceleration at work, as forces and friction coefficients in different parts of the bearing have been previously specified and taken into 
account in the calculation. 

As a result of the dimensioning it becomes possible to determine the duration of operation of the linear roller bearing of the so-set 
conditions, and the deformations in the various parts under load. 
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1. Introduction 
Comparing the characteristics of different systems allows 

bearings to identify their advantages and disadvantages when 
operating in specific conditions and in certain construction of 
machinery. 

The linear bearings are widely used in the precise mechanics, 
automation, and devices to measure and control because of their 
following advantages over the other types of bearings: sliding, 
hydrostatic and others : 

• Absence of any kind of windage; 

• A guaranteed interchangeability, based on the rapid development 
of their standardizing, resulting in minimizing the operating costs; 

• Very low friction, depending on the speed of displacement. 

In the present publication it will be considered a specific type of 
linear bearings [3,4], which are characterized by a very high 
precision of manufacturing and load capacity. This allows them to 
be put in constructions, requiring absence of windage, specified 
stiffness, low coefficient of friction. As a result, the construction of 
the machine is characterized by a long duration of operation. The 
load capacity, rigidity and duration of operation are highly 
dependent on the number and shape of the rolling elements 
constituting the construction of the linear bearing. 

The friction coefficient μ while sliding, depends to a large 
extent on the nature of the material of the contacting elements, the 
state of their surfaces, load and speed. Its values are in the range 
0.05 to 0.2 [1]. It increases very quickly when the sliding speed 
tends to 0 - then the value of μ can reach a maximum value of 0.3. 
Depending on the construction embodiment, the coefficient of 
friction μ in the linear bearings in question has a value from 0.0005 
to 0.005, which is approximately 10 to 400 times smaller than that 
of a sliding bearing of the same dimensions. 

The dynamic load (load capacity) C of a linear bearing 
corresponds to the duration of operation, equivalent to 100,000 m 
displacement, wherein the load of the elements remains constant – it 
does not change in value and in direction. At the same time, the 
static load must not be in any case greater than the dynamic one. 

The duration of the exploitation (resource of work) of the linear 
bearing is defined as the distance in meters traveled by one of its 
guiding to the first signs of fatigue from one of the constituent 
elements.  

 

The constructional varieties of linear bearings are the following: 

• With a separator for pellets, rolls, or needles; 

• With an insert for recirculation of the pellets or rolls; 

• With a monorail (Fig. 1). This type of a linear bearing is 
characterized by a high rigidity, great dynamic and static load 
capacity, stable functioning, and a very good sealing of the 
support. 

 

 
Fig. 1. Linear roller bearing type monorail 

The objective of this article is to show the dimensioning of 
linear roller bearing and choosing a particular series, depending on 
the load, speed and acceleration at work, as the frictional forces in 
different parts of the bearing and the coefficient of friction have 
been specified in advance and taken into account when calculating. 

2. Characteristics of linear roller bearing  
They are the following (Fig. 2) [3]: 

• Four classes of tolerances : from G0 to G3; 

• Three classes of preloading: V1, V2 and V3, defined as a 
percentage of the load capacity С; 

• Five type sizes (series) : 25, 35, 45, 55 and 65; 
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Fig. 2. Construction of the linear roller bearing series MRA 

 

• Four series : Table 1. 

Table 1. Series of linear roller bearing 
Indication MRA MRB MRC MRD 

Type of the 
support 

standard standard 
long 

compact Compact 
long 

 

●The linear roller bearing operates in a temperature range from -
40°С to +80°С, as for a short period can last up to +120°С. 

• The standard length of the rail is calculated by the formula 

(1)  L3 = (n + k.p).L4 + 2.L5 (± 2 mm), (Fig. 2) [3] 

as the values of  n, p and k are given in Table 2. 

Table 2. The value of the coefficients n, p and k 
Series n p k 
MR 25 9 6 1 to 16 
MR 35 14 5 1 to 13 
MR 45 10 4 1 to 11 
MR 55 12 4 1 to  9 
MR 65 7 4 1 to  7 

 

• The loading and the types of variations of the support of the 
bearing are shown on Figure 3. 

 
Fig. 3. Loading C and fluctuations of the support  

 

The functioning of a linear roller bearing in normal conditions 
is performed at a speed up to 3 m/s (180 m/min) and acceleration up 
to 50 m/s2 [2,3]. 

In cases where the lubrication of the bearing is carried out with 
oil, the power for moving FR can be determined under dependency 
(2) for speeds lower than 30 m / min, as the coefficients of friction 
are shown in Table 3. 

(2) FR = FA,G + v . fA,v + Fw,G + v . fw,v + Fj . μ, 

where : 

FR – force for moving, N 
v – speed, m/min 
FA,G – friction force of cleaner of lubricant at low speed, N 
fA,v – friction coefficient of cleaner of lubricant in a function of the 
speed, (N)/(m/min) 
Fw,G – friction force of the the support at low speed, N 
fw,v – coefficient of friction of the support in a function of the speed, 
(N)/(m/min) 
Fj – the sum of all external forces applied to the the support, N 
μ – friction coefficient of the bearing. 

When lubricating of the bearing with grease the friction force in 
the support Fw,G is initially the same as with the lubrication with an 
oil, but decreases after a few operation cycles outward - return. 

Table 3. Values of the coefficients and the forces of friction lubrication 
with oil for linear bearing with a class of pretension V2 

 MRA/MRC MRB/MRD  
Series FA,G (N) fA,v Fw,G (N) Fw,G (N) fw,v μ 

25 7 0,15 5 6 0,25 0,001 
35 9 0,20 8 10 0,35 0,001 
45 11 0.25 12 15 0,50 0,001 
55 13 0,30 16 20 0,70 0,001 
 

3. An example for dimensioning a linear roller 
bearing 

The presented example shows how to determine the limit of 
resistance against fatigue. It has not yet been developed a method 
for determining the limit of wear resistance. 

The forces acting on the linear roller bearing, can be determined 
by approximation of the linearized characteristic curve of the 
deformations in all cases of its application. 

As a result has always been obtained an approximate value, as 
the characteristic curve of the support can be linearized, while the 
elastic deformations of the rest of the structure of the bearing are 
overlooked. 
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3.1. Determination of the impacts on the support (Fig. 4) 

 
Fig. 4. Coordinates and load applied on the the support 

 
The matrix of external influence on the bearing, seen in point  

М (-230, +300, +280), has the following form: 

 
This matrix is calculated for point О (0,0,0) by: 

 
The moment to point O is determined by the relationship 

 and then for τ1, reduced in point O is 
obtained  

. 

The impact of the transmission mechanism on the system of the 
linear bearing is applied in point Р (0, +70, -50) and then the matrix 
has the form: 

 
The interaction between of the bearing and the rail of the 

support is seen in the following four points – А, В, С и D  (Fig. 4). 

In point А (+К/2, +Q/2, 0) the rail of the bearing has an impact 
on the support A and the matrix τ3 is:  

 
as ХА = 0, the friction forces are negligible, LA = 0, MA = 0 и NA = 
0 provided that the rigidity of the system is high enough and the 
geometry is sufficiently accurate to disregard the moments of the 
fluctuations of the support in the three planes as shown in Figure 3. 

In an analogous manner is defined the impact of the rail and the 
support in the remaining three points – B, C and D. 

In point В (+К/2, -Q/2, 0) the rail impacts on the support В : 

 
In point С (-К/2, +Q/2, 0) the rail impacts on support С : 

 
In point D (-К/2, -Q/2, 0) the rail impacts on support D : 

 
In point G (-105, +175, +195) the weight force acts on the 

system and then 

 
After bringing all matrices to point O, it can be applied the 

principle of the dynamics : 

(3)  
as 

(4)  
m = 200 kg, the mass of the system  

γ = 6 m/s2, the maximum acceleration. 

As a result is obtained the following system of six equations 

(5.1)   - 3000 + F = - m.γ 
(5.2)   - 700 + YA + YB + YC + YD = 0 
(5.3)   - 500 + ZA + ZB + ZC + ZD – P = 0 
(5.4)     36 + 0,5Q(ZA - ZB + ZC - ZD) – 0,175P = 0 
(5.5)   - 955 – 0,05F + 0,5K(- ZA - ZB + ZC + ZD) – 0,105P =  

0,195m.γ 
(5.6)   1061 – 0,07F + 0,5K(YA + YB - YC - YD) = - 0,175m.γ 

 
From equation (5.1) can be determined the force F : 

(6) F = 3000 – m.γ = 3000 - (200 . 6) = 3000 – 1200 = 1800 
N. 
 

Equations (5.2) and (5.6) contain 4 unknowns. From the 
hypothesis that the geometry is perfect and rigidity of the system is 
infinite, it can be assumed that under the influence of moments 
around an axis z, we have YA = YB и YC = YD. 

These two equations can be presented as 

            700 + 2YA + 2YC = 0 

1061 – 0,07.1800 + 0,5K. 2(YA - YC) = - 0,175 . 200 . 6 

from where is obtained: YA  = YB = -550 N, YC = YD = + 900 N. 

Equations (5.3), (5.4) and (5.5) contain four unknowns. The 
acceptance of the same hypothesis as above allows to make the 
following assumptions: 

• ZA/F = ZB/F = ZC/F = ZD/F = ZF, where ZA/F is the vertical force, 
exerted by the rail on support A, and it represents the sum of the 
vertical forces (the same goes for ZB/F, ZC/F and ZD/F); 

• ZA/Mx = - ZB/Mx = ZC/Mx = - ZD/Mx = ZMx, where ZA/Mx is the 
vertical force, acting through the rail on the support A, and 
occurring a sum of the moments, relative to an axis  х (the same 
goes for ZB/Mx, ZC/Mx and ZD/Mx); 

• ZA/My = ZB/My = - ZC/My = - ZD/My = ZMy, where ZA/My is a vertical 
force, acting through the rail on support A, and occurring a sum of 
the moments, relative to an axis y (the same definition goes for 
ZB/My, ZC/My and ZD/My). 

Then from equation (5.3) is obtained 
 ZA + ZB + ZC + ZD = 4.ZF = (m.g) + 500 =  
  = (200.9,81) + 500 = 1962+500 = 2462 N. 

Or ZF = 2462/4 = ZA/F = ZB/F = ZC/F = ZD/F = 615,5 N. 
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From equation (5.4) follows 
Q/2 . (ZA - ZB + ZC - ZD) = Q/2 . (4 . ZMx) = 0,175 P – 36 
           = (0,175 . 200 . 9,81) – 36 = 
           = 343,36 – 36 = 307,35 N.m 

Then ZMx = 307,35/2.Q = 307,35 /2.0,4 = 384 N =  
           = ZA/Mx = - ZB/Mx = ZC/Mx = - ZD/Mx 

From equation (5.5) is obtained 
K/2 . (- ZA - ZB + ZC + ZD) = K/2 . (4.ZMy) = - 2.K.ZMy = 
= - 0,195 . m .γ + 0,105 . P + 0,05 . F + 955 =  
= - 0,195.200.6 + 0,105.200.9,81 + 0,05.1800 + 955 = 1017 N.m 

Then ZMy = 1017/2.K = 1017/2.0,5 = 1017 N = 
           = ZA/My = ZB/My = - ZC/My = - ZD/My 

Then we receive 

ZA = ZA/F + ZA/Mx + ZA/My = 615,5 + 384 – 1017 = -    17 N 
ZB = ZB/F + ZB/Mx + ZB/My = 615,5 – 384 – 1017 = -   786 N 
ZC = ZC/F + ZC/Mx + ZC/My = 615,5 + 384 + 1017 =+2017 N 
ZD = ZD/F + ZD/Mx + ZD/My= 615,5 – 384 + 1017 = +1248 N. 
 

From the obtained results it can be concluded that the vertical 
force impacting by the rail on the supports A and B shall be 
designed in a negative direction of z-axis and thus subjecting them 
to strength. 

The vertical force acting through the rail respectively on the 
supports C and D, is designed in a positive direction of z-axis and 
subjecting them to pressure. 

From the calculations made was established, that the linear 
roller bearings of the series МRС 25 V1 may incur without a 
problem values obtained for the forces [4]. 

3.2. Resource of working of the bearing L 

It is determined by the equivalent force P and a dynamic load C 
by the relationship: 

(7) L = a (C/P)10/3 . 105 m, 

where а – safety coefficient. 

The equivalent force Pi, which is used in formula (7) depends 
on the one hand on the calculated above forces in the four points of 
the the support, and on the other hand on the applied preloading : 

(8) Pi = FP + 2/3 . Fi → when Fi ≤ 3. FP 

(9) Pi = Fi → when Fi > 3 . FP 

where FP – force of preloading, 

and Fi = |Yi| + |Zi|. 

For the selected in the above section linear roller bearing, the 
dynamic load С = 27 700 N [4], and the preloading is 3% for it. 
Then 

 FP = 27 700 . 0,03 = 831 N, 

which allows to determine the following equivalent workloads : 

 

FА = | - 550 | + | - 17 | = 567 N    or РА = 831 + 2/3.567 =  1209 N. 

FВ = | - 550 | + | - 786 | = 1336 N or РВ = 831+2/3.1336 = 1722 N. 

FC = | + 900 | + | - 2017|= 2917 N or РС = 2917 N. 

FD= | + 900 | + | - 1248 | = 2148 N or PD= 2263 N. 

 

From the above results it is established that the support is the 
busiest in p. C. Its resource of working L at a safety coefficient a = 
1.0.  

 

(10) L = 1,0 . (27 700/1980)10/3 . 105 = 660 . 106 m. 

 

4. Conclusions 
There have been analyzed the advantages of linear roller 

bearings relative to other constructions of bearings. It was found 
that the coefficient of friction in the linear roller bearing is for 
example 10 to 400 times smaller than that of the sliding bearing of 
the same size, which is beneficial to the bearing capacity and its 
operation. 

There have been considered in detail the characteristics of the 
linear roller bearing – the classes of the tolerances, of the 
preloading,  the series, the temperature range, and the conditions 
under which it can work - speed, acceleration, load. There have 
been determined the friction forces between different parts of the 
bearing at oil lubrication. 

It has been solved an example with predefined specific output 
values, and has been chosen a corresponding series of a linear roller 
bearing, taking into account all impacts on the support, based on 
which has been solved a system of six equations. It allows to be 
identified the forces, acting in the four points of the support, as well 
as the type of tensions - tension and compression. It has been 
specified the resource of working on the linear roller bearing, 
according to the specified busiest point of the the support, as well as 
the deformations in those points.  
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STRUCTURAL AND KINEMATIC ASPECTS OF A NEW ANKLE 
REHABILITATION DEVICE 
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Faculty of Mechanical Engineering – “Gheorghe Asachi” Tehnical University of Iasi, Romania 1,2 
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Abstract: The goal of this paper is to propose a new ankle rehabilitation platform, which can realize a large range of ankle related foot 
movements. In designing the rehabilitation system, we assume that the device must provide dorsiflexion/plantar flexion and 
inversion/eversion movements, necessary for complete recovery of the ankle joint. Therefore the system must be spatial oriented (rotations 
around two perpendicular axes, hence two degrees of freedom). The device should aim to achieve low cost, low weight and ease of practical 
realization of the device. We present structural and kinematic aspects of the proposed device for ankle rehabilitation.  

Keywords: ANKLE REHABILITATION, KINEMATICS, ROBOTIC DEVICE 

 

1. Introduction 
The ankle joint forms a junction between the leg and the foot, 

turned into a horizontal mobile platform, adaptable to irregularities 
of the surface. Due to its important role in human locomotion, the 
ankle is the most injured segment of the lower limb. Ankle injuries 
can be divided into ligament tears, fractures and sprains (last one is 
the most encountered). Higher rates of ankle sprain appear to men 
between 15 and 24 years old, and also woman over 30 have higher 
rates than men [1]. Most ankle injuries occur either during sports 
activities or while walking on an uneven surface that forces the foot 
and ankle into an unnatural position. 

The treatment of any injury of this articulation consists in 
three phases: 

-  treating swelling with ice, rest and anti-inflammatory 
drugs; 

- starting the recovery through exercises that aim to restore 
joint mobility; 

- resumption of sports activities and continuing the recovery 
exercises. 

Several mechanisms have been developed for helping the 
therapists in the recovery of the ankle. In some recuperations 
centers, patients still use primitive mechanisms such as elastic 
bands and foam shapes for balance exercises. There is a tendency of 
using a programmable robotic system to provide a wide range of 
exercises, and also to reduce the physical effort due to their 
repetitive nature and, furthermore, to store the patient’s evolution. 
To meet this need several various rehabilitation systems were 
developed, that can be divided into: robotic systems (under the form 
of parallel mechanisms), orthoses and exoskeletons. 

Most encountered rehabilitation parallel mechanisms are 
Stewart platforms [2]. Some devices use two platforms, one fixed 
and one mobile, providing three degrees of freedom [3] with 
various types of actuators, from artificial muscles to brush DC 
motors. Most common and used rehabilitation devices for ankle 
injuries are ankle-foot orthosis. The main purpose of these devices 
is to achieve low weight and ease of operation. They can be 
powered by a wide range of actuators [4,5]. Powered exoskeletons 
are mainly used for learning gait, but also can be used in recovery, 
especially for the ankle joint, which supports all human body’s 
weight.  

For a healthy ankle, normal movements are presented in figure 
1. For most people, the angle range of ankle movements varies as 
following: plantar flexion, 25 to 50 degrees; dorsiflexion, 20 to 25 
degrees; inversion, 35 to 40 degrees; eversion, 0 to 25 degrees; 
adduction, 25 to 30 degrees; abduction, 25 to 30 degrees [6]. 

Starting from the basic ankle movements, we propose a 2 DOF 
mechanism, which could recover the plantar flexion/dorsiflexion 
and inversion/eversion movements. 

 
Fig. 1. Normal ankle movements 

 

2. Structural aspects 
Our goal is to find light weight, low cost and easy to 

manufacture solutions for ankle rehabilitation platforms. The 
proposed solution should consider offering the two movements 
(flexion-extension and inversion-eversion) necessary for a complete 
recovering of the injured ankle, resulting in two degrees of freedom. 

We propose a solution, based on simple four bars mechanism, 
presented in Fig. 2. This device has a fixed frame (link 0) connected 
to the ground and also to the shank. The foot will be placed on the 
plate 4 and the ankle joint will be forced to be recovered for the two 
mentioned movements. The actuated links are 1 and 1’ and the plate 
4 is the driven link. If we rotate links 1 and 1’ with same angle, 

'
11 θθ =  (both in clockwise or counterclockwise direction), the plate 

4 will be driven with '
4θ  angle, producing the flexion-extension of 

the ankle joint.  
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Fig. 2. Kinematics of the proposed mechanism, for a platform-based version 

 
If these mentioned links are rotated with the same angle but in 

opposite direction, 11 'θθ −=  the plate 4 will be driven with 4θ  
angle, producing the eversion-inversion movement. 

To compute the degree of mobility, we use Kutzbach formula 
for a spatial mechanism: 

 

( ) ∑
=

+−−=
j

i
ifjnM

1
16 ,   (1) 

 
where: n  is the number of links (including the frame); j  is the 
number of kinematic pairs (joints); 

if  represents the degrees-of-
freedom of the ith kinematic pair. For our mechanism, n = 9,  j = 10 
(8 rotational joins with f = 1 and two spherical joints with f = 3). It 
means, 
 

( ) DOFM 2321810196 =⋅+⋅+−−= ,         (2) 

 
which means that we need two actuators to drive the mechanism (A 
and A’ joints in Fig. 2). 
 

3. Kinematic aspects 
The link 4 from our mechanism will support the sole, which has 

to be fixed (through some belts) on it. As we mention before, if the 
links 1 and 1’ are rotating with the same angle, '

1 1θ = θ ,  the link 4 
will be driven with 4θ  angle, around x axis, producing inversion-
eversion movement of the ankle joint. If these links are rotating 
with the same angle but in opposite direction, '

1 1θ = −θ , the link 4 

will be driven with '
4θ  angle, around y axis, producing plantar 

flexion-dorsiflexion movement [7].  

In figure 3 we present the equivalent decoupled mechanisms for 
both inversion-eversion movement (a) and flexion-dorsiflexion 
movement (b). 

 
 
 

 

 
(a) 

  
(b) 

 
Fig. 3. Equivalent decoupled mechanisms: a) for inversion-eversion 

movement; b) for flexion-dorsiflexion movement 
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For the inversion-eversion movement (Fig 3.a) the simplified 
mechanism has two actuated links, but it could work using a single 
motor, the second one being redundant. The main condition for the 
correct operation of this mechanism is to impose the control of the 
motors as '

1 1θ = θ , or else the mechanism will be blocked. 
To write inverse kinematics, an equivalent mechanism, using a 

single motor, will be considered (see Fig. 4). The position loop 
closure equation can be written as following 
 

   1 2 4 2 0l l l l a+ + + + = ,   (3) 
or 

1 1 2 2 4 4

1 1 2 2 4 4 2

cos cos cos 0
sin sin sin 0

l l l a
l l l l
⋅ θ + ⋅ θ − ⋅ θ + =

 ⋅ θ + ⋅ θ − ⋅ θ − =
,  (4) 

 
where iθ  is the angle measured from y axis direction to the i link 
axis, being positive if the rotation of this link is clockwise. 
 

 
 

Fig. 4.  Equivalent mechanism with one DOF for inversion-eversion 
movement 

 
Solving equations (4) we will get 
 

2 2 2 2
1 4

1 2 2 2 2 2 2
1

atan2 , arccos
2

u t l l t u

t u t u l t u

  − − − + − − θ = ±    + + +   

,    (5) 

with 4 4 4 4 2cos , sint l a u l l= − θ + = − θ − . 
 

Let now consider a mechanism with one DOF for plantar 
flexion-dorsiflexion movement (see Fig. 5). Spherical joint, in this 
case, may be replaced by an universal joint (see Fig. 6). First, if we 
apply standard Denavit - Hartenberg convention to this closed-loop 
mechanism, we get the parameters presented in Table 1. Based on 
these, we will write the transition homogeneous transformation 
matrixes that express the position and orientation of the current 
frame with respect to the previous one. Multiplying all these 
matrixes we will get the total homogeneous transformation matrix 
of the mechanism that expresses the position and orientation of the 
last frame with respect to the referential frame. 
The orientation loop closure equation for our mechanism can be 
written as following 
 

IRRRRRRR =⋅⋅⋅⋅⋅= 4
5

3
4

'2
3

2
'2

1
2

0
1

0
5 ,  (6) 

 

where 1i
i R−  is the transition orientation matrix that expresses the 

orientation of the { }i  frame with respect to the { }1i −  frame. 

     
Fig. 5. Real mechanism for flexion-dorsiflexion movement 

 
 

  
 (b) 

  
Fig. 6. Equivalent mechanism with one DOF for flexion-dorsiflexion 

movement 
 

Table 1. Standard Denavit-Hartenberg parameters 

Link ia  iα  id  iθ  

1 1l  0 '
4l  1 / 2θ − π  

2 0 / 2−π  0 2/2 π+θ  

2’ 2l  / 2−π  0 '
2θ  

3 0 / 2π  0 '
3θ  

4 '
4l  0 4l  2/3 π+θ  

5 2l−  / 2π  a−  '
4 / 2θ − π  

 
The position loop closure equation can be written as following 
 

1 2 3 0nr r r r+ + + + = ,  (7) 
 

9



where ir  is a vector drawn from the origin of the frame { }1i −  to 

the origin of the { }i  frame. 

 
The following equation is obtained according to standard 

Denavit - Hartenberg convention, 
 

0 0 0
1i i i i ir d R z a R x−= ⋅ ⋅ + ⋅ ⋅ ,        (8) 

 

where 0
ir  represents the column matrixes form of ir  defined in 

{ }0  referential. 

 
Thus equation (7) can be written in the following form, 

 

0...

....
00

1

0
22

0
12

0
111

=⋅⋅+⋅⋅+

+⋅⋅+⋅⋅+⋅⋅+⋅

− xRazRd

xRazRdxRazd

nnnn

   ,                (9) 

 
The loop closure equations written above are two fundamental 

matrix equations by which the general displacement equation of any 
spatial linkage is obtained. According to equation (7), the next 
equation can be written for our mechanism 

 

00
52

0
4

0
4

'
4

0
34

0
'22

0
11

'
4

=⋅⋅−⋅⋅−

−⋅⋅+⋅⋅+⋅⋅+⋅⋅+⋅

xRlzRa

xRlzRlxRlxRlzl
,         (10) 

 
Considering equation (6), next equations are obtained, 
 
















θθ−
θθ
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100
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0cossin
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11
0
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100
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14
5
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0
5

1 0 0
0 1 0
0 0 1

R
 
 =  
  

.           (15) 

 
Substituting from (11)-(15) into equation (10), we get: 
 

( )
( )

0cos

sinsincossin

coscoscossin

2
'
4

'
4

'
4

'
44

'
22

'
2212

'
22121111

'
4

=⋅−⋅+⋅θ⋅−

−⋅θ⋅+⋅−⋅θ⋅−⋅θ⋅θ+θ⋅+

+⋅θ⋅θ+θ⋅+⋅θ⋅−⋅θ⋅+⋅

xlyazl

xlylzlyl

xlylxlzl
  (16) 

This results in the following equations, 
 

( )
( )










=θ⋅−θ⋅−

=+−θ⋅θ+θ⋅+θ⋅−

=−θ⋅+θ⋅θ+θ⋅+θ⋅

0cossin
0cossincos

0sincoscossin

'
4

'
4

'
22

'
4

4
'
221211

2
'
4

'
4

'
221211

lll
alll

llll
. (17) 

 
From this equations we obtain the inverse kinematics solution, 

( )1 4fθ = θ  for the flexion-dorsiflexion movement. 

 

4. Conclusion 
In  this  paper  a  simple  solution  of  ankle  rehabilitation  

platform has  been  proposed,  based  on  the  four  bar mechanism. 
The solution has two degrees of freedom, in order to offer the two 
required movements for   a complete  recovery  of  the  injured  
ankle. Some structural and kinematic aspects are presented in this 
paper. It’s 3D design, some simulations, control  aspects  and 
experimental results will be presented in future papers. 

Acknowledgement 
This work was supported by the strategic grant 

POSDRU/159/1.5/S/133652, co-financed by the European Social 
Fund within the Sectorial Operational Program Human Resources 
Development 2007 – 2013. 

References 
[1]http://www.webmd.com/fitness-exercise/ankle-injuries-

causes-and-treatments , june 2015; 

[2] Racu (Cazacu), C.M., I. Doroftei, An overview on ankle 
rehabilitation devices, Advanced Materials Research vol. 1036, 
2014,  p. 781-786 ; 

[3] Jamwal, P.K., S. Xie, K.C. Aw, Kinematic design 
optimization of a parallel ankle rehabilitation robot using modified 
genetic algorithm, Robotics and Autonomous Systems vol.57, 2009, 
p. 1018- 1027; 

[4] Pittaccio, S., S. Viscuso, An EMG- Controlled SMA device 
for the rehabilitation of the ankle joint in post-acute stroke, Journal 
of materials engineering and performance vol.20, 2011, p. 666-670; 

[5] Ferris, D.P., K.E. Gordon, G.S. Sawicki, A. Peethambaran, 
An improved powered ankle-foot orthosis using proportional 
myoelectric control, Gait&Posture, vol.23, 2006, p. 425-428; 

[6] Parenteau, C.S., D.C. Viano and P.Y. Petit, Biomechanical 
Properties of Human Cadaveric Ankle-subtalar Joints in Quasi-
static Loading. Journal of Biomechanical Engineering, 120(1):105-
110, 1998. 

 
[7] Racu (Cazacu), C.M., I. Doroftei, Structural and Kinematic 

Aspects of a New Ankle Rehabilitation Device, Applied Mechanics 
and Materials, vol. 658, 2014, p. 507-512. 

 

 

10



STUDY OF A TRIAXIAL SPECIMEN AND A REVIEW FOR THE TRIAXIAL 
MACHINES 

 
PhD Student Eng. Comanici A. M., Prof. Dr. Eng. Goanta V., Prof. Dr. Eng. Barsanescu P. D.  

Faculty of Mechanical Engineering – “Gheorghe Asachi” Technical University of Iaşi, Iasi, Romania 

E-mail: ana.comanici@yahoo.com, vgoanta@tuiasi.ro, paulbarsanescu@yahoo.com 

Abstract: The paper presents a review of the most important triaxial testing machines and triaxial specimens from literature. It also 
includes a finite element analysis of a triaxial specimen. The main feature that is studied refers to the geometry of the specimen so that it is 
obtained a state of stress as favourable as possible for the fracture to occur. 
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1. Introduction 
In engineering applications, ductile behavior of solid materials 

is preferred [2]. Reaching the limit stress state of a material signifies 
in the broad sense, lost of its load bearing capacity. It can occur for 
example by fracture at brittle materials or appearance of the yield 
field for materials that shows ductile behavior. Predicting the limit 
stress state of the material subjected to multiaxial stress is very 
difficult. Ductile materials under triaxial tests are still insufficiently 
investigated, but the existing results describe two phenomena: 

a) failure cannot take place under the equi-triaxial stress 
compression state [4]; 

b) failure of the specimen under triaxial tensile tension is always 
having a fragile character [3].  

2.1  Triaxial testing machines 
These machines are based on hydraulic actuators to apply forces 

to the tested specimens. Active-controlled hydraulic system 
configurations allows variation ratio of forces acting on the 
specimen on the desired direction so as to obtain a complete failure 
envelope. 

Calloch and Marquis describe their machine as being able to 
load a cube of material in tension or compression along three 
perpendicular directions. The machine has been developed by 
LMT-Cachan and Schenck AG, Darmstadt, Germany and it has six 
servo hydraulic actuators that actually apply the loads up to 250kN. 
In front of each actuator there are additional hydrostatic bearings 
and along each axis the two actuators are coupled together to 
maintain the loadings. The central point of the specimen is 
motionless thus avoiding coupling between the different axes of the 
specimen [1]. 

A complex electromechanical system for testing, able to apply 
any combination of loads: tension and / or compression on the three 
mutual orthogonal axes on a cruciform specimen with its central 
area thickness reduced compared to the thickness of the arms was 
designed, manufactured, assembled and evaluated by Welsh and 
Adams [8]. Welsh triaxial machine is formed from three subsystems: 
the reaction frame, the test fixture and the computer control system. 
The main structural component is the reaction frame which provides 
precise alignment of the six for actuators, of the test fixture in 
relation with the force actuators and a surface that holds the test 
fixture. The machine was designed for maximum forces of ±133 
kN, but the six force actuators can generate forces up to ±94 kN 
because of undersized drive motors [6]. 

A similar system was developed at the University of Castilla – 
La Mancha –Ciudad Real, Spain [9]. There, the machine has six 
actuators, six pneumatic grips and six electric gear motor for each 
actuator. In order to control the displacement or the loads applied to 
the specimen, the machine has specific software. The measurement 
of the loads is made with loading cells and the displacements of the 
actuator are regulated by encoder. The machine has a maximum 
load of 50 kN/axis and 50 mm/actuator displacement. 

The University of Sheffield from United Kingdom also has a 
triaxial testing machine [5]. Their mac2T machine was designed to 
satisfy some of the following criteria: multiaxial compression of 
100 mm cubic specimens up to 400 MPa at any Lode angle, ability 

to test in the post-peak range because by monitoring post-peak 
response the information about ductility and fracture can be 
obtained,  multiaxial compression at temperatures up to 300ºC, 
complex multi stage experiments following arbitrary pre-
programmed loading paths with simultaneous temperature cycling, 
to minimize the friction on the platen specimen interface, to ensure 
that the three stresses are delivered centrally on the six faces of the 
specimen [5]. The load in mac2T is delivered by three 4 MN 
hydraulic actuators installed in independent, diagonally interlaced 
loading frames. 

3.2  Triaxial specimens 
Calloch specimen has the form of a cube. The specimen was 

subjected to a heat treatment of 1 hour at 1050ºC and in order to 
ensure initial isotropy of the material the specimen went through a 
process of annealing in water. This cube was made of 316 austenitic 
stainless steel, with an edge of 80 mm. Each face of the cube has 
drilled four 3 mm diameter holes and saw cuttings, which results in 
a center small cube with 9 mm edge [1]. 

Welsh specimen is cruciform made out of composite materials 
with its central area thickness reduced compared to the thickness of 
the arms [7]. The triaxial specimen has an extension glued on third 
direction which makes the results difficult to validate. It is 161 mm 
long across posing 24.8 mm wide loading arms, each of which 
contain two 4.76 mm diameter holes used to align each set of wedge 
grips assume a specimen thickness of 4.06 mm and a gage section 
thickness-taper fillet radius of 12.7 mm [6]. 

4.3  Geometric parameters of triaxial specimen 
The specimens used for spatial state of stress (Fig.1) present 

some important features that have to be taken into consideration 
when a finite element analysis is going to be made or if the actual 
experiments take place.  

 

Fig. 1 Triaxial specimen – spatial view 

Some of those characteristics are: the existence of stress 
concentrators in the section of the specimen due to how the 
connection is made (corner region or plain region), a surface where 
the triaxial testing machine applies the force, a intermediary 
segment of the specimen which submit to the stress but it only 
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makes the connection between the surface and the center of 
specimen. Another important aspect is the calculus method to 
determinate the stresses from the forces applied on the central cube. 
For this paper the specimen was considered cubic recreating the 
Calloch specimen with an edge of 80 mm, 3 mm diameter holes and 
cuttings, 400 mm2 the surface to apply the loadings (Fig. 2). 

 
Fig. 2 The scheme of one eighth of the specimen and dimensions of 
elements 

5. Finite element analysis 
The specimen was tested for triaxial tension with a load of 12 

MPa distributed on a surface of 109.3 mm2 to determine the 
evolution in plasticity domain.  We analyzed one eighth of the 
initial cube (Fig. 3) due to geometry and loadings symmetry 
conditions.  

 
Fig. 3  One eighth of the specimen 

Boundary conditions imposed to the specimen: no translation on 
perpendicular plans in relation with symmetry ones, no rotation on 
the symmetry plans (Fig. 4). 

 
Fig. 4  Loading and symmetry conditions for the specimen 

The material adopted to perform FEA was AISI 1010 Steel from 
program’s library that has strain hardening modulus of 302.248 
MPa, yield strength of 305 MPa and Young modulus of 205000 
MPa. Simulation was made in ALGOR program, analysis type 

being “MES with Nonlinear Material Models” and the elements 
type was “brick”. FEA were conducted on two versions of the 
specimen as they are presented in the following figures. 

This study is preliminary in order to validate the finite element 
analysis of the triaxial specimen and to achieve an optimisation of 
the geometry so that a state of stress as favourable as possible is 
obtained. In this paper we have two geometries of the specimen that 
come from the execution of the canals. The canals diameter is 3 mm 
on both cases, but first geometry has a canal made with a cutter with 
sharp tip referred as geometry 1 and the second geometry is made 
with a cutter without the angle tip referred as geometry 2. 
Requirements in composed solicitations are high stress state in 
failure volume, more uniform stress distribution and stress ratio to 
be constant till failure. 

2.1 Geometry 1 
The specimen's canals have been extruded using  a cutter with a 

sharp tip that has an angle of 90º so from a initial cube we would 
have the gripping parts with a trapezoidal shape, canals of 3 mm 
and in center would be a full cube that has a side of 10 mm. 

Fig. 5, Fig. 6 and Fig 7 are the maps of the stresses and strains 
in the specimen in the plastic-elastic simulation. 

 
Fig.5 Maximum principal stress distribution 

 
Fig.6 von Mises stress distribution 

 
Fig.7 Displacement magnitude evolution 

Maximum principal stress and von Mises stress have a 
distribution more constant and higher value at the periphery cube 
which means that the objective of having higher stresses in failure 
volume is achieved.  Even though the maximum principal stresses 
has a higher value up to 470MPa, the von Mises stress is more 
concentrated with a high end value of 300MPa. 
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Fig. 8, Fig. 9 and Fig. 10 are the maps for the middle cube of 
10mm that was mentioned before. Here we can observe better the 
stress and displacement that takes place after the loading takes 
place.   

 
Fig.8 Maximum principal stress distribution 

 
Fig.9 von Mises stress distribution 

 
Fig.10 Displacement magnitude evolution 

2.2 Geometry 2 
On the second geometry that has been studied the canals were 

made with a disk in order to not have any angles in the middle cube. 

