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SUBSTITUTION OF GEAR-BAR MECHANISM WITH BAR MECHANISM ON THE
INFEED MECHANISM OD BOTTLE WASHER
Spec. Sci. Vidak Šabanović 1 , Prof. Dr. Goran Ćulafić 2
Brewery Trebjesa - MolsonCoors Europe, Montenegro1
Faculty of Mechanical engineering – University of Montenegro, Montenegro2
vidak.sabanovic@molsoncoors.com
Abstract: In this paper we will consider substitution of special mechanism, part of bottle washer, which caries bottles to special „baskets“.
These mechanism are mostly gear- bar mechanism and their construction is very expensive and overhauls last too long because of
complexity of mechanisms..
Mechanisms synthesis based on highly developed analytical / numerical procedures will be considered in this thesis. This means that we will
develop procedure for constructing bar mechanism which will be able to fulfill our task to transfer bottles into „ baskets”, and to return into
start position. The mechanism should also meet requirements in terms of main dimensions, which should be the same as for the old
mechanism so the substitution can be performed. Special attention will be paid to analyze the singular positions of the mechanism when it
loses mobility. These positions it is necessary to solve in a way so that mechanism continues to move and perform its function.
Key words: BAR MECHANISM, PLANETARY MECHANISM, MECHANISM SYNTESIS, ANALYTICAL MECHANISM SYNTESIS,
MECHANISM ANALYSIS.

1. Introduction
In every beverage filling line there are many mechanisms
which in combination with high automation level, provides efficient
work of beverage filling lines with almost no hand manipulation.
All glass bottle filling lines must include bottle washer that is,
because of washing standards, large and in it there is many bottles
located in special baskets. These baskets are fixed on chain
mechanism which transports them trough baths with cleaning fluids,
and above spray nozzles. Because of this it is necessary to insert
many bottles into baskets at the same time. Bottle should be
transferred from vertical into horizontal position and transported in
baskets. This type of movement should be also synchronized with
movement of baskets. . Special gear-bar mechanism does this task.
Production of these mechanisms is very expensive, also
maintenance is very difficult and it requires very long time.
Breakdowns are not often but when it happens it is very difficult to
repair the mechanism. Because of these problems, possibility of
replacement of gear-bar mechanism with bar mechanism, whose
connection link makes full rotation, will be shown in this paper.
Mechanisms synthesis based on highly developed
analytical / numerical procedures will be considered in this paper.
This means that the geometric parameters should be defined, on the
basis of set tasks, which mechanism should complete. The main
task to be achieved is the positioning of the element for transferring
the bottle into the basket from the initial (catching the bottle) into
the final position (delivery of the bottle to the "basket") and after
realization of this task, mechanism should return to the starting
position so the operation can be repeated. The mechanism should
also meet requirements in terms of main dimensions, which should
be the same as for the bevel-lever mechanism so the substitution
can be performed.

Fig. 1

This task fulfills special gear-bar mechanism which is expensive for
production and complicated for maintenance and adjustment. Draft
of this mechanism is shown on figure 2.

2. Short analysis of gear-bar mechanism and main
task short introduction

Fig. 2

Mechanism on figure 2 generates special cam movement necessary
to fulfill the task transferring bottle from vertical into horizontal
position. This mechanism also returns into start position, and it is
ready to repeat this action.

Bottle washer infeed mechanism main task is to transfer
bottles from nearly vertical position (≈10o between bottle and
vertical axis) into baskets in horizontal position across special made
guides (Fig 1).

3
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Planetary mechanism shown on figure 6 has two degrees
of freedom if the gear 5 is movable. Gear 3 is called satellite
(planate), gear 5 is central gear (the sun) and the bar 2 is called
satellite carrier. If we want that the rotation courses of gear 3 and 5
is the same than we can enter gear 4 between them. Satellite carrier
2 now has triangle form O2CA (figure 7). This bar can change its
form and be even more complex depending on mechanism purpose.
If we install gears 7 and 8 on shafts A and C in parallel
plain (gear 7 is located on shaft C and gear 8 is located on shaft A)
and rotation velocity of gears 4 and 7 are the same (fix connection),
rotation velocity of gears 3 and 8 are different. This planetary
mechanism is shown on figure 8.

Fig 3

Special cam path through multiple positions is shown on figure 3.
We can clearly see the path of cam peak and specially the part of
this path that matches with task demanded movement. Also we see
that during comeback movement cam peak makes longer path, and
this fact made us to consider optimization of this movement.
Attention should be paid on static strength of this mechanism
because during task fulfill there are many blockages and high
torsion loads. Also we should mention that mechanism should
follow movements of other machine parts and mechanism, and it
should have possibilities for adjustment, that is not case with
mechanism shown on figure 2. Because of deficiencies of gear-bar
mechanism, mentioned before, and due to set tasks in further paper
paragraphs we will consider possibility of replacing this mechanism
with bar mechanism, whose connection link performs full rotation
and replaces a gear with a special cam.

Fig. 8

If the teeth number of individual gears of mechanism are:
z5, z4, z3, z7, z8 than the transmission ratio relative to bar 2 is:
𝑧4
𝑧3
𝑧3
−
= >0
𝑧5
𝑧4
𝑧5
𝜃3 − 𝜃2
𝜃5 − 𝜃2 – relative rotation velocity of gear 5 relative to bar 2;
𝜃3 − 𝜃2 – relative rotation velocity of gear 3 relative to bar 2;
𝜃3 – absolute rotation velocity of gear 3 relative to stationary
point;
𝜃5 – absolute rotation velocity of gear 5 relative to stationary
point.
When we bring together bar mechanism shown on figure
5 and planetary mechanism shown on figure 8 we get bar-planetary
mechanism-figure 9.

3.Procedure for forming of bar-planetary mechanism

𝑖5−3 =

Because of task that bar mechanism needs to fulfill (five
specific positions), it is necessary that the connection link makes
full rotation. This means that this connection link is the shortest bar
in mechanism.

Fig. 4

= −

Fig. 5

On figure 4 we can see four bar mechanism that does the demanded
tasks. Connection link AB does planar movement and full 360
degrees angular rotation.
Bar AB makes planar movement and we can see that it
rotates around point A so we can substitute bar 3 with a gear (figure
5).
Because gear 3 makes planar movement during point A
rotates on circular arc which center is in point O2, this mechanism
can be planetary mechanism shown on figure 6.

Fig 6
Rotation courses of gears 3 and 5
are opposite

𝜃5 − 𝜃2

Fig. 9

This bar-planetary mechanism has further characteristics:
 it has one degree of freedom;
 connection link AB i.e. gear 3 makes full rotation during
planar movement;
 rotation courses of gears 3 and 5 are the same
 drive electric motor can be connected with gear 5 and
connected on shaft O2
 if necessary on satellite carrier (on triangle bar 2) can be
installed other gear pairs on parallel plains (figure 7).
So now we see that we can get movement on the shortest
bar in mechanism that we got using mechanism synthesis. Analysis
of bar-planetary mechanism is giving mathematical procedure for
determination positions and velocities of all mechanism members.
This will give us many qualitative and quantitative mechanism
characteristics.

Fig 7
Rotation courses of gears 3 and 5
are the same

4
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4. Bar mechanism synthesis

5.2 Planetary mechanism position mechanism

Using bar mechanism synthesis procedure we should
create mechanism whose connection link would make full rotation
and during that movement it would take five specified positions.
Applying procedures from [1], [2] and [3] this task is coming down
to determine zeros of a fourth degree polynomial.

On figure 12 we can see planetary mechanism that is part
of bar-planetary mechanism.

5. Bar-planetary mechanism analysis
5.1 Bar mechanism position analysis
On figure 10 we can see bar mechanism which bar 3 is the
shortest bar and it makes complete rotation. Due to that fact
mechanism can be transformed into mechanism shown with dashed
lines. Its shortest part is connected to ground pivot and rotates 360
degrees.

Fig. 12

For planetary mechanism we can determine position like this:
𝑖5−3 =

𝜃5 − 𝜃2

= −

𝑧4
𝑧5

−

𝜃3 − 𝜃2
𝑧3
𝜃 − 𝜃2
𝑧5 3
From this equation we get:
𝑧
𝑧
𝜃2 3 − 1 + 𝜃5 = 𝜃3 3 + 𝐶

𝑧3
𝑧3
=
𝑧4
𝑧5

𝜃5 − 𝜃2 =

𝑧5

𝑧5

(2)

C- integral constant

5.3 Bar-planetary mechanism position analysis
Fig. 10

If we consider equations (1) and (2) and due to the fact
that mechanism has one degree of freedom, determination positions
of bar-planetary mechanism should be done just by solving
equations (1) and (2). So if 𝜃3 is given, than equations (1) and (2)
are not related. First from equation (1) 𝜃2 should be calculated
(than 𝜃4 ), and after that from (2) 𝜃5 should be calculated. If 𝜃5 is
given than calculating 𝜃3 (and after that from equation (1) 𝜃2 and
𝜃4 are calculated) should be done by solving nonlinear equation:

Fig. 11

If we apply position presentation using complex numbers [5] figure
11 can be presented like this:
𝑍𝐴𝐵 = 𝑍𝐵 − 𝑍𝐴 ;
𝑍𝐵 = 𝑙3 𝑒 𝑖𝜃3 ;
𝑙𝐴𝐵 = 𝑍𝐴𝐵 ; 𝜃𝐴𝐵 = 𝑖𝑚𝑔𝑍𝐴𝐵
∗
∗
𝑙4 𝑒 𝑖𝜃4 = 𝑙𝐴𝐵 + 𝑙2 𝑒 𝑖𝜃2
∗
∗
−𝑖𝜃
−𝑖𝜃
𝑙4 𝑒 4 = 𝑙𝐴𝐵 + 𝑙2 𝑒 2

𝑍𝐴 = 𝑥𝐴 + 𝑖𝑦𝐴 ;

𝐴 𝑥𝐴 , 𝑦𝐴 ;

∗
𝜃2 1,2

= ±2 arctan 1 − 𝑐
2
𝑐 = cos 𝜃2∗ = 𝑙42 − 𝑙𝐴𝐵
− 𝑙22
𝑥 = tan

𝜃2∗

𝑧5

− 1 − 𝜃3

𝑧3
𝑧5

+ 𝜃5 + 𝐶 = 0

(3)

Specially if 𝑧3 = 𝑧5 than 𝜃3 = 𝜃5 + 𝐶
1 + 𝑐 = 𝜃2 𝜃3
2𝑙𝐴𝐵 𝑙2 = 1 − 𝑥 2

(1)

5.4 Bar mechanism velocity analysis

1 − 𝑥2 ;

By derivation of equation 𝑙4 𝑒 𝑖𝜃4 = 𝑍𝐴𝐵 + 𝑙2 𝑒 𝑖𝜃2 in
respect to time we get 𝑙4 𝑒 𝑖𝜃4 ∙ 𝑖𝜃4 = 𝑍𝐴𝐵 + 𝑙2 𝑒 𝑖𝜃2 ∙ 𝑖𝜃2 , than
multiplication this equation with 𝑒 𝑖𝜃4 we get 𝑙4 ∙ 𝑖𝜃4 = 𝑍𝐴𝐵 𝑒 −𝑖𝜃4 +
𝑙2 𝑒 𝑖 𝜃2 −𝜃4 ∙ 𝑖𝜃2 . By separation of real part of equation we get:

2

Now:
𝑙2 sin 𝜃2∗
𝑙𝐴𝐵 + 𝑙2 ∙ cos 𝜃2∗
∗
∗
= 𝜃2 1,2 + 𝜃𝐴𝐵 ;
𝜃4 1,2 = 𝜃4 1,2
+ 𝜃𝐴𝐵

∗
𝜃41,2
= 2 arctan

𝜃2 1,2

𝑧3

𝜃2 𝜃3

Eliminating 𝜃4∗ we get:

𝜃2 =

𝑅𝑒 𝑍𝐴𝐵 𝑒 −𝑖𝜃 4
𝑙 2 ∙sin 𝜃2 −𝜃4

=

𝑙 3 ∙sin 𝜃3 −𝜃4 ∙𝜃3
𝑙 2 ∙sin 𝜃2 −𝜃4

(4)

On same way we get:

Solutions with prefix “+“ in equation (1) determines closed loop
presented with continuous line on figure 11 (left from -axis), and
solutions with prefix “–“ in equation (1) determines closed loop
presented with dashed line on figure 11 (right from -axis).
Equation (1) presents relation between angles 𝜃2 i 𝜃3 . So
if we know geometrical characteristics of mechanism: 𝑥𝐴 , 𝑦𝐴 , 𝑙2 ,
𝑙3 , 𝑙4 and if 𝜃3 is known we can calculate 𝜃2 and after that 𝜃4 .
When we determine these parameters mechanism is completely
determined.

𝜃4 =

𝑅𝑒 𝑍𝐴𝐵 𝑒 −𝑖𝜃 2
𝑙 4 ∙sin 𝜃2 −𝜃4

=

𝑙 3 ∙sin 𝜃3 −𝜃2 ∙𝜃3
𝑙 2 ∙sin 𝜃2 −𝜃4

(5)

where:
𝑍𝐴𝐵 = 𝑍𝐴 − 𝑍𝐵 = 𝑙3 𝑒 𝑖𝜃3 ∙ 𝑖𝜃3 − 𝑥𝐴 − 𝑖𝑦𝐴

5.5 Planetary mechanism velocity analysis
𝜃5 − 𝜃2
𝜃3 − 𝜃2

=

𝜃5 − 𝜃2 =

5

𝑧3
𝑧5
𝑧3
𝑧5

𝜃3 − 𝜃2

(6)
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5.6 Bar-planetary mechanism velocity analysis
Considering equations (4), (5) and (6) and fact that
mechanism has one degree of freedom it can be concluded that
velocity analysis equation is linear. It is a system of three equations
with three variables when one of four rotation velocities 𝜃2 , 𝜃3 , 𝜃4 ,
𝜃5 is given.
From equations (4) and (5) we can see that there are
special mechanism positions when 𝜃3 = 𝜃4 ± 𝜋 and when 𝜃2 ≠ 𝜃4 .
These are trivial positions when 𝜃2 = 0 and 𝜃4 = 0, while 𝜃3 ≠ 0.
Singular positions appear when 𝜃2 = 𝜃4 ± 𝜋 ;𝜃3 = 𝜃2 ± 𝜋 . In this
case two bars are placed on one straight line (figure 13).

Fig 14

𝜃3 = 𝜃2 + 𝜋

We can conclude that the point of connection link of a four-bar
mechanism, which represents also a peak of a new special cam,
matches with path of the old mechanism.
Connection link of this mechanism makes full rotation and we can
say that this is a good solution for the task that was set on the
beginning of this paper.

𝜃3 = 𝜃4 + 𝜋

7. Conclusion

𝜃2 = 𝜃4 ± 𝜋

On machines that do bottle washing gear-bar mechanism
should be replaced with bar mechanism because they are cheaper,
easier to maintenance and adjustment. To get mechanism with this
type of movement it is necessary to connection link makes planar
movement and full rotation. Planetary mechanism is added to fourbar mechanism to perform this movement. This mechanism has one
degree of freedom.
In this paper is shown that using analytical mechanism
synthesis (5 specific positions given) we can define mechanism
which has connection link that makes full rotation. Planetary
mechanism can be different due to the movement that we want to
achieve.
Position and velocity analysis gives us possibility to
determine mechanism movement during whole movement cycle.
Determination of mechanism position is solving nonlinear equation
(3) which can be solved numerically. In this analysis possibility of
determination of specific positions is given. Also in this analysis
influence of geometrical parameters on output parameters
(especially on rotation velocity) is shown.

𝜃2 = 𝜃4 ± 𝜋 = 𝜃3 ± 𝜋
Fig 13

6. Mechanism synthesis-example
parameters for bottle washer

with

specific

Mechanism synthesis should give us positions of special
cam while making work path and during return path (figure 3).
For five positions from table 1 we applied mechanism
synthesis mentioned earlier.
Table 1: Five positions of special cam that mechanism should generate

X (mm)
Y (mm)
θ
1
665
-287
0
2
95
-245
-109°
3
-78
-293
-176°
4
95
-245
-241°
5
383
-228
-289°
For these 5 specific positions we get two solutions and one of them
is acceptable (figure 14). On figure 14 also we can see path
comparison of old special cam peak path (green line) and new
mechanism (purple line) point of connection link paths.
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Abstract:
In this study, optimisation of speed gears for a tractor transmission was performed with KISSsoft software. Optimisation was carried out under
three constraints. These constraints are input power-torque, volume for system in transmission and gear ratio for each speed. The purpose of
this study was to optimize the module, face width, gear quality, centre distance, number of teeth, helix angle, addendum modification coefficient
and pressure angle for each speed considering the constraints. Tooth bending stress, tooth contact stress, contact ratio and specific sliding
were considered for evaluation during optimisation. Strength calculation of gear pairs which were optimized and defined all geometrical
parameters with KISSsoft were also calculated with mathematical model indicated in ISO 6336. Then, the results were compared.
KEYWORDS: GEARS, GEOMETRICAL PARAMETERS, OPTIMISATION, KISSSOFT

1. Introduction

The real tooth-root stress, ϬF is calculated as the following[1-6]:

Gears are used for many mechanical system in particular to
automotive at the present time. Gears can be designed more reliable,
lighter, quieter with optimisation studies. Also, gears can be more
competitive in terms of cost during optimisation. In this study,
optimisation of speed gears for a tractor transmission was performed
with KISSsoft software. Input power-torque, volume for system in
transmission and gear ratios for each speed were considered during
optimisation. Module, facewidth, gear quality, centre distance,
number of teeth, helix angle, addendum modification coefficient and
pressure angle of eight quantity of gears for four speed were defined
considering tooth bending stress, tooth contact stress, contact ratio
and specific sliding during optimisation. Strength calculation of gear
pairs which were optimized and defined all geometrical parameters
with KISSsoft were also calculated with mathematical model
indicated in ISO 6336. Then, the results were compared.

𝜎𝐹 =

𝐹𝑡
𝑌 𝑌𝑌𝑌 𝐾 𝐾 𝐾 𝐾
𝑏𝑚𝑛 𝐹 𝑆 𝜀 𝛽 𝐴 𝑣 𝐹𝛽 𝐹𝛼

(1)

where Ft is the nominal tangential load [N], b is the facewidth [mm],
mn is the normal module [mm], YF is the form factor [-], YS is the
stress correction factor [-], Yε is the contact ratio factor [-], Yβ is the
helix angle factor [-], KA is the application factor [-], KV is the
dynamic factor [-], KFβ is the face load factor [-], KFα is the transverse
load factor [-].
The permissible bending stress, ϬFP is calculated as the following:
𝜎𝐹𝑃 = 𝜎𝐹𝑙𝑖𝑚 𝑌𝑆𝑇 𝑌𝑁 𝑌𝛿 𝑌𝑅 𝑌𝑋

(2)

where ϬFlim is the nominal stress [N/mm2], YST is the stress correction
factor [-], YN is the life factor [-], Yδ is the relative notch sensitivity
factor [-], YR is the relative surface factor [-], YX is the size factor [-].

2. Calculating the load capacity of helical gears

The safety factor for bending stress, SF is calculated as the following:

Gears face the tooth bending stress and the tooth contact stress during
power-torque transfers. Therefore, some damages can occur on gears.
The damages which can arise from stress on gears should be
considered during design phase.