 
Fig.11 Maximum principal stress distribution 

The failure will appear at the corners of the periphery cube and 
will advance towards interior. From Fig. 11 to Fig. 16 it is seen the 
simmetry of both the stresses and the deformations in relation to 
planes of symmetry. As a result, the symmetrical loading and 
support conditions are well defined. On the other hand, it appears 
that the movement pattern (Fig. 14, 15 and 16) confirms the correct 
application of boundary condition. 

 
Fig.12 von Mises stress distribution 

 
Fig.13 Displacement magnitude evolution 

In the center of the specimen von Mises stresses are equal to 
zero and the value is obtained in triaxial state of stress using Eq. 2. 

 
Fig.14 Maximum principal stress distribution 

 
Fig.15 von Mises stress distribution 

 
Fig.16 Displacement magnitude evolution 
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3. Results and discussion 
Maximum principal stress has higher values in geometry 1 

compared with geometry 2, case which is also seen for von Mises 
stress (Fig. 17 and Fig. 18). 

 
Fig. 17 Graphic representation of maximum principal stress 

 
Fig. 18 Graphic representation for von Mises stress 

According to actual failure theories the yielding stress can be 
wrote: 

i. Tresca theory: 
(1) 31y σσσ −=  

ii. von Mises theory: 

(2) ( ) ( ) ( ) 2
y

2
13

2
32

2
21 2σσσσσσσ =−+−+−  

iii. in case of hydrostatic stress: 
(3) 321 σσσ ==  
hence the Eq. 1, respectively Eq. 2 will become: 
(4) 0σ1 =  where σ1, σ2, and σ3 are the maximum principal 
stresses and σy is the yielding stress. 

Due to Eq. 4 it shows that the well known failure theories can 
not be applied on the triaxial state of stress as yielding stress will be 
all the time at a higher value then zero in order to have the yielding 
process start within the specimen. It is important to specify that von 
Mises stress is dangerous even if its value is zero or almost zero in 
all specimen volume (Fig. 18).  

 
Fig. 19 Graphic representation of shear stress 

The shear stress describes the fracture zone (Fig. 19) and the 
displacements magnitude represents the absolute value of the 
displacements (strain) of the specimen (Fig. 20). 

 
Fig.20 Graphic representation of displacement magnitude 

4. Conclusions 
One of the hypothesis of this paper was the schematization of 

the stress-strain curve using two lines that give the elasticity 
modulus (Young’s modulus) and plasticity modulus. 

Because the triaxial machine are very difficult to make and 
requires a dedicated data system and considerable resources, with 
the finite element analysis we want to optimize the shape of the 
specimen, to obtain a more favorable state of stress or closer to the 
ideal. This study was made to emphasize the need of a new equi-
triaxial state of stress theory because even if von Mises stress is zero 
in the center of the specimen, this happens due to the fact that von 
Mises theory can not be applied for equi-triaxial state of stress and 
does not mean that the state of stress is not dangerous.  

It was obtained a relatively uniform state of stress, with higher 
value in geometry 1 case, both for sheer stress and maximum 
principal stress. Those high stresses are describing the failure 
section and the shear stress predicts fracture mode and so it is 
recommended the use of geometry 1. 
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Abstract: The color recorded in the image is not an inherent value of observed object, because it is also influenced by the illumination 
properties, as well as geometry and surfaces of neighboring objects. Numerous studies have developed and investigated image processing 
procedures in color sorting machines, where as not many of them have considered the influence of illumination on numerical values related 
to the colors. In this paper, parameters related to the color of corn have been examined. In each image, the corn has been illuminated by one 
of four different types of light sources. And different luminous intensities of each type of light source have been applied. The processing of 
obtained images has been performed in MATLAB, and parameters of images in RGB, CIE L*a*b* and HSV color space have been 
analyzed. Further descriptive statistics analysis has been performed by IBM SPSS. The variations of parameters with the change of light 
intensity, showed no statistical significance. The change of the type of the light source has a significant impact on all analyzed features. 

Keywords: SORTING, CORN, COLOR SPACE, ILLUMINATION 

 

1. Introduction 
In qualitative evaluation of agricultural products, many 

methods, based on evaluation of their main physical properties, has 
been developed. The morphological, optical and image texture 
features are useful in quality inspection, identification, 
classification, discrimination and differentiation between cultivars, 
varieties, etc. [1- 4]. Francis [5] found that human perception could 
be easily fooled. Together with the high labor costs, inconsistency 
and variability associated with human inspection, accentuates the 
need for objective measurements systems. The most successful and 
most widely utilized methods are the optical methods which 
incorporate high-speed optical sensing and data processing 
techniques to facilitate high-speed quality evaluation and sorting of 
many agricultural products with a high degree of accuracy [6].  

The color is an important quality factor in differentiating 
between the acceptable and unacceptable agricultural product, and it 
has been widely studied [7 - 11]. Human eye perceives three colors: 
red, green and blue, and others synthesizes by mixing these three 
colors. Different papers presented methods and researches 
performed in different color spaces such as RGB, HIS, HSV, 
CIELAB and many others. Many researches were comparing 
effectiveness of some of these color spaces in color sorting and 
came to different results. Bianconi [12] has shown that the basic 
statistical methods, applied on RGB color space parameters, can be 
the best practice in approaching the color sorting problem. In regard 
to the problem of automatic classification of materials such as 
ceramic tiles, based on color, Lopez [13] has got satisfactory results 
using RGB and CIELAB color space.   

Corn is one of the leading products in agriculture production 
in Serbia and has a yield of 7.951.583 t in 2014. [14]. Since the 
sorting is one of the fundamental operations during industrial 
processing, many researchers is trying to find appropriate, non-
destructive, simple and cheap method based on good color 
recognition.  

When capturing color images, proper light source is important 
since the color of the food sample depends on the part of spectrum 
reflected from it [15]. The perception of color of any object depends 
on illumination which is utilized.  The idea of this paper is to 
examine the influence several types of illuminations on color of the 
image of the product. This paper also presents the attempt to 
investigate the impact of the intensity of illumination on agricultural 
product image parameters. Of many image parameters, the 
parameters of RGB, Lab and HSV color spaces were chosen to be 
evaluated. 

2. Materials and methods 
In this paper, the color of defrosted corn, which had been frozen 

to -18̊C, has been investigated. The products were put in black 

chamber, of dimensions 50x50x50 cm. Olympus VG-110 camera 
was used. As the illumination Philips bulbs, of color rendering 
index (CRI) Ra8, and color temperature 2700K were used. Table 1 
shows other primary characteristics of illuminations, as well as 
abbreviated notification of used illumination. The snapshots was 
taken at the distance of 40 cm from products, in dark room, on 
temperature 15̊C. Total measurements were performed within 10 
minutes. 

Table 1: Main features of the applied illumination 

Types of 
illuminatio

n 

Power  
(W) 

Luminous 
flux (lm) 

Luminous 
intensity 

(cd) 

Notification of 
illumination 
1 

bulb 
2 

bulbs 
Clear 60W 655  c1 c2 

Reflector 60W  750 r1 r2 
Soft White 60W 630  sw1 sw2 

Warm 
White 14W=68W 856  ww1 ww2 

 

Once the color images of the corn samples were captured, pictures 
were cropped to form the same portions of each image of 
dimensions 50x50 pixels using Adobe Photoshop® 7.0. Thus, the 
obtained images are further processed in the program Matlab®, 
where the color was analyzed qualitatively and quantitatively. A 
digital color image is represented in RGB form with three 
components per pixel in the range 0 to 225 and conventionally 
stored using eight bits per color component. Each parameter of 
color: red, green and blue is presented in the form of 50x50 matrix. 
Further statistical analysis where performed in IBM SPSS® 21.0. It 
was necessary to switch square matrix to column matrix, which has 
been performed in Matlab and then matrix extracted in Office Excel 
2007, because SPSS have possibility for uploading data from Office 
Excel. Schematic presentation of algorithm is shown in figure 1.  

By subsequent transformation of the images into CIELAB color 
space, values of L, a*, b* parameters for each pixel were obtained.  
L* defines lightness, a* denotes the red/green value and b* the 
yellow/blue value. These values were used to calculate chroma and 
hue angle from equations 1 and 2. 

(1) 
𝐶∗ = �𝑎∗2 + 𝑏∗2 

 
(2) ℎ° = 𝑎𝑟𝑐𝑡𝑔(𝑏

∗

𝑎∗� ) 

The c* represents Chroma or 'saturation'. It ranges from 0 at the 
centre of the circle, which is completely unsaturated (i.e. a neutral 
grey, black or white) to 100% at the edge of the circle for very high 
Chroma (saturation) or 'color purity'. The h* axis represents Hue. 
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The units for h* are degrees (angular), ranging from 0° (red) 
through 90° (yellow), 180° (green), 270° (blue) and back to  0° [15]. 

 

 
 

 

 

 

Fig. 1. Shematic view of procedure 
 

The first step in this research was to examine whether the data 
for each of parameters deviate from normality, because many 
statistical analyses are based on assumption that the distribution of 
the values of dependent variables is normal. Normality can be 
evaluated partly based on the calculated values of indicators like 
skewness and kurtosis. According to Garson [17], distributions are 
normal if their skewness is in range [-2,+2], although some authors 
use the more stringent requirement that a narrower interval [-1,+1]. 
Also according to Garson, normal distribution characterized 
kurtosis in range [-2,+2] (some authors use more lenient criteria [-
3,+3], and others authors use stricter criteria [-1,+1]). The resulting 
an non-normal distribution is usually obtained when it comes to a 
large number of samples such as this case. Within the first analysis, 
descriptive analysis of values was performed. In further analyzes, 
two non-parametric test were used: Wilcoxon signed-rank test and 
Friedman test. Both tests are appropriate for determining whether or 
not there is a significant association between a dichotomous 
variable and a continuous variable with independent samples data. 

 
3. Results and discussion 

In table 2, taken images of examined corn in format 50x50 pixels 
under different illumination are shown. With visual method we can 
see differences between illuminations, while differences between 
the illuminations by one or two bulbs are unclear. 
 
Table 2. Display samples of corn captured under different illumination 
Type of 
illumination 1 bulb 2 bulbs Resolution 

Clear 

  

50x50 

Reflector 

  

50x50 

Soft White 

  

50x50 

Warm White 

  

50x50 

 
Figure 2 gives a perspective view of L, a*, b*, c and h values 

associated with basic colors. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Spatial representationof  L, and b, c and h values 
 
 

 

After analyses of data using descriptive analysis, based on 
skweness and kurtosis in range [-1, +1], we came to conclusion that 
distribution is not normal for all test color values. Weather the 
distribution is normal or not, we can see on histograms and some 
other diagrams which we can obtain from descriptive analysis 
Explore in IMB SPSS. All normal distributions are symmetric and 
have bell-shaped density curves with a single peak and a lower 
number of results towards to the ends (tails) bell [18] and with 
Normal Q-Q Plot, higher the bar of observed results closer to a 
straight line, it is closer to a normal distribution. For example, 
figure 3 and 4 show histogram and Normal Q-Q Plot of blue value 
when reflector light was used with single bulb, where we conclude 
that the distribution is not normal.  

 

 
Fig. 3. Histogram for blue value under reflector light with single bulb  

 
Fig. 4. Normal Q-Q plot for blue value under reflector light with single bulb 

 

Matlab – 
separ-ation 
of red,green 
and blue 

 

Excel – 
tabular 
presentation 
of data 

SPSS – 
statistical 
analysis of 
data 

Camera 

 

 

+b* 
Yellow 

-a* Green +a* Red 

-b* Blue 

L* White 
255 

Black 
0 

C*ab  

hab  
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Results of descriptive statistics are summarized in table 3 for RGB 
values, and in table 4 for CIELAB values and in table 5 for Chroma 
and Hue angle.  

Table 3. Descriptive Statistics for RGB value 
 Min Max Mean Std. Dev. 

Red c1 173 255 240,63 11,231 
Red c2 179 255 240,60 10,732 
Red r1 175 255 243,01 10,847 
Red r2 184 255 243,21 10,491 
Red sw1 181 255 240,19 10,614 
Red sw2 173 255 240,51 11,148 
Red ww1 172 255 236,63 9,198 
Red ww2 179 255 236,33 9,798 
Green c1 139 255 243,73 15,405 
Green c2 148 255 243,30 14,400 
Green  r1 145 255 245,95 13,023 
Green r2 142 255 246,12 12,836 
Green sw1 124 255 242,46 14,441 
Green sw2 140 255 243,61 14,476 
Green ww1 126 255 239,06 14,004 
Green ww2 141 255 238,95 15,279 
Blue c1 2 255 134,62 47,457 
Blue c2 0 255 130,48 44,003 
Blue  r1 11 255 161,87 45,191 
Blue r2 23 255 162,16 45,028 
Blue sw1 0 255 122,32 39,095 
Blue sw2 0 255 130,48 44,585 
Blue ww1 0 219 69,89 25,059 
Blue ww2 0 216 72,06 25,257 
 
Table 4. Descriptive Statistics for CIELab value 

 Min Max Mean Std. Dev. 
L c1 156 255 240,30 12,886 
L c2 167 255 239,88 12,025 
L r1 161 255 243,01 11,428 
L r2 159 255 243,17 11,228 
L sw1 148 255 239,01 11,940 
L sw2 156 255 240,07 12,186 
L ww1 143 253 235,04 11,002 
L ww2 162 252 234,93 11,970 
a* c1 102 144 116,46 5,021 
a* c2 101 147 116,30 4,828 
a*  r1 104 140 118,36 4,746 
a* r2 103 139 118,38 4,588 
a* sw1 102 150 115,90 4,510 
a* sw2 102 148 116,13 4,825 
a* ww1 101 140 113,37 4,513 
a* ww2 102 146 113,38 4,893 
b* c1 126 216 178,84 17,672 
b* c2 123 216 180,66 16,513 
b*  r1 123 215 167,71 17,718 
b* r2 124 214 167,66 17,603 
b* sw1 124 214 184,09 14,311 
b* sw2 126 213 180,72 16,608 
b* ww1 145 216 203,34 7,745 
b* ww2 146 215 202,58 7,588 
 

Table 5. Descriptive Statistics for chroma and hue angle 
 Min Max Mean Std. Dev. 

chroma c* c1 178 245 213,78 13,291 
chroma c* c2 179 243 215,18 12,411 
chroma c*  r1 179 242 205,70 12,509 
chroma c* r2 179 243 205,65 12,566 
chroma c* sw1 181 246 217,77 10,996 
chroma c* sw2 180 244 215,14 12,453 
chroma c* ww1 191 244 232,87 6,492 
chroma c* ww2 189 245 232,23 6,394 
Hue angle h c1 44 64 56,73 3,494 
Hue angle h c2 43 65 57,05 3,270 
Hue angle h  r1 42 63 54,56 3,799 
Hue angle h r2 43 63 54,56 3,737 
Hue angle h sw1 43 64 57,68 2,771 
Hue angle h sw2 44 64 57,09 3,279 
Hue angle h ww1 49 64 60,83 1,609 
Hue angle h ww2 51 64 60,73 1,632 
 

Since the surface color of a corn is highly heterogeneous due 
the complex distribution of water, starch, reducing sugars, etc., 
principally, it is generally important to compute the average color 
which is representative of the complete surface. Also, it is useful to 
know standard deviation of investigated parameters. Since standard 
deviation is a measure that is used to quantify the amount of 
variation or dispersion of a set of data values, the illumination and 
the color parameter that gives the smallest standard deviation of 
parameters are those that offer the best definition of a color. A 
standard deviation close to 0, indicating that the data points tend to 
be very close to the mean value, is preferable, concerning the 
definition of color, while a high standard deviation indicates that the 
data points are spread out over a wider range of values, making it 
harder to define unacceptable color. 

In tables 3, 4 and 5, maximum value are marked.  There it can 
be concluded that the light reflector gives the most intense RGB 
values and the chroma and hue angle most pronounced in warm 
white light, and that the standard deviation is the lowest for a* 
value that represents the yellow color.  

Since the studied product is corn, it is required more specific 
values of yellow color. According to r, g, b values it is harder to get 
the exact values of acceptable color, while using b*, c i h we can 
define optimal range aceptable values and a visual display in the 
spatial diagram. Based on average values and standard deviation, 
the most intensive yelow color give warm white illuminant, where 
the standard deviation are lowest. Taking into account table 1, and 
with visual method lead to the same conclusion. The illumination 
gives a warm tone and therefore the more intensive experience of 
color, so that b* value that defines the yellow are the largest, like it 
is expected. However, based on small standard deviations, we can 
conclude that the warm white illumination is the most appropriate to 
define the optimal range of hue values of yellow. 

After descriptive analysis, test of Frequency was performed, 
where it can bee seen which values are the most frequent and with 
minimum deviations. Data analysis and histogram shows that the 
most of invesigated data gave large range and large deviations of 
values. Minimum range clustered values give Hue angle, Chroma 
and b* values for warm white illuminations. Example of histograms 
are given in figures 5, 6 and 7.  

 
Fig. 5. Hue angle of warm white illumination with one bulb 
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Fig. 6. Chroma of warm white illumination with one bulb 

 
Fig. 7. b* value of warm white illumination with one bulb 

Based on histograms of hue angle, chroma and b* values, it 
can be defined range of color values and then based on that range in 
the further research, we can define good color of product. 

As it has already been mentioned, with visual method it cannot 
be seen difference between pictures with one bulb and two bulbs.  
In order to examine it using statistics, color parameters were 
evaluated with Wilcoxon signed-rank test and showed a statically 
significant change in some cases.  The results of this test are 
presented in tables 6, 7, and 8.  

Table 6. Wilcoxon signed-rank test for R,G,B values 

 Red c2 - 
Red c1 

Green c2 - 
Green c1 

Blue c2 - 
Blue c1 

Z -0,838b -4,008b -7,702b 

Asymp. Sig. (2-tailed) 0,402 0,000 0,000 
r - 0,06 0,11 

 Red r2 - 
Red rs1 

Green r2 - 
Green  r1 

Blue r2 - 
Blue  r1 

Z -0,697c -1,886c -0,846c 

Asymp. Sig. (2-tailed) 0,486 0,059 0,398 
r - - - 

 Red sw2 - 
Red sw1 

Green sw2 - 
Green sw1 

Blue sw2 - 
Blue sw1 

Z -2,586c -7,837c -17,614c 

Asymp. Sig. (2-tailed) 0,010 0,000 0,000 
r 0,04 0,11 0,25 

 Red ww2 - 
Red ww1 

Green ww2 - 
Green ww1 

Blue ww2 - 
Blue ww1 

Z -1,402b -1,214c -8,113c 

Asymp. Sig. (2-tailed) 0,161 0,225 0,000 
r - - 0,11 
  

a. Wilcoxon Signed Ranks Test 
b. Based on positive ranks. 
c. Based on negative ranks. 

 
 

Table 7. Wilcoxon signed-rank test for L, a*b* values 
 L c2 – 

L c1 
a* c2 - a* c1 b* c2 - b* c1 

Z -4,677b -1,931b -8,155c 
Asymp. Sig. (2-tailed) 0,000 0,053 0,000 
r 0,07 - 0,11 
 L r2 – L r1 a* r2 - a*  r1 b* r2 - b*  r1 
Z -1,798c -0,309c -0,373b 
Asymp. Sig. (2-tailed) 0,072 0,757 0,709 
r - - - 
 L sw2 - L 

sw1 
a* sw2 - a* sw1 b* sw2 - b* 

sw1 
Z -9,084c -3,117c -17,845b 
Asymp. Sig. (2-tailed) 0,000 0,002 0,000 
r 0,13 0,04 0,25 
 L ww2 - L 

ww1 
a* ww2 - a* 
ww1 

b* ww2 - b* 
ww1 

Z -0,934c -0,083b -11,642b 
Asymp. Sig. (2-tailed) 0,350 0,934 0,000 
r - - 0,16 

 
Table 8. Wilcoxon signed-rank test for Chroma and Hue angle 

 chroma c* c2 –  
chroma c* c1 

Hue angle h c2 - 
Hue angle h c1 

Z -8,761c -6,569c 
Asymp. Sig. (2-tailed) 0,000 0,000 
r 0,12 0,09 

 chroma c* r2 –  
chrom c*  r1 

Hue angle h r2 –  
Hue angle h  r1 

Z -0,524b -0,112b 
Asymp. Sig. (2-tailed) 0,600 0,910 
r - - 

 chroma c* sw2 - 
chroma c* sw1 

Hue angle h sw2 - 
Hue angle h sw1 

Z -19,232b -14,221b 
Asymp. Sig. (2-tailed) 0,000 0,000 
r 0,27 0,2 

 chroma c* ww2 - 
chroma c* ww1 

Hue angle h ww2 - 
Hue angle h ww1 

Z -10,440b -4,701b 
Asymp. Sig. (2-tailed) 0,000 0,000 
r 0,15 0,07 

   
Significant difference is present when Asymp. Sig. (2-tailed) – 

is below p<0,005 (red cells) and the degree of the difference is 
determined by the value of r which is defined by equation 4. 
According to Cohen (1988) [19] criteria, the differences does not 
have influence, if r is close to 0,1 or it is is less than 0,1.  This is the 
case for almost all types of illumination and color parameters except 
in three cases where there is a medium impact when r approaches to 
the value of r=0,3 and that is the case in the following cases: blue 
sw1-sw2, b*ww1-ww2 i chroma c*sw1-sw2, as it is marked as 
green cells in tables 6, 7 and 8.  

(4) 𝑟 =
𝑍
√𝑁

 

Next analysis, related to the examination with Friedman test, 
gives the answer on question whether there is difference between 
the images made with different illuminations. This test is 
appropriate to test the significance of the association between a 
categorical variable (k≥ 2). The statistically significant for all values 
(Asymp. Sig. (2-tailed) is below 0,005, according to which 
concludes that there is statistically significant difference between 
values of applied illuminations. The example was given in table 9 
for L* value when the clear illuminations with one bulb applied.  
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Table 9. Example for L value using Friedman test 
Test Statisticsa 

N 2500 
Chi-Square 1990,415 
df 3 
Asymp. Sig. 0,000 
a. Friedman Test 
 
Friedman test shows differences in calculated values but it 

does not show exactly between which types of illumination and in 
what extent. The answers to these questions are obtained by 
applying Wilcoxon signed-rank test.  

Of all the results of Wilcoxon signed-rank test, only the values 
where effect size are r≥0,2, which represents medium effect size, 
and r≥0,5 which represents a large effect size (red cells), are shown 
in tables 9, 10 and 11. 

 
Table 9. Wilcoxon signed-rank test and level of significance for red, 
green and blue values  

Red r Green r Blue r 
wwb1 -  r1 0,39 ww1 -  c1 0,27 r1 - c1 0,31 
wwb1 -  sw1 0,35 ww1 -   r1 0,4 sw1 - c1 0,25 
ww2 -  c2 0,29 ww1 -  sw1 0,33 ww1 - c1 0,59 
ww2 -  r2 0,38 ww2 -  c2 0,29 sw1 - r1 0,53 
ww2 -  sw2 0,33 ww2 -  r2 0,37 ww1 -  r1 0,61 
  ww2 -  sw2 0,37 ww1 -sw1 0,61 
    r2 - c2 0,39 
    ww2 -  c2 0,41 
    sw2 -  r2 0,41 
     ww2 - r2 0,61 
    ww2 -  sw2 0,61 

 
Table 10. Wilcoxon signed-rank test and level of significance for L, a* 
and b* values 

L r a* r b* r 
ww1 - c1 0,33 ww1 - c1 0,34 r1 - c1 0,34 
sw1 - r1 0,29 sw1 - r1 0,32 sw1 -  c1 0,27 
ww1 - r1 0,47  ww1 - r1 0,48 ww1 -  c1 0,6 
ww1 - sw1 0,43 ww1 -  sw1 0,38 sw1 - r1 0,55 
ww2 - c2 0,33 ww2 -  c2 0,36 ww1 - r1 0,61 
ww2 -  r2 0,45 sw2 - r2 0,27 ww1 -  sw1 0,6 
ww2 - sw2 0,45 ww2 -  r2 0,47 r2 -  c2 0,41 
  ww2 - sw2 0,36 ww2 -  c2 0,6 
    sw2 -  r2 0,44 
    ww2 -  r2 0,61 
    ww2 -  sw2 0,6 

 
Table 11. Wilcoxon signed-rank test and level of significance for chroma 
c* and hue angle h* values 

c* r h* r 
r1 - c1 0,34 r1 - c1 0,32 
sw1 - c1 0,28 ww1 - c1 0,56 
ww1 -  c1 0,6 sw1 -   r1 0,52 
sw1 -   r1 0,55 ww1 -   r1 0,6 
ww1 - r1 0,61 ww1 -  sw1 0,57 
ww1 -  sw1 0,61 r2 - c2 0,38 
r2 - c2 0,41 ww2 - c2 0,56 
ww2 -  c2 0,61 sw2 - r2 0,41 
sw2 -  r2 0,44 ww2 - r2 0,6 
ww2 - r2 0,61 ww2 -  sw2 0,57 
ww2 -  sw2 0,61   

 

4. Conclusion 
Sample images were processed in MATLAB by implementing the 
explained algorithm. In this algorithm for color analysis of samples, 
different combinations of color spaces and intensity transformation 
functions were applied on the images. The digital imaging method 
allows measurements and analyses of the color of food surfaces that 
are adequate for food engineering research. While it is not yet a 
adequate substitute for sophisticated color measurement 
instruments, it is an attractive alternative due to its simplicity, 
versatility, and low cost. In IBM SPSS all the approaches achieved 

factory compliance exceeding 95% minimum accuracy. The 
preliminary results of this study are useful information for future 
development of the quality control technique in practical usage. 
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Abstract: Luffing Boom Cranes are type of cranes used for load carrying in building sites. They have complex structure with big 
dimensions and mechanisms. Their working usage is high. Main cycles of the work of Luffing Boom cranes are: lifting and lowering the 
working load, Boom luffing – upwards and downwards, rotation around vertical axes, and (if mobile type) translational movement forward 
and backwards. In this work, we are going to study the work of this crane while rotating with full loading. Study will be done using 
simulations with computer applications. The aim is to see the effects of dynamic forces and moments in the crane’s main parts - metal 
construction, cables, and constraints during rotational work cycle, particularly at the start and end of the rotation. Also interest is to study 
the effects of load swinging in crane’s stability. For this purpose, we modeled with software entire luffing boom crane. Crane is modeled 
from standard manufacturer, as a common model of luffing boom Crane. 
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1. Introduction 
The type of Crane taken for study is Liebherr 540 HC-l2 [2].  

Properties of crane are:  Length of the Boom - 60 m. Mass of the 
Boom – 140 t. Length of Mast – 53 m. Mass of mast – 160 t. Max 
carrying load Qmax = 6.6 t = 6600 kg . Crane rotation-angular speed:  
ω=0.6 rot/min. This is single rotational speed given by 
manufacturer [4].  

During the rotation, crane’s boom is in position at ψ = 15° with 
horizontal. There will be no luffing motion, nor lifting of load. 
Length of hoist cables is 20.5 m. Length of luffing cables is 20.7 m. 
Length of restraint cables is 28 m. 

 
Fig.1. Model of luffing boom crane 

 
Before simulations, weight Q (work load) is in the position of 

relative rest at the height H1=40 m (Fig.1). Simulation will be done 
for crane rotation with angular speed:  ω=0.6 rot/min = 3.6 deg/s. 
Rotation will be simulated for angle of 40o. Simulation has three 
phases [3],[5]:  

First phase – initial position of relative rest with no motion. 
Load hangs on hoist cables. Starts at time 0 s <t < 1s. 

Second phase – process of active rotation with speed ω=0.6 
rot/min = 3.6 deg/s. Starts after first phase, between time 1 s <t < 
14s. 

Third phase - rotation stoppage. Crane will stop rotating, but 
load, pulley and hoist cables will continue to swing.  Starts after 
second phase, between time 14 s < t < 20 s.  

This form of simulation scenario is close to real work of crane 
and best for achievement of reliable results. All the graphs in this 
paper have time in second on horizontal axes, and in vertical axes 
they have studied component in their basic units, depending on the 
parameter studied. 

2. Results of force (tension) in restraint cables 
This is the force acting on restraint cables resulting from weight 

of boom, load hanging and swinging during crane rotation. There 
are 4 cables. Restraing and luffing cables lifts up or lowers the 
Boom, but for the case of rotation they carry the boom, load and 
lifting mechanisms (Fig.1). They are considered most loaded part of 
crane [3]. Dynamic forces that appear on these cables come from 
load swinging, hoist cables and boom oscillations. The diagram of 
tension force in these cables is shown in Fig.2. 
 

 
Fig 2. Graph of Tension force on one of the Luffing cables – during 

Boom upwards motion 

Based on graph in Fig.2, medium value of tension force is Fmed 
= 323000 N that is close to static value of force [3],[5], needed for 
calculation of dynamic coefficient [1],[2].  

Phase one of the process – relative rest of Boom and load which 
is carried between times 0< t <1 s gives values of force that are 
dynamic in nature. Max value of force in this phase is Fc1 = 362000 
N. Value of amplitudes of force is high λmax2 = (3.62-2.415)·105 = 
120500 N. Maximal frequency of oscillations is υ = 7 Hz. Phase one 
is usually called “load stabilization phase”, before active motion. 

 Phase two – active rotation period - process of crane rotation is 
carried between times 1 s< t <14 s. Maximum value of the tension 
force is Fc2 = 388000 N, in time t = 12.5 s. Value of max amplitude 
is λmax2 = (3.888-2.765)·105 = 112300 N. Maximal frequency of 
oscillations is υ = 9 Hz. 
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Phase three – rotation stoppage, between time 14 s< t <20 s. In 
this phase are achieved highest results of dynamic parameters for 
tension force. Maximum value is Fc3 = 432000 N, in time t = 15.4 s. 
Value of max amplitude is λmax2 = (4.32-2.77)·105 = 155000 N. 
Maximal frequency of oscillations is υ = 9 Hz. 

Based on comments above, and Fig.2, we can conclude that 
highest dynamic values of force are in phase three, after stoppage 
rotation. In this phase are received maximal values of oscillations, 
and amplitudes. 

If we find the ratio between max value of dynamic force gained 
from results (fig.2) and medium value of force, we can calculate 
dynamic coefficient [1],[2],[4]:  

 Ψ =  
𝐹𝑑𝑦𝑛𝑎𝑚𝑖𝑐

𝐹𝑠𝑡𝑎𝑡𝑖𝑐
= 432000

323000
= 1.337 

This concludes that value of dynamic force is higher that of 
static force for 33.7%. This needs to be taken in when calculating 
cables and selection of safety factors for cables that will be 
implemented on these cranes. 

Based on literature [2], for cranes with boom and class H1, 
value of dynamic coefficient is Ψ = 1.3. This means that value of 
tension force should not exceed Fc < 323000*1.3 = 419900 N. This 
value is complied in most of rotation process until t < 14.5 s, from 
Fig.2. But after this time value of Ψ exceeds three times, in t1 
=15.4s, t2 = 16.1 s and t3=16.2 s. This is a matter of concern that 
requires attention. 

Conclusion is that restraint and luffing cables are heavily loaded 
with oscillations that results in high amplitudes and high number or 
frequencies.  

3. Force in the rotation gear between upper platform 
and boom 

This connection is important part of these cranes for 
determining dynamic effects in crane’s metallic construction. The 
gear is the motion mechanism and connection between two main 
parts. In fig. 4 is shown the graph of resultant force for the case of 
rotation.  

Dynamic occurrences that appear come from load swinging, 
cables and boom oscillations, and thereafter will be passed to mast 
and basement. Results that will be required are resultant force Frmax 

= �𝐹𝑥2 + 𝐹𝑦2 + 𝐹𝑧2  in this connection which is a restraint (Fig.3). 

  
Fig.3. Rotation gear between platform and mast 

 
Based on results in graph from Fig 4, we can conclude that 

curved line shows heavy dynamic nature of process that occurs in 
rotation gears. Value of max amplitudes are spread on entire graph 

(process), mainly during rotation period 8 s < t < 14 s, and after 
rotation stoppage 14 s < t < 15 s. Only after time t ≈ 17 s, 
oscillations have tendency of dropping down. 

 
Fig.4. Graph of Resultant force in the rotation gear of upper 

platform and mast during rotation  

Medium value of resultant force is Frmed = 650000 N, which is 
close to static value. Maximum value of the resultant force is Frmax =  
= 678000 N, in time t = 16.4 s. This value is gained after rotation 
stoppage. Compared to value of medium force, it is an increase of 
4.3%. This is less than dynamic force - tension in restraint cables. 

Max value of the frequency of oscillations is υ = 12 Hz, which 
occurs at time 6 s < t < 7 s. This is higher than frequency of restraint 
cables (υ = 9 Hz) for 33.3%. 

4. Force and momentum in the connection of mast 
and undercarriage 

      These parameters are important for studying resultant force and 
momentum (torque) at the bottom of vertical mast and 
undercarriage and are important for studying stability of crane. This 
connection is a constraint that connects mast and basement of crane 
(fig. 5). Dynamic occurrences that appear here are passed from 
rotation gear and mast. 

 
Fig.5. Undercarriage and mast with local coordinative system 

In fig. 6 is shown the graph of resultant force for the case of 
rotation. Based on results from fig.6, we can conclude that graph 
shows heavy dynamic nature that occurs in bottom mast. Value of 
max amplitudes are spread on entire graph (process), mainly during 
active rotation between time 5 s<t<9 s, and after rotation stoppage 
14 s<t<15 s. only after time t ≈ 18 s, oscillations have tendency of 
dropping down. 

Medium value of resultant force is Frmed = 806000 N, which is 
close to static value. Maximum value of the resultant force is Frmax = 

Rotation 
gear between 
platform and 

mast 
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843000 N, in time t ≈ 17.2 s. this value is reached after rotation 
stoppage. Compared to value of medium force, it is an increase of 
4.6%. This is close to dynamic force in rotation gear (paragraph 3). 
the curve of resultant force from fig.6 is similar to fig.4 of rotation 
gear. This proves that forces at bottom mast are directly passed 
from rotation gear through mast frame. max value of the frequency 
of oscillations is υ = 12 Hz, which occurs at time 6 s < t < 8 s. 

 
Fig.6. Graph of resultant force in the constraint between mast and 

undercarriage 

In fig. 7 is shown the graph of momentum (torque) for the case 
of rotation. This is important parameter for calculating crane’s 
stability from overturning. There are 4 curves shown in graph: three 
for each local axes of mast, and forth is resultant torque M.  

Based on results from graph in fig.7 we can conclude that 
curved line shows heavy dynamic nature of moments-torque with 
high frequencies and oscillations that occurs in bottom mast, which 
are being passed to undercarriage and basement of crane. medium 
value of resultant torque is Mrmed = 8500000 Nm, which is close to 
static value. 

Oscillations of torque around y axes are low at the beginning of 
rotation until t < 9 s, and almost with constant value close to static 
value. after time t > 9 s, values of torque increase (in negative 
value) due to rotation. oscillations also increase, with increasing 
amplitudes and frequencies that reach up to υ = 10 Hz. amplitudes 
of torque can reach up to λ = -(6.2-4.2)·106 = -2·106 Nm.  

 
Fig.7. Torque (momentum) in the constraint between mast and 

undercarriage  

Oscillations of torque around x axes are of high dynamic nature 
from start to the end of rotation process. Frequencies reach up to υ = 
12 Hz (6 s<t<7 s). Amplitudes of torque can reach up to λ = (9-
5)·106 = 4·106 Nm. This value is double higher than the value 
around y axes. This concludes that crane undergoes higher dynamic 
forces and moments around its x axes, compared to values around y 

axes and z axes. Oscillations of torque around z axes are of lower 
dynamic nature than other two previous cases. This means that 
moments around vertical z axes have little influence on crane. 

Maximum value of the resultant torque M=�𝑀𝑥
2 + 𝑀𝑦

2 + 𝑀𝑧
2 is 

Mmax ≈ 10000000 Nm, in time t ≈ 12.5 s. This value is achieved 
during phase two, but it occurs only once. Most of extreme values 
of torque are around Mmax ≈ 9200000 Nm. Compared to value of 
medium torque, it is an increase of 8.3%. 