𝑆𝐹 =

𝜎𝐹𝑃

(3)

𝜎𝐹

2.2. Tooth contact stress
Surface pressure which occurs on gears is calculated according to
ISO 6336 standard as the following [1-6]:

2.1. Tooth bending stress
Distribution of forces on gears are shown in Fig.1. The tooth bending
stress according to ISO 6336 standard is calculated as the following

Fig.2 Tooth contact stress
The real contact stress, ϬH is calculated as the following:

Fig.1 Tooth bending stress

𝜎𝐻 = √
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𝐹𝑡 𝑢+1
𝑏𝑚𝑛 𝑢

𝑍𝐻 𝑍𝐸 𝑍𝜀 𝑍𝛽 √𝐾𝐴 𝐾𝑉 𝐾𝐻𝛽 𝐾𝐻𝛼

(4)
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where u is gear ratio [-], ZH is the zone factor [-], ZE is the elasticity
factor [√𝑁⁄𝑚𝑚 ], Zε is the contact ratio factor [-], Zβ is the helix angle
factor [-], KHβ is the face load factor, KHα is the transverse load factor
[-].
2

The permissible contact stress, ϬHP is calculated as the following:
𝜎𝐻𝑝 = 𝜎𝐻𝑙𝑖𝑚 𝑍𝑁 𝑍𝐿 𝑍𝑉 𝑍𝑅 𝑍𝑊 𝑍𝑋

(5)

where ϬHlim is the allowable stress [N/mm2], ZN is the life factor [-],
ZL is the lubrication factor [-], ZV is the velocity factor [-], ZR is the
roughness factor [-], ZW is the work hardening factor [-], ZX is the size
factor [-].
The safety factor for contact stress, SH is calculated as the following:
𝑆𝐻 =

𝜎𝐻𝑝

Fig.4 Speed Gears

(6)

𝜎𝐻

Optimal face width, quality and module range for gear pairs were
determined via graphics like Fig.5 which contain the results of all
gear pairs calculated by KISSsoft according to module, minimum
root safety and minimum flank safety .

3. Optimisation with KISSsoft
In this scope of work, four speed gears of a tractor transmission were
optimized via KISSsoft software. Input power is 50 kW and torque is
238 Nm for speed gears which is optimized in this study. These four
speed gears have ratios like in Table 1 with tolerances of %4.
Table 1 Ratios
Speed
Ratio
1
3,1
2
1,9
3
1,1
4
0,7
Maximum volume which can be used in transmission for these speed
gear group as Fig.3.

Fig.5 Module, SF, SH
Then, proper centre distance was specified for speed gears group.
After determining of face width, quality and module range of gears,
all results of gear pairs which were calculated by KISSsoft for
different centre distance values were placed in graphics like Fig.6
according to tip diameters of gear pairs and centre distance in order
to specify the optimal centre distance.

Fig.3 Volume
Firstly face width, quality and module range were defined so that
optimum gear pairs can be determined for volume constraint. In
beginning, other gear geometrical parameters were accepted as
constant. Then, other gear parameters were optimized. Material of
gears was preferred as 16MnCr5. Distance for synchroniser (s1 and
s3), assembly distance (s2) and volume constraint were considered for
determining of gear face width.
𝑏1 + 𝑠1 + 𝑏2 + 𝑠2 + 𝑏3 + 𝑠3 + 𝑏4 = 210 𝑚𝑚

Fig.6 Tip diameter of gear pairs, centre distance values
After determining of centre distance from in graphics like Fig.6 and
module from module range which was defined in graphics like Fig.5,
then optimisation of number of teeth of gear pairs was applied. Proper
number of teeth of gear pairs were determined considering maximum
specific sliding and contact ratio of gear pairs.

(7)

Then, all possible gear pairs according to ratios were calculated with
KISSsoft considering input values and constraints.

After determining of face width, quality, module, centre distance and
number of teeth, optimisation of helix angle was applied. Helix gears
create additional axial forces in system according to spur gears.
Therefore, contact ratio and axial forces were considered during
determining of helix angle.
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Fig.9 Speed gears in volume
Fig.7 Forces on gear

4. Results and discussion

Finally, addendum modification coefficient and pressure angle of
gears were specified via KISSsoft. Addendum modification
coefficient and pressure angle have effect on gear profile so contact
ratio, specific sliding and safety factors were considered during
optimisation.

Tooth bending stress, tooth contact stress and safety factor of pinion
gears for each speed which were optimized via KISSsoft were also
calculated according to mathematical model in ISO 6336. The results
of pinion gears for both KISSsoft and mathematical model are like
Table 3 below.
Table 3 Results
1.Pinion 2.Pinion
Tooth-root stress
ϬF from KISSsoft
[N/mm2]
Tooth-root stress
ϬF from mat.
Model [N/mm2]
Safety factor for
bending stress SF
from KISSsoft
Safety factor for
bending stress SF
from mat. Model
Contact stress ϬH
from
KISSsoft
[N/mm2]
Contact stress ϬH
from mat. Model
[N/mm2]
Safety factor for
contact stress SH
from KISSsoft
Safety factor for
contact stress SH
from mat. model

Fig.8 Specific sliding
Optimisation results of face width, quality, module, centre distance,
number of teeth, helix angle, addendum modification coefficient and
pressure angle for four speed gears groups are like Table 2 below.
Table 2 Optimisation results
1.Speed 2.Speed 3.Speed
Number of teeth z1
20
30
40
Number of teeth z2
64
55
45
Module [mm]
2
2
2
Pressure angle [o]
20o
20o
20o
Helix angle [o]
13o
15o
17o
Addendum
modification
0,6
0,3
0,1
coefficient x1
Addendum
modification
0,9419
0,2201 -0,0416
coefficient x2
Facewidth [mm]
40
25
20
Quality
6
7
8

4.Speed
57
41
1,75
20o
15o

3.Pinion

4.Pinion

543,96

569,46

576,47

570,03

546,97

607,52

625,93

561,37

1,41

1,34

1,32

1,34

1,46

1,32

1,28

1,43

1363,60

1286,05

1292,8

1197,23

1345,09

1264,66

1239,2

1226,15

1,10

1,13

1,13

1,22

1,12

1,19

1,21

1,22

Regarding to results in Table 3, tooth root stress of pinion 1 (546,97
N/mm2) according to mathematical model is bigger (%0,5) than
KISSsoft result (543,96 N/mm2). For root safety factor, results of
mathematical model (1,46) is bigger (%3,5) than the results of
KISSsoft (1,41). Tooth contact stress of pinion 1(1345,09 N/mm2)
according to mathematical model is smaller (%1,4) than the results
of KISSsoft (1363,60 N/mm2). For flank safety factor, mathematical
model result(1,12) is bigger (%1,8) than KISSsoft result (1,1).

0
0,1297
20
8

Regarding to results for pinion 2, mathematical model result is bigger
(%6,7) than KISSsoft result for tooth root stress. Tooth contact stress
according to mathematical model is smaller (%1,7) than KISSsoft
result. For root safety factor, mathematical model result is smaller
(%1,5) than KISSsoft result and flank safety factor of mathematical
model is bigger (%5,3) than KISSsoft result.

Optimal four speed gears group which were defined all geometrical
parameters like Table 2 was placed in volume as Fig.9. According to
Fig.9, ıt seems that there is no any problem about volume constraint.
All gears can be assembled properly in volume.

Regarding to results for pinion 3, tooth root stress according to
mathematical model is bigger (%8,5) and tooth contact stress
according to mathematical model is smaller (%4,1). For root safety
factor, result of mathematical model is smaller (%3) and flank safety
factor of KISSsoft result is smaller (%7) than mathematical model.
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Regarding to results for pinion 4, tooth root stress according to
mathematical model is smaller (%1,5) and tooth contact stress is
bigger (%2,4) than KISSsoft result. The root safety factor of
mathematical model is bigger (%6,7) than KISSsoft result. For flank
safety factor, results are same.
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Four speed gears of a tractor transmission were optimized by
KISSsoft software. During optimisation, input power-torque, ratios
and maximum volume were considered as constraint. Facewidth,
centre distance, module, quality, number of teeth, helix angle,
addendum modification coefficient and pressure angle of gear pairs
were specified with optimisation. Then, tooth root stress, tooth
contact stress and safety factors were also calculated according to
mathematical model in ISO 6336. After calculations, the results were
compared. Regarding to tooth root stresses, maximum differences is
%8,5 for pinion 3. Regarding to tooth contact stresses, maximum
differences is %4,1 for pinion 3. Regarding to root safety factors,
maximum differences is %6,7 for pinion 4. Regarding to flank safety
factors, maximum differences is %7 for pinion 3. According to this
study, both KISSsoft results and mathematical model results are
within the range of target value.

[6] Mehmet Bozca, Optimisation of effective design parameters for
an automotive transmission gearbox to reduce tooth bending stress,
Modern Mechanical Engineering, 2017, vol. 7, pp. 35-36.

Also, the results below were determined during optimisation:
i.

Increasing the module has a positive effectiveness on root
safety factor and negative effectiveness on flank safety
factor.
ii. Increasing the face width of gears has a positive
effectiveness on flank safety factor.
iii. Increasing the centre distance results decreased tooth
contact stress.
iv. Increasing the number of teeth results increased contact
ratio.
v. Increasing the helix angle results increased both contact
ratio and axial forces.
vi. Increasing the addendum modification coefficient has a
positive effectiveness on root safety factor.

Fig.10 Concept design
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Abstract: Developed power variation of turbo-generator (TG) steam turbine allows insight into the change of turbine energy efficiency and
energy power losses. Measurements were performed in five different TG steam turbine operating points and analysis is presented in three
randomly selected operating points. Turbine developed power was varied from 500 kW until the maximum power of 3850 kW in steps of 100
kW. Turbine energy efficiency increases from 500 kW to 2700 kW and maximum energy efficiency was obtained at 70.13 % of maximum
turbine power (at 2700 kW) in each operating point. From 2700 kW until the maximum of 3850 kW, TG turbine energy efficiency decreases.
Change in TG turbine energy efficiency is caused by an uneven intensity of increase in turbine power and steam mass flow. For all observed
operating points, energy efficiency during turbine exploitation is approximately 10 % or more lower than the maximum obtained one. A
continuous increase in turbine energy power losses during the developed turbine power increase are the most influenced by the continuous
increase in steam mass flow through the turbine.
KEYWORDS: STEAM TURBINE, ENERGY EFFICIENCY, ENERGY POWER LOSSES, POWER VARIATION
Table 1. Main characteristics of the analyzed LNG carrier
Dead weight tonnage 84,812 DWT
Overall length
288 m
Max breadth
44 m
Design draft
9.3 m
Mitsubishi MS40-2 (max. power
Propulsion turbine
29.420 kW)
2 x Shinko RGA 92-2 (max. power
Turbo-generators
3.850 kW each)

1. Introduction
Steam turbine propulsion plants are not a rarity for a number of
LNG carriers [1]. Such steam propulsion plants have many essential
components, not only for ship propulsion, but also for electricity
and heat production. Each component from the steam propulsion
plant can and should be investigated and optimized to achieve the
optimal operating parameters. One of the constituent components of
such marine steam propulsion plant is turbo-generator (TG) which
steam turbine is analyzed in this paper from the energy aspect [2].
Measurements of required TG steam turbine operating
parameters were performed on conventional LNG carrier. Every
LNG carrier with steam propulsion system has at disposals at least
two or more turbo-generator sets which are designed to cover all
ship requirements for electrical power.
On the analyzed LNG carrier is mounted two identical TG
operating sets. Each TG turbine has identical operating parameters
(inlet and outlet temperatures, pressures and mass flows). For the
analysis in this paper is selected one TG steam turbine. Steam
turbine, which drives an electric generator on the analyzed LNG
carrier comprises of nine Rateau stages. Steam turbines with Rateau
stages, analysis of their operation and its characteristics is presented
in [3]. Usual and specific designs of marine steam turbines along
with their auxiliary systems are presented in [4].
The main goal of the TG steam turbine analysis in this paper was
to present change in steam turbine energy efficiency and energy
power losses during the change in turbine developed power.
Measurements of necessary operating parameters were provided in
five different turbine operating points, at five different loads. In
each turbine operating point was varied turbine developed power
from the lowest to the highest one. During the power variation was
calculated turbine energy efficiency and energy power losses. The
results of the analysis were presented for three selected turbine
operating points, but presented conclusions are valid also for all the
other operating points. Steam turbine developed power variation
allows detecting optimal turbine loads with the highest energy
efficiency, for each operating point. It was compared turbine energy
efficiency and energy power losses from the real exploitation
(measured operating parameters) with achieved optimal operating
conditions when the turbine has the highest energy efficiency. TG
steam turbine load depends on ship electrical consumers and their
current needs for the electrical power. From the aspect of energy
efficiency, for the analyzed TG steam turbine will be better to be
more loaded to achieve maximal energy efficiency in each
operating point.
Main characteristics and specifications of the LNG carrier in
which steam propulsion system is mounted analyzed TG steam
turbine are presented in Table 1.

2. Low power steam turbine energy analysis
2.1. Steam turbine energy analysis equations
The first law of thermodynamics defined energy analysis of any
steam system component [5]. Mass and energy balance equations
for a standard volume in steady state disregarding potential and
kinetic energy can be expressed according to [6]:
 m IN   m OUT

(1)

Q  P   m OUT  hOUT   m IN  h IN

(2)

Energy power of a flow for any fluid stream can be calculated
according to the [7] by using the equation:
E en  m  h

(3)

Energy efficiency may take different forms and types. Usually,
energy efficiency can be written as [8]:

 en 

Energy output
Energy input

(4)

2.2. Energy efficiency and energy power losses for the TG
steam turbine
Steam turbine for a turbo-generator drive is a condensing type
[9]. Schematic view of steam turbine connected to an electric
generator (the whole set of steam turbine and electric generator is
usually called turbo-generator) is presented in Fig. 1. Superheated
steam mass flow, specific steam enthalpies and specific steam
entropies at the TG steam turbine can also be seen in Fig. 1. All
variables important for TG turbine numerical analysis were marked
with 1 for inlet variables and with 2 for outlet variables.
According to producer specifications [9], TG turbine power can
be expressed with the following third degree polynomial:
3
2
 6.7683  106  m TG

PTG   4.354  1010  m TG

 0.251318  mTG  256.863
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h1  h2 
h1  h2S 

where PTG was obtained in (kW) when m TG in (kg/h) was placed in
the equation (5). Steam mass flow through the TG turbine ( m TG )

 TG, en 

was measured component, while the developed TG turbine power
was calculated according to equation (5).

2.3. The principle of the TG developed power variation

(9)

TG steam turbine real developed power can be calculated
according to Fig. 2 by an equation:
PTG  m TG  (h1  h2 )

(10)

Three different methods can be used for the power change of TG
turbine (if it is assumed always the same inlet pressure and
temperature and the same outlet pressure):
1) Change in steam mass flow through the TG steam turbine
2) Change in the value of steam specific enthalpy at the
steam turbine outlet (h2)
3) Combination of method 1 and 2
Fig. 1. Inlet and outlet variables for the TG steam turbine

To present the change of TG steam turbine energy efficiency and
energy power losses in this paper is selected combined method
(method 3) for each operating point.
Turbine developed power was varied from 500 kW up to a
maximum of 3850 kW in steps of 100 kW. Power change requires a
change in steam mass flow through the turbine, so the adequate
steam mass flow for any turbine power was calculated by using the
reversed equation (5). In each operating point, steam pressure and
temperature at the turbine inlet and steam pressure at the turbine
outlet remain identical to the measured data. Steam enthalpy at the
turbine outlet (h2) was calculated for each turbine power and mass
flow by using equation (7). Change in steam enthalpy at the turbine
outlet (h2) along with the change of steam mass flow causes the
change of TG steam turbine energy efficiency and energy power
losses, equations (8) and (9).

During measurements, no steam leakage on the analyzed TG
turbine was observed, so the mass balance for the TG steam turbine
inlet and outlet is:
(6)

According to Fig. 1 and Fig. 2, h1 is steam specific enthalpy at
the turbine inlet, and h2 is steam specific enthalpy at the turbine
outlet after real (polytropic) expansion. Steam specific enthalpy at
the turbine inlet was calculated from the measured pressure and
temperature at each operating point. Steam specific entropy at the
turbine inlet s1 was also calculated from measured steam pressure
and temperature at the turbine inlet. Steam real specific enthalpy at
the turbine outlet was calculated from the turbine power PTG in
(kW) and measured steam mass flow m TG in (kg/s) according to
[10] by using an equation:

Measurement results for TG steam turbine at different loads are
presented in Table 2. Measured operating parameters were: steam
pressure at the TG turbine inlet and outlet, steam temperature at the
TG turbine inlet and the steam mass flow through TG turbine.

(7)

Steam specific enthalpy after isentropic expansion h2S was
calculated from the measured steam pressure at the turbine outlet p2
and from known steam specific entropy at the turbine inlet s1. Ideal
isentropic expansion assumes no change in steam specific entropy
(s1 = s2S), Fig. 2.

Steam pressure at
the TG turbine
outlet (MPa)

Steam mass flow
through TG turbine
(kg/h)

Steam specific enthalpy at the turbine inlet, steam specific
enthalpy at the end of isentropic expansion and steam specific
entropy at the turbine inlet were calculated by using NIST
REFPROP 8.0 software [11].

Steam temperature
at the TG turbine
inlet (°C)

Table 2. Measurement results for TG steam turbine at several loads
Steam pressure at
the TG turbine inlet
(MPa)

P
h 2  h 1 TG
m TG

3. Measurement results of the analyzed TG

Operating point

m TG,1  m TG,2  m TG

1
2
3
4
5

5.97
6.07
6.07
6.02
5.80

490.5
491.0
502.5
504.0
493.0

0.00425
0.00392
0.00397
0.00412
0.00557

4000.58
3838.78
3778.91
3951.37
4428.43

4. Used measuring equipment
All the measurement results were obtained from the existing
measuring equipment mounted on the TG steam turbine inlet and
outlet. All measuring equipment is calibrated by producers. List of
all used measuring equipment was presented in Table 3.
Table 3. Used measuring equipment for the TG turbine analysis
Greisinger GTF 601-Pt100 Steam temperature (TG inlet)
Immersion probe [13]
Yamatake JTG980A - Pressure
Steam pressure (TG inlet)
Transmitter [14]
Yamatake JTD910A - Differential
Steam pressure (TG outlet)
Pressure Transmitter [15]
Yamatake JTD960A - Differential
Steam mass flow (TG inlet)
Pressure Transmitter [15]

Fig. 2. TG real (polytropic) and ideal (isentropic) expansion
TG steam turbine energy power losses in each operating point
can be calculated according to Fig. 2 as:
E TG, en,PL  m TG  h2  m TG  h2S  m TG  ( h2  h2S )

(8)

Energy efficiency of TG steam turbine can be calculated
according to [12] by using the following equation:
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TG steam turbine developed power variation showed that energy
power losses are proportional to turbine load - higher load results
with the higher energy power losses and vice versa. Energy power
losses are not proportional to the energy efficiency of the TG steam
turbine.

5. Energy efficiency and energy power losses during
TG turbine developed power variation
Change in TG steam turbine energy efficiency and energy power
losses during the turbine developed power variation was presented
in three operating points from Table 2 – operating points 1, 3 and 5.
Obtained conclusions and trends are also valid for the other TG
steam turbine operating points.

5.1. Developed power variation for operating point 1
Change in energy efficiency for TG turbine in operating point 1
(Table 2), during the developed power variation is shown in Fig. 3.
Increase in turbine developed power causes an increase in energy
efficiency until the maximum value, after which follows a decrease
in turbine energy efficiency. Maximum turbine energy efficiency is
obtained at power of 2700 kW (70.13 % of maximum turbine
power) and amounts 67.82 %. At the highest turbine load of 3850
kW, energy efficiency amounts 65.72 % in this operating point.
Turbine energy efficiency in each operating point, as well as in
operating point 1, is calculated by using equation (9). For each
operating point, energy efficiency change is affected only with the
change in steam specific enthalpy after real polytropic expansion
(h2) which is calculated according to equation (7). Steam mass flow
through the TG turbine in equation (7) is calculated by using the
reversed equation (5) where the turbine power is known, and steam
mass flow is an unknown variable. Values of steam specific
enthalpy after real polytropic expansion (h2) decreases in the turbine
power range from 500 kW until the 2700 kW, because the intensity
of increase in turbine power is higher in comparison with an
increase in steam mass flow through the turbine. In the turbine
power range from 2700 kW until the highest turbine load of 3850
kW, steam specific enthalpy after real polytropic expansion (h2)
increases because the intensity of increase in turbine power is lower
in comparison to an increase in steam mass flow through a turbine
in that operating area.
TG steam turbine load depends on ship electrical consumers and
their current needs for the electrical power. In operating point 1, TG
steam turbine energy efficiency during LNG carrier exploitation
amounts only 56.13 % what is much lower energy efficiency than
possible maximum one for this operating point. To obtain better
energy efficiencies of TG steam turbine in exploitation, it can be
recommended that TG turbine should be more loaded, but not more
than 2700 kW.

Fig. 4. Steam turbine energy power loss change during the
developed power variation for operating point 1

5.2. Developed power variation for operating point 3
Change in energy efficiency for TG turbine in operating point 3
(Table 2), during the developed power variation is shown in Fig. 5.
As in observed operating point 1, an increase in turbine developed
power causes an increase in energy efficiency until the maximum
value, after which follows decrease in turbine energy efficiency.
In operating point 3, maximum energy efficiency is obtained also
at turbine developed power of 2700 kW and amounts 66.50 %. For
this operating point, at the highest turbine load of 3850 kW, energy
efficiency amounts 64.44 %, while during LNG carrier exploitation
turbine energy efficiency amounts only 53.84 %. The reasons for
such TG turbine energy efficiency change are identical as in
operating point 1 described earlier.

Fig. 5. Steam turbine energy efficiency change during the
developed power variation for operating point 3
Continuous increase in steam mass flow during the TG turbine
power increase from 500 kW to 3850 kW causes a continuous
increase in turbine energy power loss, as presented in Fig. 6, also in
TG turbine operating point 3.

Fig. 3. Steam turbine energy efficiency change during the
developed power variation for operating point 1
TG steam turbine energy power loss is calculated by using
equation (8) for each observed operating point. Turbine energy
power loss is the most influenced by steam mass flow through the
turbine. Continuous increase in steam mass flow during the TG
turbine power increase from 500 kW to 3850 kW causes a
continuous increase in turbine energy power loss, Fig. 4.
During LNG carrier exploitation in operating point 1, TG steam
turbine energy power loss amounts 648 kW, while at TG turbine
maximum energy efficiency in this operating point (at turbine
developed power of 2700 kW) turbine energy power loss amounts
1281.16 kW. At maximum turbine power of 3850 kW, energy
power loss is the highest and amounts 2008 kW.
For TG steam turbine is not valid a conclusion that the lowest
energy power losses are obtained at the highest energy efficiency.

Fig. 6. Steam turbine energy power loss change during the
developed power variation for operating point 3
TG steam turbine energy power loss during LNG carrier
exploitation in operating point 3 amounts 656.86 kW. At maximum
energy efficiency (2700 kW) turbine energy power loss amounts
1360.24 kW, while at maximum turbine power of 3850 kW, energy
power loss is the highest and amounts 2124.40 kW in this turbine
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operating point. As in TG turbine operating point 1, energy power
losses are proportional to turbine load - higher load results with the
higher energy power losses and vice versa.

NOMENCLATURE

5.3. Developed power variation for operating point 5

Abbreviations:
LNG
Liquefied Natural Gas
TG
Turbo-generator

The same trends and conclusions obtained from TG steam turbine
operating points 1 and 3 are also valid for operating point 5 (Table
2). In operating point 5 maximum turbine energy efficiency
amounts 69.37 % and as before, is obtained at turbine developed
power of 2700 kW. At the highest turbine load (3850 kW) in this
operating point energy efficiency is 67.22 %, while during LNG
carrier exploitation TG turbine energy efficiency is 59.50 %, Fig. 7.
TG turbine operating point 5 also confirmed conclusion that energy
power losses are proportional to turbine load - higher load results
with the higher energy power losses and vice versa, Fig. 8.

Latin Symbols:
E
stream flow power, kJ/s
h
m
p
P
Q
s

Greek symbols:

efficiency, Subscripts:
en
energy
IN
inlet
OUT outlet
PL
power loss

specific enthalpy, kJ/kg
mass flow rate, kg/s
pressure, MPa
power, kJ/s
heat transfer, kJ/s
specific entropy, kJ/kg·K
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SURFACE HARDENING OF METALLIC MATERIALS BY USE OF COMBINED
MAT-FORMING TREATMENT AND ELECTROSPARK DOPING
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Institute for Problems of Materials Science, National Academy of Science of Ukraine 1,
National Technical University of Ukraine ―Igor Sikorsky Kyiv Polytechnic Institute‖ 2,
Kyiv, Ukraine
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Abstract: Analysis of the structural state and phase composition of surface metal layers after combined treatment of steel which includes
preliminary surface plastic deformation of the workpiece, electrospark doping with use of rotating disk electrode 2 mm thick, made of WCCo hard alloy and subsequent surface ball smooth rolling, has been performed. It was shown that the use of combined treatment provides a
gradient-layered structure with low surface roughness. Phase composition of the obtained layer consist of ferritic α-Fe phase and a number of
carbide phases formed during the interaction of the electrode material with steel: F 3W3C, WC and W2C semi-carbide. Wear resistance of the
material after treatment exceeds similar properties of the original carbon steel up to 4 times.
Keywords: ELECTROSPARK DOPING, SURFACE PLASTIC TREATMENT, MICROSTRUCTURE, HARDNESS, WEAR
RESISTANCE.
concentrated energy flows (plasma flow, electron and ion beams,
laser beams) [6-9].
Significantly higher performance and surface condition are
provided by mechanized devices with a rotating disk electrode,
which is pressed against the material of the workpiece with a small
controlled force [10].
An effective type of surface treatment of metallic materials is
also surface plastic deformation [6, 7]. As a result of its application,
due to work hardening in the surface layers, the shape and size of
crystal grains are modified, accompanied by changes in the
substructure and microstructure of the metal of the surface layer.
The hardness of materials increases and compressive stresses are
formed, contributing to increased wear resistance and resistance to
fatigue failure.
Therefore the aim of the present paper is to specify the effect of
combined surface treatment on structure and properties of the
surface layer of carbon steel subjected to mat-forming plastic
processing and electrospark doping.

1. Introduction
The improving and raise of competitiveness of engineering
products require the use of new technological processes, allowing to
increase the service life and reliability of equipment in the
conditions of increasingly stringent requirements for the operational
characteristics of products. A promising way for the improvement
of the bearing capacity of structural materials is to strengthen their
surface layers or to deposit strengthening coatings, that increase the
surface strength and wear resistance and, as a consequence, the
operational lifetime of the construction and tool materials.
Various methods have been developed to enhance wear
resistance of parts of friction units. Each of the currently known
methods has its merits and deficiencies limiting their scope. The
most common ways to restore the worn surfaces of metal parts at
the present time are various types of gas-thermal coating and
welding deposition. However, during welding deposition, a large
amount of heat is supplied to the part, which leads to skellering and
the need for subsequent processing.
Recently electrospark doping (ESD) is becoming more common
for obtaining the coatings with high wear resistance of the metallic
materials
The spark discharge occurs only in local volume in
microscopically small volumes during 100–400 microseconds,
when in the local metal-coating contact zone the high-temperature
plasma regions appear, which provides the necessary adhesion of
the formed coating to the base material. Very high densities of
energy flows are realized in this process without the noticeable
heating of the specimen under treatment. The process is
characterized by an essential inequilibrium, so it is possible to
obtain fundamentally new materials in the surface layers of the
coatings, which is impossible under the usual equilibrium
conditions [1, 2].
The method of electrospark doping differs from other surface
treatment methods in its simplicity, reliability, and costeffectiveness. Depending on the anode material, an extended
surface layer with high strength, tribological, and other properties is
formed on the work piece [3, 4].
For the instantiation of the ESD processes the devices
containing manual or mechanical end electrode vibrators and
generators of electrical voltage pulses of a certain shape and
duration that are applied to the spark gap (between the electrode and
the surface of the workpiece) [5] have found the greatest
distribution.
However the ESD methods have some disadvantages as
follows: high surface roughness of the treated surface of a
workpiece, the presence of cracks, discontinuities and micropores.
Besides, such devices have low productivity - up to 3 cm2/min.
To reduce the roughness introduced by the electrospark doping,
the methods based on the mechanical impact on the modified
surface are used (surface-plastic strain, running the ball,
nonabrasive ultrasonic treatment, etc.), as well as treatment with

2. Experimental Procedure
For realization of complex processing of the axially
symmetrical bodysurface, a device was developed and made (fig.
1) on the basis of turning-screw-cutting machine, allowing to
combine preliminary surface plastic deformation of the workpiece
and mechanized ESD process with rotating disk electrode 2 mm
thick, made of WC-Co hard alloy installed in a special water-cooled
unit, attached to the tool holder.
The design for the surface plastic deformation device (fig. 2)
includes a main deformation tool fixed in the carriage - a ball 3 with
10 mm hardened to 62-65 HRC, which in the process of operation
leans on the bearing 4. The force of pressing the ball 3 to the treated
surface at processing is changed by changing the force of the spring
2 compression by the adjusting screw 1.
The surface treatment of the experimental samples was carried
out according to the scheme: plastic surface treatment with a ball electrospark doping - surface treatment of the applied coating.
The microstructure of the alloys was studied on the XJL-17
optical microscope. X-ray phase analysis of the samples was carried
out on DRON-3 diffractometer in filtered Co-K radiation using
step-by-step scanning in the angular range of 20÷130°. The
microhardness distribution over the sample section was determined
on a PMT-3 microhardness meter.
To assess the comparative wear resistance of the obtained
coatings, friction tests were carried out according to the ―shaftinsert body‖ scheme with contact force of 400 N using a M-22M
friction machine while cooling a friction couple with water.
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the coating obtained, the surface is characterized by sufficiently
high continuity and low surface roughness, while the electrospark
coatings obtained with use of devices with end electrode vibrators
are usually characterized by high surface roughness of the treated
surface [1, 5].

Fig. 1. Three-dimensional scheme of the device for the formation of
combined wear-resistant coating: 1 - device for ESD; 2 - unit for surface
plastic deformation; 3 - carriage of the turning-screw-cutting machine;
4 - machined part; 5-center
Fig. 3. Distribution of microhardness throughout the depth of the
coating

Fig. 2. The scheme of the unit for surface plastic deformation:
1 - adjusting screw; 2 - spring;3 - ball; 4 - bearing

3. Experimental results and their discussion

(a)

As our preliminary studies had shown [10], the optimum
pressing force of the ball to the treated surface of ductile steels is
2.0÷3.5 kN. The increase in pressure leads to a violation of the
integrity of the metal on the surface and the emergence of the
peeling of the surface. At the same time, the hardness of the parts
when rolling should not exceed 50 HRC.
The results of investigations of microhardness and material
structure distribution over the depth of the sample (fig. 3, 4) showed
that it can be conditionally divided into three zones. The base
material I of У7 carbon steel, has a ferritic-pearlitic structure (fig. 4,
a, c) with an initial hardness of HV 220÷240.
Intermediate transition layer II (fig. 4), that was formed during
the primary surface plastic processing of the specimen, is located at
a depth of 100÷250 μm from the surface. It differs in monotonically
decreasing hardness from the surface over the layer thickness (from
HV 650 to HV 250) (fig. 3) and is of distinctly more fine-grained
structure compared to the base metal (fig. 4,c).
The upper layer III of maximum hardness (HV 650-1040) with
a depth up to 100 μm (fig. 3, fig. 4, a, b) is formed as a result of the
interaction of electrode material (ВК8 hard alloy) with surface
material of the sample being processed during the electrospark
doping.
The layer resulting from the electrospark treatment is
characterized by an extremely highly dispersed cellular
substructure. According to the X-ray structure analysis and electron
microscopy, cited in [1, 11, 12], the dimensional parameters that
characterize the coating cellular substructure that was formed in the
ESD process is of range within 20-200 nm, that provides entirely
new physicomechanical properties of the materials. The separate
micropores with size of up to 2 μm are observed in the coating
structure too.
It is noteworthy that after the electrospark doping with the
rotating electrode and the subsequent surface plastic processing of

(b)

(c)
Fig. 4. The microstructure of steel surface subjected to combined
superficial plastic processing and electrospark doping: I – carbon steel
base material; II - intermediate transition layer; III – the layer of
electrospark coating

16

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 1/2019
The results of X-ray spectral analysis of the initial material and
the layers subjected to various types of processing (surface plastic
deformation, ESD) showed that, in the initial state, У7 steel
contains -Fe and cementite Fe3C phases (fig. 5, a). The value of
the bcc lattice parameter of -Fe is a = 0.28664 nm. The diffraction
lines of the matrix -Fe phase are narrow, which indicates a low
concentration of lattice defects (fig. 5a).
X-ray diffraction lines of -phase from the intermediate layer,
obtained after surface plastic deformation, are significantly diffused
(fig. 5, b). In particular, the magnitude of the physical broadening of
the -Fe diffraction line increases to the level of 220  2110-3 rad,
whereas for steel in the initial state, the value of 220  2,510-3 rad.
Such increase in the value of physical broadening is associated with
an increase in the concentration of lattice defects (dislocations,
vacancies, etc.) in the α phase in the process of intense surface
plastic deformation. The fact that the ratio β220/β110  tgθ220/tgθ110
testifies in favor of this conclusion too.
Besides, the value of the crystal lattice parameter of -Fe
significantly increases after surface plastic processingin in
comparison with non-deformed steel and reaches values of 0.28679
nm. The authors of [1, 11, 13] consider that such an increase in –
Fe crystal lattice parameter can be caused by deformation-induced
dissolution of cementite particles Fe3C in the process of steel
intense plastic deformation when it is rolled.
The analysis of phase composition of the samples upper layer
after electrospark doping showed, that in addition to ferritic α-Fe
phase, it contains a number of phases formed during the interaction
of the electrode material with steel. The predominant compound is
F3W3C carbide with a cubic lattice, WC, W2C semi-carbide and
possibly high-temperature β-W2C carbide are fixed (fig. 5, c). The
lattice parameter of the α-Fe phase increased in the alloying process
from 0.28654 nm of the initial steel to 0.28689 nm for the coating
surface.
The broadening of the X-ray β220 line profile of the surface
layer treated with ESD reaches 36,14162110-3 rad, which indicates
the formation of a substructure in the alloyed steel surface. The ratio
β220/β110 is close to the ratio of the tangents of the angles
(tgυ220/tgυ110), which is caused by a significant deformation of the
α-Fe phase crystal lattice. Since the composition of electrodes for
electrospark doping includes Co, that can form an unlimited solid
solution with iron, and also taking into account the rather high
solubility in tungsten iron (up to 30%) at liquidus temperatures, it
can be assumed that the increase in α-Fe phase lattice parameter
after ESA is conditioned by dissolution of the electrode components
in Fe.

(b)

(c)
Fig. 5. Fragments of X-ray diffractograms from the internal (a),
intermediate (b) and surface (c) layers of the specimens

Comparative assessment of the wear resistance of the original
У7 steel and the material of the samples subjected to complex
surface treatment including surface plastic deformation, ESD
followed by rolling of the applied layer with a ball showed (fig. 6)
that the wear of the original steel after the path of 25 km exceeds
the wear of samples subjected to surface treatment for 4 times, and
the amount of wear obtained on the original steel after the path of
50 km (450 mg) is achieved on samples subjected to processing
only after 200 km.

(a)

Fig. 6. Dependence of mass wear for the samples from У7 steel
(HV 220 ... 240): 1 – samples without surface treatment;
2 – samples subjected to complex surface treatment
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4. Сonclusions
1. It is shown that the use of combined treatment of steel
surface, including surface plastic deformation processing,
electrospark doping and additional smooth rolling of the applied
coating with a steel roller, provides a gradient-layered structure with
entirely new physicomechanical properties and low surface
roughness.
2. Based on the X-ray analysis of the surface obtained after the
electrospark treatment, it has been established that the phase
composition of the layer in addition to the ferritic α-Fe phase
contains a number of carbide phases formed during the interaction
of the electrode material with steel: F3W3C, WC and W2C semicarbide. The lattice parameter of the α-Fe phase increased during
the doping process from 0.28654 nm for the initial steel to 0.28689
nm of the coating surface, which may be caused by electrode
components dissolution in Fe.
3. The efficiency of complex surface treatment of steel is
shown, which provides surface layers, the wear resistance of which
exceeds similar properties of the original carbon steel up to 4 times.
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A-TIG WELDING AS A SOLUTION FOR NICKEL AND MANGANESE SAVINGS
IN DUPLEX STAINLESS STEEL WELDED JOINTS
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Abstract: The paper presents the influence of the activation flux and shielding gas on tungsten inert gas welding of the duplex stainless
steel. In introduction part the productivity and the cost-effectiveness of A-TIG welding for duplex stainless steels was explained. In the
experimental part X2CrNiMoN22-5-3 7 mm thick stainless steel has been welded in butt joint. The welding process was performed by a robot
with TIG equipment. With selected A-TIG welding technology preparation of plates and consumption of filler material (containing Cr, Ni
and Mn) have been avoided. Specimens from the produced welds have been subjected to tensile strength test, macrostructure analysis and
corrosion resistance analysis. The results have confirmed that this type of stainless steel can be welded without edge preparation and
addition of filler material containing critical raw materials as Cr, Ni and Mn when the following welding parameters are set: current 200 A,
welding speed 9,1 cm/min, heat input 1,2 kJ/mm and specific activation flux is used.
Keywords: TUNGSTEN INERT GAS, DUPLEX STAINLESS STEEL, ACTIVATION FLUX, EDGE PREPARATION

al. [8]. Activating flux is a mixture of inorganic material suspended
in an evaporative medium. A thin layer of flux is applied with a
brush or sprayed over the prepared surface to be welded [9]. Fluxes
are fabricated by mixing, usually metallic oxide powders with
solvents, most frequently acetone or ethanol. In A-TIG process,
penetration is increased and a lower electric energy consumption is
achieved. The increase in weld penetration can be attributed to the
reversal of Marangoni convection. Marangoni convection is a
surface-tension-driven convection depending on surface tension
gradient in the fluid: fluids flow from areas where surface tension is
lower towards areas where it is higher, which is the case with
conventional TIG. The reversed Marangoni convection in A-TIG
influences the molten metal to flow towards the center of the weld
and to the bottom of the weld, causing a narrow and deep
penetration.

1. Introduction
Stainless steels are most important for their corrosion resistance.
Stainless steels have a chromium content of at least 10,5 % [1,2].
The high degree of chromium activity is the principal basis for
utilizing it as an alloying element in corrosion resisting alloys. As a
result of reactions of chromium with the oxygen from the air, a
protective oxide film forms and prevents further rapid oxidation.
Additions of Mo increase corrosion resistance in reducing acids and
against pitting attack in chloride solutions. Varying additions of Ni,
N, Cu, Mn, W, Ti, Ni and other elements may also be present. [1-7].
Thus, there are numerous grades of stainless steel alloys with
varying contents of chemical elements to suit the environment the
alloy must endure. Stainless steels are classified on the basis of their
matrices as ferritic, martensitic and austenitic stainless steels. The
soft austenitic steels have exceptional ductility, elongation
exceeding 50 %. The ferritic stainless steels offer good strength and
ductility, but without the outstanding formability of the austenitic
varieties. Duplex stainless steel (DSS) with austenitic and ferritic
grains possess beneficial combinations of these two phases. The
ferrite/austenite ratio in DSS must be close to 50:50. According to
the standard HRN EN 10088-1:2015 different DSS can have 22 –
28 % of Cr, 6 – 22 % of Ni, less than 2,00 % of Mn and less than
2,5 % of Mo. DSS exhibit greater toughness and better weldability
than ferritic stainless steel [6]. Compared with austenitic grades,
DSS have higher resistance to pitting and stress corrosion cracking.
Accordingly, they are widely used in various chemical,
petrochemical, food, power, transportation, paper and oil industries.
Most of these applications require welding as a joining method.
DSSs undergo microstructural changes during heat treatment or
welding process [6]. During welding of DSS, it is essential to
maintain a ferrite–austenite ratio close to 50:50. This phase balance,
may however, be upset due to rapid cooling involved in most weld
thermal cycles resulting in weld metal ferrite contents in excess of
50 %. The resultant phase ratio is dependent on the energy input
during welding, as this determines the cooling rate and the extent of
the phase transformation which is diffusion based. If high heat
inputs are used, coarse grains are produced in the weld region, wide
heat-affected zones and possibly, precipitation of brittle
intermetallic phases may develop [7].

ISO 9692-1:2013 [10] gives a recommendation for edge
preparation according to the thicknesses of steel parts to be welded
(Fig. 1). According to this standard for TIG welding of steels in
thicknesses 3 < t ≤ 8 mm edge preparation should be square groove
with gap between plates b ≈ t, where t is the thickness of the plate
(figure 1.a). Edge preparation for thicknesses 3 < t ≤ 10 should be
single V groove with root gap b ≤ 4 and a V groove angle 40° ≤ α ≤
60° (figure 1.b). It is notable that edge preparation requires material
loss prior the welding and additional filler material during the
welding. A-TIG technology makes it possible to intensify the
conventional TIG practices for joining the thickness of 8 - 10 mm
by single pass full penetration welds, with no edge preparation.
With A-TIG technology the edge preparation is simplified, loss of
the material and additional filler material are avoided.