 
5. Swinging of load and pulley 
 

Pulley system with load is main system that passes swinging 
and oscillations through cables on the metal construction of crane. 
Pulley with load and their according local coordinative system are 
shown on fig.8. On fig.9 are given swinging and oscillations of load 
based on local coordinate axes y (full line) and axes x (dotted line) 
from fig.8. Oscillations and swinging are measured in degrees (º). 
Based on figure 9, swinging of load reaches maximum values 
around y axes with max angle βy ≈ -11.578º in time t≈12 s, and 
around x axes, with max angle of swinging βx = 11.37º in time t ≈ 
21 s.  

Amplitude of swinging increases in time due to the swinging of 
load. Max amplitude of load swinging is λdeg(max) = 24º - ( -24º) = 
48º, between time 4 s< t <12 s. Swinging of load is best parameter 
for measuring influence carried from working load to the metal 
construction of crane. Simulation is carried until t = 26 s. 

Based on literature [2], angle of load swinging should not 
exceed 15º. Maximum vale that we got is β ≈ -11.578º. If we 
consider wind on boom cranes, it should be added 3 % of load, or 
value of resultant force [2]. This concludes that crane will have no 
stability issues resulting from load swinging, even with a presence 
of wind.  

 
Fig.8. Load and pulley. Local coordinate system of load  

 
Fig.9. Graph of Swinging of working load around y axes and x axes  
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6. Conclusions 

Studying rotational motion of luffing boom cranes proved the 
dynamic nature of this process. Applying simulations with software 
[6] is a good method to find crane’s acting dynamic forces, and 
determining dynamic stability. These forces and moments should be 
calculated for each major part and constraint, as it is done in this 
paper, in order to have best picture of occurrences in machine parts 
and components, in this case on luffing boom cranes. Main issues of 
crane rotation are intensive oscillations with high frequency and 
high amplitudes, mostly with irregular occurrence.  

Results are shown for some crucial parts of these cranes, and 
they are commented for each case. Most complex work periods are 
motion start and stoppage. Most of crane metal parts can handle 
dynamic occurrences, based on their material and properties [4] and 
tables in literature [2],[1]. But in some cases, like tension force in 
restraint cables, the values gained exceeds the limitations, which are 
matter of concern. These oscillations, that might be difficult to 
measure with actual instruments can explain causes of stability 
problems, parts failure and materials fatigue. They are mainly 
induced by load swinging that produces forces in hoist cables, 
boom, mast and other parts. Influence in crane’s stability have 
oscillations of other cables in crane, also oscillations of metallic 
construction and motion of mechanisms.  

Based on these conclusions, proper restraints in crane 
basement should be done with high priority in order to prevent 
crane overturning. Speed of rotation should be kept as lower as 
possible, in order to minimize negative effects of load swinging, 
strain on parts of crane and problems with safety. 
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Abstract: Submerged arc welding is one of the most extensively used process  for production  of spiral welded steel pipes. Production 
process  includes  pipe forming by cold plastic deformation of hot rolled strips and double-sided submerged arc welding  of the strip edges.  
The double-sided welded seam as an integral part of the final steel pipes  must be carefully controlled  because plays principal role on the 
quality of welded steel pipes. In this respect, optical metallographic analysis of the welded joint cross section were used as  efficient and 
effective method to control  the  double-sided welded seam. 

The article  presents a brief  review of the role of optical metallographic analysis commonly used  for quality evaluation of  double-sided 
submerged arc welded steel pipes. 
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1. Introduction 
 Submerged arc welding (SAW)  is one of the most extensively 

used process for  production of spiral welded  carbon steel pipes 
suitable for pipelines [1]. Submerged arc welding (SAW) is 
traditionally considered as an efficient and highly productive 
joining technology for medium to high thickness steels. In 
Submerged arc welding (SAW) process, the welding arc is always 
covered with a layer of granular flux that protects the arc. The flux 
melts by arc heating forming a slag that protects the weld pool from 
the atmosphere, figure 1 [2, 3, 4]. 

  
Fig.1 Schematic representation of SAW 

 

        Double sided spiral welded steel pipes produced from hot 
rolled strip which is gradually formed into round shape through 
three-roll-bending  system, and its edges are joined inside and 
outside  by submerged arc welding (SAW), figure 2.  
 

 
Fig.2 Production of spiral welded steel pipes by SAW 

During pipe production, there is a need to precisely  control all the 
processes with respect to the different operating  parameters. There 
are several parameters which must be controlled during pipe 
production. Monitoring and  control issues is of a great importance 
in SAW for the purpose of making pipes with consistent and 
defined quality at a high productivity. Monitoring the SAW process 
under industrial conditions is however not an easy task. Inspection 
and testing to ensure conformance to order  requirements are 
integral parts of the production process and can be broadly 
classified into nondestructive and destructive testing /5/. 

In steel pipe production by SAW, destructive testing within 
framework of quality assurance is widely used  not for final 
inspection alone but also serves an important tool for efficient in-
process control.  

Metallography  is the well known technique to reveal 
macrostructure and microstructure. Optical metallography, one of 
three general categories of metallography, entails examination of 
materials using visible light to provide a magnified image of the 
macro and microstructure [6]. 

Metallographic analysis also plays an important role to establish 
the causes of failures and the service condition of welded pipes as a 
constitutive parts of pipelines.  These analysis  provide the 
information regarding presence of defects and others metallurgical   
phenomena  that manifest impact on the integrity of the welded 
pipes and pipelines. Metallographic examination is a key tool in the 
destructive examination of weldments, both as a process control 
tool and as a post-mortem examination of failed components [7]. 

Metallographic examination of weldments reveals 
macrostructural and microstructural features clearly when good 
metallographic preparation and the right etchant are used [7, 8]. 

Optical metallographic analysis of welded joint is a valuable 
analytical procedure widely used within the pipe industry. It is used 
for a variety of reasons including: set up of the production  process, 
monitoring of the production  process and  finally, quality control 
activities  for detecting fabricating defects and  causes of the welded  
joint failures. In steel pipes production, metallographic analysis 
covers the range of pre-SAW, during-SAW and post-SAW 
activities. Metallographic analyses combined with others 
investigations can extract the most detailed  information that can 
lead to a better understanding of the causes of the flaws and  
enabling to eliminate them. 

Optical metallographic  analysis  can be carried out with little 
physical effort using apparently simple equipment and it is 
frequently regarded as easy operation  but in the essence  this is a 
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skilled operation. Proper training of metallographers in the 
methodology and interpretation of the results is very important. 
Optical metallographic analysis  is  essential in order to understand 
the relationship between  microstructure and properties of welded 
joints of steel pipes. 

This article  presents a brief  review of the role of optical 
metallographic analysis commonly used  for quality evaluation of 
welded joint of spiral  welded  steel pipes by submerged arc 
welding (SAW). 

 

2. Experimetal procedure 
Double sided spiral line pipes Ø813x12mm, welded by 

submerged arc welding (SAW) were used to review the role of 
optical metallographic analysis for quality evaluation. For this 
purpose, pipe rings (20-30cm long) were cut out from the several 
produced pipes  Ø813x12mm in the production line and  from these 
rings were extracted specimens for optical metallographic analysis, 
transversal  to the spiral weld, figure 3.  

 
Fig.3 Schematic illustrating of metallographic specimens 

In order to perform metallographic macro and micro analysis, 
the metallographic specimens were prepared by standard 
metallographic techniques that includes grinding, polishing and 
etching with suitable etchant, to reveal the  macro and 
microstructure. Mechanical grinding is performed in successive 
steps using SiC abrasive papers of different grit sizes, usually 180, 
220, 320, 600, 800 and 1000. Cooling is always necessary to avoid 
structural changes. Mechanical polishing  is usually  performed 
using  diamond paste on a short nap cloth disc. After polishing, the 
specimens were etched with 3% natal (ethyl alcohol +3%HNO3), 
followed by thorough washing and finally rinsed in alcohol and 
dried in a stream of warm air. It is important that care is taken at all 
stages of the preparation process to obtain a correct metallographic 
analysis of the  welded joint. 

Macro metallographic analysis is performed on etched cross 
section of  the welded joint by standard visual examination with  the 
naked eye and with optical microscope NEOPHOT 21  at low 
magnification. 

Micro metallographic analysis is performed on etched cross 
section of the welded joint by optical microscope NEOPHOT 21 at 
high magnification. 

 

3. Results and discussion 
Figure 4 shows macrograph of the welded joint of   double 

sided submerged arc welding (SAW) of  spiral welded line  pipes 
Ø813x12mm, after etching  with 3% nital (ethyl alcohol 
+2%HNO3)  at room temperature. This technique is very useful and 
simple to use  for revealing macrostructure of welded joint in pipe 
production.  

 
Fig.4 Schematic illustrating of metallographic specimens 

The macrostructure of double sided submerged arc welding 
(SAW) of spiral welded  line pipes Ø813x12mm    generally shows 
two pass X-shape weld joint, being composed of areas of as 
deposited metal with columnar grains and areas that have been 
reheated  by subsequent pass. Proper fusion has been achieved 
throughout the full thickness of the joint with good  interpenetration 
and overlap between inside (W1) and outside weld (W2). No 
evidence of any weld defects such as undercut, lack of side wall 
fusion, gas porosity, etc. This macro-metallographic analysis is 
necessary at the beginning of the production process of welded 
pipes to determine the main parameters of welding. Without 
performing this analysis and without positive results arising from 
this analysis can not continue pipes production process.  

It should be noted that macro-metallographic analysis is very 
important analysis in welded steel pipes production and also can  be 
used for additional purposes, such as measuring of geometrical 
dimensions of welded joint, figure 5, hardness measuring, figure 6 
as well as for  milling of the V-notch in the constitutive parts of the 
welded joint for toughness testing, figure 7.  

 
 Fig.5 Schematic illustrating of metallographic specimens for 

geometrical dimensions measuring 

 
Fig.6 Schematic illustrating of metallographic specimens for hardness 

measuring 
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Fig.7 Schematic illustrating of metallographic specimens for  V-notch 

milling 

Micro-metallographic analysis is performed  for a number of 
purposes, the most obvious of which is to assess the microstructure 
of the constitutive parts  of welded joint (base metal-BM, heat 
affected zone-HAZ and weld metal-WM), figure 8. It is also 
common to analysis specific grain size, grain orientation, porosity, 
lack of fusion, lack of penetration, presence of inclusions, presence 
of cracks  and others metallurgical phenomena such as local brittle 
zone,  precipitation and reprecipitation of certain microparticles in 
the welded  joint.  

  
Fig.8 Microstructure of welded joint 

4. Conclusion 
From the results presented in this work, it is possible to draw 

the following conclusions: 
 
Optical metallographic analysis of welded joint is a valuable 

analytical procedure widely used within the pipe industry and 
extremely important indispensable key tool for quality evaluation of 
the welded steel pipes. It is used for a variety of reasons, including  
evaluation of the  production  set up  process, monitoring of the 
production  process and   quality evaluation  of the welded steel  
pipes. 

Macro-metallographic analysis is a fundamental step for 
evaluation of the quality of the welded joint of steel pipes and 
prelude to micro-metallographic analysis. 

In conjunction  with others  equipment, metallographic analysis 
can extract the most detailed information about the assurance of a 
consistent top quality of the welded steel pipes  and research and 
development (R&D) activities in the field of  production of these 
pipes. 
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Abstract: One of the greatest benefits when using these alternative building methods to construct affordable homes is the speed of erection. 
Delivery of units will be maximized while the quality will also be improved. At the moment one of the biggest problems with the RDP houses 
is the speed of delivery which causes the housing backlog in South Africa. This system has developed into a construction technology that 
addresses eight key challenges embodied in the low cost and affordable housing shortages facing developing and design tables to aid rapid 
selection of light steel sections, depending on the span, the loading and the steel grade used.  
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1. Introduction 

 
These homes must be affordable for households with a median 
income. In South-Africa more than 60 % of the population falls 
within this definition. It is not a new realisation though. After the 
1994 transition to democracy, it was very important to stabilise 
all housing provisioning. To overcome the fragmented housing 
regime with its skewed racial focus and to immediately start 
delivery. The all ANC’s Reconstruction and Development 
Programme (RDP) stated that there was a lack of adequate 
housing and basic services in rural settlements and urban 
townships and that it had reached a point where severe changes 
had to be made. The ANC also endorsed ‘Housing as a human 
right’ and this made one of the RDP’s priorities to provide for the 
homeless. In the last four years and average of 250 000 
subsidised houses were built every year. The National Housing 
Finance Corporation (NHFC) and the banking sector’s R42-
billion Financial Service Charter commitment to the low income 
housing market has helped to provide houses through innovative 
access to housing finance. While a lot of houses where delivered, 
a problem became apparent between the competing demands of 
affordability and quality of the delivered houses. Corruption 
levels were also rising and became very serious. Little attention 
was given to the areas in which these homes were being built in 
respect to the supporting social and economic infrastructure. One 
very important aspect of this housing incentive is to increase its 
delivery over the next few years. “Reaching the target of 500 000 
new housing opportunities requires funding of R345-billion by 
2014, if we integrate the delivery of infrastructure and basic 

services. We are lobbying for a one-off injection to the budget to kick-
start the process of boosting housing delivery,” Housing Minister, 
reported (February 2008) [3]. The National Department of Housing 
(NDH) developed a plan called the Development of Sustainable 
human settlements, also known as Breaking New Ground (BNG), 
through which the government aims to ensure that every citizen has 
access to permanent housing that provides protection and access to 
basic services. One of the BNG’s objectives is to get rid of all informal 
settlements by 2014. 
 
2. Low moderate houses  

 
RDP houses are at the lowest level of the affordable housing market, 
but the shortage also exists in more expensive, but still affordable 
houses (those costing less than R200 000). The Banking association 
reported that there is a shortage of 625 000 affordable houses in 
Kosovo. At the moment 17 000 units are being supplied a year, while 
132 000 houses is needed to reduce the shortage by 60% in the next 5 
years. The banks committed themselves to provide R42-billion worth 
of housing finance to low-moderate income households. If there aren’t 
enough houses for households to buy, they won’t need loans and the 
banks won’t meet their targets. An analysis was done for the city of 
Johannesburg demonstrating the skewed housing delivery patterns that 
occurs notwithstanding the distribution of household affordability for 
housing. The table shows the number of units delivered per type in 
Johannesburg, versus the percentage of the population for whom such 
housing was affordable. The population is skewed towards the bottom 
of the income pyramid delivery is skewed towards the top end [5]. 

Table1: Housing delivery according to monthly income. 
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This table also shows the high percentage of households earning 
less than R3500 a month and who qualify for RDP housing.  
 
3. Quality of low income housing  
 
The CSIR (March 2013) showed significant performance and 
sustainability enhancements for low income housing. Crucial 
planning is imperative to investigate how urban growth can be 
made more effective, especially regarding how urban growth can 
be developed cost effectively. The CSIR is researching solutions, 
through pilot projects, to some problems existing within the 
subsidy housing projects. The pilot project was started by the 
Department of Science and technology (DST), were the CSIR 
will assist in evaluating the efficacy of alternative technologies to 
improve the sustainability of the two housing projects in the 
Western and Eastern Cape. If one wants to look at the 
sustainability and self efficiency of the housing development, it 
has to include any environmental, technological and ecological 
issues. "To achieve this, certain basic research questions must be 
answered, such as what the thresholds/tipping points are of the 
approach (income, rainfall, wind speed, number of solar hours, 
number of units, size of land, access to jobs); and what 
technology is available to extend and maximise these 
thresholds”, CSIR architect (April 2013) [4]. To assist research 
into innovative technologies in general, and their performance-
enhancing capabilities in particular, the CSIR has built two pilot 
houses on its test site in Pretoria to investigate technology 
options. In recommending technologies to the DST, a 
fundamental component of the CSIR's research is addressing 
anticipated energy and water shortages facing the country. 
Certain technologies that are known to offer other benefits, such 
as job creation, are also being targeted. Similarly, the potential of 
the specific geographic conditions of the sites and the 
surrounding areas - for example local soils - must be investigated 
to see whether it could add value to the development. The 
location of the sites and the connections of these to existing and 
adjoining sites - such as public open space systems - must also be 
explored to ensure that these connections are maximised. "For 
our development proposal to serve as a model, it must not burden 
the financial sustainability of local authorities. One of the ways 
this can be done is to reduce the dependence of the development 
on municipal services, for example, use a range of technologies 
such as wind generators in conjunction with solar collectors. The 
introduction and implementation of sustainable urban drainage 
systems can also be considered together with a range of water 
treatment technologies."  
 
4. Alternative for affordable housing 
 
It is recognised that some contractors working in the low income 
market often do not lay foundations to standard. To eliminate 
cracked walls resulting from sub standard foundations, a CSIR - 
developed housing alternative technology - ultra-thin 
continuously - reinforced concrete used for roads - was adapted 
to form the foundation slab of the house. "Local labour can be 
used to construct such foundations (October 2008) [1]. One big 
difference to current houses is that the design of the 
bathroom/kitchen area was rationalised, and a waste outlet 
manifold used that is pre-manufactured, quality-tested and 
installed on site. This has reduced the extent of the plumbing 
installation substantially while ensuring that the installation is 
done to the required standard. Low income houses have no 
ceiling at present and thus no insulation, which results in 
incredible variations in temperatures. The thermal performance 
of the roof was improved dramatically with the addition of an 
insulation material that doubles up as a ceiling.  
 
5. Prefabricated houses for low income housing  
 
Prefabricated houses can be pre-assembled and delivered to site. 
A feature of prefabricated houses is: 

- Low cost  
- Convenient  
- Durable  
They are all made of standardized components, and connected by 
bolts. We can design;  

- Make the prefab house according to the customer’s is specific 
requirements.  
- The houses can be assembled and disassembled for dozens of times 
and can be removed 10 times.  
- All the steel components are painted and anti-rust which can be 
normally used for more than 20 years.  

The steel structure makes the house resisting heavy wind of 100km/h 
and 7 grade earthquakes [2]. The wall system of colour steel sandwich 
panel has a good fire proof and heat insulation performance.  

- Waterproof design of all steel structure.  
- Environment - protection without any building rubbish.  
- The transportation is convenient and one 40HQ container can load 
about 250 m2. 

 

 
Figure1.  Basic prefabricated house 

  
5. Conclusions 
 
There is a housing problem in South Africa and the subsidized housing 
backlog is putting a lot of pressure on the government to deliver these 
types of housing. A study done by the CSIR shows those modular 
homes can be used for RDP houses and also to enlarge the existing 
houses. By using modular homes and light steel construction, the 
delivery would speed up, and better quality homes could be built for 
less.  
Modular homes and light steel framed structures can both be used for 
low income housing and people would benefit from building or even 
renting these houses. The delivery of low income houses can be scaled 
up through the short construction periods and these construction 
methods also have the advantage of pre-assembly or factory assembly 
which would stop any unnecessary mistakes creeping in. The light 
steel construction industry is rapidly growing and SASFA already has 
36 companies who are members who manufacture and erect these 
homes. The government has to do something about the housing 
backlog and these alternative building methods might just be the 
answer.  
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Abstract: The energy input in fluidized beds is usually performed by convection. In this case, the fluid stream is heated through a heater 
before entering the fluidized bed chamber. This method has long heating and cooling time. Therefore the purpose of this work is to find out 
other energy input options in fluidized beds. Such as, the induction heating is suggested. In this case, the fluidizing gas is not the source of 
energy, but the electrically conductive inert particles (like iron hollow spheres) into the fluidized bed, in which an induction electromagnetic 
field is transferred. On the surface of these particles, the heat is released directly into the fluidized bed. Here, since the heat is emitted via a 
large overall surface of the bed material, a very high energy density and, finally, highly efficient heat transfer can be achieved. In this way, 
the energy efficiency of fluidized bed processes can be significantly increased. 

Keywords: FLUIDIZED BED, INDUCTIVE HEATING, DRYING, SPRAY LAYERING GRANULATION 

 

1. Introduction 
A fluidized bed is a state of a two-phase mixture of particulate 

solid material and fluid, which has various procedural advantages 
and is widely used in various applications like drying, granulation 
and coating. Furthermore, the fluidized beds have a very good heat 
and mass transfer, which play an important role in many industrial 
processes. Usually, the fluidized beds are heated by the hot 
fluidizing gas. In this case, the energy input is realized by 
convection. Due to the long heating and cooling time of this method 
and thus resulting energy losses, other energy input methods should 
be suggested for increasing the energy efficiency of fluidized bed 
processes. The inductive heating is a possible way to achieve this 
objective. 

Here, the energy input is transmitted directly by non-contact 
heating of electrically conductive but chemically inert particles in 
the fluidized bed. For this purpose, an induction electromagnetic 
field is transferred in this particles leading to their heating, and 
thereby, the heat is released on the surface of these particles directly 
into the fluidized bed. This results in large heat transfer surface 
areas and very quick heating and cooling. 

By induction, the energy conversion occurs mainly at the edge 
zones (surface) of the particle due to the skin effect. The term " skin 
effect" refers to the tendency for alternating current to flow mostly 
near the outer surface of an electrical conductor, e.g. iron balls. It 
takes place with high frequency alternating current and describes 
the appearance of the current density. Due to the fact that the 
electric current flows mainly at the "skin" of the conductor, the 
current density decreases towards the center and it is largest near 
the surface of the conductor. The higher the frequency is, the 
greater the skin effect. This is a positive characteristic of the 
inductive energy input. In this way, only the particle surface must 
be heated for heat transfer (Filtz and Birenbaum 1987, Rudnev et al. 
2003). 

The inductive heating is applied in various processes including 
annealing, bonding, brazing, forging, hardening, melting, plasma 
production etc.. The heating by induction offers very clear benefits 
in terms of reducing heat loss and energy consumption in 
comparison to conventional convective heating. Moreover, 
induction transfers more energy per square meter than the open 
flame, which leads to faster heating. Ultimately this improves both 
the throughput and the quality (EFD 2010). 

These considerable advantages of induction can also be 
transferred to fluidized bed processes. By using induction, the bed 
material will be faster heated and faster cooled, resulting in high 
efficiency and better product quality. Therefore, the research 
strategy pursued here focuses on the application of induction 
technology in fluidized beds in order to lower energy costs and thus 
enhance the complete production profitability. 

In previos own research studies it was shown how induction 
influensses the fluidization behavior (Idakiev et al. submitted). The 
presented contribution describes therefore the heating behavior. 
Both methods of energy input in fluidized beds (induction and 
convection) are shown and compared. In addition, the application 
possibilities of the inductive energy input are presented, e.g. drying 
of suspensions in inductively heated fluidized beds and fluidized 
bed granulation with conventional and inductive heating. The 
ultimate goal of this work is to reduce the energy consumption 
during particle formulation processes in fluidized bed apparatus. 

 

2. Experimental setup 
In this study, two cylindrical fluidized bed apparatus are used 

for experimental purposes. One is heated by induction. Therefore, 
the plant is equipped with an inductor with 9 windings, which 
generate the electromagnetic field in the fluidized bed, leading to 
heating of the electrically conductive particles in the fluidized bed 
chamber. The inductor is electrically powered by a generator from 
Hüttinger Elektrik GmbH + Co. KG (TruHeat MF 3040). It can 
transmit electrical power up to 40 kW and is made from copper of 
high purity and has a good electrical conductivity. In order to avoid 
heating of the copper, the inductor is cooled with water during the 
trials. In this manner, the electrical conductivity is kept stable. The 
schematic representation of this experimental plant and the 
illustration of the inductor surrounding the fluidized bed chamber 
are given in Figure 1. The 2nd plant used in this study is heated by 
convection, thus via the fluidizing gas, in which the benchmark 
experiments are conducted. It is electrically heated and has the same 
fluid bed distributor plate as the inductive fluidized bed apparatus. 
Also, the fluidized bed chambers of both experimental plants have 
the same inner diameter of 300 mm permiting reproducibility of the 
tests carried out.  

stainless steel body

fluidized bed

induction coil

borosilicate 
glass chamber cyclone

separator

filter system

Ventilator

measuring
orifice

 
Fig. 1 Schematic design and picture of the inductive experimental plans 

As an experimental material electrically conductive iron hollow 
balls (IHB) are used. Based on the production process of the 
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company Hollomet GmbH nearly monodisperse particles of defined 
diameter with varying the particle layer thickness can be produced 
(Hollomet 2014). This allows to create particles with defined 
fluidization properties. Therefore, hollow balls of conductive 
material with wide-ranging properties can be manufactured 
enabling a broad range of possible fluidization of solid material. 

The iron hollow balls used in this work exhibit a sauter mean 
diameter of 3.22 mm, an iron layer thickness of 120 µm, and an 
apparent density of 1774 kg/m³. In addition, the experimental 
material can be coated with kaolin to insulate the iron hollow balls 
in order to prevent possible electricity flows at higher energy input 
between the individual particles leading to local overheating and 
sparks on particle surface. The kaolin coated and non-coated iron 
hollow balls are shown in Figure 2. 

 
Fig. 2 Iron hollow balls (kaolin coated and non-coated) 

As an experimental material electrically non-conductive glass 
beads (GB) in diameter of 2.66 mm and with an apparent density of 
2615 kg/m³ are used to study the heating behavior of mixtures of 
conductive and non-conductive materials. They have similar fluid 
dynamic properties (determined by similar Archimedes number, 
minimum fluidization and elutriation Reynolds numbers) as the iron 
hollow balls. The glass beads are meant to represent the product of 
a real process, e.g. moist bulk materials for drying processes or 
carriers cores for spray layering granulation processes. In this study, 
they are used as model substance for carriers cores, too.  

In order to determine the impact of individual process 
parameters on the efficiency of the inductive energy input and the 
behavior of the fluidized bed, various parameters such as applied 
electrical power, air velocity, kaolin coating, ratio of iron hollow 
balls to non-conductive material were systematically varied. In the 
presented study, only the influence of the applied electrical power 
and the ratio of conductive to non-conductive material on the 
heating behavior will be discussed. The impact of the other 
parameters can be gathered from our previous research studies 
(Idakiev et al. 2015, Idakiev et al. submitted).   

In further experiments, the drying of suspensions in inductive 
heated fluidized beds is investigated. Here, limestone powder as 
raw material for the preparation of suspension to be dried by 
induction is used. The solids content in the tested suspension is 20 
% m/m. After reaching the desired process temperature, the 
suspension is sprayed for 2 hours on the surface of the inert 
particles (IHB) forming solid layers on their surface, which break 
by collision resulting in finely-dispersed particles. 

Subsequently, the fluidized bed spray layering granulation with 
inductive energy input is studied. In these experiments, 30 % m/m 
sodium benzoate solution is sprayed for 2 hours after reaching the 
desired process temperature. The spraying takes place from below 
in the form of a bottom spray. As carriers cores for build-up of 
granules, glass beads in diameter of 2.66 mm and with an apparent 
density of 2615 kg/m³, having a good thorough mixing and 
fluidization with the IHB are used in this study. 

 

3. Results and Discussion 
In this section, the temperature response under inductive energy 

input are presented and discussed. The evaluation of fluidized bed 
processes such as drying of suspensions and spray layering 

granulation in inductive heated fluidized beds is given in this 
section, too. 

3.1 Heating behavior 

Figure 3 shows the effect of the induction heating on the 
temperature increase and decrease, respectively. In the induction 
trials, after a few seconds the gas outlet temperature has already 
achieved a steady-state value while in the convective one the 
achieving of the steady-state value takes significantly longer. This 
also applies for the cooling process. The figure 3 proves that the 
induction technology massively reduces heating and cooling times. 
Therefore, temperature gradients are much more controllable. This 
allows the treatment of heat sensitive materials or biological 
substances demanding quick heating and cooling.  

Moreover, all conducted experiments show a similar time 
response of the temperature. Even at different induction powers, the 
heating and cooling occurs equally quick. The gas outlet 
temperature increases with the increasing energy supplied to the 
system. It is to be noted that not all of the supplied electrical power 
is transferred to the iron hollow balls, but a part of the energy is 
consumed by the water cooling of the inductor as well as heat losses 
to the environment. This is the reason, why in the induction 
experiment more electrical power (5.5 kW) should be applied to 
achieve the same steady-state gas outlet temperature than the 
experiment with convective heating (4.0 kW). 

   
Fig. 3 Influence of the energy input on the heating behavior 

Since the mixture ratio is an important parameter from the point 
of view of heating behavior, the necessary ratio of electrically 
conductive particles to bed material for efficient and uniform 
heating is investigated. The results thereof are presented in the 
Figure 4.  

 
Fig. 4 Influence of the mixing ratio on the heating behavior 

It can be seen an increase in temperature with the increasing 
proportion of iron balls. The greater number of electrically 
conductive balls is, the higher the surface of the particle collective 
on which the air can be heated. In the experiment, where the bed 
consist only of glass beads, therefore there are no conductive 
particles for the heat transfer, the slight increase in temperature can 
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be attributed to the fact that the steel flanges of the fluidized bed 
chamber are heated under influence of the electromagnetic field and 
they release the heat to their surroundings. Figure 4 illustrates that 
even with a small mass fraction of iron hollow balls (30 %), a high 
temperature increase similar to that of bed consisting only of iron 
hollow balls can be achieved. Therefore, the mixing ratio of 1:0.43 
GB:IHB is selected for the spray layering granulation experiments 
(10 kg bed mass consisting of 7 kg GB and 3 kg IHB). 

3.2 Drying of suspensions with inductive energy input 

The temperature curves during the heat-up and spraying phases 
of the drying process with inductive and convective energy input 
are illustrated in the Figure 5. The heat-up phase designates the time 
difference between the switching on the heating and reaching the 
steady state temperature, at which the temperature deviation from 
the average is less than 0.25 K. 

The heat-up phase of inductive heating is several times shorter 
than that of convective heating. Furthermore, the gas temperature or 
the operating temperature can be controlled very well with the 
induction heating method, since with switching on the heating the 
heat is available immediately for the drying process and with 
switching off the heating the process temperature immediately 
sinks. Although the steady state temperature is reached in a few 
seconds, the spraying is conducted after 1 hour to ensure 
comparability of the both experiments.  

 
Fig. 5 Temperature profile of suspension drying process  

Since the sprayed suspension is dried on the surface of the inert 
particles (IHB), it is important to know if some of solids adhere on 
the surface of IHB. As shown in Figure 6, no coating of the inert 
particles is observed, so that they are directly reusable. The 
scanning-electron-microscope (SEM) studies reveal that almost no 
differences exist in the surface structure of untreated IHB and IHB 
after the drying process (see Figure 6). Some pores are covered with 
limestone dust, but no homogeneous coating has been formed 
during the drying process. 

 

 

 
Fig. 6 SEM images of iron hollow balls before and after drying 

To clarify the possible changes in the product quality through 
the drying process, the surface structure and the particle size 
distribution of the untreated and dried product are investigated. The 
SEM images and the graphical presentation of the particle size 
distribution are provided in Figures 7 and 8. 

The SEM images clearly show that no marked differences 
between the individual samples can be identified. The particle 
structure of all products is characterized by angular, irregular but 
smooth surfaces (Figure 7). But the particle size is clearly 
influenced by the drying process. The convective drying yields a 
product with wide particle size distribution. In comparison, the 
inductive drying results in formation of particles with a very narrow 
size distribution (Figure 8), which is especially preferred in 
pharmaceutical applications, e.g. pharmaceutical powders for use in 
inhalation. 

 
Fig. 7 SEM images of limestone powder before and after drying 

 

Fig. 8 Particle size distribution of limestone powder before and after drying  

3.3 Spray layering granulation with inductive energy input 

A comparison between the particle size of the untreated particles 
(IHB and GB) and that of the formed granules is given in Figure 9. 
The conductive particles as well as the carriers cores are 
simultaneously coated as illustrated by the SEM images in Figure 
10 resulting in particle growth of both materials. It is important to 
note that the type of fluidized bed heating does not affect the 
particle growth. No differences between the inductive heating and 
convective one are observed. 
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Fig. 9 Cumulative distribution of IHB (left) and GB (right) before and after 
drying  

 
Fig. 10 SEM images of coated IHB (left) and coated GB (right)  

To make a clear statement about the product quality of the produced 
granules, the morphology of the formed layer was investigated. For 
this purpose, the coating layer thickness and porosity of the 
obtained granules are measured using micro-computed X-ray 
tomography according to the method reported by Sondej et al. 
(2015). The 3D reconstruction of granule shells of glass beads is 
given in Figure 11. It was determined that by rising spray rate from 
3.1 to 5.4 kg/h and constant temperature (55 °C) the coating layer 
thickness of granules is increased having a value ranging from 130 
to 212 µm by inductive heating and from 169 to 243 µm by 
convective heating, respectively. By convective heating, the coating 
layer porosity also increases with increasing spray rate, so that it is 
9.3 µm at 3.1 kg/h and 11.6 µm at 5.4 kg/h spray rate. Conversely, 
by inductive heating it decrease from 12.2 to 7.3 µm. Despite this 
difference, it could be concluded that the granules obtained from 
inductive and convective spray layering granulation do not differ 
essentially with respect to the product quality. 

 
 

4. Summary 
In the presented study, the inductive heating is tested as an 

alternative to the convective heating in fluidized beds. In essence, 
this is attributable to the advantages that inductive energy input 
demonstrates, most notably in comparison with convective one. For 
example: very high heat transfer surfaces and energy densities due 
to the fact that the heat exchanger is the electrically conductive 
particles in the fluidized bed. Also invaluable here is the very quick 
time response, minimizing time and energy consuming heating and 
cooling times, and giving the possibility to precisely control the 
process. It is therefore the objective of the present study to apply the 
inductive energy input in fluidized beds in order to improve 
efficiency and enhance product quality. 

From the investigation carried out, it can be concluded that the 
induction heating massively reduces heating and cooling times. The 
heating and cooling process is very fast, which is favourable for 

processing of heat sensitive materials or biological substances 
demanding quick heat treatment and short residence times. 

Special attention was put on ways to find application of the 
inductive energy input in fluidized bed processes. Therefore, drying 
of suspensions and spray layering granulation are evaluated as 
possible application of inductive energy input in fluidized beds. 

The inductive drying is characterized by a shorter heat-up phase in 
comparison with convective heating. The surface of the inert 
particles (IHB) is not affected by the inductive drying process. No 
undesired coating takes place during the drying, so that the iron 
hollow balls can be directly reused. From the point of view of 
product quality, the inductive and the convective drying can not be 
differentiated from each other. The inductive drying appears to be 
even more promising in regard to the narrow particle size 
distribution of the resulting product.  

In view of spray layering granulation process, no differences 
between particle growth by inductive and convective heating are 
recognizable. The granules made by means of spray granulation 
with inductive and convective energy input show similar product 
properties like surface structure and layer morphology.  

In summary, the results of the presented study clearly 
demonstrate the enormous potential of inductive energy input in 
fluidized beds. However, to use it in industrial applications as well 
as to bring fluidized bed apparatus with inductive heating to a 
marketable stage, further research effort is needed.    

 

Acknowledgements 
The project is funded by the Federal Ministry of Education and 

Research (BMBF) under the funding program “InnoProfile-
Transfer”. The authors thank BMBF for the financial support as 
well as the master's degree students Ludger Schmidt and Stefan 
Helmeke for their experimental support. The authors would also 
like to convey thanks to Franziska Sondej for performing the micro-
computed X-ray tomography measurements. 

 

References 
EFD, 2010. Induction heating applications. Brochure. 

Filtz, M., Birenbaum, G., 1987. Der Skineffekt in Bandleitern bei 
aufgeprägtem Wechselstrom. Archiv für Elektrotechnik, 205-212. 

Hollomet®, 2014. Hollomet Brochure. 

Idakiev, V. V., Mörl, L., Bück, A., Tsotsas, E., 2015. Induktiver 
Energieeintrag in Wirbelschichten, Schriftenreihe zum 16. IFF-
Forschungskolloquium am Fraunhofer IFF (Nov. 2014), XX–XX, 
Ed. M. Schenk, ISSN 2191-8783, docupoint. 

Idakiev, V. V., Marx, S., Roßau, A., Bück, A., Tsotsas, E., Mörl, L., 
submitted. Inductive heating of fluidized beds: Influence on 
fluidization behavior. Powder Technology. 

Rudnev, V., Loveless, D., Cook, R., Black., M., 2003. Handbook of 
Induction Heating. New York: Marcel Dekker Inc. 

Sondej, F., Bück, A., Koslowsky, K., Bachmann, P., Jacob, M., 
Tsotsas, E., 2015. Investigation of coating layer morphology by 
micro-computed X-ray tomography. Powder technology 273, 165-
175. 