Fig. 1 Joint preparation for TIG welding of steels according to the ISO
9692-1:2013 [10].

Tungsten inert gas (TIG) welding is a widely used technology
for joining stainless steels. When conventional TIG welding process
is applied for thick sections it has some disadvantages as low
penetration and small deposit, and consequently reduced
productivity compared to the other welding processes. Material
thickness greater than 3 mm is necessary to weld in multiple passes
and this greatly reduces productivity of the process. One variety of
TIG is welding with activation flux coating (A-TIG) on the upper
surface of the plates that should be joined. The application of flux in
TIG was proposed for the first time in the 1960s by Paton Welding
Institute of National Academy of Sciences, Ukraine, by Gurevich et

In this research the intention was to clarify the improvements in
productivity when TIG welding is applied with activation flux on
X2CrNiMoN22-5-3 7 mm thick stainless steel. This material is
austenitic-ferritic stainless steel with high resistance to general
corrosion, pitting and crevice corrosion and high resistance to stress
corrosion cracking (SCC) in chloride-bearing environments and
environments containing hydrogen sulphide. It has also high
resistance to erosion corrosion and corrosion fatigue. The tensile
strength and weldability of this material are suitable for various
applications.
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2.3 A-TIG welding parameters

General objective was to produce a sound weld without
consumption of nickel and manganese by omitting the edge
preparation and additional filler material. Direct substitution of
expensive alloying elements, as it is nickel and manganese in the
filler materials for welding is not easy to achieve. However,
development of welding technology without filler materials can
generate welds that can be acceptable for some specific
applications.

After welding and examination of bead on plate welds,
parameters for welded joint have been determined. The constant
parameters were:
• welding speed 9,1 cm/min;
• shielding gas flow 9 l/min;
• electrode tip workpiece distance 3 mm;
• tungsten electrode diameter 2,4 mm;
• welding torch inclination 90°.
Two welded joints have been produced without any filler material,
first one with 100 % Ar shielding gas (marked as Z1) and the other
one with Ar + 2,5 % N2 shielding gas (marked as Z2). Plates in
dimensions 200 × 100 × 7 mm were placed on a 10 mm thick
cooper backing plate. Plates had single square edge preparation
without any spacing between. Samples have been welded with
application of the same activation flux in width of 20 mm on the
upper surface. Table 3. Presents welding parameters used for
producing welded joints.

2. Experimental
2.1. Material
Standard
duplex
stainless
steel
with
designation
X2CrNiMoN22-5-3 has been used in this experiment. Mechanical
properties of this material according to the standard HRN EN
10088-2:2015 [11] are presented in table 1. Chemical composition
has been analysed with Energy-dispersive X-ray spectroscopy
(EDS) on scanning electron microscope Tescan Vega TS5136 [12].
The chemical composition is 0,014 % C, 1,903 % Mn, 0,026 % P,
0,002 % S, 0,278 % Si, 5,005 % Ni, 22,421 % Cr, 2,559 % Mo and
0,169 % N.

Table 3: Welding parameters used for producing welded joints [12]
Sample
Welding speed
Current
Voltage
Heat input
[cm/min]
[A]
[V]
[kJ/mm]

Activation flux has been prepared from powders SiO2 and
Cr2O3 in proportion 1:1. In order to prepare highly concentrated
powder suspensions 96 % ethyl alcohol has been added in
proportion 1:2 to this mixture.

Yield stress min.
Rp0,2 [MPa]

Tensile strength
Rm [MPa]

Elongation min.
A [%]

7

460

640 to 840

25

Current
[A]

Heat input
[kJ/mm]

1A

NO

10,2

160

0,666

2A

NO

7,8

200

1,209

3A

YES

10,2

160

0,762

4A

YES

7,8

200

1,310

1B

NO

10,2

160

0,768

2B

NO

7,8

200

1,320

3B

YES

10,2

160

0,774

4B

YES

7,8

200

1,366

1,163

15,4

1,218

Specimens for corrosion resistance analysis according to
standard ASTM G48-03 ( method – A) have been plasma cut in
dimensions 100 × 45 mm and washed with hot water to eliminate
grease and impurities from the surface.

3. Results
3.1. Visual control
During welding with active flux, the weld pool was calm as it is
characteristic for the TIG welding process. There were no spatters
on the surface of the material around the produced welds. Sample
1A has a wider bead on the plate weld in comparison with sample
3A. Heat affected zone and the root of the weld are wider on the
sample 3A in comparison with sample 1A. Welds produced with
higher current (samples 2A and 4A) have the same influence of the
A-TIG welding on the width of the bead on the plate weld. Sample
4A has sufficient penetration on the root side and narrower bead on
plate width in comparison with sample 2A that is without root
penetration. The difference between samples made with the second
shielding gas (Ar + 2,5 % N2) is the same as with 100 % Ar.

Table 2: Welding parameters in bead on plate welding
Welding speed
[cm/min]

14,7

200

Specimens for analysis of macrostructure have been grinded
and polished using sandpapers: 1) P320, 2) P500, 3) P1000, 4)
P2000 and 5) P4000. After polishing the specimens were etched for
40 s in reagent composed of NaOH and H2O in proportion 2:3 and
using DC current with voltage 2 V.

Penetration of the electric arc has been tested on the test
coupons in dimensions 200 × 200 × 7 mm. Plates were cleaned with
acetone prior deposition of the activation flux. One thin layer of
activation flux was laid on the surface of the work-piece using a
paintbrush prior each A-TIG bead on plate welding. Welding was
performed with FRONIUS MagicWave 2200 Job G/F TIG welding
machine. Tungsten electrode with diameter 2,4 mm and designation
WT20 has been used for welding. In order to have a linear motion
of the electric arc with accurate speed of moving a TIG welding
torch has been installed on the „BUG-O Systems“ Modular Drive
Systems automatic machine used for guidance in welding. Two
types of shielding gas have been used with the same flow of 9 l/min.
Table 2 presents welding parameters for all weld runs in the first
part of the experiment. Four samples 1A, 2A, 3A and 4A have been
welded with 100 % Ar shielding gas. Other samples 1B, 2B, 3B and
4B have been welded with shielding gas composed of 97,5 % Ar
and 2,5 % N2. Nitrogen has been added to stimulate occurrence of
austenitic phase and prevent ferritization.
Activation
flux

200

9,1

From the produced welds specimens for tensile strength testing,
and macrostructure analysis have been sectioned perpendicular to
the welding direction using a circular band saw. Specimens for
tensile strength test have been machined to required dimensions
using a universal milling machine according to the requirements of
the standard HRN EN ISO 4136:2013.

2.2. Penetration of the electric arc

Sample

9,1

Z2

2.3. Preparation of samples for analysis

Table 1: Mechanical properties of duplex stainless steel
X2CrNiMoN22-5-3 [11]
Thickness
[mm]

Z1

Figure 2 presents weld face and weld root on Z1 specimen.
Figure 3 presents weld face and weld root on Z2 specimen.
Appearance of the weld on the face side on both samples is very
similar and depends only on the guidance of the electric arc. At the
root side of the specimen Z1 lack of fusion can be observed after a
few centimetres of a correct joint. The reason can be in the incorrect
guidance of the electric arc after half of the path. At the root side of
the specimen Z2 full penetration can be observed.
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When Ar + 2,5 % N2 has been used, the produced bead on plate
welds have wider and shallower penetration in comparison with 100
% Ar shielding gas. Sufficient penetration through the whole
thickness has only been achieved when welding current was 200 A
and welding speed was 7,8 cm/min.
Figure 5 presents geometrical features of the produced welds Z1
and Z2. Both welds have a minimal face and root reinforcement but
have proper shape. Specimen Z1 has a face width 8,1 mm and root
reinforcement 0,3 mm. Specimen Z2 made with Ar + 2,5 % N2 has
a smaller face width, 7,6 mm and the root reinforcement 0,4 mm.
Transition from an elongated base metal microstructure (obtained
with forming of the sheets) to the weld metal microstructure is
clearly seen on both welds. It is also possible to see molten metal
flow contours from the outside to the inside. This feature is a clear
footprint of the Marangoni's effect.

Fig. 2. Weld face and weld root on Z1 specimen [12]

Fig. 3. Weld face and weld root on Z2 specimen [12]
Fig. 5. Geometrical features in the produced welds Z1 and Z2

3.2 Macrostructure analysis

3.3. Tensile strength testing

Macrostructure has been examined on a LEICA MZ6
stereomicroscope. Figure 4 presents a comparison of geometrical
features in the produced bead on plate welds in the first part of the
experiment. Samples made with 100 % Ar shielding gas are located
on the left and samples made with Ar + 2,5 % N2 are located on the
right side of the figure 4. The difference of the geometrical features
in dependence on the shielding gas type is clearly seen.

The uniaxial tensile testing of the specimens has been
conducted according to HRN EN ISO 4136:2013 standard [13].
Sample Z1 welded with 100 % Ar shielding gas has a fracture in the
heat affected zone. Sample Z2 welded with mixture shielding gas
2,5 % N2 and 97,5 % Ar has a fracture in the base material approx.
40 mm far from the weld centre. Table 3 presents results of the
transversal tensile strength testing of the produced welds. Both
welds have similar mechanical properties. Measured mechanical
properties of the produced weld Z2 also fulfil requirements of the
HRN EN 10088-2:2015 standard for the base material.
Table 5. Results of the transversal tensile strength testing of produced welds

Sample

Rm [N/mm2]

Rp0,2[N/mm2]

S0[mm2]

Z1

773,23

679,12

176,70

Z2

776,45

683,21

178,57

3.4. Corrosion resistance analysis
Corrosion resistance analysis of the produced welds has been
conducted according to the standard ASTM G48 - 03 - method A Ferric chloride pitting test) [14]. Samples were immersed in 10%
solution of FeCl3 in H2O with a temperature of 50°C for a period of
48 h. Figure 6 presents samples after corrosion analysis. It can be
observed that most of the pits have been developed in the weld
metal on samples 1A, 3A and 4A. Weld metal on sample 2A is free
of any pits. Samples welded with mixture shielding gas 2,5% N2
and 97,5% Ar (1B, 2B, 3B and 4B) are free of pits in the weld metal
and the heat affected zone. However, some pits occurred in the base
material a few millimeters away from the heat affected zone. A-TIG
welding resulted with less pits (3B and 4B) in comparison with
conventional TIG welding (1B and 2B).

Fig. 4. Geometrical features in the produced bead on plate welds
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mixture shielding gas 2,5 % N2 and 97,5 % Ar, welding
speed and current and other constant parameters according
to this experiment.
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a) When comparing bead on plate width A-TIG welding
produces narrower welds in comparison with conventional
TIG. The same influence is observed when welding with
current 160 A and with 200 A.
b) Appearance of the weld on the face side of samples welded
with A-TIG and conventional TIG welding is almost the
same and depends only on the guidance of the electric arc.
c) Macrostructure analysis of geometrical features of the
produced bead on plate welds has confirmed that A-TIG
welding intensifies the penetration and produces narrower
and deeper welds. Shielding gasses used in this experiment
have small influence on the geometrical features of the
produced welded joints. Full penetration has been achieved
only in A-TIG welding with 200 A and with welding speed
7,8 cm/min.
d) Transversal tensile testing of the produced welds has
confirmed that both shielding gases influence similar on the
tensile strength. Measured mechanical properties of the
produced welds fulfill requirements of the standard EN
10088-2:2015 for the base material.
e) Corrosion resistance analysis of the produced welds has
confirmed a positive effect of mixture shielding gas 2,5 %
N2 and 97,5 % Ar (1B, 2B, 3B and 4B) on increasing
resistance to pitting and crevice corrosion. Bead on plate
welds made with mixture shielding gas were free of any pits
in weld metal and heat affected zone. A-TIG bead on plate
welding resulted with less pits (samples 3B and 4B) in
comparison with conventional TIG welding (samples 1B
and 2B).
f) A-TIG welding is fully applicable technology for welding
butt joint of duplex stainless steel in thickness 7 mm, with
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EFFECTS OF PROCESS PARAMETERS IN PLASMA ARC CUTTING ON STAINLESS
STEELS AND STRUCTURAL STEEL
Erbilen M. 1*, Çakır O.1
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Abstract: Plasma arc cutting is a non-conventional manufacturing process that has potential for modern day metal cutting demands with
good dimensional accuracy and high-quality surfaces without any extra operation. In this experimental study, AISI 304, AISI 430 and EN
S235JR sheet materials having 5 mm. thicknesses, has cut with plasma arc cutting. Each material has cut with 6 different variations.
Current, cutting speed, arc voltage, gas pressure and gas flow rate have been changed as process parameters. The quality of the cut has
been monitored by measuring the edge roughness, the hardness of the heat-affected zone (HAZ) and the results has compared.
Keywords: STAINLESS STEEL; STRUCTURAL STEEL; PLASMA ARC CUTTING; HEAT-EFFECTED ZONE (HAZ)

1.

Nowadays, with the increasing of stainless steel, aluminium and
metal and non- metal materials‟ consumption in industry, the
importance of rapid, cheap and delicate cutting for these
materials have scaled up. At initial application of plasma cutting,
generally, argon and 35% hydrogen mixture was used as a
plasma gas. However, this mixture is expensive and cutting
operation will be costly. Reducing operation costs would be
reached by changing mixture of gas to air as a plasma gas.
Simply, plasma can be identified as a state of matter. The
differences between states of matter is the energy that they have.
For the transition from a state to another, it is required to supply
energy and reverse transition is also possible [5]. The solid
material can be turned into fluid state by supplying energy, the
fluid material can be converted to gas with energy and gaseous
material can be ionized and converted to plasma by supplying
energy.

Introduction

Modern manufacturing processes are widely employed for
harder, stronger, and tougher materials those are known as
“difficult to cut”. Moreover these methods are capable to produce
complex geometries with high dimensional and surface
accuracies. Plasma cutting is a modern manufacturing method
which can be applied for cutting wide range of materials. The
inert gas is blown with high speed out of a nozzle; at the same
time, an electrical arc is formed through that gas from the nozzle
to the surface, reaching high temperatures that are ionizing atoms
to plasma form. The formed plasma melts the material being cut
and swiftly moves blowing molten metal away from the cut [1-4].
„Plasma‟, as a term, had been used firstly in 1920s, it was firstly
realized in 1950s that material can cut with it. Cutting with
plasma arc, one of the thermal cutting methods has been
improved as an alternative method for mostly stainless steel,
aluminium and non-ferrous metals being cut with oxy-acetylene.
Plasma cutting of the workpiece is the result of
melting/vaporizing of material through a very hot cylindrical
(theoretical) plasma beam which burns and melts through the
material (Fig. 1).

The plasma cutting technology is sometimes compared to laser
and waterjet cutting methods. This technology seems providing
more advantages over both cutting methods such as lower
operation costs, widely used in cutting high-alloy steel and
aluminium materials in medium and larger thickness, excellent
performance in small and medium-sized thickness of steel (30
mm), high cutting speeds, high automation, etc [3-7].
Stainless steel is identified ferrous alloys having at least 10,5%
chromium (Cr). The thin but dense chromium oxide layer on
surface of stainless steel provides high resistance against
corrasion and inhibits oxidation to move deeper [8,9].
There are five different types of stainless steels which are ranked
from completely austenitic to completely ferritic varying in
regard to additives that they contain. These are respectively:
Austenitic Stainless Steel
Ferritic Stainless Steel
Martensitic Stainless Steel
Dual phase Stainless Steel
Precipitation-hardened Stainless Steel
Austenitic Stainless Steel includes 200s and 300s quality series
and 304 quality is the most commonly used which its basis
element is chromium nickel. Ferritic Stainless Steel is an alloy
that cannot be hardened and 405,409,430,422 and 446 quality
stainless steels are Ferritic Stainless Steel. Martensitic Stainless
Steel has almost the same chemical properties, yet it has high
incidence of carbon and less chromium that‟s why they can be
hardened with heat treatment. 403,410,416 and 420 qualities are
Martensitic Stainless Steel. Dual phase Stainless Steel is obtained
by forming a microstructure having almost equal austenite and
ferrite and it definitively contains %24 chromium and %5 nickel.
It doesn‟t include any of quality series from 200s, 300s and 400s.

Fig.1. Plasma cutting [2]
One of the most important problems occurring as result of heat
transfer from plasma column to the workpiece is the deformation
of the cut edges after the material is cut and then cooled. During
the cut operation, many physical phenomena occur in this
process: heat conduction, convection, radiation effects,
mechanical deformation, phase transition etc. The principle of
plasma cutting means to focus a lot of power on a small area of
workpiece surface, in this way producing an intense surface
heating [2].

Various studies have been reported regarding the application of
plasma cutting in stainless steels using different process
parameters [10-15]. These studies have provided useful and
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applicable parameters, however, more efforts have been required
to understand the process better.

3. Results and Discussion
3.1. Surface Roughness

In this experimental study, the plasma method is selected to cut
some commonly used metals (AISI 304, AISI 430 and EN
S235JR). CNC plasma cutting machine is used The selected
cutting parameters were current, cutting speed, arc voltage, gas
pressure and gas flow rate and the effects of these parameters on
edge roughness, the hardness of the heat-affected zone (HAZ).

Surface roughness is one of the major process outputs when
metal is cut. This value will affect the dimensional accuracy as
well as surface quality. In surface roughness measurement, for
S235JR material, the least roughness was experienced in the 4th
experiment scenario (2,385µm). The highest roughness value
(6,7975 µm) was beheld in the 6th experiment scenario.

2. Experimental Study

For AISI304 stainless steel, the least roughness (2,3175 µm) was
seen in the 5th experiment scenario. The highest roughness value
(41,125 µm) was experienced in the 1st experiment scenario. For
AISI430 stainless steel, the least roughness (1,6925 µm) was met
in the 5th experiment scenario. The highest roughness value
(38,2725 µm) was observed in the 1st experiment scenario.
The surface roughness of 3 different materials resulted by 6
different experiment scenarios are indicated in Fig.3.

In this experimental study, AJAN CNC 2x6m PP260A plasma
cutting bench was used (Fig. 2.). 6 different experiment scenarios
having different parameters were applied (Table 1.). 3 different
materials shown in Table 2. having same thickness of 5mm were
subjected to these experiments.

Fig.3. Surface roughness of material after plasma cutting
Fig. 2. AJAN CNC 2x6m PP260A plasma cutting

3.2. Hardness

The materials were cut flat sided oval shape having 90mm length
and 40mm width. Totally, 18 cutting operations were performed,
yet it was not accomplished to cut S235JR material in 5st
scenario.
Table 1. Parameters of Experiment Scenarios

The hardness of cut sections in plasma cutting application is
examined and the results have been presented in Fig 4. The
obtained minimum and maximum hardness results for the
materials after plasma cutting operations are as follows:
For 235JR, between 130HV-150HV
For AISI304, between 190HV-225HV
For AISI 430, between 340HV-395HV
It was noticed that the hardness value has not changed with using
different cutting conditions. The hardness of cut sections were
similar in all cutting conditions.

Table 2. Materials subjected to the experiment

The surface roughness (Rz) of cut materials was measured with
Mitutoyo SJ201P equipment. Then by, the materials were divided
into 3 sections by bandsaw bench branded Mossner. The middle
sections of materials is rubbed with P240 emery sheets by using
Netkon and Forcipol 2V grinders. The hardness of material
which its surfaces were polished and the hardness of heat
affected zone(HAZ) were measured with HMV Sumadzu Micro
Vickers Hardness test device.

Fig.4. Material hardness after plasma cutting
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3.3. Hardness of Heat Affected Zone (HAZ)
The Heat-Affected Zone (HAZ) presents to a non-melted area of
cut metal that has experienced changes in its material properties
as a result of exposure to high temperatures. The HAZ is
identified as the area between the cut and the main metal. These
areas can vary in size and severity depending on the plasma
cutting parameters.