Fig. 11 3D 
reconstruction 
of granule shells 
using micro-
computed X-ray 
tomography 

 

33



PRODUCTION AND CHARACTERIZATION OF Al - WC COMPOSITE POWDERS 
VIA MECHANICAL ALLOYING 

 
M.Sc. Şelte A., Assoc. Prof. Dr. Özkal B.  

Istanbul Technical University, Metallurgical and Materials Engineering Department, PML Laboratories,  
34469, Maslak, Istanbul, Turkey 

selte@itu.edu.tr, ozkal@itu.edu.tr  

Abstract: Mixtures of 10, 20 and 30 wt. % of tungsten carbide powder and aluminum powder were ball milled for 2, 4 and 8 hrs to 
investigate the effect of percentages of the reinforcement and mechanical alloying time on microstructural properties of the produced 
composite powders. Finer particles were tried to obtain in ductile matrix. The milled powders were analyzed using X-ray diffraction (XRD). 
Nano/micro particle size and distribution (PSD) technique was used to measure particle size and distribution. Scanning electron microscopy 
(SEM) was also performed to observe particle morphology. 
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1. Introduction 
Despite of their poor friction and low wear resistance, 

aluminium alloys have been mostly preferred to use on automotive, 
aircraft and marine applications because of their low density and 
high specific strength, [1-5].  

Aluminium-based metal matrix composites with small amount 
of particle size ordered as discontinuous hard phases as 
reinforcement have paid attention to remarkable research interest 
during recent years, [6]. Particularly, Al-based composites 
reinforced with ceramic particles are being demanded due to their 
high strength-to-weight ratios accompanied with high mechanical 
properties such as high strength, high modulus, high specific 
stiffness, fatigue resistance and wear resistance, [7]. These kind of 
metal matrix composites (MMCs) have been considered as the 
excellent candidates for automotive, aircraft and marine 
applications for a very long time, [8], [9]. Nevertheless, tungsten 
carbide (WC) is interesting reinforcing clearly leading very high 
hardness values and composite benefits [10-13].  

In this respect, the aim of this study is to investigate the effects 
of particle size and amount of carbide addition on the production of 
Al-WC composite powders and to perform a detailed 
characterization of finer particles. The motivation of this study is 
related with the results of our previous findings during mechanical 
alloying of Cu-WC system [14]. 

2.  Experimental Procedure  
In this study, Al (Alfa Aesar, -325 mesh, 99.5% purity) and WC 

powders (Alfa Aesar, -325 mesh, 99.5% purity) were used. Powders 
were mechanically alloyed for 2, 4 and 8 hours. Elemental Al and 
WC powders were blended to constitute the composition of Al–
10/20/30 wt% WC (hereafter called as Al10WC, Al20WC and 
Al30WC). Blended powders were mechanically alloyed (MA’d) for 
2, 4 and 8h using a Spex™ Duo Mixer/Mill 8000D with a speed of 
1200 rpm in a tungsten carbide (WC) vial with WC balls having a 
diameter of 6.35 mm (1 = 4 inches). The vials were sealed inside a 
Plaslabs™ glove box under purified Ar gas (99.995% purity) to 
prevent oxidation during MA. The ball-to-powder weight ratio 
(BPR) was 10:1. Powder particle size and distributions (PSD) were 
carried out in a Malvern™ Mastersizer Laser particle size analyser 
according to Mie’s theory using ethanol as a dispersant. Finer 
particles were measured in Microtrac™ NanoFlex. All powders 
were dried at 100oC to remove moisture for measuring true densities 
which were measured in Micromeritics™ AccuPyc II 1340 Gas 
Pycnometer under He atmosphere. 

 

 

3.  Results and Discussion  
Particle size and distribution of initial powders were illustrated 

in the Figure 1.  

 
Figure 1. Particle size and distribution of initial powders 

The d(0.5) value of particle sizes were found for initial Al and 
WC powders as 7.669 µm and 6.221 µm, respectively.  As seen 
from the figures, WC powder particle size has a wide range of size 
distribution in coarse particle sizes. After performing mechanical 
alloying process, powder particle size and distribution of powders 
were described in Figure 2.  

 
Figure 2. Particle size and distribution of initial powders 

 

As seen from the figure, mean particle size of the powders 
changed slightly according to mechanical alloying (MA) time and 
hard phase amount. It is clearly seen that, MA time can be effective 
while the presence of high amount of hard phase. Otherwise, small 
amount of changes occurred by increasing milling time. It can be 
concluded from the figure that the agglomeration tendency 
increased even the mean particle size decreased. 
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True densities of the MA’ed powders were given in Table 1. 
And Table 2 summarizes the theoretical densities of the systems. 

Table 1. True densities of MA’ed powders 
 

Powder Milling Time (h) True Density 
(g/cm3) 

Al10WC 2 2,81 

4 2,86 

8 3,27 

Al20WC 2 3,06 

4 3,28 

8 3,28 

Al30WC 2 2,90 

4 2,96 

8 3,30 

 

Table 2. Theoretical densities of the powder compositions 
studied. 

Powder Theoretical 
Density (g/cm3) 

Al10WC 2,94 

Al20WC 3,24 

Al30WC 3,59 

 

The true densities values of MA’ed powders measured by gas 
pycnometer are considerably lower than theoretical densities for 
early milling times. This was occurred for Al10WC powder until 8 
hours milling time, in where it was 4 hours for Al20WC. Besides, 
all measured densities for Al30WC were below the calculated 
value.  This could have been existed by the high faults, 
misorientations of metal sublattice which is regulated by metal 
structural vacancies. Therefore, the imperfection in milling of Al-
WC in high rate of WC is higher than Al-WC in low rate of WC can 
be deduced from these results. 

Figure 3 shows the XRD patterns of the milled powders. All the 
detected peaks are characteristic of the Al (ICDD No: 04-0787) and 
WC (ICDD No: 89-2727).  

 
Figure 3. XRD patterns of MA’ed powders 

Peaks belong to Al and WC powders can be seen clearly from 
the figure. It was observed that Al peak intensities increased and the 

peaks broadened by increasing milling time. Slight sliding in Al 
peaks was also detected. It was concluded that these attitudes 
appeared as a result of distortion and misorientation in lattice of Al 
owing to tensile and compressive loadings occurred by mechanical 
alloying. This situation was verified by calculating strain rates and 
changes in d spacings of Al peaks which were given in Table 3 and 
Table 4. However, the percentage of WC addition affected the 
broadening and intensities of Al peaks until 30 wt.% of WC. This 
can be a consequence of exceeding the maximum number of atoms 
which were needed for formation of hard-core solution. Therefore 
the increasing changes in intensity and peak broadening 
commenced to decline in the presence of high amount of WC 
addition. 

Table 3. Strain rate changes (%)  in Al peaks against milling 
time. 

 

Powder MA Time (h) Strain Rate (%) 

Al10WC 2 0.2123 

4 0.3911 

8 1.3226 

Al20WC 2 0.3566 

4 0.6127 

8 1.6115 

Al30WC 2 0.3324 

4 0.4469 

8 1.2901 

 

Table 4. Strain rate changes  in d-spacings (%)  in Al peaks 
against milling time. 

 

Powder MA 
Time (h) 

Change in d-spacings 
(%) 

Al10WC 2 0.4155 

4 0.7101 

8 0.7088 

Al20WC 2 0.6859 

4 0.9948 

8 0.8523 

Al30WC 2 0.8523 

4 0.8367 

8 0.8107 

 

Strain rates were determined by calculating the arithmetic mean 
of dominant three planes. D-spacings were estimated only by taking 
account of (111) plane of Al. As seen from the Table 3 and 4, strain 
rates increased by increasing milling time. After high percentage of 
reinforcement material, WC, this increase has become declining 
parabolic. Changes in d-spacings were determined on the same 
shifting direction. Hard core solid solution was considered to be a 
basis for this situation for high rate reinforcement existence.  
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Scanning electron microscope (SEM) micrographs were given 
in Figure 4.  

 

 
Figure 4. SEM images of a) Al10WC 2h MA, b) Al10WC 8h 
MA, c) Al30WC 2h MA and d) Al30WC 8h MA at x2000 

magnification. 
 
The effects of hard phase ratio and mechanical alloying time on 

the morphology of composite powders can be easily distinguished. 
The higher the hard phase rate, the more agglomeration tendency 
can be observed. In other respects, finer carbide particle existence 
increased by milling time and hard phase raise. WC particles were 
seems to be covered with Al particles and it was considered that the 
agglomeration tendency rate was multiplied as a result of increasing 
ductile Al milling time. Smaller and finer WC particles which were 
achieved via milling in the ductile Al matrix can also be seen in 
Figure 5.  

 

 
Figure 5. SEM images Al30WC 8h MA at x25000 

magnification. 
 
As seen from the Figure 5, it possible to obtain finer, submicron 

and nano particles. The presence of both phases provided suitable 
environment for production of nano structured powder composite 
despite the increasing tendency of agglomeration. It was clearly 
observed that obtaining finer/nano particles with increasing milling 
time by the existence of ductile matrix was convincingly possible. 
 

 
 
 
 
 
 
 

 

4.  Conclusions  
 

In this study, the behaviors of WC and Al powders during 
mechanical alloying were investigated. According to results of the 
experiments these conclusions were obtained: 

 
 
1. Although the mean particle size and the distributions of 

particle analysis applied to different mechanical alloyed 
powders does not show a significant difference, it was 
possible to observe finer hard particles inside of Al matrix 
during microstructural examinations. 

2. Al peaks shifted slightly to the same direction. This was 
concluded as a result of distortion at crystal occurred by 
WC atoms which tried to constitute hard core solid 
solution. 

3. It was observed that the strain value increases for longer 
mechanical alloying times. 
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Abstract: By recycling old products mainly the elements, which are contained in large amounts in the product, are regained. Taking 
metal coated Waste Electrical and Electronic Equipment (WEEE) as an example, this is the plate of the component cover, which is made of 
steel or aluminum, the included plastic, the printed circuit board’s material and copper. Those materials, which are contained on the printed 
circuit board belonging to the area of specialty metals such as  tantalum, indium, palladium etc., cannot economically be extracted from a 
shredder plant’s output mass flow. To solve this problem, a new approach for an automatic decomposition of metal coated components is 
introduced based on the process principle of the roll crusher. For finding a solution the systematic design approach and a first pilot plant’s 
results are presented. Based on these results, conclusions for future developments are derived. 
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1. Introduction 
With the increasing development of recycling technology the 

decomposition of metal coated products with valuable internal 
components is getting into the research focus. These products 
especially include WEEE. Those are for example hard drives, server 
and disk drives from desktop computers. In this context the 
automotive sector with its control units, entertainment units in high 
quantities and inverters from hybrid vehicles is quite important. The 
common WEEE recycling is structured into the detection of type 
and contaminants followed by sorting and extraction of the 
hazardous components. After this the shredding of the remaining 
products takes place in a machine (1). In this context it has to be 
pointed out that only for large parts or special units a manual 
disassembly is profitable.  

As a result of the shredding process the outgoing mass flow, 
which contains small amounts of recyclable materials such as 
tantalum, indium, palladium etc., is highly mixed with all other 
materials. Large material fractions as plastic, ferrous metals and 
non-ferrous metals can be profitably separated from this mass flow 
and are reusable. This is not possible for small amounts of the 
previously named materials. They are getting lost for the recycling 
economy. Due to this effect the current recovery quota for these 
materials and some other important specialty metals from post-
consumer-wastes is less than 1 % (2). Manual disassembly is the 
alternative to shredding as it is easier for the recycling of all the 
materials. However, as it enables on the one hand the separation of 
the circuit boards with only a few impurities and their use for 
another process, this procedure is on the other hand also very time-
consuming and mostly not economically efficient. A third option for 
the preservation of all contained component materials, is the reuse 
of the whole component after some testing and repair work. This is 
done for instance by the Bosch company with components from the 
automobile sector (3). 

2. Estimation of economics 
Before a new approach is being developed, the needed time for 

the separation of components and the expected revenues are 
estimated by literature information. For this purpose a study on the 
content of recyclable materials such as circuit boards is used (4). 
Those circuit boards are taken from different car types. Within this 
study the revenue for the manual disassembly of the most profitable 
components is identified. In the following the revenue for the circuit 
boards is averaged over the different car types. For the manual 
disassembly the averaged revenue is 1.65 €/component. The 
gearbox control is with 7 €/component highly above this price 
(without considering the gearbox control price the averaged revenue 
amounts 0.96 €/component only). Comparing those values to 
german repair shop costs of 35 €/hour or approximately 

0,58 €/minute, a maximum disassembly time of less than 3 minutes 
for a commercially profitable disassembly is required. Based on this 
assumption a revenue of 0.49 €/component is reachable, with a 
disassembly time of 2 minutes. This time target is difficult to reach 
even if impurities are neglected. A process, which separates at least 
3 components/minute, increases the revenue by nine times up to 
4.37 €/minute. Not considered in this calculation are the inverters in 
hybrid vehicles. Those reach a revenue up to 12.20 €/component, 
which improves the attraction of the manual disassembly as well as 
the attraction of an automatic separation process significantly. This 
rough analysis shows that an automatic component separation can 
be economically profitable.  

3. current state of shredding processes 
Components at the end of their life cycle are treated either by 

manual disassembly or more often by machines. The outgoing 
shredded fractions are sorted by type, decomposed and purified. 
Several well working first stage shredding processes exist for the 
shredding of components belonging to the WEEE-field. However, 
the recycling of elements, which are integrated only in small 
amounts in the component, cannot be regained afterwards, see 
chapter 1. It is looked upon the following existing shredding 
processes for metal coated components in more detail. They are the 
basis for the solution development, which is followed by an 
evaluation. In the brackets the main types of loads are listed (1); (5): 

• profiled roll crusher  (depending on the profile: pressure, 
shearing, impact),  

• ripping machine (tension),  
• rotary shear (combination of bending, tension, shearing 

and torsion lead to a complex stress state), 
• Querstromzerspaner (impingement) (6) and  
• pre-crushing machine SB² (impingement, shearing, 

bending) (6).  

These listed existing shredding processes are compared with the 
following criteria of an ideal automatic separation process:   

• complex stress states support separation with little 
deformation 

• high stress speed supports separation with little 
deformation  

• deformation of the component cover through pressure, 
impingement and impact by the process are rare or do not 
occur 

• embedding of ductile elements of the component cover 
are avoided (double weighted) 

An ideal solution fulfills the criteria entirely and is weighted with 
100 %. It is used as a benchmark for the existing processes. The 
evaluation result shows that no existing process fulfills the majority 
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of the criteria. The profiled roll crusher achieves the best result with 
54 % of an ideal solution. The main disadvantages of this process 
are the compaction of the components during the separation process 
and the cutting component due to the profiles.  

 
Fig. 1: Considered roll crusher’s profiles: toothed-, cam-, sting- und ripple-

rolled crusher (5) 

The second-best result is achieved by the rotary shear with 42 %. 
Rotary shears have well suiting preconditions for the separation of 
metal coated components because of their complex stress states. 
However, the strong cutting component causes a good crushing of 
the electric and electronic components as well as a deformation of 
the component cover. The special application of the 
Querstromzerspaner and of the pre-crushing machine SB² from the 
manufacturer Andritz-MEWA are very well suited for electrical 
components with brittle component covers or components with 
metal elements and with high wall thickness such as die-cast cassis 
(6). Yet they are only limited suitable for the presented problem, see 
Fig. 2. 

 
Fig. 2: Querstromzerspaner’s results. There are inclusions and compactions 

of the metal component cover. (6) 

The evaluation results reveals that there is a high developing 
potential for a new process in comparison to the existing processes. 
The demand for the development of such a process is confirmed by 
the environmental authorities in Germany and Switzerland (3); (7); 
(8). 

4. Solutions 
Following the construction systematics by (9), the development 

of a new process for the automatic separation of metal coated 
components starts by developing a functional structure, which 
covers the main elements of the still unknown process. Root of this 
structure is the main function, which has to be fulfilled. The main 
function is described as follows: 

Metal coated components, for instance from the WEEE-field, shell 
be opened due to energy input in a way that the inner components 
can be easily sorted and processed. Impurities of the inner elements 
in deformed cover components are avoided.  

The main function shell be fulfilled by the part functions 
“component supply”, “energy transfer” and “exit of the 
components”. By using the constructing systematic tools 
“brainstorming”, “synetics” and “morphological box” possible 
process principles are differentiated. As a result the tests for the 
principle of splitting, stripping and opening by sawing are carried 
out. Also the existing principle of the profiled roll crusher is tested. 
Desktop PC’s CD-ROM-drives are used as testing components for 
all tests. For those a metal component cover with inner drive 
elements is typical. Due to their operating conditions they have a 
similar size and shape, which are independent of the manufacturer 
and the year of construction. Besides this CD-ROM-drives are 
easily available and have no data-protection related requirements 
like hard disks.  

Splitting toll 

In a first testing series the splitting of metal coated components is 
examined. The experimental setup allows examining different 
splitting tools as well as different heights respectively different 
velocities and energies of the fall. Considering a continuous process 
possible advantages of a drawing cut are tested. Furthermore the 
quality of component separation is regarded depending on the 
height of the fall, on the used energy input and on the component 
cover’s deformation, which is depending on the tool’s shape.  

     
Fig. 3: Left side: Schematic picture of the test series 1 to open the 

components. Right side: good result with little deformation but without a 

complete opening. 

No advantages of a drawing cut are discovered. Narrow and sharp 
tools penetrate the component’s cover well at a minimum work of 
880 J and a minimum velocity of 3 m/s, see Fig. 3. A reliable and 
complete component’s opening has to be ensured trough a higher 
energy input per component. However, this endangers the process’ 
economical implementation. With a high energy input per 
component the revenue decreases and by that the main advantage 
compared to a manual disassembly. Furthermore the cutting process 
turns out to be highly depending on the component’s shape. With 
growing bending stiffness of the construction parallel to the cutting 
tool’s direction of the fall, the deformation on the component’s 
cover decreases, see Fig. 3. To use this circumstance effectively, an 
automatic component detection and orientation has to take place. 
Again this means a higher technical and economical effort. Due to 
the dependency of functionality on the component’s shape the 
process of splitting is not persuade upon in more detail.   

Profiled-roll crusher 

After some further tests the best common process, the profiled roll 
crusher process principle, is modified and tested. The test bench is 
realized as shown in Fig. 4. As a special feature the adjustability of 
the roller gaps is emphasized. It should reduce or rather completely 
avoid a component’s compaction. Only during deactivated test 
bench state the adjustment of the roller gabs is manually done. It is 
driven by two motors, each having 0.75 kW. The torque is 
transferred with rigid couplings to the roller axis. The tested roller 
speed varies from 6 – 36 rpm.   

 
Fig. 4: Schematic view from above the test bench, which is based on 
crushing with profiled rolls 
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After the test run the evaluation of the test’s is done depending on 
the component’s opening degree. It is differentiated in 

• 0 %: no opening, no main deformation of the 
component‘s cover, only perforation and grinding marks  

• 25 %: no opening, only one cover side is highly deformed  

• 50 %: partly component opening, one cover side open, 
other sides have only little deformation (this evaluation 
stage is declared as the minimum for an aceptable result)  

• 75 %: partly component opening, one cover side is open, 
a second cover side is strongly deformed and almost open 

• 100 %: complete opening, component is completely 
separated or at least two sides are completely open and on 
the inner component’s elements are only a few cover 
rests. 

5. Results and Discussion 
As shown in Fig. 5, the results are promising. The component’s 

cover is separated tidy and completely from the inner component’s 
elements. This is done in one process step. At the moment 
components having a width of s ≤ 42 mm can be fed to the system 
and are opened. For hard drives as well disk drives satisfying results 
are gained too.  

 
Fig. 5: Result with a 100 % - rating 

The best results are achieved with a roller gab, which is at a 
maximum the component’s width. By that the component’s 
compaction does not occur. The opening of only 21 % of the 
components does not satisfy the expectations. More than half of the 
used components with this parameter setting are completely opened, 
see Fig 6. This value meets the previously done theoretical 
evaluation.  

 
Fig. 6: Result chart with distance between the rolls ≈ component width 

With the existing testing bench metal coated components are 
opened in an automatic and continuous process. Besides the 
automatically running main process, the accompanied processes 
such as supply, stripping of component rests and size setting are 
manually done in a deactivated state only. After the first step of 
process verification the further goal is to expand the process scope 
of performance in a second plant. For reaching market maturity the 
occurring stresses have to be documented and considered for the 
follow-up plant’s construction which fulfills the stress requirements. 
The prospective goal is the separation of all kinds, shapes and sizes 
of metal coated components, which mainly come from the 
automotive sector. 

 

 

Further steps will be 

• more powerful motors 

• flexible component guidance system  

• flexible distance between the tool plate 

• new tool design  

• new solution for stripping of component rests 

• maintenance suitable tool design 

Including those changes, the process reliability of good and very 
good results should be increased up to over 80 %. Along with that 
the process evaluation improves compared to an ideal solution. Due 
to the changes a new concept for component separation is 
developed.  

6. Conclusion 
Within this article the need for developing a new concept for a 

continuous opening of metal coated components has been 
described. The carried out studies for possible solutions led to the 
redesign of the process principle of the profiled roll crusher. By 
changing the speed, the roll gab and the tools the first tests have 
shown remarkable results. Also some further possible 
improvements have been displayed. Those will be the basis for 
future research work at the Clausthal University of Technology. 
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Abstract: The widely used metal rolling bearings are only suitable for use in a process fluid by solving serious difficulties in sealing. 
Process fluids (water, alkali or acid fluids, apple juice, wine or perhaps milk…) have an adverse effect on the operation of bearings. In these 
cases, on the one hand the occurring corrosive effects must be expected as well as the inadequate lubrication of bearings. By now, due to the 
large development of materials science and manufacturing processes bearings with plastic outer and inner race and some kind of aseptic 
rolling element (e.g. glass, acid-resistant steel or ceramic) have appeared in the areas of rolling bearings. In the Institute of Mechanics and 
Machinery of Gödöllő Szent István University there are studies conducted as to how these bearings made of non-standard materials behave 
in different process fluids. 
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1. Timeliness and significance of the study of 
rolling-element bearings  

The use of rolling bearings plays an important role in all areas 
of technological life. A wide range of rolling-element bearings has 
been used for the energetically active support of the rolling parts of 
machinery and equipment. These machine elements must be 
adequate for a wide variety of load conditions and operating media 
without failure. Rolling bearings can be found in a laboratory 
environment as well as in extreme weather conditions or in 
installed, fixed manufacturing lines or mobile machines.  

Since they have become widely used, adequate attention has 
been paid to their improvement and study in technology. When 
rolling bearings appeared, materials science and engineering were 
not at such a high level as today. In the 1960s there were efforts to 
make rolling bearings from new materials (plastic) versus metal. 
However, these efforts proved unsuccessful as plastics used and 
manufactured at the time did not meet the requirements of being 
used as the materials of bearings. Because of these failures only a 
few large companies continued developing plastic rolling bearings 
further, but non-metallic bearings were not capable of fulfilling a 
good position in technology.  

However, nowadays thanks to the strong development of 
materials science and manufacturing processes new materials have 
also appeared in the areas of rolling bearings. The rapid 
development of plastics and the appearance of technical plastics 
have made it possible to use new materials in the case of rolling 
bearings as well. Today, bearings are available in different materials 
for the technology for designers and users from plastic through 
glass and ceramic to conventional metals. These new materials have 
made it possible to apply rolling bearings in new areas of use, such 
as in the textile industry, pharmaceutical industry and increasingly 
in the food industry (R.G. Mirzojev, 1974). 

Although the technical development of non-metallic bearings 
and the extent of their use have shown a clearly growing trend in 
the past 20 years, these directions of development have not been 
accompanied by laboratory research. Current research deals with 
either the properties of specific non-metallic bearing materials or 
the comparison of metal and non-metallic bearings. The 
fundamental direction of research by C. Morillo and fellow 
researchers was the comparison of non-metallic bearings to metal 
ones based on certain bearing features. (C.Morillo et al., 2013). The 
findings by Hitonobu Koike PEEK-PTFE were aimed at bearing 
wear (Hitonobu Koike, 2013). The efficiency of certain lubricants 
in the case of plastic bearing races was studied by J. Sukumaran et 
al. The primary focus of their work was the analysis of water 
lubrication, however the effects of other process fluids were not 
studied (J. Sukumaran et al., 2012). The self-lubricating ability of 
non-metallic bearings was studied by K. Kida, whose suggestion 
was that the PEEK bearing could be outstanding among plastic 

bearings due to its self-lubricating property (K. Kida et al., 2011). 
The question, problem of how bearings behave in process fluids 
(different liquid materials) has not been studied by any researchers 
in the case of the basic properties of bearings. Therefore, this topic 
can be considered rather timely, its significance is far-reaching. 

2. The objective of the analyses  
The aim of our study is to conduct a research program whose 

result can provide a tool for designers and operators using non-
metallic bearings. It is important to define the limits of operations of 
these machine parts made of unconventional materials essentially 
on the basis of their operating temperature. Another direction of 
research could provide results for the selection of proper fitting 
joints in the case of different process fluids.  

3. Material and method 
It is important that we should be able to examine the operation 

of bearings among industrial operating conditions and then these 
conditions could be reproduced with the help of laboratory 
background thus the data and information experienced during the 
operation can be validated. The plant measurements are taken in the 
Bosch RUR washer machine operating in the LIO and CITO section 
of the LIO and Eye Drop plant of TEVA Pharmaceutical Factory in 
Gödöllő, and the control tests are performed under laboratory 
conditions.  

Two main sets of tests were conducted. The temperature change 
in non-metallic rolling-element bearings was monitored with 
different load and run (revolution) settings during operation in a dry 
environment. In the design phase of the bearing test bench built in 
the Institute of Machinery of Szent István University it was an 
important aspect that the parameters basically impacting the 
operation of bearings like radial load, axial load or revolution 
should be freely adjustable and verifiable. The other criterion was 
that during the test runs performed in process fluids the test bench 
should be capable of receiving a climatic chamber which would 
function as a climatic cabinet, where the cabinet air humidity, dry 
matter content or temperature can be programmed under controlled 
conditions. Where appropriate, there may be flood tests in which the 
non-metallic bearings would operate in a process fluid and at this 
time the climatic cabinet would even function as a pool.  

In addition to the temperature measurements of bearings the 
geometric parameter change of bearings was also tested in different 
process fluids. These measurements are interesting because of one 
of the most characteristic properties of plastics, the tendency of 
swelling. The change in those four main bearing geometrical 
parameters must be tested which fundamentally influence the 
operation of bearings – not only the operation of non-metallic 
bearings. These are the change in the diameter of the inner and 
outer race of the bearing due to the effect of the process fluid, which 
basically influence bearing installation instructions. If these 
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parameters change, the tolerance pairs, fits recommended by the 
bearing manufacturer can also change. The change in these 
parameters puts the questions of installation technology into a new 
perspective. In addition to the outer and inner diameter the change 
in the clearance of bearing was measured since the change in this 
parameter impacts the running accuracy of bearings. The fourth 
tested geometric parameter is the change in bearing weight because 
of the process fluid. Although it can be felt the extent of change in 
weight resulting from swelling will not impact the proper operation 
of the bearing, still it may be interesting since the assumption that 
non-metallic rolling bearings are prone to moisture absorption, 
consequently swelling i.e. size change may be substantiated with 
this data.  

4. Equipment used during the laboratory tests of 
non-metallic rolling bearings 

A test bench capable of examining non-metallic bearings was 
created in the Department of Machine Structures in the Faculty of 
Mechanical Engineering of Szent István University (Figure 1). 

When the technical documentation was prepared the 
fundamental goal was to be able to adjust the radial and axial load 
as well as the revolution affecting the bearing running parameters 
and to be able to monitor the changes in these data in real time with 
the help of load cells and rotary encoder and also to be able to 
collect these data for later processing.  

 
Figure 1: Special purpose equipment for testing non-metallic bearings  

The other important criterion was that the structure of the test 
bench should be constructed of corrosion resistant materials so it 
cannot be damaged by the corrosive fluid to be used as planned. 
The base plate of the test bench was made of high precision 
aluminium preform, and due to the plate structure the other parts 
were also made of aluminium preforms. One of the most important 
construction elements of the test bench is the axle which was made 
by a high-precision manufacturing process from acid resistant steel. 
In the case of the axle and the axle lead-in the robust, rigid axle 
guide must be mentioned as an important construction criterion. 
High precision is significant in order to exclude any improper 
bearing operation due to axle faults (Figure 2). 

 
Figure 2: The input axle and the axial and radial tensioning unit 

 

The adjustment of accurate test revolution is done manually on 
the drive unit for the time being. There is a more interesting 
solution for the programming of the other two parameters to be 
adjusted (radial and axial load). The adjustment of the parameters 
affecting the operation can be realized by pulling, displacing axially 
and perpendicularly to the axle the bearing housing created for the 
geometry of the bearing to be tested. The bearing housing can move 
on a guided course, the adjustment of the load of the tested bearing 
can be fixed with the help of a screw-spindle actuator (Figure 3).  

 
Figure 3: Bearing housing and base plates capable of moving axially and 
radially  

In the construction design phase of the test bench it was a basic 
condition that during the measurements all the variable bearing 
properties (e.g. change in bearing temperature) should occur by 
adjusting the test parameters according to the researcher’s intention 
and no uninterpretable factors should get into the experimental 
system due to some construction fault or non-compliance (e.g. 
undersized axle or improper support). 

The measurements related to the temperature change in bearings 
are performed with the NEC thermal imaging camera of the 
Institute of Machinery (Figure 4), the images are processed with the 
default software of the camera, Image Processor Pro II (Figure 4) 
and then the data are evaluated. The measurements of the 
temperature change are taken while constantly monitoring the radial 
and axial loads and the revolution. Data acquisition is performed by 
a SPIDER 8 data acquisition system, and data processing is done by 
the HBMI CATMAN system (Figure 4).  

 
Figure 4: (From left to right) NEC thermal imaging camera, CATMAN 
monitoring system, Image Process Pro II 

The other main experimental direction recently has been the 
study of the size changes of rolling bearings due to the effect of 
process fluids of different properties. The size change in the weight, 
inner and outer race and clearance of bearings was measured at 
predetermined intervals. Weight measurements were taken using a 
KERN PCB with a readout accuracy of 0.01 grams (every 48 
hours), the change in outer and inner diameter was measured with a 
micrometer and inside micrometer with a readout accuracy of 0.01 
mm (Figure 5).  

 
Figure 5: Measuring instruments used in the measurement of geometry 
change 

During the measurements of the geometrical parameters of 
bearings the most complex task was the inspection of bearing 
clearance change since the feeler gauge with blades generally 
accepted and easily usable in the industry did not prove appropriate 
to measure the clearance of bearings with plastic outer and inner 
race. The main reason for this is the vulnerability of polyamide 
bearing races. So in this case the solution was to use a custom-
designed measuring target device. The construction requirements of 
the device were the following: the high strength, robust securing of 
the axle ends manufactured according to factory recommended 
tolerances fitting the bearings to be tested. This is an important 
criterion because the measuring target device should stand stable on 
the measuring island against the measuring power. The dial gauge 
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with readout accuracy of 0.01 mm was placed on this unit (Figure 
6).  

 
Figure 6: Target device for measuring bearing clearance 

The measurements of the temperature change in bearings were 
taken with a NEC thermal imaging camera owned by the Institute of 
Mechanics and Machinery of Szent István University, the images 
were processed with the default software of the camera and then the 
processed data were evaluated. The measurement of temperature 
change was performed under radial and axial loads and the 
continuous monitoring of revolution. Data acquisition was 
performed by a SPIDER 8 data acquisition device and data 
processing was performed by the HBMI CATMAN system. The 
measurement of geometrical dimensions was taken with 
conventional measuring devices, inner micrometer, micrometer and 
dial gauge, the data were entered in the database management 
software manually and then they were processed with mathematical 
statistical methods. During the evaluation of both series of 
measurements basic statistical correlations are used, the results are 
illustrated in diagrams.  

5. Results of the laboratory tests of non-metallic 
rolling bearings 
Dry run tests of non-metallic rolling-element bearings  

During the run tests performed so far the aim was that the 
measurement of the temperature change of non-metallic rolling-
element bearings should be performed in the most unfavourable 
conditions regarding the operation of the bearing. It was assumed 
that during the tests of the temperature change of non-metallic 
rolling-element bearings the lack of wet process media can be 
considered the most unfavourable condition. Wet process media can 
provide more favourable lubrication for the bearing and can provide 
cooling for the bearing. These aspects can prove to be very 
important during the operation of elements made of construction 
materials whose softening temperature is around 150°C. 

The adjustment of measurement parameters during temperature 
measurements  

With extreme revolution values based on catalogue data, both 
the axial and radial load parameters were set near the maximum 
load values (based on catalogue parameters) separately too, but 
there were such set points in the measurement series when the 
bearing received loads from both radial and axial directions.  

Before the presentation of the results it is necessary to explain 
the choice of the area of the temperature measurement and the 
measurement interval. The temperature of area marked 2 in Figure 7 
was measured, this covers the most loaded environment of the 
rolling-element and the running tracks. Within this area the average 
temperature, maximum temperature and minimum temperature 
were sampled at a resolution of 1 second. The duration of one 
measurement with one test setting was 10 minutes (600 s) in all 
cases since after 5 minutes (300 s) the temperature converges to a 
constant value asymptotically. 

The evaluation of the temperature change of bearings was 
performed following the experimental method developed by 
Gárdonyi, which, similarly to this research program, was used to 
study the losses of machine elements (Gárdonyi et al., 2013, 2015). 

 
Figure 7: Defining the measurement area in the evaluation software of the 
thermal imaging camera 

The following must be highlighted among the results acquired 
during the measurement of temperature change. 

The nature of temperature change 

Due to the effect of each parameter setting affecting bearing 
operation a dramatic increase in temperature can be observed, and 
then each temperature curve converges to a constant value 
asymptotically. It can be assumed that the temperature change 
occurs along the function of saturation. The mathematical proof of 
this is necessary and planned. 

 
Figure 8: Bearing temperature change as a function of time 

The connection between temperature change and revolution 

The aim of the experiment was to see a correlation how 
revolution affects the temperature change in bearings with constant 
load settings (both radial and axial load of 90N) and revolution 
values increased incrementally (400, 500, 600, 700, 800, 900min-1). 
The below diagram (Figure 9) shows the average temperature 
change of the rolling track as a function of the specific revolution. 
Four different temperature-time ranges were selected. During the 
measurements the average temperature of the period between 30 s 
and 600 s was calculated, the maximum temperature was processed 
similarly. The average and maximum temperature of the last 100-
sec period (500 s-600 s) was determined separately. Figure 9 shows 
that regardless of the measurement time setting, the connection 
between the revolution and temperature shows a linear relationship. 
Even in the most different case (AVERAGE 500s-600s) the value 
of the correlation coefficient R2=0.9939. Since the measured points 
are located along the line with great statistical certainty, it can be 
concluded that the temperature-revolution relationship is linear.  
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Figure 9: Bearing temperature change as a function of time 

Flood tests of non-metallic rolling-element bearings 

The aim of the tests is to determine what effect the specific 
property of plastics of being capable of absorbing fluid in a wet 
medium and so creating a change in size can have on the 
geometrical properties of bearings. The tested bearing parameters 
are the change in the diameter of the inner and outer races, the 
change in weight and bearing clearances. 

Determining the measurement conditions during flood tests  

The tests were carried out with two bearing sizes, one bearing 
was an IGUS BB 6005 with an inner diameter of 25mm, the other 
one was an IGUS BB 6001 with an inner diameter of 12 mm. The 
inner and outer races of the bearings are made of polyamide, and 
the rolling elements (bearing balls) are made of glass. In the flood 
tests the parameter change of bearings was tested in four process 
fluids with totally different chemical properties. The four selected 
process fluids were RO water (pure H2O), SIÓ 100% “Mosolygós” 
Apple Juice, household chlorine bleach (alkaline pH 12.5) and one 
of last year’s successful white wines from GERE Winery, 
Sauvignon Blanc.  Three bearings from both bearing sizes were 
placed in all the four process fluids, and the parameter change was 
checked with measurements repeated every 48 hours for 240 hours 
(10 days). 

 
Figure 10: Bearings in different process fluids 

The extent and nature of bearing geometry change  

It can be observed in all the four properties affecting the 
operation of bearings, regardless of the process fluid. All of these 
properties show a clear increase, and when their structure is 
presumably saturated with the process fluid, the data converge to a 
constant value asymptotically (Figure 11) (Dr. Sváb János, 1976). 

The issue of fitting the axle in the inner race 

If we interpret the geometry change as the percentage of the 
original, measured property (Table 1), the values obtained are not 
expressive enough. The value of 0.8% increase in the inner race of 
bearing IGUS 6005, and the 1.25% increase in bearing 6001 cannot 
be considered outstanding, but this actual increase can affect 
installation technology to a large extent. 

 
Figure 11: Bearing temperature change as a function of time 

 
Table 1: Extent of change in physical properties  

 Weight Inner 
diameter 

Outer 
diameter 

IGUS 6001 1.87% 1.25% 0.28% 
IGUS 6005 0.74% 0.80% 0.25% 

In the case of installing plastic bearings under factory 
recommendation, the bearings are to be mounted on axles 
manufactured with h6 tolerance. In this case the manufacturer 
requires a slight fitting coverage and a slight fitting play for the user 
of the bearing (yellow area in Table 2). The table below clearly 
shows that the data of bearing measurements (orange area in Table 
2) taken before the flood test show a high level of compliance with 
the factory recommendation. However, the parameters shown in the 
red area of the table show outstanding data. After the evaluation of 
these data it can be understood that after the 240-hour flooding the 
size of the inner race of the bearings is no longer suitable for axles 
of h6 tolerance. Therefore the mounting of bearings with proper 
fitting is not appropriate to axles manufactured with factory 
recommendation, so an installation technology recommendation 
must be created for mounting non-metallic rolling-element bearings 
with plastic outer and inner races. It can be concluded on the basis 
of the tests that in order to obtain the proper mounting clearances it 
is necessary to soak polyamide ball bearings to be used in a wet 
medium for 240 hours in advance, and then in my recommendation 
if the bearing is mounted on an axle manufactured with z10 
tolerance, the proper inner race fitting can be achieved. 

Table 2: Data to support fitting recommendations 
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6. Summary 
As a result of the research work to date a new research method 

was created which can assist in examining non-metallic rolling-
element bearings in process fluids. A target device was designed 
and constructed for the created research method which device can 
also be installed with a climatic cabinet for bearing tests.  

During the tests performed so far a conclusion was drawn 
regarding the changes in physical and geometrical parameters 
impacting the operation of bearings, due to the effect of process 
fluids. The main objective of the near future will be the itemized 
confirmation of the received partial results. In addition to the 
changes in physical and geometrical parameters due to the effect of 
process fluids, the relationship between the revolution and the inner 
temperature of the bearing was determined.  
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Abstract: Modern machines allow to position cutting tools relative to the workpiece with an accuracy of 1 micron, but increasing 

of producing detail accuracy can be achieved only by an increase of sharpness of the cutting tool, which will guarantee allow to cut  
required metal pads of the size of 2 ... 5 microns, and will reduce the time spent on finishing operations. Existing manufacturing techniques 
and sharpening of cutting tools let to receive the sharpness of the blade up to 10 microns. A further increase of sharpness is only possible 
with the use of high-speed sharpening. 

 
Modern machines allow to position cutting tool relating 

to workpiece within the accuracy of 1 µm, but fabrication 
operation accuracy increase can be achieved only with increasing 
of sharpness of cutting tool that will guaranteed allow to cut 
necessary metal pad of size 2…5  µm, and also will allow to 
decrease time spending on finishing operations. Existing 
fabrication and sharpening technologies of cutting tool allow 
getting blade sharpness up to 10 µm. Further increasing of 
sharpness using existing technologies and equipment is 
impossible [3, 4, 5]. 

Existing equipment of aerospace enterprises with metal 
cutting tool doesn’t supply stable quality and production of 
processing key details of aircraft engine and rockets. That’s why 
production of engines comes to individual (selective) selection 
while assembling engine components. That is existing 
technologies, wherein cutting tool, process conditions and metal-
working machinery, do not make it possible to get stable sizes 
and quality of work pieces surface in full. The best accuracy that 
enterprises can really reach in cutting edge machining is 
approximately 10 µm. 

 While making turbine blade disk many spark-out 
operations are utilized at manufacture. It is related to the fact that 
existing machines and software allow to position cutting tool in 
relation to work part with accuracy of 1 µm, however, metal 
cutting tool that is used for treating heat resistant alloy, has 
sharpness (cutting blade corner radius) of 10…15 µm. For 
reaching required manufacturing accuracy machine operator has 
to size details  many times, at that, while moving cutting tool for 
10 µm, it is pressed into the detail, however, there is no cutting 
action because of its fragility. The machine operator has to 
increase depth of cut and repeat the action, at that during another 
approach cutting edge cuts into the detail and cuts metal pad to 
excess that can lead to defect of the detail.  Using existing metal 
cutting tool it’s almost impossible to get required accuracy. 

Of all the details of aircraft engines, building from heat-
resistant alloys, 20% satisfy requirements of manufacturing 
accuracy, defect list is compiled for 50% of  the details (at that 
their value decrease for 1/3) and 30% are completely discarded. 
Taking into account this fact, engine builds by selective method 
with the fittest sizes. In the most cases during engine repairing 
it’s impossible to change worn part for a new one, because while 
producing the standardization is not providing. For 
standardization it’s necessary to increase accuracy of 
manufacturing that will lead to increasing of details number that 
fit to size requirements.       

For cost savings and increasing in performance of 
aircraft details manufacture from heat resistant alloys, it’s 
necessary to solve scientific and technical problem of cutting tool 
development with the blade corner radius less than 1 µm (super 
blade). This tool will let to decrease number of details with 
damages, decrease defective goods on account of accuracy 
increase and production efficiency.  

Classical methods and mode of sharpening with using 
of finishing operations allow to get the blade with sharpness not 
less than 5…6 µm (illustration 1,a). Machining was at the 
sharpening mode of V=30…40 m/s, S=1…1,5 m/min and t=0,01 
mm/ double stroke. 

High speed machining was at the sharpening mode of 
V=260…280 m/s, S=1…1,5 m/min and t=0,01 mm/double stroke it 
allows to get the blade with sharpness of  1…2 µm (illustration 1,b).  

 

 
а) 

  
b) 

Fig.1. Blade carbide cutting tool, from: 
 а) the classical sharpening with finishing operation;  

b) high speed sharpness 
 

Researches were conducted on a scanning electron 
microscope Jeol JCM-5700. X-ray analysis is shown in Table 1. Error 
measurement is from 0.32 to 0.47%. 

Table 1 

Element Classical sharpness High speed sharpness 

Mass % Mass % 
C 18.77 14.84 
O 2.25 - 
Co 5.49 6.06 
W 73.49 79.09 

Total 100.00 100.0 
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Table 1 shows that for a classical sharpening WC 
content (tungsten carbide) is about 92%, and Co (cobalt) is about 
5.5% and O (oxygen) is about 2.25% that confirms the formation 
of oxides on the surface of the cemented carbide. Changes in the 
chemical composition say about high temperatures and may be 
cutting forces while sharpening. Thus at high speed sharpening 
WC content (tungsten carbide) is about 94%, and Co (cobalt) is 
about 6%, which corresponds to the initial composition and to the 
GC1105 alloy condition (Sandvik Coromant). At the same time 
on the tested surface oxides are not observed. 

Parameters of surface and quality of sharpening are 
shown in figure 2 and table 2. 
 

 
а)  

 
b) 

Fig. 2. The machined surface obtained: 
a) the classical sharpening with finishing operations; 

b) high speed sharpening 
 

Table 2 

Parameter Classical 
sharpening  High speed sharpening 

The 
average 
value of 

the 
microrelief 

3,496 µm 0,350 µm 

The 
maximum 
value of 

the 
microrelief 

5,105 µm 0,393 µm 

The 
minimum 
value of 

the 
microrelief 

1,910 µm 0,323 µm 

Blade 
corner 
radius 

8…10 µm 0,8…2 µm 

 
Main researches in this work are related to obtaining 

high-quality blade carbide cutting tool that provides an 
opportunity of sharpening different steels used in the aviation and 
aerospace industries with the potential accuracy of the 
technological system. We considered steel 12X18H10T and alloy 
VT3-1. 

Using of carbide with a corner radius of less than 1 µm, on 
turning operations it is possible with cutting depth not less than 2-3 
µm. To confirm this assertion, researches were conducted at the outer 
turning of parts: from steel 12X18H10T, HRC 41 ... 42; titanium alloy 
VT3-1, HRC 39 ... 40 (initial diameter D = 42,8 mm and the length L 
= 20 mm) on the lathe with CNC EMCO 450 Concept Turn. Turning 
was carried out with sharpened carbide blade CNMG 120408 alloy 
1105 Sandvik Coromant (the sharpness of the blade is 0.8 ... 1 µm) at 
cutting speeds V = 60 and 120 m / min, feeding S = 0,05 and 0.08 mm 
/ rev and the depth t = 3 µm. 

The results of the researches: 
1. Turning was provided at the cutting depth of 3 µm and 

control of the size of the parts was made every 10 passes, and the 
obtained size was monitored and compared with the required nominal. 
According to the obtained measurements was developed characteristic 
curve of resistance of carbide. The magnitude of technological wear of 
the plate is assumed equal to 10 µm in all cases. 

2. Dependencies of resistance of cutting tools for turning 
steel 12X18H10T has the form: T = 0,000 • V2 - 0,338 • V + 50,6; 
when turning VT3-1: T = 0,000 • V2 - 0,25 • V + 37. 

3. Figure 3 shows a cutting formed as a result of processing. 
The type and shape corresponds to the normal type of chips. The 
length of microcuttings is 5 ... 10 mm.  Cauterizes and annealing 
colors are not observed one the cuttings, that indicates small value of 
the contact temperatures. 

 

 
а)  

  
b) 

Fig. 3. Cuttings, obtained by treating: 
а) top surface, х500;          б) cutting chip surface, х500 

 
4. The quality of the detail treated surface that is determined 

with the height of the irregularities is sufficiently high. The magnitude 
of irregularities (surface roughness) is in the range of Ra = 0,08 ... 
0,12 µm. The accuracy in size is  Δ = ± 0,25 µm (deviation of the 
actual size from the nominal size). 

Working accuracy and machined surface quality is a logical 
and appropriate because working accuracy and surface quality is 5-8% 
of the depth of cut. 
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Abstract: The present article offers an approach for more effective fundamental preparation for the work with CAD systems within the 

technical field of Basics in Construction. The approach is based on developed, and justified versions for practical application of fundamental 

computer aided designing of hydro mechanical elements and mechanical drives that are used throughout the training of students. Their 3D 

geometrical models present options for computer aided simulation, size analysis during designing of assembled units as well as options for 

training of master degree students in an optional field of Expert Systems. The obtained results are also useful for the purpose of better 

connections between general technical subjects and profiling subjects.  
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1. Introduction 

Tridimensional designing via CAD systems is based on 

fundamental preparation for generation of a model of information of 

a designed product. In order to create 3D geometrical model within 

a CAD environment as well as a simulation analysis throughout the 

process of its designing and training of students, one has to use 

developed releases from University origin. [1, 2, 3, 5]. 

 

One of the most important issues is the searching of collisions 

during the generation of an assembled unit as well as a verification 

of its functional performance throughout the process of 

construction. Also, a virtual analysis, a static analysis  and a 

dynamic analysis [8,12] are required as they should concern 

technology during sizing of the assembled unit [7,11]. 

 

The necessity of acquisition of detailed skills and knowledge in 

the field of computer - aided designing throughout the engineering 

specialties is an argument for motivation of both teachers and 

students that they become more active. Whereas, it contributes to 

their integration in the European Education Programs for University 

- based training that corresponds to the credit system [14, 15]. 

 

The purpose of the present work is to establish an approach for 

more efficient, fundamental preparation for CAD system usage in 

the technical subject of 'Basics of construction'. 

 

The main goals are as follows: 

> Analyzing of hydro mechanical details and mechanical drives 

that are developed and practical through the process of training; 

> A rationale of mechanical product versions for practical work 

in laboratories, curs task  and examination of the students' skills 

and knowledge in the field of General Engineering; 

> An analysis of the connection between technical and profiled 

subjects that involve  computer -aided designing throughout the 

process of training. 

 

2. An analysis of developed mechanical products 

The performed analysis reviews the process of training of 

students from the professional qualification of 'General Engineering' 

which includes the following degrees: 'Bachelor' for 'Basics of 

construction'; 'Master' for 'Expert systems'. This proposition has 

been based on the accumulated experience and on the curricular 

process of development of 3D models and mechanical products. It 

also stems from the motivation of the students who study a 

technical subject that involves CAD systems throughout the process  

 

 

of designing. In relation to all these circumstances, two groups of 

mechanical products have been offered (Table 1). 

Libraries for generation of assembled units of mechanical 

products have been developed on the basis of the already created 

geometrical models of the compound details [Fig. 1, 2, 3]. 

In order to create 3D geometrical models of a detail from a 

safety overflow valve (Fig.1) 'Step by Step' and in order to assemble 

the compound details of the designed valve, one has to use 

methodology of execution of a task in laboratory environment. An 

instance of simulation is to be performed as it must represent the 

behavior of the piston, namely 'Opening and closing' of the safety 

overflow valve [9, 10]. 

       The pneumatic distributor (Fig.2) is to be used to the end of 

deciphering and detailed breaking up of the general drawing as well 

as for the purpose of execution of sketches of details and 'Pictorial 

shaded exploded assembly drawing' [10]. 

During recent years, the so-called 'competitive engineering' has 

been introduced as it requires collective work by teams of technical 

and non-technical specialists exchanging computer-based 

information [2, 6, 14]. It is important to use expert systems 

throughout the processes of automatization and designing[4].  

Fig.3 represents an instance of a 3D model of a double stage 

planetary gearing which is to be studied throughout the Master 

degree training [13]. The double stage planetary gearing can be 

used for the purpose of establishment of creative solutions 

throughout the process of construction on the basis of expert 

systems. 

     3. Application of products for training 
       

       In order to choose versions of mechanical products, one has to 

take into consideration the curriculum, the scope of work and their 

respective degree of complexity. In accordance with the mentioned 

criteria and the performed justified versions for practical application 

in real time, the following versions are presented in Table 2. 

Table 2 delivers specific information about the application of 

the corresponding mechanical products in accordance with the 

educational, qualifying system and according to the subject. The 

patterns for knowledge verification (outside the scope of the 

audition work during the curricular term) are also shown. 

The exercises which the Master Degree students perform within 

the confinement of the optional subject “Expert System” involve 

various types of tasks related to production rules, diagnostics and 

checkups for creative solutions. To that end, it is required to 

perform discussions, team-based work, diagnostics and monitoring 

along with preparations of recommendations and solutions. 
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            Table 1. Versions of 3D geometric models 

 

Device 

 

Analysis for the purpose of searching of 
constructive, technical solutions 

 

Hydro mechanical and pneumatic devices 

 

 

 

 

 

Fig.1 

 

 

 

 

 

 

 

 

Safety overflow 

valve 

 
        

 

 

 

 

Given: 

       > Volumetric flow [m.h-1]; 

       > Standard pressure, [Bar]; 

       > Viscosity of flow (non-Newtonian 

flow) [ µPa.s ]. 

Analysis and solutions: 

> Choice of suitable steel grade; 

> Choice of fittings; 

> Choice of helical compression spring. 

 

 

 

Fig.2 

 

 

 

 

Pneumatic 

 distributor 

 

 

 

 

Given: 

>  Atmospheric pressure, [Bar]; 

> Mass atmospheric stream [m3 ]. 

Analysis and solutions: 

       > Choice of steel grade and seals; 

> Choice of helical compression 

springs. 

 

 

Mechanical drive systems 

 

 

 

 

 

 

Fig.3 

 

 

 

 

 

  Planetary 

gear  

transmission 

  

 

 

Given: 

      > Nominal power [Kw]; 

      > Rotation frequency of flange – n output 

[min-1 ]. 

      > Rate of planetary gear transmission - i. 

Analysis and solutions: 

>Strength calculation and design of 
technical conception. 
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Table 2: Applicability of the products 

 

Education 

degree 

 

School 

Subject 

 

Laboratory 

work 

 

Tasks 

Control 

 

Credits 

ECTS 

 

Bachelor 

 

Principles 

of design 

 

Fig.1 ; 

Fig.2 

 

Project 

Exam 

 

5 

 

Master 

 

Expert 
systems 

 

Fig.3 

 

Paper 

Exam 

 

5 

 

 

 

     4. An analysis of the results 

        Having explored the performed analysis and the 

suggested versions of mechanical products, one can form the 

following generalization: 

> Rationalization has been founded as it concerns the usage 

of developed, suitable mechanical products for fundamental 

computer - aided designing which is to be performed 

throughout all engineering, technical specialties; 

> A simulation model is presented as its purpose is to 

visualize the action of a safety - overflow valve as it acts 

according to a function of the characteristics of the fluid; 

> For training of students from Master degree by optional 

subject “Expert systems” is justified versions for practical 

application to use the planetary gear transmission; 

> This type of structure will improve the requirements of the 

European Credit System. (ECTS) that serves for the purpose 

of realization of mobilities via the  Central European 

Education Program System which has been established 

between the Technical University of Sofia and the 

universities abroad. 

 

     5.Conclusion 

       Proper mechanical products have been developed as they 

have been incorporated into the training of students in the field of 

fundamental computer - aided designing which is included in the 

engineering, technical specialties. Various options of training of 

students have been offered on the basis of performed analyses 

and justified versions for practical application, developed 3D 

geometrical models of mechanical products. Some of them can 

be used for the purpose of computer - aided simulation, precise 

sizing analysis of assembly units and for the purpose of curs task 

designing. 

        The obtained results could be useful in order to establish 

better connections between technical subjects and profiling 

subjects throughout the process of training. 

 

      6. Acknowledgments 

        This investigation is related to realization of activities 

according educational cooperation network CIII-BG-0722-04-

1516 of Central European Education Program System. 

 

     

 

7. References 

 
1. Angelov P. Computer Aided Design, Publishing House RU 

“Angel Kanchev”, Rousse, 2011(In Buulgarian). 

2. Bertoline G., E. Wibe Fundamentals of Graphics 

Communication, McCraw-Hill College,2004. 

3. Atanasova S. Fundamentals of Design, University of Food 

Technology, Plovdiv,2011(Atanasova S., D. Ganchovska, Z. 

Hodjova, M.). 

4. Dimitrov K. Fault Diagnosis in Industrial systems, 

PROPELIERS, 2012. 

5. Dinev G. Principles of Mechanical Design, AVANGARD 

PRIMA, 2011. 

6. Dinev G. Fundamentals of design documentation of gear 

transmissions with cylindrical gears, SOFTTREID, 2004 ( In 

Bulgarian). 

7. Jaems F. Reological methods in food process engineering, 

Freeman Press, USA, Second Edition, 1996.  

8. Taschev M. Engineering  analysis with Finite Elements 

Method, EKS-PRES, Gabrovo, 2012 ( Tachev M., P. 

Jordanov),(In Bulgarian). 

9. Dinev G., N. Gizdov About automatization traning 

construction documentation fundamentals and CAD, Bulgarian 

journal for Engineering design, Sofia, 2009, V0l.2,ISSN 1313-

753, pp.74-80, (Dinev G., N. Gizdov), (In Bulgarian). 

10. Dinev G. An approach for simulation design of mechanical 

assembled unit, Journal Advanced Material Research , Vol. 463-

464, Trans Tech Publication, Switzerland, ( 2012), pp.1085-1088. 

11. DinevG. Virtual  G. Analysis of Manufacturability of Vane 

Pumps, Journal of Applied Mechanics and Materials. Trans Tech 

Publications, Zurich. Vol.555, (2014), pp. 479-484 (Dinev G., P. 

Angelov, E. Chalakova). 

12. Dinev G., Computer design and precision control for 

assembling of mechanical assembly unit, Academic Journal of 

Manufacturing Engineering, (2012) Vol.10, ISSUE 3, pp. 32-37(  

Dinev G., L. Popa, B. Lepadatescu ) . 

13.Dinev G. Expert systems used throughout the training of 

master engineering in the field of industrial engineering, 

International virtual journal for science, technics and innovations 

for the industry, MTM, Year IX Issue 1/2015, ISSN 1313-0226, 

pp. 25-28. 

14.Dinev G. Computer aided design and documentation of vane 

pump, Journal RECENT, Transilvania university of Brasov 

(2013) Vol.10, ISSUE 3, pp. 32-37( Dinev G., P. Angelov ). 

15. Iliev Z., About an education of engineering specialists for a 

computer design of the technical products in mining production, 

Journal of Manufacturing Engineering, (2015) Vol.10, ISSUE 3, 

pp. 32-37( Iliev Z., G. Dinev ). 

   

 

 

 

51



STRUCTURE AND PROPERTIES OF SURFACE LAYERS METALS ON THE BASIS 
OF HIGH SOLID BORIDE OBTAINED IN CONDITIONS OF AN EXTERNAL 

MAGNETIC FIELD 
 

СТРУКТУРА И СВОЙСТВА ПОВЕРХНОСТНЫХ СЛОЕВ МЕТАЛЛОВ НА ОСНОВЕ 
ВЫСОКОТВЕРДЫХ БОРИДОВ ПОЛУЧЕННЫХ В УСЛОВИЯХ ДЕЙСТВИЯ ВНЕШНЕГО 

МАГНИТНОГО ПОЛЯ 
 

Prof. dr. Chernega S.1, Poliakov I.1, Krasovskiy M.2 
1National Technical University of Ukraine "Kiev Polytechnic Institute", Kiev, Ukraine  

e-mail: smchernega@mail.ru; polykov_igor@mail.ru 
2The Frantsevich Institute for Problems of Materials Science of NAS of Ukraine, Kiev, Ukraine  

 
Abstract: In this paper we study the structure, phase composition, microhardness, crack resistance, wear resistance boride coatings 
obtained at complex saturation with boron and copper in the application of an external magnetic field (EMF). Investigations have shown 
that this method allows the application of boride coatings in 1.5 - 2 times decrease the duration saturation detail, and receive coating with 
high hardness, wear resistance, crack resistance. 
It is established that the application EMF formed a continuous, homogeneous boride layer with thickness coatings in 2 times higher than 
boride coatings without EMF for the equal duration of the process. When imposing EMF in boride layers observed the redistribution 
quantitative relation boride phases, namely: decrease of volume phase FeB, and on diffractograms surface layers boride coatings obtained 
after boriding fixed presence phases FeB and Fe2B. After complex saturation boron and copper in the application of external magnetic fields 
fixed phases FeB and Cu. 
The researches have shown that the highest spalling stress value is reached in boride phases, obtained in powder environments with copper 
powder at the application of EMF, and respectively is 420 compared with 225 MPa for coating obtained without EMF. Increased shear 
stress values in complex layers obtained after saturation with boron and copper caused by the formation of phases more viscosity, for which 
crack K1c in 1.4 - 2.0 times higher than the initial boride phases FeB and Fe2B. 
Application of EMF at boriding improves tribological characteristics of coatings: decreases coefficient of friction and increase in 1.5 - 2.5 
times wear resistance. 
KEYWORDS: MAGNETIC FIELD, BORIDING, COMPLEX SATURATION WITH BORON AND COPPER, BORIDE LAYER, DIFFUSION, 
FRICTION, MICROSTRUCTURE, MICROHARDNESS, WEAR RESISTANCE, CRACK RESISTANCE 
 
 

1. Introduction 
 
Analysis of work, aimed at increasing productivity processes 

chemical and heat treatment, indicates that, along with traditional 
research in this field is the search in the direction of intensification 
of diffusion processes [1]. 

It is known that the resulting diffusion methods boride layers 
on steel with high hardness and wear resistance in various 
conditions wear as in couple of friction in dry friction-slip, and at 
hydroabrasive action. The main disadvantages of forming boride 
layers is a low growth rate boride needles and predisposition to 
cracking while increasing layer thickness. High operational 
characteristics obtained only when a layer of borides sufficiently 
solid foundation. 

Boriding in an external magnetic field (EMF) – one of the 
new trends in physical materials. The external magnetic field is 
used to intensify the diffusion saturation working surfaces of metal 
products chemical elements (boron, carbon, silicon, etc.). At 
boriding in EMF significantly intensified diffusion processes, 
which in turn leads to a decrease the time necessary for saturation. 
Because considerable interest is the study of the effect of external 
magnetic field on the processes boriding. 

 
2. Materials and Experiment 

 
Complex boriding powder method performed in a special 

container under reduced pressure at a temperature of 975 °C for 4 
hours using fusible shutters. The research was conducted on 
samples of steel 20 45, U10. 

Saturation alloys boron and copper performed in mixtures 
containing technical boron carbide B4C and powders Cu2O, Cu3P. 
As the activator used ftoroplast. 

Heating the crucible and the subsequent isothermal holding 
was carried out in a laboratory oven type HSOL - 1.6,3 / 11. 

Electric furnace at a temperature of saturation placed in the 
solenoid, which served as the source of the magnetic field. 

After the isothermal exposure container with details removed 
from the furnace and cooled to room temperature in air, disclose 
and took out details with clean surfaces that do not require further 
purification. 

This method has the following advantages: simplicity of the 
process, allows the processing of products of different 
configurations can be obtained diffusion layers of different 
thickness [2]. 

Polishing was performed on samples of diamond polishing 
circles paste grit from 28 to 1 micron, that provided  to obtain high 
surface quality research. As a reagent for chemical etching using 
3...5% – solution was nitric acid in ethanol; exposure – 30 sec. 

Visual study, measuring the thickness of diffusion layers and 
microstructure coatings investigate performed on metallographic 
microscope Axio Observer A1m, Zeiss, in the range the increase              
100...1000. 

Microhardness measurements were carried out on the 
instrument PMT – 3 no less than 15 – 20 fields of view at a load of 
0.49 – 0.98 N. Measuring accuracy microhardness was – 500 MPa. 

Phase composition of coatings analyzed on X-rays 
diffractometer Ultima-IV, of Rigaku, Japan, in copper Kα1, Kα2 
monochromatic radiation and chemical composition was determined 
by scanning electron microscope SEM – 106I. 

Test coatings for wear resistance was carried out on the 
friction machine M-22M as described in [3] and GOST 26614-85 
(the method of determining the tribological properties). The method 
consists in determining the dependence of the frictional force and 
wear of the mating surfaces of the sample material and the 
counterface (45 steel after quenching and low temperature 
tempering of 180 °C with a hardness 50HRC) sliding velocity, 
power and computation load intensity and the coefficient of friction. 
To test used samples of  steel 45 with boride coatings. 
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3. Results and discussion 
 
The mechanism of diffusion boriding powder technical boron 

carbide is described in [4]. According to this operation, boron 
carbide at the saturation temperature recovers to the lower boride 
anhydride boron oxide В2О2  by reaction: 

В4С + В2О3 → В2О2 + ВmСn 
Vapor formed В2О2 carried transport of boron to the surface 

that is saturated. In this way, boron transporter is oxygen. Vapor 
В2О2 disproportionate on the surface that is saturated with 
formation of atomic boron and B2O3 by the reaction: 

3В2О2 → 2В + 2В2О3 
Atomic boron formed diffuses into the material to form the 

corresponding metal borides. 
The surface that is saturated, covered with a film B2O3 in the 

molten state. The role of boron carbide is also that the point of 
contact with the surface of the particles is saturated, there is a 
restoration B2O3, thanks to the surface is cleaned by melting film. 
At this formed additional portions of В2О2 and is facilitated access 
to a vapor of В2О2 to the metal. 

Steels St3 boronized in technical powder of boron carbide 
(2.13% B2O3) powder and boron carbide, boron anhydride purified 
by the same conditions (T = 1000 °C, and τ = 2 h). The thickness of 
the boride layer in the first case was 160 – 180 microns. At boriding 
in powder of boron carbide, of purified from anhydride, it fixed 
extremely low rate of saturation. The results of this experiment 
show boride anhydride participate in the formation of active boron 
atoms. 

On the basis of the data obtained, we can conclude that the 
carrier is B2O3 with boron carbide, formed suboxides boron and 
carbon 

5В2О3 + В4С → 7В2О2 + СО 
Since the temperature boriding high enough, evaporation 

takes place of boron oxide B2O3 and B2O3. Condensing on the 
products, the evaporation of oxides of boron formed melt system 
B2O3 – B2O3, containing ions of bivalent and trivalent boron. 

A necessary requirement diffusion layer formation is the 
presence of near surface saturable active atomic boron addition, 
temperature and duration of exposure should ensure the flow of 
atomic diffusion of boron in steel. 

In the system Fe – B mass transfer elements is carried out 
mainly by diffusion of boron through the boride layer to the main 
reaction front, located at interfaces iron – Fe2B borides and boride 
Fe2B – borides FeB [5]. In forming a diffusion layer on the metal 
surface reaches saturation limit of the solid solution boron (γ) the 
germ arises first, and then the needle borides tetragonal Fe2B                  
(a = 5,109 Å, c = 4,249 Å and с\а = 0,832 Å), containing 8, 84 % B, 
a density of 7.336 g\cm3. These needles grow gradually becoming 
isolated in continuous layer of borides Fe2B. Then, on the surface of 
boride layer having individual needle and then the second layer 
formed rhombic borides FeB, which has a density of 6.706 g\cm3             
(a = 5,506Å, b = 4,061Å and c = 2,952Å), containing 16.25% B. 

Application of a magnetic field leads to the transport direction 
of boron ions in the liquid phase of the melt system of  В2О2 – В2О3 
to the boundary with the crystal lattice of Fe-γ and quickly 
penetration into the pores of an atom in the crystal lattice of Fe-γ. 

Metallographic analysis established that obtained the powder 
technology coating after saturation with boron and copper have a 
structure with a clear boundary between the coating – base                    
(Fig.1). Diffusion layers are needle of iron borides, which are 
oriented perpendicularly to the sample surface and are wedged in 
the ferritic grains. In the near-surface zone boride phase FeB 
concentrate individual inclusions of copper, which are dropping 
form.  

This method obtaining boron coating allows in 1.5 – 2 times 
to reduce the period saturation detail and get coatings with high 
hardness, wear resistance, crack resistance. At applying the EMF 
changing morphology boron layers, needles grains decreases 
sharply, disappear individually disappear sprouted grain borides in 
the matrix. Needles boron phases closely adjoin to each other and 

formed a continuous, homogeneous boron layer thickness is in             
2 times higher than the boriding without EMF (see. Fig.1). 

   
                           a                                                   b 

Fig.1. Microstructures complex boride coatings on steel 20 
obtained in different physical – chemical conditions:                                   

a – boriding, duration saturation – 4 hours, x200; b – boriding, in 
EMF, saturation duration – 2 hours, x200 

Investigation of the kinetics of growth of boride layers in a 
variety of physical - chemical conditions. It was found that after the 
diffusion saturation in boriding mixture for 4 hours without EMF 
obtain coating thickness of 150 microns, whereas when applied 
EMF formed coating thickness of 200 microns in 2 hours; at                      
4 hours without saturation with boron and copper for EMF formed 
coating thickness of 175 microns, whereas at after saturation with 
boron and copper the conditions in action saturation with boron and 
copper in FMF diffusion saturation at 2 hours boride phase grow 
coating thickness to 230 microns (Fig.2 and Fig.3). 

 
Fig.2. Kinetic curves of growth boride coatings obtained after 

boriding: where 1 – boriding with using an external magnetic field, 
on the steel 20; 2 – boriding with using an external magnetic field, 
on the steel 45; 3 – boriding with using an external magnetic field, 

U10;   4 – boriding without magnetic field, on the steel 20; 5 – 
boriding without magnetic field, U10 

 
Fig.3. Kinetic curves of growth boride coatings obtained after 
complex saturation with boron and copper, where 1 – complex 
saturation with boron and copper at using EMF, on steel 20;                        

2 – complex saturation with boron and copper at using EMF, on 
steel 45; 3 – complex saturation with boron and copper at using 

EMF, U10; 4 – complex saturation with boron and copper without 
EMF, on the steel 20; 5 – complex saturation with boron and 

copper without EMF, U10 
Conducted research showed that microhardness boride phase 

after boriding was respectively – phase FeB – 18 GPa, and phase 
Fe2B – 15,5 GPa (Fig.4). In the complex saturation with boron and 
copper using EMF get boride layers of microhardness – for phase 
(Fe, Cu)B – 16,5 GPa, and for phase (Fe, Cu)2B – 14,5 GPa. Thus, 
the complex saturation with boron and copper, observe a decrease 
of microhardness boride layers and increasing plasticity (Fig.5). 
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Fig.4. Microhardness boride phase after boriding at using EMF, on 

the steels: 1 – steel 20; 2 – steel 45, 3 – U10 

 
Fig.5. Microhardness boride phases obtained after complex 

saturation with boron and copper at using EMF 
To establish a relationship between the phase and structure, 

diffusion layers obtained after saturation with boron and copper, 
samples were subjected to X-ray analysis. Characteristic areas 
diffraction pattern shown in Fig.7 and Fig.9. 

Diffraction patterns taken from the surface boride coatings on 
steel 20 after  boriding without EMF showed, that in the surface 
layer up to 15 um formed phase FeB (Fig.6), while after complex 
saturation with boron and copper – phase FeB and Cu (Fig.7). At 
using EMF in boride layers observed decrease volume phase FeB 
and on the diffraction patterns surface layers of boride coatings 
fixed presence phases FeB and Fe2B (Fig.8), and after complex 
saturation with boron and copper – phase FeB and Cu (Fig.9). 

 
Fig.6. Diffraction pattern taken from the surface steel 20 with 

boride coatings obtained after boriding 

 
Fig.7. Diffraction pattern taken from the surface steel 20 with 

boride coatings obtained after boriding with adding powder Cu2O, 
diffraction peaks of copper lines (111) (200) (220) 

 
Fig.8. Diffraction pattern taken from the surface steel 20 with 
boride coatings obtained after boriding at using EMF 

 
Fig.9. Diffraction pattern taken from the surface steel 20 with 

boride coatings obtained after boriding at using EMF and  
introduction to the saturating environment copper-containing 

powder Cu2O, diffraction peaks of copper lines (111) (200) (220) 
For measurement fracture toughness monocrystals of solid 

crystalline material used method Evans – Charles. In this case K1c 
determined by the length of the radial cracks that formed around 
imprint of Vickers indenter, with semi-empirical relationship: 

K1c=0,015·(E/H)1/2·P/C3/2 

or graphical dependence between (K1c-F/H) - (H/E-F) and c/a, 
where F – the constant Marsha; H – Vickers hardness; a – semi 
diagonal imprint; c – the length of the radial cracks; E – Young's 
modulus. 

Calculated data spalling stresses that may occur in boride 
phases depending on the physical and chemical conditions of the 
steel to 45 are presented in Table 1. 

The highest level of spalling stress is achieved in boride 
phases obtained in powder environments with participation copper 
powder at overlay EMF, and respectively is 420 compared with 225 
MPa for coating obtained without EMF. Increased shear stress 
values in complex layers obtained after saturation with boron and 
copper caused by the formation of phases more viscosity, for which 
crack K1c in 1.4 – 2.0 times higher than the initial boride phases 
FeB and Fe2B. 
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Table 1. Calculated data spalling stress boride coatings 
(phase FeB) 

Physical-chemical 
conditions of saturation 

К1c, MPa · m 0,5 σspalling, MPa  

Boriding without EMF 1,12 160 
After complex saturation 
with boron and copper 
without EMF 

1,52 225 

Boriding at applying EMF 1,79 345 
After complex saturation 
with boron and copper at 
applying EMF 

2,23 420 

Research wear resistance boride coatings obtained in different 
physical - chemical conditions (Table 2). Established that diffusion 
coating obtained with an external magnetic field have higher 
tribotechnical characteristics. 

Table 2. Tribotechnical characteristics boride coatings 
Coating Coef. of 

friction 
Linear 
wear of 

the 
friction 
pair of 
Iaverage,  

um 
(3 km) 

Mass wear, I 
(mg/km) 

Linear 
wear of 

the 
friction 
pair of 
Iaverage, 
um/km 
(3 km) 

Spot of 
contact 
area on 

the 
sample,  
S (cm2) sample counter-

body 

Boriding 
without 
EMF 

0,66 17,3  0,94 1,6 8,6 0,26  

After 
complex 

saturation 
with boron 
and copper 

without 
EMF 

0,65 12,5 0,41 1,5 5,9 0,23 

Boriding at 
applying 

EMF 

0,63 8,4 0,25 0,95 3,6 0,22 

After 
complex 

saturation 
with boron 
and copper 
at applying 

EMF 

0,6 7,9 0,25 0,45 3,3 0,18 

 
4. Conclusions 
 
Investigations have shown that this method saturation 

(Boriding and complex saturation with boron and copper at 
applying EMF) allows the application of boride coatings in 1.5 –             
2  times decrease the duration saturation detail, and receive coating 
with high hardness, wear resistance, crack resistance. 