The height hardness for 235JR material was obtained in 6th
experiment scenario and the least one was sought in 4th
experiment. When it is compared roughness of HAZ and of the
material, it is realized that HAZ roughness is higher than the one
that the material has.

When oxygen was used as plasma cutting gas, the
surface roughness value was higher than the other
applications with different gases.
The lowest surface roughness value (1,6µm) was
observed when nitrogen is used
The HAZ hardness of austenitic stainless steel
increased after plasma cutting, whereas HAZ hardness
of ferritic stainless steel decreased.

Industrial application of plasma arc cutting process presents
many unique advantages and cost effective technology
comparing to other cutting methods. It should be noted that more
efforts put to optimize the process parameters in any industrial
application of material cutting.

For the austenitic AISI 304 stainless steel, after the 6th
experiment scenario, the highest hardness value was occurred.
The lowest hardness value was obtained after 4th experiment
scenario. The HAZ hardness is higher than the one that material
has.
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Comparing to ferritic AISI 430 stainless steel, highest value was
experienced in 3rd experiment scenario and the lowest value was
observed after 6th experiment scenario. Contrast to other
materials, the HAZ roughness is less than the roughness of
material.
The Heat Affected Zone (HAZ) hardness of the materials cut
with plasma cutting are shown in Fig. 5.
During plasma cutting operations, the depth of the HAZ is related
to cutting speed, material properties, and material thickness. It is
known that plasma cutting process that operates at high
temperatures and slow speeds produce large HAZs. Furthermore,
cutting processes that operate at high speeds tend to reduce the
width of the HAZ.

Fig.5. HAZ hardness after plasma cutting
Note: Due to that S235JR couldn‟t be cut with 5th experiment
scenario, HAZ hardness was not measured.

4.Conclusion
Plasma cutting is one of the modern cutting methods that is
applied for various materials. The process has different cutting
parameters and these are should be examined to find optimum
industrial application. In this experimental study, 5mm thick
austenitic and ferrite stainless steels were cut by plasma method.
The selected cutting parameters on surface roughness, hardness
and HAZ were examined. The following conclusions are
obtained:
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1. Introduction
At present, there is a tendency for development of various types
of flowmeters and sensors for measuring the characteristics of
gas flows. In general, the changes themselves undergo the design
of the probes themselves and select materials with characteristics
that exceed traditional values. As shown by the analysis of
literature sources, one of several best technologies for
investigating the properties of gas flows remains thermal
anemometry and the method of television pyrometry. The authors
note the high sensitivity of the methods and the considerable
accuracy, in comparison with the known methods for measuring
the characteristics of gas flows. These methods arc widely used
in industry, oil and gas, laboratories, military science, etc.

With the help of special software installed on the
computer, the flow velocity along the angle of the
pendulum deviation from the vertical is calculated.

2. Problem discussion
Currently, scientific and production technologies involve the use
of high-temperature operations to produce refractory highstrength materials, diagnostics of various technical systems under
extreme conditions, etc. For such operations, various energy
sources (in particular propane-butane in burners) and their
effective use are required. To achieve maximum efficiency, you
need to know the speed and temperature of the gas flow.. [1,5] At
the same time, in the field of thermal anemometry, as has been
shown by the analysis of literature data, a thermoanemometric
method (TAM) is currently a fairly common method for
measuring the volumetric flow rate of gases. As a sensitive
element in a thermoanemometric probe, thin electrically
conductive wires and films with low thermal inertia are often
used. The known disadvantages of TAMs are: a decrease in
sensitivity with an increase in the flow rate of the measured gas,
low mechanical strength, impossibility of burning (selfcleaning),
as well as a change in graduation due to aging and recrystallization of the wire material due to dynamic loads and high
heating temperature [1]. The listed disadvantages limit the use of
TAM based on traditional probe designs under extreme operating
conditions, including high temperatures of the measured gas
flow, the presence of radiation, etc.

Figure 1 - Schematic representation of the technical
implementation of the flow velocity measurement technique:
1 - The pendulum; 2 - Holder; 3 - Positioner; 4 - Adjustment
device; 5 - Camera; 6 - Computer with special software; 7 Nozzle; 8 - Gas source; 9 - Rotameter; 10 - Gas flow; 11 Positioner controller.
To determine the velocity of the gas flame, it was required to
obtain the dependence of the velocity of the gas flame on the
angle of deviation of the pendulum from the vertical. For this
purpose, a simplified physico- mathematical model was used.
The obtained dependence is represented by the formula 1:
(1)

υ=

𝑚 ∙𝑔
𝜌 ∙𝑆∙cos 
(𝛼 )

∙ 𝑡𝑔(𝛼)

where m - is the mass of the pendulum, g;
g - acceleration of gravity, m/𝑠 2 ;
𝜌 - is the density of the gas flame, kg/𝑚3 ;
𝛼 - angle of deviation of the pendulum from the vertical, deg
The specificity of the flame is such that it has a definite structure
[1]:

3.Objective and research methodologies
The paper presents the results of a study of two directions, the
method of television pyrometry and the method of
thermoanemometric analysis of the characteristics of gas flows.

3.1 Method of television pyrometry for measuring
the velocity of a gas stream.
For the experimental study, a technique was developed for
measuring the flow velocity from the angle of deviation of the
pendulum from the vertical. The option of technical
implementation is as follows:

a)
b)

Figure 2 - Structure of the flame: 1 - core; 2 - recovery area;
3 - area of the torch.
When calculating the flame velocity, it must be taken into
account that it consists of zones with different viscosities and
temperatures. The values of temperature and viscosity in
different zones of the flame are shown in Table 1:
Table 1 – gas flame characteristics

The pendulum and the holder are mounted in the
positioner, and the gas flame region is placed;
The camera connected to the computer registers the
image of the pendulum;
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Temperature,
℃
Viscosity,
106 𝑚2 /𝑠

Core flame

Flame
retarding zone

Flame
area

300-500

1200-1500

700-1000

48-79

233-280

115-177

method for measuring the volumetric flow rate of gases. As a
sensitive element in a thermoanemometric probe, thin electrically
conductive wires and films with low thermal inertia are often
used. The known disadvantages of TAMs are: a decrease in
sensitivity with an increase in the flow rate of the measured gas,
low mechanical strength, impossibility of burning (self-cleaning),
as well as a change in graduation due to aging and recrystallization of the wire material due to dynamic loads and high
heating temperature [1]. The above disadvantages limit the use of
TAM based on traditional probe designs under extreme operating
conditions, including high temperatures of the measured gas
flow, the presence of radiation, etc.

torch

With the help of Matchcad 15, mathematical modeling was
performed to obtain the range of possible velocities in different
areas of the gas flame:

The purpose of this work is to develop methods that allow the
creation of a thermal microsystem with improved characteristics
for measuring the velocity (flow rate) and temperature of gas
streams, including under conditions of abrasive particles and
radiation.
For the first time in work, the thermal micro-system layout in the
thermistor probe of the anemometer and the temperature sensor
in the form of a Schottky barrier made from a polytypic
compound-silicon carbide is theoretically justified. It is shown
that the use of single-crystal silicon carbide of certain polytype
composition provides the following advantages of TAM:
1) A wide range of measured costs and high sensitivity (due to
a controlled change in the electrophysical characteristics of the
material);
Figure 3 – Velocity range and graph of velocity versus sensor
deflection angle at 𝜌 (500℃) = 0.456 kg/𝑚3

2) High stability and reproducibility of the operating
characteristics of the microsystem under extreme conditions (due
to monocrystallinity, high Debye temperature and hardness, wide
bandgap and erosion profiling capabilities);
3) The possibility of self-cleaning (due to high chemical and
thermal resistance values ). It is also worth mentioning that a
patent for the invention of a thermal microsystem has been
obtained.
The necessity of step-by-step solution of the problems of
designing the SiC-thermal microsystem is pointed out, which, for
example, is due, not to the study of the influence of conductive
bonds, abrasive and radiation fluxes on the electrical properties
of the elements of the microsystem.

4. The results of the study and their discussions
The study of the thermal regime of the microsystem, in which the
thermal bonds between the elements are determined mainly by
the conduction process, the properties of the material and the
design features, is a model analysis of the distribution of the
temperature field from a strongly heated element to a slightly
heated one.. For comparison, 2 variants of the design and the
thermal model of the microsystem, presented in Figure. 5, are
proposed.

Figure 4 – The speed range at the velocity versus the sensor
deflection angle at 𝜌 (900℃) = 0.301 kg/𝑚3

3.2 Method of thermoanemometric analysis of the
characteristics of gas flow.

According to the obtained data, curves for the dependence of the
electric current on the temperature of the model under study at
two point (1), and the coldest point (2) itself, shown in the Fig.7,
are plotted. Figure 7 shows that the thermal model this the
though hole is preferable, in consequence of the fact that the
temperature of the thermo – anemometer in working conditions
has less effect on the thermometer located on the foot on the
microsystem. In this case, the inverse thermal effect is excluded
from the calculation since the working temperature of the
thermometer is assumed to be equal to the temperature of
medium being measure.

The method involves determining the flow rate by changing the
temperature of a thermistor probe heated by electricity placed in
a controlled gas flow. The cooling of the thermistor probe
depends on the flow rate, the physical properties of the gas
(thermal conductivity, temperature and density) and the
temperature difference between the thermistor probe and the gas.
As shown by the analysis of literature data, the
thermoanemometric method (TAM) is currently a widely used

27

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 1/2019

5. Conclusion
In the course of the study, a method for calculating the microsystem was proposed, showing the mutual thermal effect of the
elements. According to the data of the study, curves for the
dependence of the electric current on temperature are plotted, as
shown in Fig. 7.Based on the results of the simulation, it can be
judged that the tested versions of the microsystem designs have
significant temperature differences ˃50 ℃ in the presence of
small design solutions

Reference

Figure. 5 - Thermal model of microsystem (a), microsystem
design without hole (b), microsystem design with hole (с). 1 - the
site of the heat-loss anemometer; 2 - the leg; 3 - the site of the
thermometer.
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Figure 6 – Temperature field in the microsystem.

Figure 7 - Graph of the temperature dependence of the
microsystem at the "hot spot" itself on the magnitude of the
electric current.
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Abstract: In this study, tube side thermal and hydraulic performance of a mini channel shell and tube heat exchanger (MC-STHE)
designed using Kern method was investigated experimentally for water and α-Al2O3/water nanofluids prepared in two different low volume
fractions (0.02% and 0.2%). The average particle diameter of Al2O3 nanomaterial used in the preparation of nanofluids is 50 nm. The
copper tubes (L/D=120) with inner diameter of 2 mm and outer diameter of 3 mm and a length of 240 mm were used in the MC-STHE.
During the experiments, shell side water flow rate was kept constant at 180 L/h, while the water and nanofluids flow rates on the tube side
were changed between 60-600 L/h. The use of nanofluids in the MC-STHE deteriorates tube side convective heat transfer coefficient in the
flow rates below 125 L/h, while enhancing convective heat transfer coefficient in the flow rates above 125 L/h, compared to water. The
enhancement ratios for convective heat transfer coefficient compared to water were found to be 0.82-1.66 for 0.02% Al2O3/water and 0.91.74 for 0.2% Al2O3/water in the range of 60-600 L/h volume flow rates. However, in the applications in which enhancement of the heat
transfer is desired, it was obtained that the increase in pumping power should be taken into consideration depending on the selected
nanofluids volume fraction. According to efficiency index in which increase in heat transfer and pressure drop compared to water are
evaluated together, it was found that the use of nanofluids was significant in the flow rates above 375 L/h for 0.02% Al 2O3/water and in the
flow rates above 300 L/h for 0.2% Al2O3/water. The use of mini-channel increased the compactness by decreasing the weight and volume of
the heat exchanger, and in addition to this, higher heat transfer coefficients were obtained by using nanofluids instead of water.
Keywords: MINI CHANNEL SHELL AND TUBE HEAT EXCHANGER, LOW CONCENTRATION AL2O3/WATER
NANOFLUIDS, CONVECTIVE HEAT TRANSFER COEFFICIENT, HEAT TRANSFER, PUMPING POWER, KERN METHOD

industry etc. Although there are variously designed heat exchangers,
the shell and tube heat exchangers are the most preferred type
because they are cheap, easy to manufacture and to maintain [3-7].

1. Introduction
Due to the limited energy resources and ever-increasing energy
demand, systems with high energy efficiency are gaining
importance. It is also known that miniaturized manufacturing,
which show a tendency of continuous decrease in the dimensions of
devices (such as shell and tube heat exchanger and plate heat
exchanger) that exchange thermal energy have been popular in
recent years. In other words, interest in small sized and high
efficiency heat exchangers is increasing day by day. The importance
of heat transfer enhancement techniques can be better understood
by considering the coercive conditions for satisfying energy
demands at the same thermal powers using thermal energy sources
of the same and/or lower temperature by heat exchangers produced
with less material and operating with less working fluid. Some of
these heat transfer enhancement techniques are passive methods not
require external power such as increasing the heat transfer area
(corrugated and finned surfaces), roughening of surfaces, solid
additives for liquids (e.g. addition of nano-material), while others
are active methods require external power such as producing
turbulence and/or promoting turbulence intensity, vibrating the
surface, and vibrating the fluid [1,2].

One of the passive heat transfer enhancement techniques is the
addition of solid materials (micro- and nano-sized particles) in a
certain proportions to commonly used working fluids (such as
water, oil, ethylene glycol). Thus, the working fluids commonly
used in heat exchangers are converted into suspensions with
improved thermophysical properties. These suspensions, referred to
nanofluids, find new applications every day. High thermal
conductivity, which is important in terms of heat transfer from the
changing thermophysical properties (specific heat, density, heat
conduction coefficient and viscosity) of the fluid and the other
mechanisms specific to nanofluids that facilitate the diffusion of
heat in the fluid, increase the convective heat transfer coefficient.
With the developing technology, production of solid materials
(particles) with small dimensions in the nanometer range is
becoming widespread and their costs are constantly decreasing.
Micro materials have disadvantages when compared to nano
materials, such as faster sedimentation, 1000 times smaller
surface/volume ratios, lower thermal conductivity when added to
liquids at the same concentration, clogging of very small diameter
(micro) channels, more mechanical wear on contact surfaces and
more increase in pumping power. When using with very small solid
material sizes and small volume fractions, the importance of
problems such as clogging and increased pumping power are less
for nanofluids prepared from nano-materials. Furthermore, the large
surface area of nanoparticles increases their stability in the fluids
and slows down the sedimentation. Colloid mixtures formed by the
addition of nano-sized solid materials into the fluid are referred to
nanofluids. The higher heat transfer rates are obtained with
nanofluids compared to commonly used working fluids. These
fluids are becoming increasingly popular in many applications, such
as nuclear reactors, engines of vehicles, air conditioning systems,
processors of mobile phones and computers (smart liquids) and
even to the cooling of equipment with high thermal density such as
medical devices. The enhancement effects of nanofluids on heat
transfer coefficients can be summarized as follows [8-11].

The heat transfer area per unit volume in heat exchangers is referred
to compactness. In other words, when smaller hydraulic diameter
channels are used in a heat exchanger, the surface area that can be
used for heat transfer is also increased. The main goal in terms of
thermally and hydraulically in compact heat exchangers is to
minimize the total cost by reducing physical dimensions of the heat
exchanger for a given thermal power under defined temperature
limitations, and to make the heat exchange between the two fluids
more efficient. If the hydraulic diameter of tube used in shell and
tube heat exchangers is below 5 mm, such heat exchangers are
considered as compact. Depending on the application, the total heat
transfer coefficient is increased, while the required surface area can
be reduced by using flat or augmented heat transfer surfaces in heat
exchangers. Thus, higher thermal power transmissions are obtained
without changing the defined thermal conditions. Heat exchangers
have been used in many industrial plants and applications such as
oil refineries, thermal and geothermal power plants, and chemical
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The high surface area/volume ratio of suspended nano-materials
in the fluid increases the thermal capacity and the effective
thermal conductivity of the fluid.



The collisions of nano-materials with each other and with the
contact surfaces also increases the intensity of interactions for
the working fluid molecules with each other and with the
contact surfaces.



The turbulence intensity and irregular fluctuations in the flow
are increasing.



Random scattering of nano-materials in the fluid contributes to
the flattening of the temperature gradient in the direction
perpendicular to the flow.

mm, the distance between the baffles is 50.8 mm and cut of baffles
is 25%. The researchers found that the overall heat transfer
coefficients in the water to water experiments were consistent with
Gnielinski correlation. Besides, the use of 0.5% Al2O3/water and
0.3% Ti2O/water nanofluids on the tube side have been reported
that there were enhanced convective heat transfer coefficient more
than 50% compared to water [17].
Godson et al. studied experimentally tube side heat transfer from 3
different volumetric fractions (0.01%, 0.03% and 0.04%) of hot
silver/water (average material diameter of 54 nm) nanofluids to cold
water in a single pass shell and tube heat exchanger with counter
flow, in the range of Reynolds 5000-25,000. In the heat exchanger
where 25 copper tubes are used, inner diameter of the tubes is 4
mm, while the outer diameter is 6 mm and the length (L/D175) is
700 mm. The shell made of stainless steel had an inner diameter of
150 mm and an outer diameter of 200 mm. The researchers found
that Nusselt numbers obtained from water to water experiments
were consistent with the Dittus-Boelter correlation with a ±9.2%
difference. In addition when used nanofluids instead of water,
convective heat transfer coefficient was augmented 9.2%, 10.87%
and 12.4% for 0.01%, 0.03% and 0.04% volume fractions
respectively and also they stated that pumping power increased with
increase in the volume fraction and viscosity of the nanofluids [18].

Large hydraulic diameter tubes commonly used in the shell and tube
heat exchangers also increase the amount of fluid needed for
operation. The use of working fluid can be reduced by decreasing
the hydraulic diameters of the tubes. However, nanofluids increase
the risk of clogging by clumping and/or agglomerating in micro and
nano channels and this makes mini channels the most suitable
alternative for nanofluids applications. In addition, the use of mini
channels in the shell and tube heat exchangers has additional
advantages, such as reduction of the dimensions, minimizing space
and reduction in weight, as well as increasing thermal efficiency
and compactness. The thermal efficiency of the heat exchanger can
be further increased if these factors are supported by the use of
nanofluids as a working fluid. Mini channels, both reduce
dimensions of heat exchangers and the amount of working fluid
used and so energy, material and cost savings can be achieved.
Depending on the hydraulic diameter used in the flow channels, the
mini channel definition range is 3 mm ≥D> 200 μm according to
Kandlikar and Grande, whereas it is 6 mm ≥D> 1 mm according to
Mehendale et al [12-14]. Some of studies used nanofluids in the
shell and tube heat exchangers were summarized below.

Mapa and Mazhar experimentally investigated tube side heat
transfer of a MC-STHE with an inner diameter of 2.4 mm, wall
thickness of 0.25 mm, and length of 248 mm (L/D103) and
manufactured from 37 stainless steel tubes. They studied heat
transfer from the hot water and hot copper-oxide/water nanofluid at
two different volume fractions of 0.01% and 0.02% (average
material diameter of 29 nm) passing through the tube (50<Re<450)
to the cold water on the shell side. Researchers stated that the
nanofluids enhanced heat transfer and the presence of nanomaterials in the fluid thinned the thermal boundary layer, but the
thermal power did not increase after Reynolds 200 [19].

Arunachala et al. investigated experimentally heat transfer on the
shell and tube sides by using water and 4 different concentrations
(0.5%, 1%, 1.5%, 2%) of Al2O3/water nanofluids (average material
diameter of 40 nm) in the shell and tube heat exchanger. The tube
length of the heat exchanger is 1000 mm, the outer diameter of tube
is 13 mm, the wall thickness is 1 mm and the tube arrangement
(tube pitch ratio 1.5) is square. The shell of the heat exchanger
made of PVC has a length of 1100 mm, an outer diameter of 63 mm
and a wall thickness of 5 mm and the baffle cut ratio is 25%. In the
experiments where nanofluids for 2% volumetric concentration and
tube-shell side flow rates were kept constant at 1-2, 2-3 and 3-4
L/m, heat transfer enhancement compared to water was reported to
be 34%, 44.8% and 57.6% respectively, in the laminar flow
(695<Re<1936) conditions [15].

In this study, the tube side thermal and hydraulic performances of
water and two different low volume fractions Al2O3/water (0.02%
and 0.2%) nanofluids were investigated experimentally in a MCSTHE designed based on Kern method and Kandlikar and Grande
mini channel approach. The experiments were carried out with hot
water on the shell side and cold water and cold nanofluids on the
tube side in the MC-STHE. The average particle diameter of the
Al2O3 nanomaterial used in the preparation of the nanofluids is 50
nm. During the experiments, shell side flow rate was kept constant
at 180 L/h, while the tube side flow rate was changed between 60600 L/h. The enhancement and deterioration effects in convective
heat transfer and hydraulic performance for the use of nanofluids
instead of water on the tube side of MC-STHE were experimentally
investigated and discussed.

Ramesh and Vivekananthan experimentally studied the heat transfer
in a shell and tube heat exchanger using γ-Al2O3/water (average
material diameter of 20 nm) nanofluids and ethylene glycol. In the
experiments performed at 6 different volumetric concentrations
(0.2%, 0.5%, 1%, 1.5%, 2% and 2.5%), it was stated that there was
an enhancement in the convective heat transfer coefficient as the
nanofluids concentration increases. But a decrease in the convective
heat transfer coefficient was reported after 2.5% volumetric
concentration, compared to ethylene glycol and water [16].

2. Experimental setup
The inner and the outer diameters of the tubes used in MCSTHE which thermal and hydraulic performance investigated
experimentally were 2 mm and 3 mm respectively. The rotated
equilateral triangular tube arrangement (pt = 1.5 Do) having a higher
heat transfer coefficient on the shell side was preferred in the design
of tube bundle. A total of 13 tubes were used in the tube bundle and
L/D ratio was selected as 120 in determining the tube lengths. 4
baffles with 25% baffle cut were used on the shell side. The
material of the shell and baffle plates is cast cestamide, while the
material of tubes is copper. The experiments have been carried out
under steady state and at the room temperature. A schematic
drawing of the experimental setup and photo of the test section were
presented in Fig. 1. In the experimental setup, there are two cycles
that heat removed (hot fluid) and heat absorbed (nanofluids). The
flow rates of hot and cold fluids were measured by float type flow
meters (rotameters) and measurement accuracy of the flow meters
was controlled by weighted vessel method.

Farajollahi et. al. investigated experimentally tube side thermal
performance of γ-Al2O3/water (average material diameter of 25 nm
and 0.3%, 0.5%, 0.75%, 1%, 2% volume concentrations) and
Ti2O/water (average material diameter of 10 nm and 0.15%, 0.3%,
0.5%, 0.75% volume concentrations) nanofluids in a shell and tube
heat exchanger made of stainless steel under turbulent flow
(20,000<Pe<70,000) conditions. They used a single tube-pass heat
exchanger with 16-tubes and a tube pitch of 8 mm. The wall
thickness of stainless steel tubes was 1 mm with an outer diameter
of 6.1 mm and a length of 815 mm. The shell inner diameter is 55.6
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Fig. 1 (a) Schematic of experimental setup (b) Baffle (25% baffle cut) (c) Tube sheet (d) Test section.

The fluid inlet and outlet temperatures at the test section was
measured by K-type thermocouples, which were checked the
measurement accuracy in an ice-water bath. The pressure drop on
the tube side, in which the thermal and hydraulic performance was
investigated, was measured by a digital differential pressure gauge
and the measurement accuracy checked with a mercury Umanometer. The shell side (hot fluid) flow rate and the inlet
temperature were kept constant at 180 L/h and 40°C, respectively.
While the tube side (water and nanofluids) flow rate was changed
between 60-600 L/h and the inlet temperature was kept constant at
20oC. During the experiments, flow rate, differential pressure and
temperature measurements were saved on computer. Detailed
information about the experimental setup, Kern method and the
design of MC-STHE is given in Ref. [20].

c p , nf 

(2)

nf

There are many different expressions for thermal conductivity and
viscosity of nanofluids in the literature. In this study, the simplest
and most commonly used expressions suitable for Al2O3/water
nanofluids and low volume fractions (<0.5%) were preferred.
Thermal conductivity expression for Al2O3/water nanofluids by
Timofieeva et al [25]:

knf  (1  3 )kw

(3)

Nanofluid viscosity, referred Einstein equation [26], used for
nanofluids with volume fractions of less than 2%.

nf  (1  2.5 )w

3. Preparation and thermophysical properties of
nanofluids

(4)

In the above expressions, the subscripts nf, nm, w and θ refer to
nanofluid, nano material and base fluid water, and a volume fraction
of nanofluids, respectively. The thermophysical properties of water
are calculated from the expressions given for the temperature range
0-100oC in Ref. [27].

It is known from literature that the researchers prefer two step
method which is a more stable and more reliable method in the
preparation of nanofluids. In this method, previously prepared or
supplied nano material powders can be added to working fluid in
the desired proportions (volume or mass fractions) [2, 21]. In this
study, α-Al2O3 nano materials with a purity rate of 99% and an
average particle size of 50 nm were used. In order to prevent
agglomeration of the nano materials according to two-step method
and to obtain a stable structure in the nanofluids, the nano materials
added to pure water were mixed in an ultrasonic mixer for 3 hours
at room temperature. In addition, the nanofluids were transferred
into a continuously operated mechanical stirrer during the
experiments and the sedimentation of nano materials was prevented.
In this study, Al2O3/water nanofluids were prepared at two different
low volume fractions of 0.02% and 0.2%.

4.
Thermal
calculations

and

hydraulic

performance

The equations used in the calculation of experimental thermal
and hydraulic performance in the MC-STHE prototype designed
using Kern method are as follows.
Thermal powers for hot fluid and cold fluid (nanofluid):

The preferred expressions for the calculation of Al2O3/water
nanofluids thermophysical properties used in the experimental study
are as follows.

Qh  mhc p , h (Th,i  Th,o )

(5)

Qnf  mnf c p , nf (Tnf ,o  Tnf ,i )

(6)

Here, the subscripts nf and h refer to cold nanofluids on the tube
side and hot water on the shell side, respectively, m h and m nf to
mass flow rates, cp,h and cp,nf to specific heats, Th,o, Tnf,o to outlet
temperatures, Th,i, Tnf,i to inlet temperatures. Average thermal power
in the MC-STHE:

Analytically obtained density expression which was confirmed with
experimental studies carried out at room temperature for Al2O3
nanofluids by Pak and Cho [22] and Ho et al [23]:

ρnf  (1- θ ) ρw  θρnm

(1   ) wc p , w  npc p , nm

(1)

Nanofluids specific heat which was analytically obtained and
confirmed by experimental studies performed by Zhou and Ni [24]
for Al2O3/water nanofluid at room temperature:
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In case of the shell side flow rate is kept constant at 180 L/h, the
change of experimental convective heat transfer coefficients, heat
transfer enhancement ratios, efficiency indexes and pumping
powers obtained in the range of 60-600 L/h flow rates for water and
nanofluids on the tube side has been shown in Fig. 2-5 depending
on the volume flow rates.

Here, U refers to overall heat transfer coefficient, A to heat transfer
surface area, F to non-dimensional correction factor for logarithmic
mean temperature difference and ΔTlm to a logarithmic mean
temperature difference. When TEMA (Tubular Exchanger
Manufacturers Association) E-type single shell and single tube pass
and more than three or four baffles are used, heat exchangers are
regarded as counter flow, hence F=1 [28].

Table 1: Uncertainty result.

Logarithmic mean temperature difference for counter flow:

Tlm 

T

h ,i

- Tc ,o Th ,o - Tc ,i 

In Th,i - Tc , o  Th, o - Tc ,i 

Average uncertainty (%)
(9)

Water

Convective heat transfer coefficient for shell side (hot water)
according to Kern method [29]:

hh  k jh Re Pr

1/3

De

(10)

Here, jh is obtained from graphs proposed by Kern, depending on
the baffle cut used on the shell side, tube arrangement and the
Reynolds number. Overall heat transfer coefficient (Ui) according to
inner surface of tubes with circular cross section:
D
Di
1
1 D
  i ln o 
U i hh 2kt Di Do hnf

(12)

Here,  is the volume flow rate, and ∆p is the pressure drop
between the inlet and outlet of the tubes. Efficiency index, in which
increase in heat transfer and pressure drop compared to water is
calculated together, defined in order to evaluate enhancement in
heat transfer by using nanofluids at similar Reynolds numbers [1]:

ηe   jnf jw 

f

nf

fw 

1.38

1.37

1.26

Tube side thermal power

3.73

3.53

3.28

Shell side thermal power

11.79

12.61

12.22

Overall heat
coefficient

6.72

6.47

6.16

1.93

2.03

2.02

transfer
mean

As seen in Fig. 2, the experimental convective heat transfer
coefficients, which are the thermal performance indicators, showed
a similar trend for water and nanofluids in the range of volume flow
rates 60 to 125 L/h (in the region where the flow is considered as
laminar). However, it was found that convective heat transfer
coefficients obtained with nanofluids gave results under the
convective heat transfer coefficients for water. Therefore, low
volume fraction nanofluids have an effect on decreasing the
convective heat transfer coefficient compared to water. In other
words, the use of nanofluids in the laminar region has been found to
have adverse effects on the convective heat transfer coefficient. The
average decrease in the convective heat transfer coefficient
compared to water was −14% for 0.02% volume fraction while was
−5% for 0.2% volume fraction.

The tube side convective heat transfer coefficient for nanofluid hnf
is calculated by the above equation. The pumping power selected as
hydraulic performance criterion [30]:
W p  Δp

Reynolds number

Logarithmic
temperature

(11)

0.02%
0.2%
Al2O3/water Al2O3/water

(13)

Both water and nanofluids showed a similar trends as in the laminar
region in the volume flow rate range of 150-350 L/h (where the
flow is considered in the transition region). However, it has been
observed that the results for nanofluids were above the convective
heat transfer coefficient of water in the range of volume flow rates
150-350 L/h and therefore, the use of nanofluids had a positive
effect. The use of nanofluids in the transition region was provided
an average enhancement of 3.7% for 0.02% volume fraction
compared to water in the convective heat transfer coefficient, while
providing an average 13% enhancement for 0.2% volume fraction.
These results indicate that the random motion of nanoparticles
added to water and their interactions with each other slightly
increased the fluctuations in the channel through which the flow
passes. In addition, the changing thermophysical properties of the
fluid were also effective in the increase of the convective heat
transfer coefficient.

5. Uncertainty analysis
Measurement uncertainties may occur due to sensitivities of
measurement equipment used in the experimental study, the
accuracy of measurement, reading error of the experimenter,
ambient conditions (such as heat, light, humidity and electronic
oscillations) and error ratios of the equipment. The uncertainties in
the experimental results were calculated using the method proposed
by Kline and McClintock [31]. Relative errors of the measuring
equipment used in the experimental setup are 4% for the flow meter
and 1% for the thermocouples. The results of the average
uncertainty calculated were given in Tab. 1.

6. Result and discussion

The similar trend between water and nanofluids was impaired in the
range of volume flow rates 350-600 L/h (turbulent region), but the
similar trend for different volume fractions of nanofluids has been
continued. In other words, the use of nanofluids in this range of
volume flow rates delayed the transition to the fully developed
turbulent regime and extended the transition region. The average
enhancement in convective heat transfer coefficient compared to
water was obtained 25% for the 0.02% volume fraction, and 34%
for the 0.2% volume fraction. The intensity of fluctuations of the
nano materials and their effects on the convective heat transfer have
been increased much more with increasing volume flow rate as in
the range of 150-350 L/h. Therefore, the use of nanofluids instead
of water even in very small volume fractions such as 0.02%
significantly augmented the convective heat transfer in the range of
350-600 L/h.

The prototype of a MC-STHE designed for an average thermal
power of 1-1.5 kW using Kern method was manufactured in Gerede
Vocational School workshop. Water to water test experiments were
carried out to check the accuracy of measurements with
experimental setup, before the thermal and hydraulic performance
measurements for water and nanofluids in the MC-STHE. While the
heat exchanger was very well insulated against the surroundings
during the experiments, it was observed that there were heat losses
and thermal power differences between the shell side and tube side.
In the final experiments with prepared nanofluids and water, the
average thermal power differences between the shell and tube sides
were approximately 7%. The overall heat transfer coefficient (U)
for water and nanofluids was obtained from Eq. (8), and the shell
side convective heat transfer coefficient was obtained from Eq. (10)
and, experimental convective heat transfer coefficients for water
and nanofluids on the tube side from Eq. 11 were obtained.
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improve with nano fluids, pumping power and heat transfer results
should be evaluated together and the increase in pumping power,
depending on the selected volume ratio must be considered.
It is understood that a significant improvement was made when the
value of the efficiency index, used to evaluate the effect of the
nanofluids on improving the heat transfer, is greater than one.
According to this definition and to Fig. 5, upwards 350 L/h for a
0.02% volume fraction and upwards 300 L/h for a 0.2% volume
fraction, the use of nanofluids was meaningful in terms of the heat
transfer enhancement.
Efficiency indexes were obtained as 1.67 and 1.4 for 0.02% and
0.2% respectively at the highest volume flow rate (600 L/h) in the
study. According to Fig. 2, the highest convective heat transfer
coefficients in the range of volume flow rates 60-600 L/h were
obtained for 0.2% volume fraction. In this volume flow rate range,
the Prandtl numbers for the volume fractions of 0.02% and 0.2% are
very close to each other.

Fig. 2 Experimental convective heat transfer coefficients versus volume
flow rate.

Fig. 4 Pumping powers versus volume flow rate.

Fig. 3 Convective heat transfer enhancement ratios versus volume
flow rate.

The convective heat transfer enhancement ratios of nanofluids
compared to water were given in Fig. 3. The enhancement ratios in
the range of volume flow rates 60-125 L/h were lower than one,
while the enhancement ratios in the range of 150-600 L/h were
higher than one. The lowest and highest enhancement ratios in the
flow range of 60-600 L/h were between 0.82 and 1.66 for 0.02%
volume fraction, while for 0.2% volume fraction between 0.9 and
1.74%. The results of convective heat transfer coefficient and
enhancement ratio were evaluated together, while the use of
nanofluid on the tube side of MC-STHE has a negative effect at the
volume flow rates up to 125 L/h. It has been found that the negative
effects were disappeared and the positive affects of the nanofluids
has been become apparent gradually after 125 L/h.

Fig. 5 Efficiency index versus volume flow rate for nanofluids.

Due to the changing thermophysical properties of nanofluids, higher
Reynolds numbers were obtained for 0.2%. As can be seen from the
definition of Colburn factor, increase in the Reynolds number with
the use of nanofluids was less than increase in the convective heat
transfer coefficient and so the increase in average Colburn factor at
0.2% volume fraction was greater than 0.02% volume fraction.
According to the results of jnf/jw ratio in the numerator of efficiency
index, the increase in Colburn factor was obtained higher for 0.2%
volume fraction. Also, the fnf/fw ratio in the denominator of the
efficiency index has been found higher at 0.2% volume fraction.
Because of the effectiveness index is inversely proportional to fnf/fw
ratio (Eq. 13), better enhancement with 0.02% volume fraction
nanofluid has been determined in terms of the efficiency index in
the flow rate range of 60-600 L/h. Empirical correlations in the 95%
confidence interval have been proposed to correlate the convective
heat transfer coefficient results obtained from experimental studies
with the Reynolds number, Prandtl number and the volume fraction
of nanomaterial. Proposed correlations are given in Tab. 2.

In Fig. 4, the change in pumping power, selected for the hydraulic
performance variable of water and nanofluids, was given by volume
flow rate. The pumping power of nanofluids at constant volume
flow rate is higher than water. The pumping power of the nanofluids
is higher than that of water, because the flow induced pressure drop
depends on density and viscosity of the fluid. The nano materials
added to the water were increased the density and viscosity of the
fluid. The average pumping power is 4% higher for 0.02% and 42%
higher for 0.2% compared to water in the range of volume flow rate
60-600 L/h. In high volume flow rates, the volume fraction of
nanofluids had less effect on pumping power than water, whereas in
low volume flow rates, it had a greater effect on pumping power
than water. When the heat transfer in a MC-STHE was desired to
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Table 2: Empirical correlations for water and nanofluids.

Correlation

Comments and Limitations

Nu  0.00093 Re 1.183 Pr 1/3

Water, 1900 ≤Re≤ 5100, Pr=6.7, R2= 0.995

Nu  0.43 Re 1.183 Pr 1/3

Water, 5100 < Re≤ 10,000, Pr=6.7, R2= 0.941

Nu 0.02%  0.000876 Re 1.193 Pr 1/3

Al2O3/water (θ=0.02%), 1000 <Re< 10,000, Pr=6.67, R 2= 0.994

Nu 0.2%  0.000734 Re 1.219 Pr 1/3

Al2O3/water (θ=0.2%), 1000 <Re< 10,000, Pr=6.64, R2= 0.983

Alternative correlation for Al2O3/water nanofluids
Nu θ  0.0009 Re 1.201 Pr 1/3 θ

0.0249

Al2O3/water (0% <θ≤ 0.2%), 1000 <Re< 10,000, Pr=6.65, R2= 0.988
performances were evaluated together, in the volume flow range
60-600 L/h.

7. Conclusions
In this study, a MC-STHE is designed using the proposed
relations for macro pipes by Kern. According to the design
conditions, average thermal power of 1-1.5 kW, single shell, single
tube pass and counter flow heat exchanger is manufactured. The
volume flow rate of the shell side was kept constant at 180 L/h
during the experiments. The volume flow rate of the tube side was
changed from 60 to 600 L/h. In the experimental studies, hot water
on the shell side and cold water and Al2O3/water nanofluids,
prepared in two different low volume fractions, on the tube side
were used. The selected thermal and hydraulic performance
criterions, convective heat transfer coefficient and pumping power
were obtained depending on the volume flow rate by using the tube
side experimental results. In addition, the efficiency index selected
for the evaluation of thermal and hydraulic affects together was also
calculated for experimental results. The results obtained in this
study are as follows:














The use of nanofluids instead of water in MC-STHEs has a
positive effect on the tube side convective heat transfer
coefficient, especially after the volume flow rate of 125 L/h.
While the use of mini channels instead of macro tube reducing
the weight and volume of the heat exchanger and increasing the
compactness, higher convective heat transfer coefficients can be
obtained in the MC-STHE by using nanofluids instead of water.
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It was observed that experimental convection heat transfer
coefficients and pumping power increased with increasing
Reynolds number and nano material’s volume fraction.

9. Nomenclature
A

- area (m2)

The use of nanofluids, in the range of volume flow rates 60-125
L/h, adversely affected the convective heat transfer coefficient
and deteriorated the convective heat transfer coefficient
compared to water.

cp

- specific heat (J kg-1 K-1)

Dh

- hydraulic diameter (m)

De

- shell equivalent diameter (m)

In the volume flow rate of 150-350 L/h, the nanofluids
positively affected the convective heat transfer coefficient,
whereas even in very small volume fractions, the use of
nanofluids in the MC-STHE significantly increased the heat
transfer compared to water. Average enhancements in the
convective heat transfer coefficient for 0.02% and 0.2% volume
fractions in the range of volume flow rates 150-350 L/h are
3.7% and 13% respectively.

Di

- inner diameter (m)

Do

- outer diameter (m)

F

- non-dimensional correction factor

f

- Fanning friction factor [=∆p/(4 (L/D) (ρ u2))]

h

- convective heat transfer coefficient (W m-2 K-1)

j

- Colburn factor [=Nu/ Re Pr1/3]

k

- thermal conductivity (W m-1 K-1)

L

- length (m)

MC-STHE

- mini-channel shell and tube heat exchanger

m

- mass flow rate ( kg s-1)

Nu

- Nusselt number [=h D/ k]

Pr

- Prandtl number [=μ cp/ k]

pt

- tube pitch (m)

∆p

- pressure drop (Pa)

Q

- heat transfer rate (W)

Re

- Reynolds number [=ρ u D/ μ]

T

- temperature (K)

While the rate of increase in the convective heat transfer
coefficient of water decreased in the 350-600 L/h volume flow
rates, the convective heat transfer coefficient of nanofluids has
been continued to increase at the same rate by volume flow rate.
The nanofluids were delayed the flow to be turbulent and
extended the transition region. The obtained average
enhancements in the convective heat transfer coefficient for
nanofluids with the volume fractions of 0.02% and 0.2% are
25% and 34% respectively in these volume flow rates.
The pumping power has been higher 66% to 8% and 68% to
24% for 0.02% and 0.2% nanofluids volume fraction compared
to water respectively, in the investigated volume flow rate range
(60-600 L/h). Therefore, the increase in pumping power should
also be taken into account depending on the selected nanofluids
volume fraction.
A better enhancement was obtained for 0.02% volume fraction
in terms of the efficiency index where the thermal and hydraulic
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14. Kandlikar, S.G., Garimella, S., Li, D., Colin, S., King, M.R.,
Heat Transfer and Fluid Flow in Minichannels and Microchannels
(First Edt.) USA, Elsevier, 2014.