At applying the EMF changed the morphology of boride 
layers, needle-shaped grains decreases sharply, disappear separately 
sprouted into the matrix grain borides. Needle grain boride phases 
in close contact with each other and formed a solid, homogeneous 
boride layer thickness is in 2 times higher than the boriding without 
EMF. 

The investigation of the kinetics growth boride layers on 
carbon steel in different physical and chemical  conditions. It was 
established that after the diffusion saturation of carbon steels in 
boride mixtures at using EMF, increases coating thickness and the 
duration of the saturation decreases in 2 – 3 times. 

At the application of an external magnetic field observed 
redistribution boride phases. At overlay EMF in boride layers 
observed decrease volume phase FeB and on diffraction pattern 
surface layers boride coatings obtained after boriding presence 
phases FeB and Fe2B. After complex saturation with boron and 
copper in conditions of action an external magnetic fields recorded 
phases FeB and Cu. 

The highest spalling stress value is reached in boride phases, 
obtained in powder environments with copper powder at the 
application of EMF, and respectively is 420 MPa at crack resistance 
2.23 MPa · m0,5 compared to 225 MPa at crack resistance                     
1.52 MPa · m0,5 for coating obtained without EMF. Increased 
spalling stress values in complex layers obtained after saturation 
with boron and copper caused by the formation of phases more 
viscosity, for which crack K1c in 1.4 – 2.0 times higher than the 
initial boride phases FeB and Fe2B. 

At application of EMF at boriding improves tribological 
characteristics of coatings: decreases coefficient of friction and 
increase in 1.5 – 2.5 times wear resistance. 
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Abstract: The efficiency of V-belt drives is determined by several factors collectively: the slip occurring during drive transmission, the 
external friction occurring when the belt enters and exits the pulley as well as the hysteresis loss resulting from inner friction. Main objective 
of this paper is analyzing the temperature conditions of V-belt by infrared thermal camera depending on various belt pulley parallel and 
angle misalignment. A certain V-belt cross section was analyzed on a self developed test equipment in various belt pulley parallel and angle 
misalignment. It was stated that the temperature increase of V-belt is influenced by the geometrical misalignment. In this study an 
experimental method was developed to define the V-belt temperature increase in function of belt pulley parallel and angle misalignment. On 
the bases of the test results optimal parameters can be calculated that serve as beneficial references for designing and tuning V-belt drives. 

Keywords: V-belt, infrared thermal analysis, belt misalignment, temperature conditions 

 

1. Introduction, Objective 
V-belt drives are widely used on agricultural machinery due to 

their beneficial properties. Relatively complicated drive 
arrangements can be realized, large shaft spacing can be bridged, 
they can be used with parallel and out-of-line shafts, and the 
construction of the drive does not require complex structural 
elements. The reliability and planned maintenance of these drives is 
essential for efficient agricultural production.  

For V-belt drive sizing standardized calculation methods as well 
as experimental factors and design factors supported by laboratory 
experiments are utilized, which are valid for properly adjusted 
drives and normal operating conditions. The service life of V-belt 
drives created in this way, typical of agricultural machines and 
operating in extreme conditions will not be adequate and 
predictable and will not provide clear information for maintenance 
planning. As an example, the V-belt drives of mixing equipment 
used on crop dryers operate in rather extreme conditions, where it is 
essential to maintain a constant revolution for optimal mixing [5]. 
In such cases the results of our own service life tests conducted 
under the given circumstances can be relied on, which are rather 
expensive and take a long time. 

 
Fig. 1 The V-belt drive arrangement of a crop harvester with the measuring 
device 

The belt drives used on agricultural machines can only be 
adjusted with a certain accuracy since it is usually a large piece of 
equipment whose frame structure is made up of plate elements. The 
distance between the shafts involved in the drive and their angular 
displacements are within a relatively large tolerance, which in the 
case of large pulley diameters can even exceed the error limit. 
Although V-belt drives operate properly even in such 
circumstances, these errors are unfavourable from the point of view 
of belt service life, and they also result in a decrease in drive 

efficiency. The location and angular displacements of the pulleys 
relative to each other can originate from the uncertainty of assembly 
– from that of plate design -, and from the frame deformation 
occurring during operation.   

The assumption that in many cases the V-belt pulleys of 
agricultural equipment are not located in the medium plane of the 
drive is supported by our measurements.  Figure 1 shows the V-belt 
drive arrangement of the thresher unit of a crop harvester machine 
with the mounted laser V-belt pulley adjustment measuring device. 
In the case of most of the studied drives 3 times the permissible 
error was measured and according to our studies as a result of 
terrain driving because of dynamic load these errors further 
increased from the deformation of the frame structure.  

The objective of our experiments is to determine the 
relationship between the adjustment errors of the pulleys of V-belt 
drives and losses. During the tests the temperature of the belt sides 
and the revolution differences of the shafts were measured, based 
on which the different adjustments were compared.  

2. V-belt drive adjustment error and belt 
temperature 

During the power transmission of belt drives the warming of the 
belt is basically the result of two effects. The heat generated by the 
macroscopic friction of the contact surfaces and the proportion of 
hysteresis loss occurring due to the repeated us of the belt which is 
transformed into heat. A V-belt drive, like any machine, operates 
with certain efficiency, which is the ratio of useful and introduced 
power. The difference of these gives the power loss, most of which 
is transformed into heat. If the steady operating temperature of the 
V-belt is tested as loss intensity, the efficiency of the belt drive can 
be deducted from it. A higher belt temperature leads to the 
degradation of polymer molecule chains, to the aging of the rubber, 
thereby significantly affecting the service life of the V-belt. 
Temperatures rising above 70°C result in a strong decrease in 
service life. Figure 2 shows that with an increase of 10°C service 
life is decreased to about half. 

 
Fig. 2 Correlation between temperature and service life [1] 
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The engagement of the V-belt and the pulley, elementary slips 
(relative movements) are affected by several factors in addition to 
drive parameters, such as operating conditions, the polluted 
environment, temperature and relative humidity as well as drive 
adjustment errors. These macroscopic slips cause belt wear, and 
heat is generated by friction. Taking the whole system into account 
they affect the smooth power transmission and its efficiency. In the 
case of adjusting pulleys with parallel misalignment, the effect of 
radial belt movements on the section of belt lead-in was studied by 
Moon and Wickert. Figure 3 shows an enlarged picture of the stick-
slip frictional movement of the V-belt in the groove, as a result of 
which the heat generation is also intensified. [3] 

 
Fig. 3 Measurements of a single cycle of stick-slip excitation [3] 

The permissible largest differences regarding V-belt drive 
adjustments are given as value X by V-belt manufacturers as a 
function of pulley diameter as shown in Figure 4. The permissible 
largest difference can come from the parallel misalignment of 
pulleys or the angular misalignment of shafts. In both cases the 
straight belt sides of the V-belt suffer extra bending, the sidewalls 
suffer higher friction when running up and down the pulley. In the 
case of parallel misalignment friction increases on both sidewalls, in 
the case of angular misalignment only one sidewall gets more 
strain. Here a strained and an unstrained side was explained. 

 
Fig. 4 Understanding the adjustment errors of pulleys 

a) parallel misalignment; b) angular misalignment 

3. Material and method 
The tests were performed on a universal test bench designed by 

PhD students doing research in the Department of Machine 
Construction. Due to the design of the test bench it is possible to 
test a wide range of mechanical drives and clutches. The drive and 
brake units located on the grooved table of the test bench offer 
many opportunities. The drive parameters of motor units can be 
measured accurately with the transmitters shown in Figure 5. For 
the belt tests the drive unit is equipped with a tensioning unit guided 
by a linear bearing. The pretension of the belt can be adjusted with a 
screw spindle, whose line of action coincides with that of the shaft 
pulling force. This arrangement is used to measure the shaft pulling 
force directly. 

 
Fig. 5 The arrangement of the test bench to test belt drives 

Narrow V-belts were used for the measurements in two sizes. 
When SPA V-belts were measured the drive was examined without 
load, so only the geometry of V-belt drive, adjustment errors as well 
as the material properties of the V-belt played a role. In the case of 
SPZ V-belts, with the drive under medium load, the temperature of 
the tense belt side and the revolution of the pulleys were also 
monitored.  

The temperature of the V-belt is determined by the equilibrium 
of the generated heat and heat loss. This is affected by several not 
easily controllable factors, such as air temperature, humidity, the 
temperature and heat capacity of the contacting parts, etc. During 
the experiments the mentioned not easily controllable factors were 
considered constant as the measurements were taken under the same 
circumstances. The temperature rise of the V-belt was chosen as the 
test parameter, which means the power loss between the two 
equilibria – between the steady state of the workshop temperature 
and operating temperature. 

 
Fig. 6 The test arrangement  

The test arrangement can be seen in Figure 6, where images 
were taken with a high-resolution infrared camera at 0.2 Hz 
frequency for a 10-minute period. During our experiments the 
sidewalls of the belt coming in contact with the groove were tested, 
which contained more information about the operation of the drive. 
Data regarding the temperature were obtained from the thermal 
images taken of the active surface of the V-belt after the images 
were processed.  

 
Fig. 7 Thermal camera image and its evaluation 
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The average temperature of the marked area in Figure 7 was 
used for the evaluation, which shows the temperature change of the 
belt if it is illustrated according to time. The warming of the V-belt 
is described by the Baule-Mitscherlich saturation function (Figure 
8), in which the measured parameters change along a decreasing 
gradient going toward the saturation maximum. The steady 
operational temperature was accurately estimated through the 
mathematical model. This was necessary because each adjustment 
converged to different saturation during different times, and the 
duration of the experiments was decided to be 10 minutes.  

 
Fig. 8 Measurement data and the saturation function 

The general equation of the saturation function 

𝑌 = 𝐴 ∙ (1 − 𝑒𝑧+𝑐∙𝑋).                                    (1) 

The simplified form 

𝑌 = 𝐴 ∙ (1 −𝑚),                                        (2) 

where 𝐴 is the upper limit of the saturation function. The 
𝑚 = 𝑒𝑧+𝑐∙𝑋 is the relative unsaturation, i.e. distance of value 𝑌 
from 𝐴 maximum, with respect to 𝐴 maximum: 

𝑚 = 1 −
𝑌
𝐴 =

𝐴 − 𝑌
𝐴 .                                    (3) 

 
Fig. 9 Linear regression of 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍  

The fitting of the test data on the saturation function was 
confirmed by the linear regression of 𝑙𝑜𝑔 𝑚 (Figure 9) [4]. Out of 
the function parameters 𝐴 gives the stead-state temperature of the 
V-belt,  𝑐 gives the speed of warming and 𝑧 gives the temperature 
of the belt at the beginning of the measurement. 

4. The results of the tests 
First the experiments were conducted with SPA profile V-belts 

without load. Figure 10 shows that the relationship of the belt 
frequency and temperature increase is linear in the studied range, 

i.e. the frequency of the bending strain of the belt is directly 
proportional to warming. No differences in temperature were 
experienced between the belt sides and temperature distribution is 
also uniform along the belt length.    

 
Fig. 10 Temperature increase of the belt sides as a function of the bending 
frequency 

However, it can be observed when running the V-belt drive that 
the lower side of the belt warms up more intensively than the upper 
side. This difference and the previously mentioned temperature 
increase occurring as a function of belt bending is caused by the so-
called hysteresis loss due to repetitive strain. The neutral cord of the 
belt cross-section is situated nearer the top side, the lower cords are 
more subject to bending, therefore as a result of the inner friction 
more heat is generated going towards the lower side. 

 
Fig. 11 The heat generated as a consequence of the parallel misalignment of 
V-belt pulleys as a function of bending frequency ( SPA; d1 = 112 mm; i = 1; 
Ld = 1207; f0 =5,6 - 23,1 s-1; M1 = 0 Nm) 

In the case of the parallel misalignment of pulleys, due to the 
adjustment error the V-belts reached the steady state at a higher 
temperature (Figure 11), i.e. they worked with higher loss. The 
parallel misalignment errors of the V-belt pulleys increased the 
temperature of the belt with a constant value independent of belt 
frequency, i.e. this excess heat does not come from the inner friction 
of the material of the V-belt. The heat load generated by the 
adjustment errors of the pulleys is caused by the changed friction 
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conditions. The largest error set up during the experiments resulted 
in 10% temperature increase at each belt bending frequency.  

In the other experiments SPZ V-belts were used, where the 
pulleys were set in the plane of the drive, at the recommended error 
limit, at a value one order of magnitude larger, and at double that 
value. The position of the pulleys relative to each other was created 
with parallel alignment and the angular alignment of the shafts. 

 
Fig. 12 The temperature increase of the V-belt drive due to geometrical 
adjustment errors as a function of the extent of the error ( SPZ; d1 = 150 
mm; i = 1; Ld = 1207; f0 =15 s-1; M1 = 8 Nm; FH = 119 N) 

Due to the adjustment errors of the pulleys the V-belt drives 
operate at a higher temperature, thereby the efficiency of the drive 
becomes worse and the service life of the V-belt decreases. Figure 
12 shows that in addition to the extent of the adjustment error the 
temperature increase of the V-belt is also affected by the nature of 
the error. The angular misalignment of the pulleys results in 
different warming on the sidewalls of the belt, which is caused by 
the previously mentioned different friction influence on the active 
sidewalls of the V-belt. Heat generation is more intensive on the 
strained sidewalls, however the temperature of the unstrained side 
could be lower than the values within the error limits.  

Within the error limits given by the manufacturers no 
significant difference can be experienced between the temperature 
increase of the V-belts. Exceeding the permissible error value the 
V-belts converge to different temperatures..  

 
Fig. 13 Belt slip occurring as a consequence of the geometrical adjustment 
errors of V-belt drive ( SPZ; d1 = 150 mm; i = 1; Ld = 1137; f0 =15 s-1; M1 = 
8 Nm; FH = 119 N) 

During the tests of the losses occurring due to the adjustment of 
belt drives not only was the temperature change of the tight belt side 
measured but the differences in the shaft revolution as well, which 
are shown in Figure 13 as a function of the extent of the error. Out 
of the adjustment error values permitted by the manufacturers the 
smallest ones are the revolution differences of the pulleys, 
especially in the case of angular misalignment. 

The load was not changed for the different test settings, 
therefore the circumferential belt slips along the overlap had to be 
the same. The differences in revolution were caused by the 
adjustment errors. It is assumed that the differences on the belt run-
up section of the driving and driven pulleys could have been caused 
by the change in the effective radius. Further experiments are 
needed to explain this phenomenon accurately.  

5. Summary 
In this study the losses of V-belt drives were studied through 

experiments in relation to the adjustment errors of pulleys. The 
temperature increase of the belt was chosen as the test parameter. 
Basically the warming of the V-belt is the result of two effects: the 
heat generated due to the macroscopic friction of the contact 
surfaces; and the proportion of hysteresis loss occurring due to the 
repeated strain of the belt which is transformed to heat.  

The increased friction conditions, which cause a decrease in 
efficiency and service life, play a significant role in the temperature 
increase of V-belts originating from the adjustment errors of pulleys 

The major conclusions of V-belt warming tests are the 
following: 

a) The distribution of the temperature is uniform along the 
belt length, but the temperature is inhomogeneous in the 
cross-section of the belt, which is caused by inner friction 
when the belt is being bent repeatedly.   

b) The relationship of belt frequency and temperature 
increase is linear in the studied range.   

c) Within the error required by the manufacturers no 
significant differences can be experienced in temperature 
increase. 

d) In the case of the angular misalignment of shafts the 
sidewalls of the V-belt converge to different temperatures, 
which is caused by the different frictional conditions of the 
active sidewalls of the V-belt. 

e) The increased frictional conditions play a role in the 
temperature increase of the V-belt originating from the 
adjustment errors of the pulleys.  

f) The adjustment errors of the pulleys affect the revolution 
of the driven shaft.  

g) Within the permissible limits the adjustment error of the 
pulleys has a favourable effect on the operation of the 
drive. 
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Abstract: PHP is one of the most popular programming languages for web applications backend development. In order to quickly 
develop an application, many companies have created their own frameworks. Today, there are hundreds of frameworks in PHP, but all are 
not equally popular. Only a few of them stand on top of the most popular frameworks (Zend, Codeigniter, Yii, CakePHP, Symfony, Laravel). 
Each of these frameworks has its own advantage over others, some are faster in database operations, other are better in security, or allow 
rapid application development. The choice of which framework will be used for development depends from application needs. One of the 
most important aspects when we are choosing framework is speed, no one wants to wait long for loading some web page. Even Google have 
clearly stated that all those sites which needs more than 2 seconds to load will be rated negative. In this article we elaborated three of the 
most used PHP frameworks (Yii, Zend and Codeigniter) and we test them how quickly will retrieve data from database. 
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1. Introduction 
PHP [8] is used in almost 82% of all internet web sites as a 

backend programming language. PHP frameworks are used in 40% 
of all web sites [1]. There are many frameworks in PHP [16], some 
created for companies needs, others for general use. But all of them 
have the same goal: to speed up the process of application 
development and to increase the security level. 

With increasing security mechanisms the speed of application is 
reduced, and this directly affects the interest of visitors. Nobody 
wants to wait longer than 2-3 seconds to read some information. 

This is one of the reasons why is necessary to make an 
appropriate balance between all of these factors. Mostly used 
frameworks [11] [15] succeed to achieve this balance. Here we will 
point out three of them which are more and more used. These are 
Zend [2] [7], Yii [4] [5] and Codeigniter [3] [6]. 

On the Internet you can find more speed benchmarks [13] [14] 
[17] [18], but much less common are those who make analyzing 
speed with database. 

Almost all web applications use database, which means it is 
very important how quickly some framework can communicate 
with the database. Every framework has their own classes and 
methods for extracting data from database. These classes are also 
called Active Record classes. They have embedded security 
mechanisms (filters) and some other methods, thereby reduced the 
speed of data extraction. 

To develop this benchmark we have created application where 
we have tested every method from all frameworks for extracting 
data on same database. Application can be found on the following 
link http:/www.SiMYan.info/performance-benchmark. 

The project has clearly defined two objectives: 

• The first is to make internal comparison of all methods in 
given framework and to determine the fastest method for 
selecting data from database. 

• The other is to determine which of these frameworks is the 
fastest. 

2. Test Environment 
All tests are made on local machine on LAMP server, Linux 

Ubuntu operating system. Hardware and software specifications are 
the following: 

• Processor: Intel Core i5-2430M (2 Cores, 4 Threads, 
2.4GHz) 

• RAM memory: 6GB 

• Operating system: Linux Ubuntu 12.04 LTS, 32-bit 

• Apache server, version 2.2.22 

• MySQL database, version 5.6.21 

• PHP version 5.3.10 

Framework versions are: 

• Yii version 1.1.15 

• Zend version 1.11.11 

• Codeigniter version 2.2.0 

This is one of the reasons why is necessary to make an 
appropriate balance between all of these factors. Mostly used 
frameworks [11] [15] succeed to achieve this balance. Here we will 
point out three of them which are more and more used. These are 
Zend [2], Yii[4] and Codeigniter[3]. 

Tables are with following sizes: 

• s_post – 10 000 records 

• m_post – 100 000 records 

• l_post – 300 000 records 

All tests were done with disable caches on server. Operation 
environment is completely same in everyone. 

As auxiliary tools are used Xdebug [9] for errors detecting, 
NetBeans editor [12], GitHub [10]. Code can be downloaded from 
the following link https://github.com/mile-janev/frameworks.git. 

Each method has run 900 seconds or 300 seconds on each table. 
For example, we tested how many times method findAll() in Yii 
will be performed in 300 seconds on each table. 

All information displayed further will be expressed in number 
of executions of the method in one minute. 

3. Methods Description 
Every method in each framework has its own purpose why is 

there, although sometimes more methods may be used for the same 
purpose. Some methods are faster, some easier to create dynamic 
queries. Programmer should always choose the right method 
according to the needs. You should always choose the method that 
will be able to complete the required task but in same time will be 
the fastest one. 

All frameworks have user guides on his web pages. User guide 
for Yii can be found on http://www.yiiframework.com/doc/guide/, 
for Zend on 
http://framework.zend.com/manual/1.12/en/reference.html, while 
for Codeigniter the link is http://www.codeigniter.com/user_guide/. 
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In this chapter we will briefly explain every function for 
selecting database record in each framework individually, what 
parameters they receive and what is returned as result. 

 3.1 Yii 
Yii has eight methods for extracting data from the database. 

Four of them select one entry from the base, and four select all 
records that will meet the specified requirement. 

Methods containing abbreviation "All" in its name return an 
array of objects that satisfy the given condition, while those that do 
not contain return one row from database mapped into object. 

The methods are: 

• find() – Accept an object from class CDbCriteria as 
parameter. 

• findByPk() – Accept an integer (database primary key for 
the record) as parameter. 

• findByAttributes() – Accept an array in format 
“key”=>“value” as parameter, where “key” is column 
name and “value” is the given condition. 

• findBySql() – Accept one or two parameters. The first is 
manually defined query in which all conditions should be 
replaced with some strings, while the second one is an 
array where on each string will be given some value. For 
example, findBySql(“SELECT * FROM s_post WHERE id 
= :id”, array(“:id”=>5). 

• findAll() – Accept one parameter or not receive parameters. 
If parameter is not given all records will be returned. If you 
like to add some condition (parameters) should be an 
object from class CDbCriteria. 

• findAllByPk() – Accept an array of integers (primary keys 
for records in database) as parameter.  

• findAllByAttributes() – Accept an array in format 
“key”=>“value”, where “key” is the column name from 
database, and “value” is the given condition. 

• findAllBySql() – Accept one or two parameters. The first is 
manually defined query in which all conditions should be 
replaced with some strings, while the second one is an 
array where on each string will be given some value. For 
example, findBySql(“SELECT * FROM s_post WHERE id 
= :id”, array(“:id”=>5). 

 3.2 Zend 
Zend have four ways of extracting data from database. Two of 

them (find and fetchRow) return one result, while two (fetchAll and 
Zend_Db_Select) return all records that satisfy the given condition. 

These methods are: 

• find() – Accept an integer (primary key) or array of 
integers as parameter. Returns an object from class 
Zend_Db_Table_Rowset_Abstract.  

• fetchRow() – Accept a string as query condition (example: 
“id=”.$id). Returns an object from class 
Zend_Db_Table_Row. 

• fetchAll() – Accept a string as query condition (example: 
“id=”.$id). Returns an object from class 
 Zend_Db_Table_Rowset_Abstract.  

• Zend_Db_Select – Represents a SQL SELECT condition in 
query. Class has methods for partial adding parameters to 
query. 

 3.3 Codeigniter 
In Codeigniter all methods return an object from class 

CI_DB_mysql_result. 

• get_where() – Accept four parameters. First is table name 
(string), the second is array in format “key”=>“value”, 

where “key” is column name and “value” is our condition. 
Third and fourth parameters are limit and offset, and they 
are not mandatory. 

• get() – Partial query. 

• query() – Manually defined query in string format ready 
for direct execution in the database. 

4. Results and Discussion 
In testing process all server caches were completely disabled. 

Finally, complete content and organizational editing before 
formatting. Please take note of the following items when 
proofreading spelling and grammar: 

4.1 Yii 
The diagram on Figure 1 shows all methods in Yii with number 

of executed operations in one minute, grouped by table size. 

From the diagram we can note that the fastest method is 
findBySql() and findAllBySql(), while the slowest is findAll(). 
With increasing the content in tables positions of methods are not 
changed, findBySql() remains on top and findAll is slowest. 

The advantage of findAll() and higher usage than findBySql() 
and other methods is that he receives an object from class 
CDbCriteria as parameter, who allows creating partial queries, 
while findBySql() and findAllBySql() accepts only manually 
created query in string format. 

On figure 2 is shown a diagram where are represented only 
methods who return one record. On this diagram grouping by 
columns is made by one method on different table size, and it is 
easier to distinguish the execution speed on some method when the 
number of records in table size is increased. 

 
Fig. 1 Number of queries performed in one minute on small, medium and 
large database table in Yii 

 
Fig. 2 Number of queries performed in one minute grouped by same method 
on different table, only with methods who return one record in Yii 

The biggest difference in deceleration when number of records 
in table are increased is in find() method. For table with 10 000 
records method is performed 11,377 times per minute, while for 
table with 100,000 records 6,265 times or almost in half. But with 
further increasing records in table we can notice that speed is 
stabilized again, and for 300,000 records we have 5,873 executions. 

The situation is similar in other methods too, which means that 
bigger difference is between small and medium table than medium 
and large. Most stable method is findBySql() where is noted 
slightest difference when records in table will be increased.  

We must underline that in our case the difference between the 
smallest and the largest table is around 300,000 records so the 
difference is not very large, but if it would be a few million, then 
the difference will be much higher.  

The methods that return more records grouped by methods are 
presented in Figure 3. The results are similar to the methods for 
selecting one record. Method findAll() with 6,602 average 
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executions in one minute is the slowest one, and findAllBySql() 
with 42,674 is the fastest. 

 
Fig. 3 Number of queries performed in one minute grouped by same method 
on different table, only with methods who return multiple record in Yii 

4.2 Zend 
Similar as in Yii, in Zend also will be represented two images 

with diagrams, where in the first diagram methods will be presented 
regarding to the execution speed on one table, and in the second 
will be grouped by method so will be easier to distinguish the 
execution speed on some method when the number of records in 
table size is increased. 

In the first case, in Figure 4 we see that the fastest method is 
fetchAll(), while the slowest is selecting records with 
Zend_Db_Select. With increasing the number of records in table 
position of methods is not changed. 

 
Fig. 4 Number of queries performed in one minute on small, medium and 
large database table in Zend 

 
Fig. 5 Number of queries performed in one minute grouped by same method 
on different table  in Zend 

Figure 5 presents the second case, where we can see an 
interesting situation in which almost is no difference in the speed of 
method no matter the number on records has been increased. This 
means that Zend can great handle with large databases, and is 
suitable for large projects. We can note some cases when some 
methods are quickly performed in large table, but this difference is 
very small and insignificant, probably caused probably because 
processor had other processes in that time. 

4.3 Codeigniter 
In figure 6 we have presented all methods grouped regarding 

the execution speed on small, medium and large table. From the 
diagram we can easily conclude that the fastest method is query(), 
followed by get_where() and the slowest one is get(). 

From Figure 7 where we make grouping by method, some 
minimal difference in all methods can be noted between small and 
medium table, while the difference between medium and large table 
is minimal, which means that Codeigniter is equally suitable for 
small and large projects. 

 
Fig. 6 Number of queries performed in one minute on small, medium and 
large database table in Codeigniter 

 
Fig. 7 Number of queries performed in one minute grouped by same method 
on different table  in Codeigniter 

4.4 All Frameworks Comparation 
To make a general comparison between all frameworks, we 

make a group of all execution times in each framework and then we 
found average execution time. This is showed on Figure 8, where 
each bar represents a number of selection made in one minute on 
small, medium and large table, while the green line showing the 
average number of executions on all tables together. 

From Figure 8 we can conclude that Codeigniter is the fastest 
framework, followed by Yii, and Zend is last.  

 
Fig. 8 Comparation of all methods in Yii, Zend and Codeigniter 

 
Fig. 9 Selecting all records from table without conditions 

Another conclusion that we can bring is that while in Zend 
almost performance degradation cannot be noted when data in 
database is increased, in Yii and Codeigniter we can see slightly 
better performances in smaller tables. 

The number of executions when all data from one table is 
selected is presented in Figure 9. From here we can note that in all 
frameworks has performance degradation when data is increased, 
but Codeigniter is fastest again, followed this time by Zend, and Yii 
is last. 

Figure 10 shows a line diagram where is presented by one 
method from all frameworks which is used for selecting multiple 
records from database. Those methods are findAll() in Yii, 
fetchAll() in Zend and get() in Codeigniter, who are aslo the most 
used methods among developers. 

Codeginiter with get() won the battle again, Zend with 
fetchAll() is second and findAll() in Yii is slowest. 

 
Fig. 10 Selecting all records for given condition 

 
Fig. 11 Selecting one record 

Figure 11 shows a diagram where is represented by one method 
from all frameworks which is used for selecting one record from 
database. Yii and Zend have methods that return exactly one record, 
while in Codeigniter is no such method but we took as his 
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representative get_where(), because is logical for this situations to 
be used this method. In Yii there are several methods that return one 
result, but we took find() as commonly used, while Zend 
representative is fetchRow(). 

The conclusion is that get_where() in Codeigniter is fastest, 
followed by fetchRow() in Zend and find() in Yii. 

5. Conclusion 
Driven by the need to increase the development speed and 

security in applications, some PHP communities and companies 
created their own frameworks. Qualities that are offered in each of 
them bring them to the top. In this text we have processed three of 
the most popular frameworks: Yii [4], Zend [2] and Codeigniter [3]. 

Considering the fact that every framework has safety filters, 
speed of selecting data is one of the main aspects that need to be 
taken, because now almost every application has database. 

From our analyses and tests we can bring a few conclusions. 

Best methods from the aspect of performances in Yii are 
findBySql() and findAllBySql(), followed by findByPk() and 
findAllByPk(), findByAttributes() and findAllByAttributes(), and at 
the end find() and findAll(). In Zend order is as follows: fetchAll(), 
fetchRow(), find(), Zend_Db_Select. In Codeigniter: query(), 
get_where(), get(). If you want to improve the performance in your 
application, it is recommended to follow the specified order and use 
those methods ahead of the list which will be able to finish the 
required task. 

In Codeigniter average speed is raised by query() method which 
is not very useful, taking the fact that receive manually defined 
query as parameter. Unlike Codeigniter, in Yii and Zend are 
methods which are quite faster than the average and are very 
favorable to use, such as findByPk() or findByAttributes() in Yii 
and the increased use of these methods can accelerate application 
largely. However, the objective analysis shows that average 
execution of methods in Codeigniter is fastest, so we proclaim 
Codeigniter as the winner. 
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Abstract: The scientific paper deals with the theoretical investigations of turning clamping chucks adaptive clamping elements made by 
intentional imposition of deformation zones in their design. The estimation of clamping conditions in the contact zone between adaptive 
clamping elements and clamping surface was carried out with a help of CAD/CAE systems. The stress state of the given clamping jaw 
adaptive zone was analyzed. 
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1. Introduction 
 
The problem of engineering level increasing of modern 

automatic lathes and automatic metal cutting systems in a multiple 
production as well as high speed and high precision processing 
requires performance improvement of machine tools main 
mechanisms and components, one of which is clamping 
mechanisms. 

Setting the workpiece and its holding during the work 
processing is accompanied by the set of the following physical 
effects:  elastic deformations in the clamping mechanism (CM) 
drive and in the system chuck-workpiece; elastic and residual 
deformation of workpieces and joints and physical connections 
damage between them; thermal and other phenomena. CM abilities 
to perform work functions during the change of work conditions 
depend significantly on their adaptation possibility to variable 
external influence [1, 2]. Therefore the development and research of 
the clamping mechanism that could adapt to the workpiece 
characteristics as well as loading and dynamic effects is a very 
actual scientific problem. 

One of the most important adaptation trends is CM adaptation 
to the workpiece diameters. The traditional mechanical lathe 
chucks with clamping elements sets are used for different clamping 
diameters. At the same time in automated flexible production 
conditions the need for equipments to their accumulation and quick 
interchange arises. These all impacts on the cost of changeovers.  

A lot of scientific papers of scientists in the field of mechanical 
engineering and metal processing deals with the CM adaptation to 
different clamping diameters. For example, the papers [1-5] lay the 
scientific basis of creation of self-adjusting, wide-range, quick-
adjusting and multifunctional CM and the differential-
morphological method of structural-schematic synthesis is 
proposed. It allows creating the new structure of clamping chucks 
expending technological possibilities of automated devices for 
turning and machine modules based on it. The papers [4, 5] deal 
with the clamping problem of rod workpieces in a wide range of 
diameters. These investigations theoretically substantiate and 
experimentally prove of the wide range collet clamping principle 
and the principle of a number of transmitting-amplifying units in 
the CM use. It allows clamping rod workpieces in a small 
diameters range. The papers [1-3] show that in a wide range 
clamping it is advisable to implement CM structure with discrete-
continuous schemes for coverage of clamping diameters. It leads to 
the clamping elements number reduction as well as time decrease 
for readjustment. The papers [6, 7] deal with the problem of 
creating and researching of clamping chucks for single workpiece 
clamping in a wide range of diameters. They estimate the design of 
flexible clamping elements with cross section circular shape, which 
can self-adjust to the workpiece surface in the diametric section. 
These clamping elements have rather complex structure and high 
cost.  

At the same time the problematic issue is at the root of the fact 
that if there is the discrepancy between the clamping surface 

diameter and the clamping diameter of clamping elements the high 
surface pressures result at the contact zone, which could damage 
the surface on which the clamp performs. Therefore, adaptation of 
clamping elements to the clamping surface with different diameters 
is a very actual scientific problem of lathe chucks flexibility 
increasing. 

 
2. Preconditions and means for resolving the 

problem 
 

Existing methods for diameter workpieces coverage  via 
clamping chucks in automated equipment for turning and modules 
based on it are implemented in the three main schemes [3]: discrete; 
continuous; discrete-continuous. In these coverage schemes 
implementing the cross-sectional geometry of clamping element is 
made under a certain clamping diameter. The clamp on the 
cylindrical surface of larger or smaller diameter leads to the fact 
that adjoining of the clamping element does not perform on the 
entire surface of the clamp. When clamping the workpiece on the 
rough bases such phenomena is acceptable, but when clamping on 
the finishing bases during  the final  operations of manufacturing 
process it can damage the surface of the clamp reducing the 
accuracy and rigidity of clamping.  

The only important solution to the problem of the clamping 
elements adaptation to the clamping surface in a certain range of 
workpieces diameters is the creation of new designs of clamping 
elements on the basis of the deliberate deformation zones 
introduction into their design. This will ensure adjoining of  the 
clamping element contacting surface to the  clamping workpiece 
surface of different diameter. 

 
3. The solution considered problem 
 

      3.1. Development of the adaptive clamping elements 
design schemes 
 

Lathe clamping chuck as a technical system should provide the 
main function - workpiece basing and fixing. This basic function is 
divided into a number of subordinate functions, which are 
implemented by particular functional subsystems [1, 3]. One of 
these subsystems is a subsystem of direct influence on the fixing 
object. Structurally, the system of direct influence is made in the 
form of the clamping elements system which  interacts  for 
clamping force transfer with kinematic subsystem of the lathe chuck 
(transfer-amplifying units), and are in certain way located in the 
case of the chuck.  

When implementing typical kinematic structures of clamping 
chucks with discrete-continuous schemes of wrapping workpieces 
in order to create a clamping elements system with adaptation to the 
clamping surface the new approaches are required. Kinematic 
structures carry information about of the kinematic members  
location sequence and their numbers, transmission ratio and also  
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the number of clamping elements and the readjustment number [1, 
3]. 

Clamping chuck kinematic structure with discrete-continuous 
scheme of a range of diameters coverage (fig.1) is realized through 
continuous coverage of a narrow range of diameter  ΔD and transfer 
to  the desired dimensional range by clamping elements or  their 
sets manipulation (replacement or repositioning) [1, 3]. Coverage of 
range ΔD is carried out due to the such lathe chuck parameters as 
the working  stroke length of the input member XT=XTmax-XTmin and 
transmission ratio of transmitting-amplifying units it. 
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Fig 1. Kinematic structure of clamping chuck with discrete-

continuous scheme of coverage  with one kinematic chain: XTmax, 
XTmin – max and min working  stroke of the input units; it – 

transmission ratio of transmitting-amplifying units; yPmax, yPmin - 
max and min working  stroke of the clamping elements; CJ1-CJn – 

clamping elements; ΔD – clamping range without clamping 
elements interchange; Dmax, Dmin – max and min clamping 

diameters; ΔDC – range of clamp workpieces via clamping chuck 
 

When using a clamping element with "rigid" cross-sectional 
geometry in the ΔD range the following options of contact with a 
workpiece are possible (fig.2): full contact (Rз=Rк); incomplete 
contact (Rз<Rк); contact by edges (Rз>Rк). Therefore to provide the 
full contact the clamping elements CJ1, CJ2, ..., CJn (fig.1) must 
adapt to the clamping surface exactly in the range ΔD. 

 
Fig 2. Options for the  jaw contacting with a smooth cylindrical 
surface: RCJ –radius  of a  jaw clamping surface; RW – radius  of 

workpiece clamping surface, T – clamping jaw force 
 

The principle approach of clamping elements adaptation in the 
ΔD range is proposed, which lies in the deliberate deformation 
zones introduction into their design. It provides adjoining of 
contacting surface of the clamping element to the workpiece 
clamping surface. These zones can be created using heuristic 
methods by complete and incomplete partition of clamping 
elements, making voids in the clamping element material, using 
ring segments capable of deformation and others. Fig.3 depicts a 
clamping jaw synthesized by removing material from the solid jaw 
as a ring groove, and fig.3,b and fig.3,c - clamping jaws synthesized 

by incomplete partition of their clamping part. Clamping jaws with 
ring segments capable of deformation are shown in fig.3,d,e. 

Based on the structural scheme (fig.3,a) the adaptive jaws 
designs were developed  and prototype model was manufactured to 
equip the lathe wedge clamping chuck with a housing diameter of 
150 mm (fig.4). 

        
                  а)                                  b)                                c)  

        
                                 d)                                     e)  

Fig 3. The structure schemes of synthesized adaptive clamping 
elements 

 

а) 

  b) 
Fig 4. Lathe wedge chuck with adaptive clamping elements:  

а - CAD-model; b – prototype model 
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3.2. Computer simulation of clamping elements 
adaptation zone  

 
Due to the complex geometry of the synthesized clamping 

elements the analytical study of the clamping conditions in the 
contact zone between clamping element and clamping surface and 
also the evaluation of the stress-strain state was performed and the 
CAD / CAE-system was applied. Simulation cycle using CAD / 
CAE-system includes the following steps [3]: 

1) clamping element and workpiece geometry model 
development; 

2) finite elements types selection and their parameters data 
input as well as  the  clamping element and the workpiece partition 
on the finite elements; 

3) formulating of boundary conditions, including that 
modeling contact zone and the loads system formation; 

4) finite elements model verification; 
5) contact conditions and adaptive clamping elements stress-

strain mode simulation; 
6) visualization and analysis of simulation results. 
To study efficiency of adaptive clamping elements for 

equipment of three jaws mechanical wedge chuck with a housing 
diameter of 150 mm the simulation of a stress-strain mode was 
carried out. Fig.5 illustrates the automatically generated finite-
element mesh, boundary conditions, system of loads applied and the 
zone of workpiece contact with the adaptive jaw, that correspond to 
the real operating conditions during the clamp process. The 
geometry of the workpiece and the jaw is described as tetrahedral 
finite elements. 

Clamping force applied to the jaw varies in the range from 500 
to 5000 N. This corresponds to the total clamping force of jaws of 
lathe clamping chuck respectively: 1500 - 15000 N. During the 
simulation the workpieces clamp in ΔD=10 mm range was imitated. 
The design parameters of the given lathe chuck size define this 
range. 

 а) 

  b) 
Fig 5. Boundary conditions (a), generated by finite-element 

mesh with contact zone of workpiece and jaw, and the applied load 
system (b) 

4. Discussion of results 
 

As a result of the simulation the equivalent stress values were 
found in regard to the adaptive clamping elements for different 
clamping diameters, loaded with different clamping forces. These 
stress values were calculated according to the Richard von Mises 
changing the shape energy hypothesis and displacement. As an 
example, fig.6 shows the picture of the stress condition of 
adaptation zone of clamping element for clamping diameter of 
65mm with jaw clamping force of 500 N. 

 

 а) 

 b) 
Fig 6. Pictures of the stress conditions in the zone of jaw adaptation 
during workpiece clamp by the clamping force of 500 N, a - with a 

diameter of 65 mm; b - with a diameter of 75 mm 
 
As the result of computer simulations it was appeared that the 

stress-strain modes for other workpieces clamping diameters and 
clamping forces are similar. 

The stress distribution picture analysis in the jaw adaptation 
zone size shows that the greatest stresses occur in the central and 
outer zones of the jaw where the clamping ring part connects with 
the body of the jaw. 

As a result of the computer modeling the maximum equivalent 
stress in the adaptation zone of clamping jaw under various 
clamping force and clamping diameters are shown in fig.7. 

The results of simulation show that together with clamping 
force increasing per one jaw from minimum to maximum (ie 10 
times), the maximum equivalent stress also increases almost in 10 
times. So the directly proportional linear relationship between the 
load and maximum equivalent stress is observed. 

Herewith higher stress is typical for smaller clamping 
diameters.  This is due to a smaller contact zone of the small 
diameter workpieces and their contact conditions, that are caused by 
greater radial deformation of adaptive clamping jaw.  With 
increasing clamping diameter from 65 to 73 mm, maximum 
equivalent stress at maximum jaw clamping force decreases in 1.28 
times. This can be explained by the increasing of contact zone 
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during the larger diameter workpieces clamp. In full contact of 
workpiece with the clamping part of jaw  (d = 75mm) the 
adaptation zone  is not working, and therefore stress in the contact 
zone is much smaller. Analysis of simulation results showed that 
the clamping part of the  adaptive jaw with clamping force loads in 
a range of 500 ... 5000 N works in the area of elastic deformation 
and ensures its full contact with the workpiece in a given diameters 
range during the clamp. 
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Fig 7. The dependence of the maximum equivalent stress σe  in the 

jaw adaptation zone  from clamping force T and clamping diameter 
d 

 
3. Conclusion 

 
Analyzing the foregoing, we can make the following 

conclusions. 
Operation analysis of the lathe chuck with clamping elements 

with defined geometry of the cross section has showed that their 
contact process with the workpiece with incomplete contact and 
contact on the edges leads to the heterogeneity of the surface 
pressure between the workpiece and, in some cases, damage of the 
clamping surface. To avoid such effects a new principle of adaptive 
clamping elements creation was proposed. The essence of this 
principle lies in the deliberate introduction into the clamping 
elements design the deformation zones allowing full adjoining of 
clamping element contacting surface to the workpiece clamping 
surface. Based on the proposed principles design schemes of 

adaptive clamping elements were developed, which include 
deformation zones, and are based on standard clamping elements. 
Using CAD / CAE-system the clamping conditions in the contact 
zone between adaptive clamping elements and clamping surface 
were evaluated. The stress zone status of adapting clamping jaws of 
the proposed design was analyzed. It showes that clamping part of 
the jaw operates in a zone of elastic deformation in a given range of 
clamping force and provides in a given range of diameters its full 
contact with the workpiece during the clamp. 

In the future we plan to carry out theoretical and experimental 
study of the influences of contact zones stiffness on the distribution 
of contact pressure on the clamping surface in statics, steady 
rotation mode and in the turning process. The contact stiffness of 
the following joints are to be discussed: a)of adaptive jaw with a 
basic jaw; b)of a basic jaw with  the guides of the lathe chuck 
housing. The experimental studies of clamp accuracy in regard to 
workpieces and lathe chucks with adaptive clamping elements will 
be also conducted. 
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Abstract: This article discusses some of the issues of regionalization of engineering education in the Urals. An urgent task is to prepare the 
technical colleges of engineers, competitive on regional labor markets. The article describes the two major manifestations of the 
regionalization of the Urals: a) the process of distribution of graduates after graduation; b) the process of obtaining a degree in a technical 
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1. Introduction 
In the current crisis the socio-economic conditions of the 
Russian government with increased attention a complex of 
measures on development, modernization of engineering 
education, raising the prestige of the profession of engineering 
focus and quality of training of technicians. 
Russia has always respected, and people are serious about the 
engineering profession. The importance and the need for its 
economy, industry and agribusiness in our country too to 
explain. As noted by VV Putin, now an engineer - a "high 
professional level, which not only provides the sophisticated 
equipment not only constructs modern equipment and 
machines, but, in fact, forms the surrounding reality" [1]. 
The priority in the development of complex programs on 
modernization of engineering education began to use the 
regional educational and industrial structure, creating their own 
educational systems, which do not contradict nationwide, with 
its structures, systems of financing and management, to fulfill 
specific social goals. The main task of the regional programs in 
the preparation of technical experts is the maximum 
approximation of vocational training to the real production by 
identifying and improving the most relevant demanded 
directions that form a new technological structure of the 
country. [2] 
 

2. Preconditions and means for resolving the 
problem  

In this paper, as an example, using the results of the 
sociological research "Engineer SUSU" conducted in 2014 
using a content analysis of information autobiographical 1000 
graduate of the Faculty of Automobile and Tractor (AP) 
South Ural State University (SUSU), I would like to consider 
the characteristics of regionalization professional engineering 
education. The University is one of the largest universities of 
the Urals, one of the founders, which was the Kirov 
Chelyabinsk Tank Factory. Home University of the existence 
of two faculties (tank-AT and technology-MT) was initiated 
in time of war. South Ural State University awarded the status 
of "National Research University. For 70 years (1943-2013 
gg.) AT-faculty trained over 13 thousand. Engineers who 
work and lead the largest machine-building plants [3]. 
When the procedure of content analysis used a brief 

biography of the graduates of the Faculty of AT-collected 
Valentin Putin engineer automaker, Ph.D. (1987), Honorary 
Worker of vocational education. In 2013, the 70th anniversary 
of the Faculty of Automobile and Tractor SUSU they have 
been prepared and published encyclopedia "Autotractor 
faculty." The author worked on the book for four years 
without interruption from work on holidays and weekends. 

He personally met with graduates of the Faculty of AT-
traveled and many regions of Russia, as well as the author 
connects with alumni who work in car factories and car repair 
Belarus, Ukraine, Georgia, Kazakhstan, the USA, Canada, 
Israel, Germany and others. 
Encyclopedia contains historical chronicle of the Faculty 

from 1942, article about the graduates, teachers, eminent 
scientists autotractor faculty, as well as the various enterprises 
of machine-building industry. 
Further analysis of regionalization of professional 

engineering education, using the biographical method was 
selected and formed the following blocks and parameters. 
1. Categories/groups 

- gender ; 
- age; 
- years of study at the university. 

2. Education 
- form of education; 
- training in the branch of South Ural State University; 
- a diploma "with distinction"; 
- received a specialty; 
- post-graduate studies; 
- availability of scientific degrees and titles; 
- additional education; 
- obtaining secondary education; 
- professional interests. 

3. Employment 
- getting jobs on the distribution of the university; 
- place of work after graduation; 
- the last place of work; 
- scope (s) of activity; 
- there are several places of work. 

4. The work and achievements 
- the availability of career development; 
- specialization of engineering work; 
- stage of career development; 
- steps and jumps on the steps of a career; 
- period of time until the maximum improvement; 
- development and innovation; 
- especially working career. 

5. Merit 
- awards and distinctions; 
- work part-time; 
- hobbies; 
- doing business; 
- military service; 
- marital status; 
- the presence of children; 
- the presence of family dynasties. 
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3. Results and discussion 
The process of regionalization of professional education, 

especially engineering and technical focus, characterized by 
both negative and positive traits. The positive - it can be noted 
that the region is sufficient to effectively solve the problem of 
the preparation of specialists in demand on the real 
enterprises. Taking into account the needs of industrial 
companies, educational institutions and the possibility of 
jointly developing a set of measures for the training of 
engineers. Negative same time, you can select the quality of 
the graduates, formed under the influence of socio-economic 
change in the country. 
In this article, we focus attention on the two main forms of 

regionalization of professional education in the process of 
training engineers. 
1. The process of obtaining a degree at the university 
Scientific and technological progress does not stand still: the 

introduction of new technologies and the use of automated 
labor provide new directions for training engineers. 
Technical institutes have to produce competitive 

professionals in regional labor markets that have high-quality 
education, professional skills, creativity and mobility. 
Modern companies impose on the employee a number of 

specific requirements, following which you must not only be 
active, competent, successful, it is important to be 
professional and mobile: confident, stand on your feet, be 
easily trained and professionally relevant. The largest deficit 
in the training of young professionals, experts today are 
qualities such as possession of office equipment ("deficit" - 
75%), possession of practical skills (55%), independence 
(45%), honesty (45%), organizational skills (40%), 
communication skills (35%), and others. [2] 
After an in-depth analysis of the study data "Engineer 

SUSU" were isolated events / activities in which graduates of 
the Faculty of AT participated in addition to the main areas of 
engineering. Next, the data were grouped into blocks and 
each block allocated indicators (Table 1.). 
Table 1. 

Interests/hobbies autotractor engineering faculty 
 

Activities Measures/Indicators 

Engineering 
activities 

 

- Participation in the development and 
production of new products (30%); 
- Availability of innovative proposals, 
copyright certificates (17%); 
- Development of training courses, 
techniques, engineering programs, and 
TS (10%); 
- Participating in the testing 
devices/systems (8%); 
- The existence of patents (7%); 
- Performances at international 
congresses, conferences, scientific and 
technical areas (2%); 

Wellness/ 
Fitness 

- Passion for sports (3%); 
- Achieving levels of the 
candidate/master of sports (2%); 
- To achieve the title of champion in the 
sport (2%). 

Managerial/entr
epreneurial 

skills/abilities 

- Doing business (6%); 
- The organization of competitions/ 
schools/sections/(sports, car, etc.) (1%). 

Political 
activity 

 

- Active work in the public, industrial 
life of the enterprise (17%); 
- Participation in exhibitions/contests/ 
competitions (4%); 
- Membership in unions/associations/ 
boards (8%); 
- Work as an MP (3%); 
- Participation in the social/charity work 
(1%). 

Law 
enforcement/ 

legal activities 

- The presence of rank in the police, the 
Federal Security Service; MIA (3%). 

Scientific 
activity 

 

- Work in the field of science and 
education (15%); 
- Availability of scientific publications 
(15%); 
- Writing a book/monograph (5%); 
- Membership in the Academy 
IAAS/RANS (4%). 

The ability to 
transfer their 

experience and 
education/ 
mentoring 

 

- Conducting training sessions for 
students of universities (16%); 
- The presence of the status of associate 
professor (11%); 
- The presence status of a professor 
(6%); 
- PhD leadership/membership in the 
dissertation councils (2%); 
- Work in high school and academic 
lab/office (1%); 
- Work as a mentor (1%). 

Literary 
literacy/ability 
to speak and 
write/creative 

needs 
 

- Membership in the Union of 
Journalists/photoartists (2%); 
- Membership of the editorial board 
(Scientific and Technical) (1%); 
- Participation in the initiative of the 
enterprise (1%); 
- Passion for literature/publications 
(1%); 
- Work in the media (newspapers, radio) 
(1%). 

 
By expanding the range of interests in the training of 

engineers, applying the principles mezhditsiplinarnogo 
approach can be possible to reach a new level of preparation. 
We need to create educational and methodological program 
demanded in actual production based on learning specific 
skills. 
"So, for the comprehensive training of engineers of all types, 

taking into account the specifics of the regional industry may 
be important forms of training network, bringing together 
under the aegis of the leading technical universities in the 
potentials and competences of universities of different 
profiles, with necessarily involving research institutes and 
leading industrial companies, distributed by regions of the 
country" - based on the verbatim report of the meeting of the 
Presidential Council for Science and Education, June 23, 
2014 [1]. 
2. The process of distribution of graduates after graduation 
Graduates are sent to work for the company on the 

distribution of the university (47%) and only 6% are 
employed on their own, 4-5 course or begin work after 
graduating from college and getting parallel to the diploma of 
higher education. 
Geographically distributed engineering faculty AT analyze 

data on the following (% of the total number of respondents - 
1,000 people.) (Fig. 1): 
 

 
Fig. 1. 

Workplace AT-graduate faculty after graduation 
 

63% 

13% 

12% 7% 4% 1% 
Chelyabinsk city

Sverdlovsk region

Chelyabinsk region

Russian Federation
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Ural (other areas)

CIS countries (except the
Russian Federation)
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As a result, after graduation and employment at the company 
81% of engineers are working in the city, which were sent to 
the university. 
The study allows to allocate 22 areas in which employ 

graduates of the Faculty of Motor Transport, throughout his 
professional career 11 fields of activity for production 
purposes and 11 fields of activity of social orientation. The 
most common and actively influence the life of engineers are 
the following (% of the total number of respondents - 1,000 
people.): 
A. labor in the production of: 
- Mechanical engineering and metal – 61, 
- Defense production (MIC) – 15, 
- Transport and communications – 13. 
B. Work in the social sphere: 
- Science and scientific services – 29, 
- Education – 26, 
- Governance, security agencies – 12. 
Specificity of the Ural region is that the presence of 

industrial agglomerations, with a concentration manufactures 
motor, metallurgical, power nature, which are combined into 
Clusters, allows engineers to be professionally mobile and 
change jobs / company without much damage (Figure 2). 

 

 
Fig. 2. 

Changing jobs Engineers AT Faculty 
 

When the process of upgrading the quality of engineering 
education and technical training in the region is the problem 
of attracting practitioners of domestic and foreign large 
industrial companies, with the aim of teaching for students. 
According to our data, 11% of the Ural engineers 
concurrently with the main work in the industrial sector prefer 
to look for jobs in scientific and educational spheres, in 
particular universities and research institutions. It was also 
found that 21% of engineers prefer to expand the range of 
professional competencies, by changing the production sector 
activities in research and education or, conversely, of science 
and education back into production. 
It should ensure the maximum influx of engineering staff 

directly to industrial enterprises - to develop ways to adapt, 
incentive, motivation, social security engineers, as well as to 
form an expanded program of targeted distribution. 
 

4. Solution of the examined problem 
In recent years, the President of the Russian Federation has 

repeatedly drawn attention to the need to modernize the 
system of engineering education and training of technical 
personnel. The complex of measures to improve the social 
prestige of the engineering profession: stronger domestic 
engineering schools, establish national research universities, 
earmarked funds are invested in the development of material 
base of faculties of engineering, developed the scheme 
interaction of secondary and higher vocational education and 
specific industries; improved system of training and the 
development of the student body and faculty; is detected 
(determined) the need for engineering staff in the medium and 
long term by sectors, regions and major employers. 
Currently, social scientists concerned with the reproduction 

of the human potential, believe that to improve the system of 

engineering education in the regions it is advisable to develop 
a set of complementary activities (programs) for training 
engineers since pre-school and school education. Engineers 
should be prepared "from the cradle", identifying the most 
capable and talented children. If, during the start planting the 
child skills with technology and gradually deepening, 
complicating the development of the program, you can create 
groups, classes with engineering and technical bias. [4] 
To maximize the influx of engineering staff directly to the 

industrial enterprises in the region - it is necessary to develop 
methods of adaptation, incentives, motivation, social security 
engineers, as well as to form an expanded program of targeted 
distribution. It would not be amiss to develop programs / 
projects for the development of large state-owned companies 
and regions with the inclusion of these programs / projects the 
need for technical personnel in the short term of 5-7 years, 
and long-term horizons of up to 20 years. 
 

5. Conclusion 
In conclusion, we note that today the Russian society to seek 

to form a new socio-economic formation - a society of 
knowledge, which can not be imagined without high-tech 
production, and social and intellectual development of mobile 
young professionals with the ability to effectively use and 
distribution of scientific knowledge and technology. 
"Today, leaders of global development, said the President of 

Russia - are the countries that are able to create breakthrough 
technologies, and based on them to form their own strong 
industrial base. The quality of engineering staff is becoming a 
key factor in the competitiveness of the state and that it is 
essential, as a basis for its technological, economic 
independence". 
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Abstract: The paper presents concepts related to analysis of mechanical vibrations of a squirrel-cage induction motor. It describes an 
experimental approach using piezoelectric accelerometer and analog/digital data acquisition tools. The influence of powering the motor with 
an inverter on vibration harmonic content is presented and different PWM switching frequencies are compared to regular line supply. 
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1. Introduction 
Electrical machines are a vital component of almost every 

industry and induction motors in particular are the most widely 
employed machines. The vibrations occurring in electrical motors 
can generally be divided into those of mechanical and 
electromagnetic origin. Vibration analysis is a common approach 
employed in online motor diagnostics. Both mechanical and 
electrical faults may show evidence at a wide range of 
frequencies[1,4]. While such identification approaches are perfectly 
valid for electric motors supplied from a balanced grid, it is more 
difficult in the case of inverter-powered motors. Inverters introduce 
a significant amount of vibrations at a wide range of frequencies 
making it more difficult to distinguish harmonics caused by 
potential faults. Switching frequency of the inverter plays a major 
role in creation of both mechanical and acoustic vibrations. On the 
other hand vibration measurement can also be useful in detecting 
inverter faults [1]. The paper presents an approach to identify and 
analyze vibrations caused by inverter operation at different 
switching frequencies. Proper detection of vibrations may be used 
to fine-tune inverter settings to minimize audible noise, mechanical 
vibrations and to reduce its influence on the detection of vibration-
causing faults.  

2. Experimental Setup 
Measurement stand used to conduct described experiments 

consists of: 

• 3-phase, 0.55kW induction motor 

• 3G3MV inverter 

• IMI603C01 piezoelectric accelerometer 

• NI9234 4-channel data acquisition card coupled with 
NI cDAQ-9174 measurement system 

• PC equipped with diagnostic and measurement 
software designed in LabVIEW 

Schematic diagram of used measurement set is shown in fig. 1. 
The laboratory setup is depicted on fig. 2. 

 
Fig. 1. Schematic diagram of the measurement set. 
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• Maximum sampling frequency per channel: 51.2kS/s 

• Input voltage: ±5V 

• 24-bit resolution 

• Dynamic range: 102dB 

Both the card and the sensor were configured using in-house 
software designed using LabVIEW environment. The software used 
to acquire, analyze and graphically present the accelerometer data is 
conceptually based on NI’s Sound&Vibration example. Fig. 3 
shows the main panel of the program. The software allows heavily 
customizable graphical representation of time-domain waveforms as 
well as FFT and STFT results. 

Fig. 3. The main panel of the program. 
 

The analog input of the data acquisition card requires prior 
configuration in order to be used with IEPE accelerometers. Fig. 4 
presents the configuration window which is used to set required 
parameters regarding IEPE excitation. 

 
Fig. 4. Configuration window. 

 

3. Results and Analysis 
Vibration samples were recorded for a healthy motor, under no-

load condition, fed first from the grid and then from the inverter. It 
is important to note that experimental tests measure vibrations of 
both mechanical and electromagnetic origin. First, the acquired data 
is analyzed in frequency domain to identify sources and magnitudes 

of frequency components and then in time domain to evaluate 
vibration consistency.  

The inverter-fed motor tests were conducted for switching 
frequencies of 1.2kHz, 5kHz and 10kHz. Phase current was 
measured for every case in order to correlate vibrations with 
current’s harmonic content. 

Fig. 5 presents registered phase current of the grid-powered 
motor. As expected, it is not a perfect sine due to slight imbalance 
of the grid and possible asymmetry of the motor. The result of FFT 
analysis of mechanical vibrations is shown in fig. 6. Fig. 7 presents 
0-2kHz subset of said analysis. Under such conditions vibrations of 
up to 0.3m/s2 RMS are present.  

 

The strongest vibrations occur at 100Hz, 300Hz, 1100Hz, 
1200Hz, and 1750Hz. The 3600Hz vibration is the last significant 
vibration.  

The 1200Hz signal is not continuous and peaks roughly every 
0.04 seconds as can be seen in fig. 8. 

 

 
Fig. 5. Phase current of the motor supplied from the grid. 
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Fig. 6. Frequency spectrum of the vibrations of grid-powered motor. 

 

 
Fig. 7. 0-2kHz subset of vibration frequency spectrum. 

 

 
Fig.8. STFT spectrogram of grid-powered motor vibrations. 

 

The situation changes significantly when the motor is fed from 
the inverter. Supplied phase current is presented in fig. 9. 
Measurement results recorded at 10kHz switching frequency are 
shown in fig.10.  

 

Lower frequency components are diminished with 1200Hz 
component’s RMS at 0.1m/s2 and 1750Hz at 0.16m/s2. 3600Hz 
vibration remains the same. However, PWM’s switching frequency 
introduces substantial vibration at 10kHz. The RMS value of this 
signal reaches 1m/s2, which is more than 3 times that of the most 
significant vibration when supplied from the grid. 

The results obtained at 5kHz switching frequency are shown in 
fig. 11. As can be seen PWM-related vibration near 5kHz reaches 
the RMS value of 0.8m/s2. The 2nd harmonic of the switching 
frequency is also present at 0.37m/s2. Lower frequency components 
remain unchanged. 

The last measurements were taken at 1.2kHz switching 
frequency. Significant audible vibrations are produced, which are 
presented in fig. 12. The 1200Hz component’s RMS value is over 
3.25m/s2. The phase current at this frequency is significantly 
distorted as can be seen in fig. 13. Higher harmonics of the 
switching frequency are also present. 

Fig. 9. Phase current at 10kHz switching frequency 
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Fig. 10. Frequency spectrum of motor’s vibrations when supplied from the inverter at 10kHz switching frequency. 

 
Fig. 11. Frequency spectrum of motor’s vibrations when supplied from the inverter at 5kHz switching frequency. 

 
Fig. 12. Frequency spectrum of motor’s vibrations when supplied from the inverter at 1.2kHz switching frequency. 

 

 
Fig. 13. Phase current at 1.2kHz switching frequency. 

4. Conclusion 
The paper presents a procedure that can be used to measure 

mechanical vibrations of electrical machines. One of the problems 
introduced by inverters is a sizeable motor vibration especially 
around PWM switching frequency. One of the other sources of 
vibration is a resonance effect on the motor operating at certain 
speeds [1]. Another problem with inverter operated motors is 
eventual bearing damage, caused by shaft currents, which, over 
time, leads to additional vibrations or failure. Under some 
circumstances, such as large distance between the inverter and the 

motor, lower switching frequencies are desirable but it is important 
to note the amount of vibrations and audible noise they cause[2]. In 
order to reduce audible noise it would be appropriate to raise the 
switching frequency above 15kHz. However, besides possible 
performance limitations, high switching frequencies cause transient 
overvoltages due to short rise times required which degrade the 
insulation [3]. 
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1. Introduction 
One of the most widely used machines in road-building is the 

motor-grader. Due to the specialized work attachment - the main 
blade, the grader can perform a great number of work operations. 
The distinctive feature of the machine is that the work attachment is 
controlled by means of space system of three cylinders, each of 
them having its individual drive (Fig.1).  

The complex hydraulic suspension of the main blade at different 
modes of external loading in some cases can cause decreasing 
reliability index of the control system, premature failure of its 
elements.  

2. Analysis of publications 
The known technologies of motor-grader design include 

simplified approaches to calculation of the main attachment 
hydraulic drive [1]. For example, calculation and choice of 
hydraulic cylinders are made on the basis of static estimated 
positions corresponding either to average level of normal work 
effort at digging soil or loss of the machine stability as a result of its 
front axle losing the contact with the support surface. 

Despite of the fact that the blade lift and drawbar shift cylinders 
are arranged into asymmetric space construction, there considered 
two-dimensional design models not taking into account distribution 
of forces among them. 

With the purpose of simplifying the calculations the authors 
accept that the blade lift hydraulic cylinders are positioned 
vertically when the drawbar shift ones are positioned horizontally. 
The latter does not correspond to real constructions. Furthermore, 
for swing hydraulic cylinders the angle of their rotation in the 
horizontal plane has a significant impact on the axle load [2]. In the 
case of the main grader blade suspension, changing the length of 
only one of the cylinders leads to a change in the rotation angle of 
the other two ones and therefore to a change in the axle loads. 

All the above mentioned confirms the discrepancy between the 
existing calculation methods of the blade control hydraulic drive of 
a motor-grader and the real space pattern of its loading. 

The work objective 
The purpose of the article is determining patterns of loading the 

blade control hydraulic cylinders of a motor- grader taking into 
account their interaction and angle of alignment in relation to the 
working attachment. 

The research results 

 In drawing up the design scheme of application to the working 
attachment of digging forces , ,x y zF F F   and axle loads 1, 2, 3R R R   in 

the hydraulic cylinders of the main blade suspension (Fig. 1) there 
were accepted the following assumptions and simplifications: the 
deformation of the metal construction is negligible; the working 
fluid is incompressible; connecting hoses are not deformed; there 
are no gaps, counting of efforts is conducted for the construction 
preloaded by its curb weight.  

To estimate the load of hydraulic cylinders in the space scheme 
Cartesian coordinate system Oxyz  with the origin in the center of 
the spherical hinge connecting the drawbar and the main frame was 
used.  In such geometric interpretation the whole system has three 
degrees of freedom and its position is unequivocally determined by 
angles of rotation of the drawbar in the horizontal plane α, β, and γ. 

At moving forward rods of the hydraulic cylinders, the position 
of the drawbar as to the coordinate origin (point О) changes and, 
consequently, coordinates of fixing the cylinders to the drawbar 
change as well, which results in changing of levers of axle loads in 
hydraulic cylinders relative to the coordinate axes. The rotation of 
axes is determined by the rotation matrices. 
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If the initial coordinates of fixing points of hydraulic cylinders 
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Fig. 1 3-dementional scheme of applying forces to the motor-grader working attachment 

The preset point ( ), ,x y zK K K K   of digging effort after the 

drawbar rotation will have the coordinates 

( ) ( ) ( ) ( )( )1 x y zK M M M K=     (3) 

The drawbar equilibrium is described by the equation of the 
digging effort moment and vectors of moments of efforts 

1, 2, 3R R R   in the hydraulic cylinders: 

1 2 3R R R FM M M M+ + =
       (4) 

where 1

1 1 1
1 1 1

cos1 cos1 cos1
R

R R R
M T x T y T z

x y z

 
 =  
 
 

  

cos1 ,cos1 ,cos1x y z  – directional cosines of the effort vector in 
the left hydraulic cylinder.  

The moments of efforts in the right cylinder ( 2R ) and the 
cylinder of the drawbar shift ( 3R ) 2RM


 and 3RM


. 

In the matrix form the equilibrium state of the drawbar can be 
written as follows: 

( ) ( ) ( )FM R M =   (5) 

where ( ) ( ) ( ) ( )1 2 3R R RM M M M= + +
    

1
2
3

R
R R

R

 
 =  
 
 

 

Solving the equations (5) we obtain values of efforts in the 
hydraulic cylinders. 

The proposed method was applied to estimate the loading of 
hydraulic cylinders of the main blade suspension of a real motor-
grader DZk-251. When making calculations the external resistance 
to soil digging was simulated by three unit forces corresponding to 
the components , ,x y zF F F   of the total resistance. To reveal patterns 
of loading the blade control hydraulic cylinders, when calculating 
there were used various coordinates of the point of application of 
unit forces to the cutting edge from 2 m to -2 m and the capture 
angle ϕ , which varied within limits of 60° clockwise to -60° 
anticlockwise relative to the initial position of the blade. As the 
external loads were simulated by the unit forces, solving the system 
of equations resulted in obtaining reactions in the hydraulic 
cylinders, considered to be force factors and can be reduced to 
values corresponding to the actual loading conditions by standard 
methods. The calculation results are presented in Fig. 2 – 4. 
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The data obtained at performing calculations unequivocally 
confirm the pronounced asymmetry of loading of three control 
cylinders. In the process of changing the capture angle and point of 
application of digging resistance forces both piston (with the plus-
sign «+») and rod end of the hydraulic cylinders (with the minus-
sign «-») will be loaded. At that the blade lift hydraulic cylinders 
are loaded asymmetrically: if with the left hydraulic cylinder its 
head end is loaded, while with the right one its rod end is loaded 
and vice versa. Limits of the changes in reactions emerging in the 
blade control hydraulic cylinders are very broad and do not coincide 
due to asymmetry in the suspension construction. So the force 
factor for the left hydraulic cylinder varies from 60.7 to -94.3, for 
the right one – from -240.6 to 192.5, for the hydraulic cylinder of 
the drawbar shift. The minimal values of force factors correspond to 
the points of application of external resistance to digging nearest to 
the central part of the blade, when it is positioned at right angles to 
the direction of the grader movement.  

The built graphs correspond to curved surfaces of alternating-
sign curvature, which allows approximating them with the 
polynoms of the third degree. 

 
Fig. 2 The graphic of changing the force in the left hydraulic cylinder 
depending on the angle  of the blade position in the plane and the point of 
applying unit forces. 

 

 
Fig. 3 The graphic of changing the force in the right hydraulic 

cylinder depending on the angle of the blade position in the plane 
and the point of applying unit forces. 

 

 
Fig. 4 The graphic of changing the force in the hydraulic 

cylinder of the drawbar shift depending on the angle of the blade 
position in the plane and the point of applying unit forces. 

 

Conclusions 
The proposed method of estimating the loading of the main 

blade control hydraulic cylinders allows taking into consideration 
not only asymmetry of applying the external resistance forces but 
variation of geometrical parameters of the suspension as well, 
which has not been considered by any existent calculation methods. 

The obtained calculation results prove a pronounced 
nonlinearity and the uneven distribution of efforts between the 
hydraulic cylinders, consideration of which allows designing the 
main blade control system of a motor-grader more reasonably.  
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Abstract: Performance of work operations by a motor-grader is accompanied by action of asymmetrically applied external loading. As 
dissipative forces act between the wheels and the support surface, this force action leads to the grader deviation from the set trajectory of 
movement. The experimentally developed model of the vehicle behavior at performing work operations allows estimating indexes of road-
holding ability depending on soil characteristics, geometric and kinematic parameters of the machine. 

Keywords: MOTOR-GRADER, LOADING, INDEXES OF ROAD-HOLDING ABILITY, ASYMMETRIC LOADING, LATERAL 
DISPLACEMENT, TURNING ANGLE WITH REGARD TO THE MACHINE CENTER LINE  

 

 

1. Introduction 
The main working operations of a motor-grader are blading 

and grading of the road bed, handling and distribution of soil and 
construction materials. When performing the mentioned operations, 
depending on working conditions, it is recommended to position the 
main blade of the grader at the working angle of 90º – 45º (at 
digging drain ditches of about 40º – 20º) and the angle of obliquity 
in the vertical plane of 0º – 18º (at slope levelling — up to 60º) [1]. 

Such positioning of the blade with respect to the main path 
of the machine motion results in formation of a complex spatial 
scheme of its loading.  In particular, except for the longitudinal 
horizontal component of digging resistance there arise additional 
lateral and vertical forces. Influence of the latter results in the 
motor-grader deviation from the straight-line trajectory in the 
course of the working operation implementation.   

In practice, to ensure the road-holding ability the operator 
should continually adjust the machine position. Nevertheless, loss 
of the road-holding ability results in decreasing the performance 
indexes of the working operations, the need to make additional 
trips. Ultimately, this leads to a drop in productivity, increase in 
cost of the work performed and the specific fuel consumption. 

2. Analysis of publications 
A whole series of developments has been devoted to the 

problem of road holding ability of earth-moving machines. Their 
distinctive feature is analysis of the machine path of motion under 
the impact of lateral loadings such as centrifugal force, arising in 

the process of the machine movement at making a turn; 
gravitational component, arising at movement on the support 
surface with a transverse gradient; the lateral component of the 
resistance resultant on the working attachment. 

The problem of road holding ability was considered more 
thoroughly in respect of the machine movement at making a turn[2-
5].  

In agricultural mechanical engineering mainly operation of 
the machine on a slope has been studied [6-8]. Basically, all the 
indexes of the road-holding ability depend on the machine weight, 
the angle between the horizontal plane and the plane of the slope 
where the machine is located. 

A number of scientific researches are devoted to theoretical 
analysis of the wheel motion under the impact of lateral force [9, 
10, 14].  

A number of authors [11] believe that at describing a 
machine with a steering frame, parameters characterizing the road-
holding ability are insignificant.  

Researches conducted in the field of earth-moving 
equipment allow stating that coefficients characterizing the road-
holding ability directly depend on ultimate loads acting on the blade 
cutting edge at loss of stability [12, 1]. 

For tracked vehicles this coefficient is characterized by the 
ratio of the moment of keeping the machine from turning to the 
moment of its turning. [13]. 

 

 
Figure 1: Area of analizing the road-holding ability parameter
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Summing up the result, it is possible to determine three 
main areas of mechanical engineering, where much attention is paid 
to research of the machine road-holding ability: transport 
equipment, agricultural and earth-moving machinery, which in their 
turn have own specifics in approaches to estimation of the road-
holding ability parameters (see Fig.1). 