- overall heat transfer coefficient (W m K )
-1



- volume flow rate (L h )

W

- power (W)

ΔTlm

- logarithmic mean temperature difference (K)

15. Arunachala, U.C., Ambuj, B., Eklavya, S., Vinay, J.R.,
Performance Investigation of a Shell and Tube Heat Exchanger
Using Water Based Al2O3 as a Nanofluid, 4th World Conference
on Applied Sciences, Engineering & Technology 24-26 October,
Kumamoto University, Japan, 2015.

Greek Letters
η

- efficiency index [≡ (jnf/jw)/(fnf/fw)]

θ

- volume fraction (%)

μ

- dynamic viscosity (kg m-1 s-1)

ρ

- density (kg m-3)

16. Ramesh, R., Vivekananthan, R., Application of Al2O3
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11, Issue 2 Ver. I (Mar- April), PP 29-33, 2014.

Subscripts
ave.

- average

o

- outlet

h

- hot fluid

p

- pump

i

- inlet, inner

s

- shell

nf

- nanofluid

t

- tube

nm

- nanomaterial

w

- water
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CALCULATING CONTOURING TOOL BY FINITE DIFFERENCE METHOD
РАСЧЕТ КОНТУРНОГО ИНСТРУМЕНТА МЕТОДОМ КОНЕЧНЫХ РАЗНОСТЕЙ
Prof. Dr. Kikvidze O., Assoc.Prof. Dr.Sakhanberidze N.., senior teacher Kordzadze L.
Akaki Tsereteli State University, Kutaisi, Georgia
E-mail: kikvidze61@mail.ru , nugzari2555@mail.ru , liakordzadze64@gmail.com
Abstract:During the radial deformation of contouring tool, its active diameter is getting smaller than the initial one, and the cutting depth is
becoming lower than planned. Thus, the diametrical size of the machined hole is always smaller than contouring tool, by value of the elastic
radial deformation. In this regard, in the manufacture of contouring tool, it is necessary to make appropriate adjustments in the diametrical
size of its cutting edge, depending on its elastic radial deformation.
The paper dwells on the thermo-elastic problem of calculating contouring tool for the purpose of determining the actuating diametrical
size of its cutting edge, and for determining the area of the application of tool material. Solving of non-dimensional non-stationary problem is
carried out by method of finite differences. At each time step, the system of algebraic equations is solved by iterative method.
There have been obtained the results for the temperature field and displacement components.
KEYWORDS: CONTOUR TOOL, DIAMETRIC CORRECTION, CUTTING FORCES, ELASTIC-RADIAL STRAIN, STRESSES, THERMOELASTIC PROBLEM.

1.

bit, accuracy of machine and so on, then even the slightest increase
in machining accuracy poses major difficulties. Therefore, in the
manufacture of parts, in technological process there are sought to
foresee such operations and cutting modes, in which the negative
impact of the above factors on machining accuracy is minimal. And
when for technical reasons, it is not possible to eliminate the
negative influence of one or another factor on machining accuracy,
then the correction enters accounting its influence. Hence, it is
impossible to reduce the considerable power loads and the resulting
elastic deformations in a technological system when processing the
openings of tubing stocks by the contour tool (Fig. 1). It has been
established that in this technological operation the contour tool is
elastically deformed both in axial and radial directions, while
machining accuracy of diametrical dimensions of the openings is
affected by radial deformation.
Under radial deformation of the contour tool, its active diameter is
getting smaller than the original one, and the cutting depth becomes
less than the planned one. Therefore, the diametrical size of the
machined opening is always smaller than the size of the contour
tool by the magnitude of. In this regard, in the manufacture of the
contouring tool, it is necessary to make the appropriate correction
on the diametrical size of its cutting edge depending on its elastic
radial deformation.
Wear bit has a marked impact on machining accuracy of
diametrical sizes. An essential factor influencing on tool wear is a
cutting temperature, which should not exceed the red-hardness of
tooling material. Therefore, to predict the effective application of
the contour tool material by a cutting temperature when processing
the tubing stocks from various materials, it is necessary to know the
pattern of temperature distribution on the cutting part of the contour
tool.
On the basis of the foregoing, there is a need for a methodology
of calculation of the stress-strain state of the contour tool during the
process of cutting.
Determination of the executing size of the contour tool's cutting
edge and the areas of application of tooling material by a cutting
temperature with a view to achieving machining accuracy of
diametrical sizes, is a practical value of the proposed methodology.

Introduction

In the production process of manufacturing of tubing stocks, the
most time-consuming operation is scalping of openings from
surface defects. When choosing effective ways of scalping, there
are taken into account the defect depth and the nature of
technological defects, as well as techno-economic study of the costs
of production and waste convertibility. The methods of edge cutting
scalping increasingly meet the above requirements [1]. Increase in
performance when scalping the openings of tubing stocks from
surface defects can be achieved by increasing the width of the
cutaway layer, which is restricted only by the rigidity of
technological system and does not have a significant impact on
durability of the cutting tools [2].
The essence of the method of scalping the openings by a contour
tool is that the work-piece 4 (Fig. 1) is fixed immovably on a
special machine by means of the specific device and the contour
tool 1 with a pusher 2 is moving along the axis of a processing
opening. For centering the pusher with a contour tool on a
processed surface of opening, the pusher design has the guiding
bars 3. A significant feature of this method is that with appropriate
selection of processing parameters (section thickness, cutting speed,
cutting tool geometry), there are formed the pipe-like chips (flow
chips) 5, which are supplied 5to the front of the cutting tool and can
be easily removed from the cutting zone. When doing so, the stress
state of the contour tool on nature is approaching the scheme of allround compression, which is a positive factor in terms of increasing
its durability.
Testing of this method on various processing materials (a workpiece with a length up to 1000 mm and diameters 60≈70 mm)
showed that it is most effective use in the processing of tubing
stocksfrom titanium alloys BT 0-0, BT 1-0, PT7M, by a high speed
steel tool, at a cutting speed v = 10 m/min,t = 1 mm. Besides,
compared with a serial boring technology, the scalping performance
increases by 3-5 times.
Removal of the defective surface layer to the desired depth is
directly related to the processing accuracy of diametrical
dimensions of a contouring tool.
Considering that machining accuracy is influenced by such
complex interrelated factors as temperature and cutting force, wear
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Fig.1. Machining of the opening of the tubing stock by the countour tool:
1-Contour tool; 2- Pusher; 3-Guiding blocks; 4- Work material; 5- Cutting waste

stresses reach the limit value, which is specific to the process
material, and the pressure is set in the radial and axial directions at
the point of contact.
The article [3] describes the basic differential equations of twodimensional nonstationary thermoelasticity problem for calculating
the contour tool:

2. Basic Part
2.1 Problem Statement
Consider processing of the inner surface of the tubing stock by the
contour tool, which moves at a constant speed using the pusher, and
cuts a thin layer (Fig. 1). We assume that, when cutting, the shear
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components; Pa1 , Pa 2 , Pb1 , Pb 2  tool surface pressures;  a 
shear stress on the external surface; d , D - internal and external
diameters of the tool, respectively; l  the width of the tool.
The stress and strain tensor components are determined by the
thermoelasticity dependences [ 4 ] :
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2.2

Solution to the Problem

Integration of a systems of differential equations (1) with initial
and boundary conditions (2) and (3) is carried out by finite
difference method. The finite difference mesh is shown in Fig. 2.
Pa

r

Pb

For the numerical solution, we shall introduce the dimensionless
quantities:
(1,N)

( M  1, N )



t 0  l 0 / Vz ; U  U / D ; W  W / D ;

U
( M  1, j )



T  T / T0 ; Z  Z / l ; r  r / D / 2 ; t  t / t 0 ;

i,j

W

(1,j)

Pa  Pa / E ; Pb  Pb / E ;  a   a / E ; 0  Z  1;
d / D  r  1;

(M+1,1)

(1,1)

(i,1)

0  t  l0 / l ,

l 0  the length of work material;
E  modulus of
material elasticity.
In terms of the dimensionless quantities, the above stated
equations will take the following form:
where

Z

Fig.2 Finite-difference mesh
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For the numerical solution, we use the finite difference schemes [5]:
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Similar schemes are also used for the functions T and W .
In the finite differences, the differential equations (6) will be
written down as follows:
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where r  1 / n  1 ; Z  1/ m  1 ; n, m  number of points
of dividing along the axes r and Z , respectively.
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At the beginning of time integration, as a zero approximation by

c  0.14 J/kg/K;

3

3

  8.0  10 kg/m ;
2

  0.32 ; E  224200 n/mm .;

the coordinates of the functions U and W , we shall will take the
linear dependences, and for the temperature, we shall take adopt a
uniform distribution. At each time step, the system of algebraic
equations is solved by an iterative method, the strain rates
deformation on the right side of the first equation (9) is determined
k 1
k 1 
k
as ij    i , j   i , j  / t , where the values  i , j  are taken
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Initial and boundary conditions in the finite differences:
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  0.065

J/m.sec.K;
2

 0  17 W/(m k).; cutting

speed Vz  3.5 m/min; machining diameter D  50 mm.; cutting
depth t  1 mm.; the width of the tool l  20 mm.; the length of
work material l 0  400 mm.; radial component of cutting force

Pa  900 n/mm.; axial component of cutting force Pb  1500
0
н/мм.; front clearance angle of the tool   15 , back clearance
0
angle   2 .



from previous time step.
The stress-strain state and the temperture field of the contour
tool were calculated during maching the openings of the tubing
stocks from titanium alloy ВТ1-0, by means of the contour tool
made of high-speed steel Р6М5, for which the values are as follows:
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3.

Analysis of the Results

contour tool U = 0.001mm. Therefore, with a machining diameter
D = 50 mm, the executing size of the contour tool's cutting edge is

DK  D  K  50 + 0.002 = 50.002 mm.

Calculation results (Fig. 3) demonstrate that the temperature of the
cutting tool near the contact surface reaches a maximum value of
about 3000C, i.e. is below the red-hardness of tooling material under
consideration (620 0C) and decreases slowly until r  0.85 .

4.

Conclusion
1.

2.

When machining the openings of the tubing stocks by
the contouring tool, to study the stress-strain state of the
tool, it is advisable to consider the associated
thermoelasticity problem, which is solved by a finite
difference method.
The application of the proposed methodology in practice,
the known variables (the geometry of the cutting tool (  ,

 ), components of cutting forces ( Pa . Pb ), cutting
mode elements ( V , t ), as well as physical-mechanical
properties of tooling material), will provide an
opportunity for determining the executing size of the
contour tool for a a specific size machining and the area
of applicatuon of tooling material, by the above
mentioned algorithm.
Fig.3. The results of the calculated temperature fiueld
( T ) and radial displacement
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Within r  0.5  0.85 , temperature delivers more intensively by
the linear principle. The above stated circumstance allows using
effectively this tooling material for the given technological
operation. The reliability of the obtained results of the temperature
study the machinning process with the contour tool, is proved by
0
identical values of theoretical calculations ( 300 C ) and
0
experimental data ( 285 C ). The radial displacements are mostly
negative and accordingly, the point are moved toward the center of
the tool. However, near the contact surface, there are also produced
the slightly positive displacements.
In this example (Fig. 3), the value of a diametric correction
K  2U , the radial diplacements of the cutting edge of the
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TESTING OF THE SYNTHETIC MODEL FOR TRANSPORT DEMAND AND FOR
FORECAST ON VEHICLES, THE CASE STADY
Professor dr.sc. Atanasova V., Assoc. prof.dr.sc. Angelevska B. Professor dr.sc. Krstanoski N.
Faculty of Technical Sciences, University “St. Kliment Ohridski”, Bitola, Macedonia
Abstract: Choosing a model, shaping and using a model represent a sensitive stage of the transport system planning process. Considering
the fact that contemporary software packages exist, based on modern technology and long - term experience it is decided to rely on the
software package PTV Vision VISUM, for forecast in the traffic in Bitola town. Synthetic model is designed by this software package,
modeling is done on existing situation and model’s calibration. In this paper will be represented testing on the model for transport demand
for the city of Bitola, their validation.
KEYWORDS: SYNTHETIC MODEL, TRANSPORT DEMAND FORECAST, MODEL’S VALIDATION

with a particular land use and their location within the
network (e.g. residential areas, commercial areas, shopping
centres, schools).

1. Introduction
The forecast has always been a big challenge for scientist
who conduct research in the field of future prediction and for
others. The traffic forecast will be described in this paper for
the Bitola town. Considering the fact that contemporary
software packages exist, based on modern technology and
long - term experience it is decided to rely on the software
package PTV Vision – VISUM, for forecast in the traffic in
Bitola town. With this software package, modeling is done on
existing situation, model’s calibration and forecast on
vehicles in Bitola town, for next 10 years.

2.2. Cordon counting and counting on intersections

First data collection is done for the purposes of traffic
planning. Synthetic model is designed by this software
package where as input data are used values performed by
counting the traffic at selected intersections in Bitola town.

The goal of cordon counting is to provide assessment of the
accumulation of vehicles, and purpose of the survey is to give
estimates on the number and structure of transit vehicles
through the territory of Bitola town.

Metropolitan municipality of Bitola was divided on 46 areas
in accordance with the recommendations for creating clean
zones.

Cordon implies notional boundary line around the city of
Bitola, and counting of vehicles was carried out on all roads
that intersect cordon line.

Model’s calibration is done in VISUM, with Projection of
routes, tool. Thus simultaneously, testing of results and
comparison of numbered model sizes (dimensions) is done
and for the same will be presented cooperative view.

The accumulation of vehicles on cordon line is determined by
summing the total number of vehicles entering and leaving
the space in a given period. Data collection for cordon
counting was made for time of 1 hour, at the time from 2:00
pm to 3:00 pm.

Based on the created synthetic model, corrections are
made and obtained predictions for the size of flows of
thoroughfares in Bitola, for next 10 years, individually for the
flows of personal cars.

Counting on selected intersection in Bitola town was done
during the period of 7:00 am. until 9:00 pm., 290 counters
were included in two shifts.
Data from 38 intersections were analyzed, rush hour was
determined and these values were used as input values in the
model.
Values were written by ,,Turns” tool and then by the help of
software flows of links were received.

The model is based on facts that event A can describe the
event B, if the event B contain the essential elements of the
event A. According to the basic definition, the model should
have ability to “reflect” the appearance that simulates.
Formalization of the model is prepared for the final stage of
determining the initial model. In this stage the model of
general form is transferred to separate and determine the
values. The whole procedure of determining these values
represent the model’s calibration. Then follow his validation.
The goal of this paper is to represent the model’s
validation of the model for transport demand for the city of
Bitola, for cars, made in software package PTV Vision
VISUM.

3. Modeling of transport demand
Modeling is done on existing situation, model’s
calibration and forecast on vehicles in Bitola town and
synthetic model is designed by software package PTV
Vision-VISUM
Fig. 1 represents nodes and links of the network in the
area where research is done. Accordingly, each link was
added to the section capacity and vehicles speed. With red
color are shown roads with a speed of 50 km / h, with green
color are shown roads with a speed of 40 km / h and with
blue color are shown roads with a speed of 30 km / h.

2. Data collection for build synthetic model for
traffic flow in Bitola town
2.1 Zoning of the city of Bitola
Zoning is the process of determining and drawing the zones
of a city. Zones are origin and destination of trips within the
transport network. They are objects which describe areas
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Model’s calibration is done in VISUM, with Projection of
routes, tool. The goal of calibration is bringing on counting
and modals sizes together. Thus simultaneously, testing of
results and comparison of numbered model sizes
(dimensions) is done.
Following comparative display of counting values (green
color) and model’s sizes (in red) for personal cars.

Figure 1.

Graphic display of roads network with different
speed.

First, in the proces of modeling in exsiting situation, for the
purposes of the model is further zoning done. The main area
include a different number of zones, so there are 46 zones.
Fig. 2 represented the main zones (total 13) with blue, zones
(total 40) with green and zones outside the city (total 6) with
red color.

Figure 4.

Counted values for cars on intersections,
calculate in Visum, presented in sections.

Separation of the major areas in Zones.

Figure 5.

Modal values for cars on all network - existing
situation.

Figure 6.

Counted and modal values for cars - existing
situation.

Figure 2.

Second, we did choosing a model forecast of transport
demand. The formulation of the model depends on the initial
sizes and input variables that will encompass. The basic
definition is that the model should have the ability to "reflect"
the appearance that simulates.
As input sizes in synthetic model are used the values of the
counting of traffic at selected intersections, marked in red and
shown on Fig. 3. Also are used data from cordon counting
(cordon counting results are given in Section 2.2).

4. Forecast of traffic flow in Bitola town
Figure 3.

Forecast is scientific prediction of some phenomena that are
of great importance to human society. Based on created

Intersections counting in the area where research
is done.
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synthetic model, corrections are made and forecast on
vehicles in Bitola town, for next 10 years.

Compared or ,,Before and after” tests,
Unparametric tests.

In the actual study model’s validation is made according to
the international standards. The cost of the reliability of the
model is made according to the Design Manual for Roads and
Bridges, Vol 12a, which is released the English Department
for Transport. Model is good if it meets the following
criteria:
 85% of obtained modal values shouldn’t have values
of GEH greater than 5. The statistic method GEH is
shape of the X2 test, which is calculate with the
following formula:

In the process of forecast the increase of 2% annually is taken
into account. For the zones 26 and 27, taking into account the
DUP (detailed urban plan) in this part of town, taken a
balanced growth of 3% annually for the next years, in the
process of forecast on vehicles for next 10 years.

( yri  yi ) 2
GEH 
0,5  ( yri  yi )
Where:
- yri – is traffic flow from the model
- yi – is counting traffic flow
Figure 7.



Forecast on vehicles in Bitola town, for next 10
years.

Illustrative, in particular section would look like this: The
section between the two junctions Partizanska – Toso
Daskalot and Partizanska – Gorgi Naumov, are counted 555
vehicles, while the model gives us the value of 504 vehicles.
The projected forecast for 10 years, obtained 651 vehicle.
On Fig. 8 counted values are represented by green, and
red-values obtained model sizes.

When the maximum deviation is 15%, deviations of
modal from the counted values is according to the
following criteria:
− for flows less than 700 veh/h, difference can be at
most 100 veh/h
− for flows from 700 to 2000 veh/h, difference can
be most to 15%
− For flows greater from 2700 veh/h, difference can
be at most 400 veh/h.

Testing the model, with Assignment analysis tool in software
package PTV Vision Visum, got values from 92% (Photo 1)
which is quite high value and indicate suitability for modal
used.
Standard deviation is:

Sy 

(y

ri

 yi ) 2

n

 62,99

which is as full acceptable value.
Figure 8.

An illustrated example for the section Partizanska
- Ivo Lola Ribar and Partizanska –Vasko
Karangelevski.

Figure 9.

Forecast on vehicle for next 10 years, on an
illustrated example for the section Partizanska Ivo Lola Ribar and Partizanska – Vasko
Karangelevski.