Purpose and tasks of the research 
The research purpose is experimental estimation of impact 

of the motor-grader working process parameters on the road-
holding ability parameters. 

Research of the motor-grader road-holdng 
ability parameters 

To achieve the set purpose in conditions of the Testing 
ground of Kharkiv National Automobile and Highway University 
there were prepared and conducted field researches with the motor-
grader ДЗK – 251. At carrying out the tests the process of cutting 
soil of category II with the main blade end in the form of cross-
section cut layer. The relative degree of the soil humidity was about 
19 – 25%. In order to obtain more information on the impact of 
various factors on the parameters of the grader road-holding ability 
it was decided to carry out the experiment in two stages. At the first 
stage the test was conducted according to the classic scheme. The 
initial speed of the motor-grader and the blade angular displacement 
in the plane were chosen as variable parameters (Table 1). 

The parameters of the factors were set on the basis of the 
values recommended for main working modes of the motor-grader. 

In the course of the experiments it was noticed that loss of the 
motor-grader road-holding ability results from the rear axle slipping 
(Fig. 2). At this the machine path of motion consists of straightways 
and the section where the motor-grader turning takes place. 

Table 1. Levels of the factors variation. 

Variable 
values 

Sym
bol  

Unit 
of 

measure
ment  

Levels 
of the 
factor 

variation  

The angle 
of the blade 

positioning in 
the plane  

α gr. 

45º 

90º 

135º 

The 
machine 
velocity  

V m/sec 

1.01 

1.4 

1.57 

 

Fig.2 The motion trajectory of one of the grader leading side. 

Measuring the lateral displacement and turning angle with 
respect to the machine's longitudinal axis were made according to 
the scheme (Fig. 3.) 

Point А designates the blade edge, by which the soil cutting 
is performed. The data of measurements corresponding to the 
coordinate system are presented in Table 2. 

The experimental data analysis shows that on the face 
length of 20 m limiting lateral displacements of the front axle make 
3.5 m and of the rear axle – 2.6 m. The angle of turning of the 
machine’s longitudinal axis correspondingly equals 20º–65º. 
Cutting with the leading blade end results in the machine 
displacement and turning to the side of the applied load. In the case 
when cutting is performed with the back blade end, results in the 
machine displacement and turning to the opposite direction. 

Table 2: Parameters characterizing the motor-grader road-
holding ability  

Experimental 
d  

Displacement, m β –angle 
of the 
machine 

  

α, gr. V, 
/  

h1 – front 
h l  

h1 – rear 
h l  

45 
1.01 3.471 2.575 47°44' 
1.4 0.339 0.764 22°26' 
1.57 0.160 0.228 3°57' 

90 
1.01 0.339 0.299 2º17' 
1.4 1.454 1.352 6°4' 
1.57 2.411 2.306 6°5' 

135 
1.01 1.427 1.329 5°50' 
1.4 0.937 0.674 17°6' 
1.57 0.287 1.567 65°31' 
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Fig. 3 The scheme of measuring the parameters 

characterizing the motor-grader road-holding ability  
Processing of the obtained data with the help of MATLAB 

software allowed receiving a number of regressional relationships 
presented in Table 3.  

Graphic interpretation of the obtained results is presented in 
Figures 4–6 in the form of the machine path of motion at 
changeable factors. 

The analysis of the results showed that the second-degree 
regression equation gives the most accurate description of the 
machine motion. Thus, at increasing the speed from 1.01 to 1.57 
m/sec the lateral displacement had a random character, in some 
cases there was observed its growth proportionally to the speed, in 
other cases at low rates of speed the value of displacement rose. 
There were not observed any strict regularities of changes in the 
motor-grader road holding ability in relation to changes in the 
machine speed. High values of the experimental data can be 
explained by high humidity of the surface layer of soil, low 
coefficient of adhesion of the propelling device with the ground, 
high slip coefficient.  

 
Fig.4 The curve of regression equation at the working angle of 

α=45° 

 
Fig.5 The curve of regression equation at the working angle 

of α=90° 

 

 
Fig.6. The curve of regression equation at the working 

angle of α=135° 

At the second stage of the field research on the basis of 
methods of planning a series of tests, which allowed estimating the 
degree of influence on the road-holding ability of the whole group 
of additional factors that characterize the conditions of performance 
of working operations by the grader was conducted. 

The experimental data demonstrated that at the first stage of 
the research, the greatest influence on the formation of road-holding 
ability parameters have the numerical value and coordinates of 
application of the resultant vector of external resistance to the 
working attachment. At a less degree there was studied a complex 
impact on the grader road-holding ability of such factors as the 
transverse grade of the working site, the ratio of the longitudinal 
and lateral grip of the propelling devices with the supporting 
surface, the angle of rotation of the front steering wheels in the 
vertical and horizontal planes. To determine the regularities we are 
concerned in, it was decided to carry out the second stage of the 
field research based on the realization of the factorial experiment in 
conditions of the Testing ground of Kharkiv National Automobile 
and Highway University with the ДЗК-251 motor-grader. 
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Table 3: Parameters characterizing the motor-grader path of motion  

Angle of the 
blade adjustment 

Velocity, 
m/sec 

Displacement value, m 

0 2 4 6 8 10 12 14 16 18 20 

90° 
1.01 0 0.09 0.55 0.28 0.45 0.51 0.69 0.7 0.69 0.73 0.84 
1.4 0 0 -0.06 0.21 0.23 0.45 0.37 0.52 0.71 0.91 1 

1.57 0 -0.4 -0,2 0.6 0.8 0.9 1.1 1.3 15 1.7 1.7 

45° 
1.01 0 0.23 0.43 0.73 1 1.23 1.43 1.63 1.91 2.18 2.43 
1.4 0 0.2 0,36 0.4 0.35 0.2 0.25 0.23 0 0.01 0.12 

1.57 0 0.12 0.25 0.33 0.59 0.74 0.75 0.75 0.66 0.7 0.7 

135° 
1.01 0 0.09 0.02 -0.03 -0.19 -0.31 -0.57 -0.72 -0.83 -1.03 -1.04 
1.4 0 -0.12 -0,26 -0.48 -0.66 -0.81 -0.76 -0.83 -0.87 -0.83 -0.88 

1.57 0 -0.05 -0,13 -0.3 -0.42 -0.6 -0.79 -0.99 -1 -1.23 -1.4 
 

Table 3 (continuation) Parameters characterizing the motor-grader path of motion 

Angle of the blade adjustment Velocity, m/sec Regression equation 

90° 

1.01 20.0014 0.0664 0.0406     R S S= − + +  

1.4 20.0016 0.0210 0.0410  R S S= + −  

1.57 20.0010 0.1206 0.2193R S S= − + −  

45° 

1.01 0.1210 0.0100R S= −  

1.4  0.0076  0.2509R S=− +  

1.57 
2 0.0033 0.1032 0.0576R S S=− + −  

135° 

1.01 
2 0.0017 0.0287 0.1121R S S=− − +  

1.4 
2 0.0032 0.1088 0.0495     R S S= − +  

1.57 
20.0009 0.0561  0.0517  R S S= − − +  

 

The full factorial experiment was designed as a plan-matrix 
of the 24 type [15, 16]. To neutralize the impact of the application of 
the coordinates and the resultant vector of resistance on the working 
attachment in the process of conducting the experiment the position 
of the main grader blade in each test remained the same. Cutting the 
soil of category II was made from the pit with the digging face of 20 
meters. In the process of conducting the experiment the physical 
and mechanical parameters of the soil did not change.  

At compiling the table of levels and varying intervals the 
standard techniques of experimental design were used (see Table 4). 
The factorial experiment is designed to use three levels - the upper 
(+1), the basic (0) and lower (-1) presented in a coded form: 

 х1=ϕ , deg., — transverse gradient of the surface; 

х2= k  — coefficient of traction on the sides; 

х3= γ , deg., — angle of the front wheels rotation in the 
horizontal plane; 

х4= ρ , deg., — angle of the front wheels tilt in the vertical 
plane. 

By the well-known formulas the regression coefficients 
were determined. To calculate the reproducibility, adequacy and 
significance of the coefficients of regression equations standard 
techniques were used [15, 16] 

After analyzing the coefficients of the regression equations 
for adequacy and significance, the following regression equations 
were obtained: 

Table 4. Values and coding of the factors levels  

Variability interval 
Independent factors 

x1, 
deg. x2 

x3, 
deg. 

x4, 
deg. 

Lower (-1) 0 0.4 0 0 

Medium (0) 4 0.6 5 7.5 

Upper (+1) 8 0.8 10 15 

Variability interval 
(δi) 

4 0,2 5 7,5 

 

 for the grader lateral displacement: 
 

1 2 3 4 1 2 3 4

1 3 1 4 2 3 2 4

3 4 1 2 3 1 2 4 1 3 4

2 3 4 1 2 3 4

( , , , ) 1,0375 0,27 0,126 2,011 0,835
0,6813 0,5225 0,2475 0,5738
0,3563 0,2325 0,19625 0,15375
0,3975 0,3725 .

H x x x x x x x x
x x x x x x x x
x x x x x x x x x x x
x x x x x x x

= − − − − − +
+ + + − −
− − + − −
− −

 

 angle of rotation in relation to the longitudinal axle: 
 

1 2 3 4 3 4 1 2

1 3 1 4 2 4 3 4 1 2 3

1 2 4 1 3 4 2 3 4 1 2 3 4

( , , , ) 4,6875 6,75 2,375 0,5625
2,9375 0,9375 0,6875 1,6875 1,375
1,25 0,75 2,125 1,8125 .

x x x x x x x x
x x x x x x x x x x x

x x x x x x x x x x x x x

β = − − − − +
+ + − − − +
+ + − −
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In the process of generating the regression equations the 
significance of the factors on Student criterion was analyzed (Table 
5). 

To describe the grader road-holding ability in the process of 
digging the soil two indicators should be used: the lateral 
displacement of the machine in relation to the planned straight path 
of motion and rotation angle in relation to the longitudinal axis of 
the machine with respect to the same path. It is for these indicators 
that on the basis of the conducted experiments the regression 
equations were generated. At that a linear model was considered. In 
the process of calculations evaluation of the significance of 
influence of each factor and their complex on values of the above 
indicators was made. 

The evaluation is performed with the help of Student 
criterion: 

(0.05; ) (1)y
i i y

S
b b t f

n
≥ ∆ =

 
where ib  – the regression coefficient at the process 

reproducibility; 

ib∆  – Student criterion 

(0.05; )yt f  – table value of Student criterion at 5% point of 

distribution with yf  degrees of freedom; 

yS  – experimental error, 

which value for the given experiment made up: 0.126 for 
the lateral displacement ( )( )ib H∆  and 0.558 for the rotation angle 

in relation to the path of motion ( ( ))ib β∆ . 

In Table 5 the significant factors are marked with the sign 
«+», and not significant with the sign «-». 

The machine lateral displacement is mostly influenced by: 

– the angle of the front wheels rotation in the horizontal 
plane ( )3 2,011b γ =  , which displacement value made up – 3.1 m, 
the motion path in this case was displaced to the left from the  
planned straight path of motion; 

– angle of the front wheels tilt in the vertical plane 
( )4 0,835b ρ =  with the displacement value of 2.2 m, the motion 

path was displaced to the right from the  planned straight path of 
motion; 

– the complex impact of coefficients of traction of the 
driving wheels with the support surface under the right and left 
sides of the machine ant the angle of the front wheels tilt in the 

horizontal plane ( )6 , 0,6813b ϕ γ =  with the displacement 

value of 3.14 м, the path of motion was displaced to the left from 
the planned straight path of motion; 

The machine lateral displacement is not influenced by the 
complex impact of the surface gradient and the coefficient of 
traction on the sides ( )5 , 0,0013b kϕ = . 

The greatest impact on changing the rotation angle of the 
longitudinal axis in relation to the planned path of motion is made 
by: 

– the rotation angle of the front wheels in the horizontal 
plane ( )3 6,75b γ = , which value accounted for 12˚, the motion 
path was displaced to the left from the planned math of motion; 

– the complex impact of the gradient of the machine surface 
and the rotation angle of the front wheels in the horizontal plane 

( )6 , 2,9375b ϕ γ =  with the angle of 7˚ and the motion path 

displaced to the left from the planned motion path; 

– the tilt angle of the front wheels in the vertical plane 

( )4 2,375b ρ =  with the displacement value of 6.5˚, the 

motion path was displaced to the right from the planned path of 
motion; 

Changing of the rotation angle of the machine longitudinal 

axle is not influenced by the surface gradient ( )1 0,125b ϕ =
 

, 

the traction coefficient under the machine sides ( )2 0, 25b k = , 

as well as the complex impact of the coefficient of traction under 
the machine sides and the wheels rotation in the horizontal plane 

( )8 , 0, 4375b k γ = .  

Table 5. The signification coefficients for addends in the 
regression equations. 

 Parameter 

The machine lateral 
displacement - Н 

The rotation angle of 
the machine 

longitudinal axle in 
relation to the planned 

motion path - ρ 

The 
signification 
coefficient 

value  

Signifi
cation 

The 
signification 
coefficient 

value 

Signifi
cation 

( )1b ϕ  0,27  + 0,125  - 

( )2b k  0,126  + 0,25  - 

( )3b γ  2,011  + 6,75  + 

( )4b ρ  0,835  + 2,375  + 

( )5 ,b kϕ  0,0013  - 0,5625  + 

( )6 ,b ϕ γ  0,6813  + 2,9375  + 

( )7 ,b ϕ ρ  0,5225  + 0,9375  + 

( )8 ,b k γ  0,2475  + 0,4375  - 

( )9 ,b k ρ  0,5738  + 0,6875  + 

( )10 ,b γ ρ  0,3563  + 1,6875  + 

( )11 , ,b kϕ γ  0,2325  + 1,375  + 

( )12 , ,b kϕ ρ  0,19625  + 1,25  + 

( )13 , ,b ϕ γ ρ  0,15375  + 0,75  + 

( )14 , ,b k γ ρ  0,3975  + 2,125  + 

( )15 , , ,b kϕ γ ρ  0,3725  + 1,8125  + 

0b  1,0375  + 4,6875  + 

 

The regression equation in its ordinary look after the code 
conversion and consideration of the signification is as follows: 
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( , , , ) 2,6589 0,1538 +0,7015 0,80095
0,1441 0,4219 0,0208 0,0343 0,505
0,4967 0,0343 0,035 0,0948
0,0064 0,0033 0,0124 .

H k k
k k

k k k
k k

ϕ γ ρ ϕ γ
ρ ϕ ϕγ ϕρ γ
ρ γρ ϕ γ ϕ ρ
ϕγρ γρ ϕ γρ

= − − +
+ − + − + −
− − + + +
+ − −

 

 

( , , , ) 3,6875 0,875 5 2,2 0,5333
2,8125 0,04375 0,3 1,25 1,0833
0,04 0,1094 0,5104 0,0413
0,0417 0,0604 .

k k
k k k

k k
k k

β ϕ γ ρ ϕ γ ρ
ϕ ϕγ ϕρ γ ρ

γρ ϕ γ ϕ ρ ϕγρ
γρ ϕ γρ

= + + − + −
− + + + − −
− + + + −
− −

 
Conclusions 
On the basis of the review we can argue that main reasons 

for the machine loss of its road-holding ability and deviation from 
the specified path of motion are lateral forces arising at performing 
working operations: centrifugal forces and gravitational components 
applied to the machine mass center, as well as impact of an 
eccentrically applied resistance resultant on the working implement. 

On the basis of the field research we can conclude that for 
the most accurate description of road-holding ability parameters of 
earth-moving machinery, namely a motor-grader, it is expedient to 
use two parameters: lateral displacement and angle of the machine 
turning with respect to the longitudinal axis. 

The motor-grader speed has insignificant influence on 
formation of its course stability. During the experiment there were 
not observed any strict regularities of changing in the road-holding 
ability parameters in relation to changing in the machine speed. 

The most considerable influence on the motor-grader 
parameters of road-holding ability has the coordinate of application 
of the resultant vector of external resistance, which is determined by 
the angle of the blade position in the plane. Cutting with the leading 
or back ends of the blade results in changing the direction of lateral 
displacement, which are within the limits: at cutting with the 
leading end 0.12 – 2.43 m; at cutting with the back end 0.8 – 1.4 m; 
at the working angle 90º the eccentric application of the rolling 
resistance causes the lateral displacement of 0.8 – 1.7 m at the face 
length of 20 m. 

All the determined additional factors also influence the 
parameters of the grader road-holding ability, the rotation angle of 
the front wheels in the horizontal plane most, the tilt angle of the 
front wheels in the vertical plane less and the surface gradient and 
the traction coefficient on the sides least of all. Besides, the 
considerable effect is made by the complex impact of the factors of 
coefficients of traction of the driving wheels with the support 
surface under the right and left side of the machine, the rotation 
angle of the front wheels in the horizontal plane, the effect of the 
machine surface gradient and the rotation angle of the front wheels 
in the horizontal plane.  

The conducted field research allows determining the 
characteristics of the mathematical model describing the motion of 
the grader at performing work operations.  
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BLAST LOADING ON STRUCTURES FROM THE EXPLOSIONS NEAR THE 
GROUND SURFACE  

 
ВЗРИВНО НАТОВАРВАНЕ НА КОНСТРУКЦИИ ОТ ЕКСПЛОЗИИ БЛИЗО ДО ЗЕМНАТА 

ПОВЪРХНОСТ 
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Abstract: The paper describes the process of determining the blast load on structures and provides a numerical example of a fictive structure 
exposed to this load. The aim was to become familiar with the issue of blast load because of ever growing terrorist threat and the lack of 
guidelines from national and European regulations on the verification of structures exposed to explosions. The blast load was analytically 
determined as a pressure-time history.  
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1. Introduction 
The terrorist activities and threats have become a growing 

problem all over the world and protection of the citizens against 
terrorist acts involves prediction, prevention and mitigation of such 
events. In the case of structures an effective mitigation may also be 
thought in the terms of structural resistance and physical integrity. 
If the structures are properly designed for these abnormal loads 
damage can be contained. Additionally, in order to ensure safety of 
existing structures against such events, an evaluation procedure for 
their inspection and eventual retrofit is needed. 

Within the Eurocodes these types of loads are not dealt with 
(EN 1991-1-7) and they need further elaboration as the engineers 
have no guidelines on how to design or evaluate structures for the 
blast phenomenon for which a detailed understanding is required as 
well as that of the dynamic response of various structural elements. 
There are no guidelines on such topics. On the other hand, this topic 
is the interesting one in military circles and important data derived 
from the experience and tests have been restricted to army use. 
Nevertheless, a number of publications are available in the public 
domain and published by the US agencies. Analysis of structures 
under blast load requires a good understanding of the blast 
phenomenon and a dynamic response of structural elements. The 
analysis consists of several steps: (a) estimate of the risk; (b) 
determination of the computational load according to the estimated 
hazard; (c) analysis of the structural behaviour; (d) selection of the 
structural system and (e) evaluation of the structural behaviour.  

In this paper we have explored the available literature on blast 
loads, explained special problems in defining these loads and 
explored the possibility of vulnerability assessment and risk 
mitigation of structures 

2. Materials for Explosions 
Explosive is widely used for demolition purposes in: military 

applications, construction or development works, demolitions, etc. 
It is, also, a very common terrorist weapon as it is available, easy to 
produce, compact and with a great power to cause structural 
damage and injuries. Estimated quantities of explosive in various 
vehicles are presented in Tab. 1. 

Table 1: Estimated quantities of explosives in various vehicles 

Vehicle type Charge mass / 
kg 

Compact car trunk 115 
Trunk of a large car 230 

Closed van 680 
Closed truck 2270 

Truck with a trailer 13610 
Truck with two trailers 27220 

 

In order to be able to use explosives they have to be inert and 
stable, which means that the explosion is a triggered, rather than a 
spontaneous reaction. The explosion is a phenomenon of rapid and 
abrupt release of energy. Speed of the reaction determines the 
usefulness of explosive materials that can be condensed, solid or 
liquid. 

When they detonate they disintegrate emitting the heat and 
producing gas. Most of the explosives detonate by a sufficient 
excitation and convert into a very hot, dense gas under high 
pressure that presents a source of strong explosive wave. Only 
about one third of the total chemical energy is released by 
detonation. The remaining two thirds are released slowly in the 
blasts as the explosive products mix with the surrounding air and 
burn. 

The explosion effects are presented in a wave of highintensity 
that spreads outward from the source to the surrounding air. As the 
wave propagates, it decreases in strength and speed (Fig. 1). 

 
Figure 1 Variation of blast pressure with distance [2] 

 
3. Basic parameters of the explosion 

Use of the TNT (Trinitrotoluene) as a reference for 
determining the scaled distance, Z, is universal. The first step in 
quantifying the explosive wave from a source other than the TNT, is 
to convert the charge mass into an equivalent mass of the TNT. It is 
performed so that the charge mass of explosive is multiplied by the 
conversion factor based on the specific energy of the charge and the 
TNT. Specific energy of different explosive types and their 
conversion factors to that of the TNT are given in Tab. 2. 
 
   Table 2: Conversion factors for explosives 

Explosive Specific energy TNT equivalent 
Qx / kJ/kg Qx/QTNT 

60% RDX, 40 % TNT 5190 1,148 
RDX 5360 1,185 
HMX 5680 1,256 
TNT 4520 1,000 

Semtex 5660 1,250 
C4 6057 1,340 
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Explosion wave front speed equation, Us, and the maximum 
dynamic pressure, qs, are defined as [1]: 
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where: 
ps – peak static wave front overpressure, bar 
p0 – ambient air pressure (atmospheric pressure), bar 
a0 – speed of sound in the air, m/s. 

There are various proposals for the calculation of the main 
explosion parameters. 

Brode [6] gives the following values for the peak static 
overpressure for near (when the ps is greater than 10 bar) and for 
medium to far away (when the ps is between 0,1 and 10 bar): 
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Z – scaled distance, 
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R – distance from the centre of a spherical charge, m 
W – charge mass expressed in kilograms of TNT. 
 
Newmark and Hansen [7] proposed the use of the following values: 
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Mills [8] proposed the following: 
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Other important parameters include: tо = duration of the 
positive phase during which the pressure is greater than the pressure 
of the surrounding air and is = the specific wave impulse that is 
equal to the area under the pressure-time curve from the moment of 
arrival, tA, to the end of the positive phase and is given by 
expression: 
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The typical pressure profile of the explosion wave in time for 

the explosion in the air is given in Fig. 2. 
 

 
 

Figure 2 Pressure-time profile of the explosion wave 

4. Results and discussions 
In most instances simplifications lead to conservative 

constructions. However, unknown factors may lead to the 
overestimation of the structural capacity to blast loadings. 

Unexpected shock wave refraction, design methods, quality of 
construction and materials, interaction with ground, are different for 
each particular structure. In order to overcome these uncertainties it 
is recommended that the mass of TNT equivalent is increased by 20 
%. This increased value of the charge weight is called the "effective 
charge weight". 
 
4.1. Loading categories 
Explosion loadings can be divided into two main groups according 
to the confinement of an explosive charge: confined and 
unconfined. Tab. 3 shows an overview of possible loading 
categories. 
 
       Table 3: Explosion load categories 

Charge confinement Categories 
 

Unconfined The explosion in the free air 
 The explosion in the air 
 The explosion near the ground 

Confined Full ventilation 
 Partially confined 
 Fully confined 

 
4.2. Structure – explosion interaction 

As the wave propagates through the air, the wave front 
encircles the structure and all its surfaces so that the whole structure 
is exposed to the blast pressure. The magnitude and distribution of 
the structural loading depends on the following factors: 
a) the characteristics of explosives that depend on the type of 
explosive material, released energy (size of detonation) and weight 
of explosive, 
b) the detonation location relative to the structure, 
c) intensity and magnification of pressure in the interaction with the 
ground or the structure itself. 

Time record of the explosion pressure wave is usually 
described as an exponential function in the form of Friendlander's 
equation [1], in which the b is the parameter of the waveform: 
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For the various purposes approximations are satisfactory. This 

change in pressure over time is shown in Fig. 2. 
Rankine and Huguenot [1] derived an equation for refracted 

overpressure pr:  
 
(10)   pr = 2 ps + (γ+1).qs  
 
Substituting (2) into the equation (10): 
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If the rectangular structure is exposed to an explosion, it will 

be exposed to pressures on all its surfaces. Each surface suffers two 
concurrent components of the load. Diffraction of explosion around 
the structure will enclose a target and cause a normal force to any 
exposed surfaces (Fig. 3). Structure is pushed to the right if the left 
side is loaded while simultaneously pushed slightly to the left as the 
diffraction ends. Drag force pushes the structure from the left side 
and that is followed by the suction force on the right when the 
dynamic pressure crosses (blast wind) over and around the 
structure. 
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As the shock front expands in surrounding volume of the air, 
the peak initial pressure is reduced and the duration of the pressure 
increases. 
 

 
 

Figure 3 Behaviour of the wave during its pass around the structure 
 

Wave front comes to a particular location at the time tA, and 
after the increase to a maximum value of ps0, the peak pressure 
decreases to the value of atmospheric pressure at the time t0 what 
represents a positive phase. 

This is followed by a negative phase with duration t0 which is 
usually much longer than the positive phase and it is characterized 
by a negative pressure (below atmospheric) with a maximum value 
of ps0  and reverse flow of particles. Impulse associated with the 
shock wave is the surface below pressure-time curve and is 
indicated with is for the positive phase and is for a negative phase 
(Fig. 2). 
 
4.3. The explosion near the ground 
If the charge is located very close to the ground or on the ground the 
explosion is termed near the ground. Refracted wave arises as the 
initial blast wave is refracted and increased by reflection of the 
ground. Unlike an explosion in the air, the refracted wave is merged 
with the initial wave in the detonation point, and they form a single 
wave (Fig. 4). 

 
Figure 4 Refracted wave of the explosion near the ground 

 

 
Figure 5 Parameters of the positive phase blast wave near the ground [5] 

 

 
Figure 6 Parameters of the negative phase blast wave near the ground [5] 
 

For an explosion near the ground, the load acting on the 
structure is calculated as for the explosion in the air, except that the 
initial pressure and other parameters for the positive phase are 
determined as explained in Fig. 5 and the theoretical parameters of 
the negative phase as in Fig. 6. 

 
4.4. Pressures on the structural surfaces 

In order to analyze the blast loadings it is necessary to determine 
the initial reduction of the dynamic pressure in the time as the 
effects on the structure depend on the pressure-time history as well 
as on the peak value. The explosion wave form (Fig. 7) is 
characterized by a sudden increase in pressure to peak, decrease to 
an atmospheric pressure (positive phase) and the period in which 
the pressure falls below the atmospheric pressure (negative phase). 
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Figure 7 Pressure time history 

 
The reduction speed of the initial and dynamic pressure, after 

the passing of the wave front, is a function of the peak pressure and 
the magnitude of detonation. For the analysis purposes, the actual 
reduction of the initial pressure can be assumed as a triangular 
pressure impulse. 

The actual duration of the positive phase is replaced by a 
fictitious duration and is expressed as a function of the total positive 
impulse and the peak pressure: 

This expression can be used for the initial and for the refracted 
pressure by taking the values of refracted impulse pressure and peak 
refracted pressure, respectively. 

As the fictitious duration of the positive phase is shorter than 
the actual duration, a difference between the fictitious phase and the 
beginning of the negative phase is created. This difference, shown 
in Fig. 7, should be retained in the analysis because of the retention 
order of the different stages of loading. 
 
4.5. The average pressure on the front facade 
The variation of the pressure on the front structural facade, for a 
rectangular structure with sides parallel to the wave front above the 
ground, in the area of low pressure is shown in Fig. 8. 
 

 
Figure 8 The load on the front surface of the structure 

 
The peak pressure on the front structural facade in time of the 

explosion's arrival, tA, will be the peak refracted overpressure pr, 
which is a function of the initial pressure (Fig. 5). This pressure 
then decreases in time interval [t', tA] due to the passage of waves 
above and around the structure, which is less than pr (peak 
overpressure over and around the structure will be ps). 

The overpressure on the front surface of the structure continues 
to decrease until the pressure is equalized with the pressure of the 
surrounding air. Clearing time (passing time), tc, needed that the 
refracted pressure drops to the level of the initial pressure can be 
expressed as: 
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S – length of the "clearing", is equal to the height of the structure,  
H or a half-width of the structure, W/2, whichever is less (Fig. 8), 
R – ratio S/G, where G is the height of the structure,  
H or half-width of the structure, W/2, whichever is less, 
Cr – speed of sound in refracted area (Figs. 2 ÷ 192, [5]). 

Pressure that acts on the front surface after the time tc is the 
algebraic sum of the initial pressure ps and drag dependent pressure, 
CD·q: 

(13)   p = ps+CD.q,   

Drag coefficient CD connects the dynamic pressure and total 
translational pressure in the direction of the wind-induced dynamic 
pressure and varies with Mach number (or Reynolds number in the 
area of low pressure), and depends on the geometry of the structure. 
It can be taken as ≥ 1,0 for the front facade, while for the side, rear 
and roof surfaces it can be taken < 1,0 (Tab. 4). 

The fictitious length of the refracted wave front, trf, is 
calculated according to the formula: 
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where pr is the refracted peak pressure. 

       Table 4: Drag coefficients 
Loaded surface CD 

Front 0,8 ÷ 1,6 
Rear 0,25 ÷ 0,5 

Side and roof  
0 ÷ 172 - 0,4 

172 ÷ 345 - 0,3 
345 ÷ 896 - 0,2 

 
5. Conclusion 

The explosion in or near the structure can cause catastrophic 
damage to the structure, formation of fragments, destruction of life-
support systems (air conditioning, sprinklers). Injuries and deaths 
can be caused by exposure to explosion wave front, collapse of the 
structure, impact of parts, fire and smoke. Secondary effects of the 
explosion can hinder or even prevent the evacuation of people from 
the structure causing additional injuries and deaths. 

The Bulgarian national legislation and also Euronorms have no 
guidelines for design of buildings to blast loads. 

It is shown that the effects of blast loading can be taken into 
account for structural design by the use of available literature. 
Available commercial software for structural analysis can be used 
for design purposes, while further analysis should be directed 
towards familiarizing the phenomenon of the internal explosion. 
Thus a complete picture of the explosion effects on the structure can 
be obtained. 
 
6. Literature 
[1] Mays, G. C.; Smith, P. D; Blast Effects on Buildings – Design 
of    Buildings to Optimize Resistance to Blast Loading, Tomas 
Telford, 2001. 
[2] Ngo, T.; Mendis, P.; Gupta, A.; Ramsay, J. Blast Loading and 
Effects on Structures – An Overview EJSE Special Issue: Loading 
on Structures, 2007. 
[3] Moon, Nitesh N. Prediction of Blast Loading and its Impact on 
Buildings, Department of Civil Engineering, National Institute of 
Technology, Rourkela, 2009. 
[4] Remennikov, A. M. A Review of Methods for Predicting Bomb 
Blast Effects on Buildings. // Journal of Battlefield Technology, 
Aragon Press Pty Ltd., 6, 3(2003), pp. 5-10. 
[5] Unified Facilities Criteria (UFC), Structures to Resist the Effects 
of Accidental Explosions, U. S. Army Corps of Engineers, Naval 
Facilities Engineering Command, Air Force Civil Engineer Support 
Agency, UFC 3-340-02, 5 December 2008. 
[6] Brode, H. L. Numerical solution of spherical blast waves. // 
Journal of Applied Physics, American Institute of Physics, Ney 
York, 1955. 
[7] Newmark, N. M.; Hansen, R. J. Design of blast resistant 
structures. // Shock and Vibration Handbook, Vol. 3, Eds. Harris 
and Crede. McGraw-Hill, New York, USA. 1961. 
[8] Mills, C. A. The design of concrete structure to resist explosions 
and weapon effects. // Proceedings of the 1st Int. Conference on 
concrete for hazard protections, Edinburgh, UK, pp. 61-73, 1987. 

87


	cover 1-4V11
	TITULNA
	CONTENTS
	tqlo
	1_30_Pandev. paper
	1. Introduction
	2. Characteristics of linear roller bearing
	4. Conclusions

	2_36_Racu(Cazacu) Cristina-mtm15
	1. Introduction
	2. Structural aspects
	3. Kinematic aspects
	4. Conclusion

	3_40_MTM15Comanici
	1. Introduction
	2.1  Triaxial testing machines
	3.2  Triaxial specimens
	4.3  Geometric parameters of triaxial specimen
	Some of those characteristics are: the existence of stress concentrators in the section of the specimen due to how the connection is made (corner region or plain region), a surface where the triaxial testing machine applies the force, a intermediary s...
	5. Finite element analysis
	2.1 Geometry 1
	2.2 Geometry 2
	3. Results and discussion
	4. Conclusions
	5. Acknowledgement
	6. References

	4_49
	1. Introduction
	2. Materials and methods
	4. Conclusion
	5. References

	5_73_mtm-2015-Ilir Doci
	1. Introduction
	2. Results of force (tension) in restraint cables
	7. References


	6_3_RRahim
	1. Introduction
	2. Experimetal procedure
	3. Results and discussion
	4. Conclusion
	5. Literature

	7_5_FINAL PAPER
	Beqir Hamidi, Lindita Hamidi
	5. Conclusions


	8_21_Idakiev_MTM15
	1. Introduction
	2. Experimental setup
	3. Results and Discussion
	3.1 Heating behavior
	3.2 Drying of suspensions with inductive energy input
	The temperature curves during the heat-up and spraying phases of the drying process with inductive and convective energy input are illustrated in the Figure 5. The heat-up phase designates the time difference between the switching on the heating and r...
	3.3 Spray layering granulation with inductive energy input
	4. Summary

	9_39_ AYDIN SELTE
	1. Introduction
	2.  Experimental Procedure
	3.  Results and Discussion
	4.  Conclusions

	10_48_Prumbohm
	1. Introduction
	2. Estimation of economics
	3. current state of shredding processes
	4. Solutions
	5. Results and Discussion
	6. Conclusion
	7. References

	11_023_Nagy_Szendrő_Bense
	1. Timeliness and significance of the study of rolling-element bearings
	2. The objective of the analyses
	3. Material and method
	4. Equipment used during the laboratory tests of non-metallic rolling bearings
	5. Results of the laboratory tests of non-metallic rolling bearings
	6. Summary
	7. References

	12_25 A, B, C, D Rechenko_D
	13_30-Dinev_final paper_Burgas
	14_39_Cernega
	Application of EMF at boriding improves tribological characteristics of coatings: decreases coefficient of friction and increase in 1.5 - 2.5 times wear resistance.
	Keywords: magnetic field, BORIDING, complex saturation with boron and copper, boride layer, diffusion, friction, microstructure, microhardness, wear resistance, crack resistance

	024_Gardonyi_Katai_Szabo
	1. Introduction, Objective
	2. V-belt drive adjustment error and belt temperature
	3. Material and method
	4. The results of the tests
	5. Summary
	References

	32_Mile_Janev_32
	1. Introduction
	2. Test Environment
	3. Methods Description
	3.1 Yii
	3.2 Zend
	3.3 Codeigniter

	4. Results and Discussion
	4.1 Yii
	4.2 Zend
	4.3 Codeigniter
	4.4 All Frameworks Comparation

	5. Conclusion
	6. References

	038_Bytsa_TSIM2015-1
	Keywords: lathe chuck, adaptive clamping element, clamping surface, lathe, flexible, simulation

	41_Шевелева Оксана
	Keywords: Autotractor faculty, Biographical method, University, Engineer, Professional education, Regionalization, Specialist, Areas of activity, Urals

	42_JKurkiewicz_TSerwicki
	1. Introduction
	2. Experimental Setup
	3. Results and Analysis
	4. Conclusion
	References

	43_Shevchenko
	1. Introduction
	2. Analysis of publications

	44_O.Chaplygina
	1. Introduction
	2. Analysis of publications
	Summing up the result, it is possible to determine three main areas of mechanical engineering, where much attention is paid to research of the machine road-holding ability: transport equipment, agricultural and earth-moving machinery, which in their t...
	Purpose and tasks of the research
	Research of the motor-grader road-holdng ability parameters
	To achieve the set purpose in conditions of the Testing ground of Kharkiv National Automobile and Highway University there were prepared and conducted field researches with the motor-grader ДЗK – 251. At carrying out the tests the process of cutting s...
	Table 1. Levels of the factors variation.

	200_116.hutov.tm.15.doc
	1. Introduction
	2. Materials for Explosions