5. Model’s validation
In the frame of data collected analysis, in the traffic
engineering practice often are used different statistical tests.
Common used tests are the following:
 Testing the reliability of the sample,

Photo 1: Model’s validation
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6. Conclusion
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ТРИБОЛОГИЧЕСКИЕ СВОЙСТВА ТЕХНИЧЕСКИ ЧИСТОЙ МЕДИ И НИЗКОЛЕГИРОВАННОЙ
ХРОМОВОЙ БРОНЗЫ
Lead. Res., Dr. Semenov V.I.1, +, PhD Stud. Alemayehu D.B.2, Prof., Dr. Lin H.-C.3, Lead. Res., Prof. Raab G.I.1, Prof., Dr. Huang S.-J.2,
Prof., Dr. Chun Chiu2
1

Ufa State Aviation Technical University, Ufa, Russia

2

National Taiwan University of Science and Technology, Taipei, Taiwan
3
National Taiwan University, Taipei, Taiwan
+
corresponding author, e-mail: semenov-vi@rambler.ru
Abstract. In this paper, we present the results of the tribological studies of commercially pure copper (99.9% Cu) and a low-alloyed
chromium bronze (Cu-0.5%Cr), contacting a graphite-containing material. The samples under study were produced with two types of
microstructures: a coarse-grained (CG) one, having an average grain size of 100-130 µm after annealing, and a submicrocrystalline (SMC)
one, having an average grain size of 0.30-0.50 µm after multi-cycle severe plastic deformation (SPD) processing via equal-channel anglar
pressing (ECAP) combined with Conform. It is shown that for the samples produced by ECAP-Conform, having an SMC structure, the
friction coefficients are 12 - 20% lower than for the as-annealed samples, having a CG structure.
KEY WORDS: TRIBOLOGICAL PROPERTIES, FRICTION COEFFICIENT; SHEAR STRENGTH OF ADHESIVE BONDS,
COMMERCIALLY PURE COPPER AND A LOW-ALLOYED CHROMIUM BRONZE, SEVERE PLASTIC DEFORMATION.
submicrocrystalline (SMC) and nanocrystalline (NC) sizes [14].
Therefore, comprehensive tribological studies of copper in different
structural states (as-annealed and SPD-processed) are of scientific
and practical interest.

Introduction
In the last 4 decades of the 20th century, the high-speed
passenger transportation systems were under intensive
development. Such systems allow for motion speeds of up to 300 –
400 km/h, while the average speeds are only up to 160 – 200 km/h.
In order to ensure the operation of high-speed railway lines,
structural materials, and in particular, the materials for contact
wires, must meet a whole range of special requirements which are
difficult to provide when using conventional technologies.
In the case of regular electrified railway lines, the stress of a
contact wire does not exceed 100 MPa, and in the case of highspeed railway lines, the tension stress of a contact wire is 250 MPa
(2.5 times higher than in the case of regular railway lines). The
highest allowable temperature of long-term heating is 150ºС [1]. In
this connection, a problem arises, related to the tribological
parameters of the contact between copper wires and graphitecontaining current collectors.
It is known that materials with a higher hardness ensure lower
wear and friction coefficient [2]. In most cases, there are various
ways to increase the hardness of alloys by means of heat treatment
[3, 4]. However, a heat treatment aimed at hardness enhancement
does not always enable achieving the desired effect. For this reason,
the use of copper alloys in friction units is very limited. For such
materials, various types of thermochemical [5 - 7] and surface
plastic treatment [6 - 8] are used, which enable increasing the
surface strength of the materials under treatment. The drawback of
these methods is the relatively small depth of the strengthened
surface layer, therefore they can be used only as a finishing
treatment or for relatively simple and low-loaded parts of
tribocouplings.
There are works evaluating the effect of the structural and
phase compositions of metallic materials on their tribological
properties [6, 7, 9 - 11]. In these works, tribological studies were
performed on materials subjected to various types of heat treatment,
resulting in microstructural changes.
To date, a technology has been developed, providing an
efficient and manifold increase in strength, while preserving a high
technological plasticity. This technology is based on severe plastic
deformation (SPD) processing and enables producing high-strength
bulk billets from metallic materials [12]. Among the SPD
processing techniques is equal-channel angular pressing (ECAP)
[13], used, in particular, for the fabrication of long-length billets
and effected in several deformation cycles. The essence of this
method for the strength enhancement of a material lies in the
maximum
refinement
of
grain
structure
down
to

Methods for the evaluation of the integral value of the friction
coefficent and its molecular component
In the tribological studies, we used two test configurations
shown in Fig. 1.

a
b
Fig. 1. Tribological test configurations: a) 1 – the lower sample
(graphite-containing plate); 2 – the upper sample (under testing); 3
– holder; b) 1 – samples under testing; 2 – spherical indenter; 3 –
cable; 4 – disc with a groove; 5 – current-carrying buses; 6 –
electrically-insulating pads.
The first test configuration under reciprocating motion (fig. 1,
а) was used to evaluate the friction coefficient in the pairs «М1
commercially pure Cu – EK-40 graphite-containing plate» and «Cu0.5%Cr chromium bronze – EK-40 graphite-containing plate».The
testing conditions were as follows: the normal load Р was 80 N, the
relative sliding velocity was 0.1 m/s, the time of each test was 60
min. The normal load was selected based on the maximum force of
pressing of a contact wire to a graphite-containing current collector
in railway transport. The speed regime of the testing was
determined by the capabilities of the employed tribometer. Time
was set on the basis of the previous experience of such tests. The
testing was performed at room temperature.
The second test configuration (Fig. 1, b) was used to evaluate
the shear strength of adhesive bonds and the adhesive component of
the friction coefficient. Since the graphite-containing plate is a
brittle material and an indenter made thereof cannot withstand
normal loads while the strength of adhesive bonds is determined, it
was proposed to coat an indenter from the Fe-18%W-4%Cr-0.8%C
tool steel with a graphitic compound (graphitize) with a subsequent
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drying at a temperature of 100-120оС. Hereinafter we will use the
abbreviation «GTS» standing for «graphitized tool steel». Thus, the
testing according to the second test configuration was conducted in
the contacting pairs «commercially pure copper – Fe-18%W-4%Cr0.8%C GTS» and «Cu-0.5%Cr chromium bronze – Fe-18%W4%Cr-0.8%C GTS». For this purpose, samples were prepared from
commercially pure Cu and the chromium bronze in the initial (CG)
structural state (after annealing), and in the SMC and NC states after
4 cycles of SPD processing by ECAP-Conform. The samples under
testing had the shape of a disc with a diameter of 10 mm and a
thickness of 3 mm. The spherical indenter had a sphere radius of 2.5
mm, and the thickness of the graphitic material applied onto the
indenter's spherical surfaces was about 50 µm. The testing was
performed at temperatures of 20; 150; 250 and 450оС, using a oneball adhesion tester [15]. There is a physical model underlying this
method, which in a first approximation reflects the actual friction
conditions in a local contact.
According to this model, a spherical indenter 2, imitating a
single asperity of the contact spot between the rubbing solid bodies,
compressed by two plane-parallel samples 1 (with a high precision
and cleanliness of the contacting surfaces), rotates under a load
around its axis. The force F expended on the indenter rotation and
applied to the cable 3, laid in the groove of the disc 4, is primarily
related to the shear strength τn of adhesive bonds. In order to use
this method at elevated contact temperatures, a special apparatus
has been designed that enables producing the electric-contact
heating (through the buses 5 isolated from the body by pads 6) of
the contact zone.
The initial roughness of the contact surfaces of the tested
samples and the indenter in both test configurations was 0.06 – 0.16
µm in the Ra scale. The roughness of the samples was measured
using an SE-3500K 2D-3D profilometer-profilograph.
The shear strength of adhesive bonds  n (МPа) was

Fig. 2. Friction coefficent as a function of the distance of friction: 1
– commercially pure Cu with a CG structure; 2 – commercially
pure Cu with an SMC structure; 3 – Cu-0.5%Cr chromium bronze
with a CG structure; 4 – Cu-0.5%Cr chromium bronze with an
SMC structure.
As revealed by the presented diagram, the friction coefficient
values obtained for the as-annealed samples from both
commercially pure Cu (curve 1) and the Cu-0.5%Cr chromium
bronze (curve 3), are higher than those for the samples from the
same materials processed by ECAP-Conform and having an SMC
structure (curves 2 and 4). It should be noted that after the friction
coefficient grows, as the distance of friction increases, the samples
from the chromium bronze having a CG microstructure demonstrate
a tendency for a slight decrease in the friction coefficient. It should
be mentioned that the results obtained for the samples from the lowalloyed chromium bronze Cu-0.5%Cr having a CG structure (curve
3) show a slight decrease in the friction coefficient with increasing
distance of friction. This fact can be attributed to a further increase
in strength resulting from work hardening and a local structure
refinement on the friction surface, followed by a transfer of
chromium particles to the graphite-containing material used as a
counterbody. The local structure refinement promotes activation of
grain boundaries and enhancement of the diffusion interaction
between the components of the Cu-0.5%Cr chromium bronze,
having a CG structure, and the carbon in the graphite-containing
material. This assumption requires further study.
As a result of finding the strength of adhesive bonds, it was
established that in the case of commercially pure Cu, as the testing
temperature is increased from room temperature to 150оС, the
adhesive component of the friction coefficient practically does not
change and equals 0.082 for the CG material and 0.061 for the SMC
material. As the temperature increases further, from 150оС to
250оС, there is observed a steady growth in the adhesive component
of the friction coefficient from 0.082 to 0.09 for the material with a
CG structure and from 0.061 to 0.069 for the material with an SMC
structure. The observed change is evidently related to the structural
and phase transformations, as well as the diffusion processes
occurring at grain boundaries in a temperature range of 150 –
250оС. Thus assumption requires further studies. As the temperature
is further increased to 450оС, the values of the adhesive components
of the friction coefficients practically do not change.
In the case of the samples from the low-alloyed chromium
bronze Cu-0.5%Cr, with increasing temperature the ahesive
component of the friction coefficient monotonically grows in both
structural states, and there is some stabilization of the values in a
temperature range of 350 – 450оС.
Fig. 3 presents the curves illustrating the results of the
evaluation of the friction coefficient's adhesive component as a
function of the temperature of testing performed using a one-ball
tribometer according to the test configuration shown in Fig. 1 (b).

determined from the relation:

 n  0,75 

M
d 
   1, 2 
 2 

3

,

(1)

where d1,2 are the diameters of the impressions on the tested
samples, mm; М is the moment of indenter rotation, N mm.
The adhesive component of the friction coefficient was
determined as:

fa 

п
рn

,

(2)

where pnis the normal pressure, МPа,

рn 

(3)

Р
2

d 
π   1, 2 
 2 
where Р is the force of compression of the samples, N.
Before and after the tribological tests in accordance with the
first test configuration (Fig. 1, а), the tested samples from
commercially pure Cu were studied to determine the
microhardness H, using a Micromet-5101 device under a load of
0.98 N with exposure to the load for 15 s.
Results of finding the friction coefficient and the strength of
adhesive bonds under elastic contact conditions
The results of the tribological tests performed in accordance
with the first test configuration (Fig. 1, a) in the friction pairs
«commercially pure Cu – EK-40 graphite-containing plate» and
«Cu-0.5%Cr chromium bronze – EK-40 graphite-containing plate»
are presented in Fig. 2.

Fig. 3. The adhesive component of the friction coefficient as a
function of temperature: 1 – commercially pure Cu with a CG
structure; 2 – commercailly pure Cu with an SMC structure; 3 –
Cu-0.5%Cr chromium bronze with a CG structure; 4 – Cu0.5%Cr bhromium bronze with an SMC structure.

46

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 1/2019
From the analysis of the results of finding the shear strength of
adhesive bonds in the contact pairs «commercially pure Cu – Fe18%W-4%Cr-0.8%C GTS» and «chromium bronze Cu-0.5%Cr –
Fe-18%W-4%Cr-0.8%C GTS», it was established that the adhesive
component of the friction coefficient is higher for the CG samples
than for the samples with an SMC structure in the whole range of
temperatures under investigation.
Table 1 lists the experimentally found values of the adhesive
and deformation components of the friction coefficient at room
temperature for commercially pure Cu and the Cu-0.5%Cr
chromium bronze in different structural states.

a)

b)

Fig. 4. Images of the friction surface of the commercially pure Cu
М1: а) – general view of a portion of the friction path; b) –
topography of the friction surface with marked carbon and oxide
particles.

Table 1. Values of adhesive and deformation components of the
friction coefficient at room temperature
Adhesive
Deformation
component of
component of the
Material
the friction
friction coefficient
coefficient (fa)
(fd)*

The chemical analysis of the friction surface of the graphitecontaining plate reveals that during the frictional interaction of the
investigated pair in the conditions of the experiment, there is
observed a transfer of copper particles onto the friction path. The
chemical analysis results are presented in Fig. 5.

Cu(CG)
Cu(SMC)
Cu-0.5%Cr(CG)

0.082
0.080
0.061
0.010
0.055
0.028
Cu-0.5%Cr(SMC)
0.051
0.024
* The deformation component of the friction coefficient was
determined as: fd = f - fa [5].

Graphite-containing plate

It can be seen from table 1 that in the studied friction pairs in a
dynamic contact an essential role is played by the adhesive
component both for the materials with a CG structure and for the
materials with an SMC structure. However, it was noted that for the
commercially pure Cu samples there is a large difference between
the deformation components of the friction coefficient, depending
on the material's structure. For the Cu samples with a CG structure
the value of fd is 8 times higher than the corresponding value for the
SMC material. Apparently, this is related to the fact that
commercially pure Cu with an SMC structure has a greater
tendency for sticking. No such difference has been found in the Cu0.5%Cr chromium bronze.
The values of the adhesive and deformation components of the
friction coefficient for the chromium bronze samples have a small
difference in the case of different microstructures. This observation
is apparently an indirect evidence of the greater tendency of the
commercially pure materials (in our case, Cu) for strain hardening.
The obtained results are in good correlation with earlier
studies [17, 18].

Fig. 5. Spectrum of chemical element distribution on the friction
surface of the graphite-containing plate after the frictional
interaction with commercially pure Cu.
The spectrum of the friction surface shows such chemical
elements as carbon (the basis of the graphite-containing plate),
oxygen and copper. The latter two are in the form of traces.
Approximately the same results were obtained as a result of the
tribological studies of the low-alloyed chromium bronze.
It should be noted that the chromium content on the friction
surface of the chromium bronze is 1.5 times lower, as compared to
the initial state prior to the tests. This could be related to the fact
that the chromium-containing compounds were coagulated in a
limited volume and in the process of friction partially transported
onto the friction surface of the graphite-containing plate.
Fig. 6, а) shows the friction path on the chromium bronze after
its frictional interaction with the graphite-containing plate. It is
assumed that chromium and the chromium-containing compounds
are present on the friction surface in the form of narrow bands,
positioned along the direction of friction (Fig. 6, b).

Analysis of the friction surfaces of the as-annealed samples
prior to and after the tribological tests
Prior to conducting the tribological tests according to the
reciprocating-motion test configuration and afterwards, we
performed chemical analysis of the investigated copper, bronze and
graphite-containing samples (the graphite-containing samples were
studied only in the condition after the tribological tests). For this
purpose, we used an S-3500N scanning electron microscope with an
EDS attachment for chemical analysis.
The analysis results show that the friction surface of the
commercially pure Cu М1 in the process of its frictional interaction
with a graphite-containing plate becomes saturated with carbon and
oxygen.
Fig. 4, а) shows the friction path formed as a result of the
frictional interaction between the investigated sample from the
commercailly pure Cu М1 and the graphite-containing plate. From
the analysis of the topography of the surface shown in Fig. 4, b), it
has been established that carbon is present on the furface in a free
state, in the form of particles flaked from the graphite-containing
plate. Oxygen is apparently in a bound state, in the form of oxides.
Previously, it was noted elsewhere [17, 18] that the frictional
interaction and structural changes initiate the process of oxygen
content growth on the friction surfaces of metallic materials.

a)

b)

Fig. 6. Image of the friction surface of the Cu-0.5%Cr chromium
bronze: а) – general view of a portion of the friction path; b) –
topography of the friction surface with the marked dispersed
particles of carbon, chromium and oxides.
The chemical analysis, the results of which are presented in
Fig. 7, reveals that the chromium particles, in the form of traces,
have also been transferred from the chromium bronze surface onto
the graphite-containing plate.
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Main conclusions
1. As a result of a comprehensive evaluation of the tribological
properties of commercially pure Cu and the low-alloyed chromium
bronze, having different microstructures, it has been found that in
the investigated contact pairs, regardless of the structural state of
Cu and chromium bronze, the adhesive component of the friction
coefficient has a considerable value. In the commercially pure Cu
samples, there is observed a large difference between the adhesive
and deformation components of the friction coefficient, depending
on the material's structure – for the Cu samples with a CG structure
the values of fd are 8 times higher than the respective values for the
SMC material;
2. We have obtained the correlation dependencies, considering
the different structural states of the investigated materials, for the
contact pairs «М1 commercially pure Cu – EK-40 graphitecontaining plate» and «Cu-0.5%Cr chromium bronze – EK-40
graphite-containing plate» (for the evaluation of the friction
coefficient's integral value at room temperature), and the contact
pairs «commercially pure Cu – Fe-18%W-4%Cr-0.8%C GTS» and
«Cu-0.5%Cr chromium bronze – Fe-18%W-4%Cr-0.8%C GTS»
(for the evaluation of the friction coefficient's adhesive component
at different temperatures). We have established that for
commercially pure Cu and the low-alloyed bronze, the integral
values of the friction coefficient and their adhesive components are
structurally sensitive parameters, and their values are lower for the
samples with an SMC structure than for the samples with a CG
structure;
3. The chemical analysis of the friction surfaces of the samples
and the graphite-containing plate has shown a mutual transfer of
chemical elements, as well as an increase in the oxygen content,
which is an evidence of the activation of the friction surface,
resulting from the frictional interaction, and structural
transformations in the near-surface layers.
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Abstract: Debye’s temperature  D is the temperature border between areas, CV

(Т )

has constant value and, when T   D ,

begins to decrease monotonically.  D is the crystal parameter, which allows to calculate the dimensional border between macro- and nanostates. The statement which is found in scientific discussions that  D depends on temperature is incorrect because it contradicts modern
crystal-physical theories. The numerical value  D is defined experimentally and is related to the structure of crystals and to the processes
taking place in them.
KEYWORDS: DEBYE’S TEMPERATURE, DEBYE’S PARAMETERS, NANOSTATE, MAXIMUM SIZE OF
NANOPARTICLES.

E  3 AkT  3RT

1. Introduction

Thermal

In classical thermodynamics the molar thermal capacity of


substance at the constant volume equals CV  3R
R  8, 31441 J / ( К  mol ) (a universal gas constant).

capacity

(1)
at

constant

volume

equals



CV  dE / dT  3R  24, 94  25 J / K  mol .

where

3. Quantum theory of thermal capacity



CV  const when cooling down to the temperature called  D
Debye's temperature which is substance parameter.

The development of cryogenic technologies at the beginning of
the 20th century made it possible to analyze changes of thermal



At T   D , with the fall of temperature CV begins to decrease



capacity CV  f (T ) at low temperatures [2, 3]. The experimental

monotonically. At T   D the classical description of
thermodynamic processes in a crystal should be replaced with
quantum. The value  D



dependence CV on temperature is given in figure 1.

is connected with other Debye’s

parameters, for example, with Debye’s frequency wD which
depends on structural and chemical parameters of the substance.
Besides the parameter wD concepts of Debye’s energy E D , a
Debye’s impulse PD and the Debye’s size  D (Debye’s
wavelength) are introduced. All these parameters are analytically
connected with each other.
The definitions  D on the basis of the known parameters of
substance are numerous, which demonstrates that in any model it is
impossible to consider all possible characteristics of a condition of
substance.
In
Debye's
theory
a
formula

D 

k

wD 

k



U 6 2 n



1

3

where k,

– Boltzmann and

t
Fig 1. – The generalized dependence СV  f (T /  D ) [3]

Planck's constants respectively, U – the average acoustic speed, n
– the number of atoms in a unit of volume, required additional
analysis.



To explain the dependence CV  f (T ) at T   D A. Einstein
and P. Debye considered quantum models [2, 4] approximately at
the same time independently of each other. Both of these scientists

The aim of the work is to prove that  D is a parameter of a

noted what at T   D atoms cannot be considered as spheres (or
points). Each atom is the quantum oscillator with it own wave
number (q) and, therefore, with its own frequency (w). A. Einstein
based on the assumption of homology of atoms and considered that
all atoms are quantum oscillators with an identical frequency  wE  .
P. Debye assumed that wave vectors of atoms in the space of a
wave vector are evenly distributed in the sphere with a radius

substance, determined only by an experimental CV  f (T )
function. Metal crystals were taken as the object of the study.

2. Classical theory of thermal capacity
In the classical theory of thermal capacity atoms are modeled as
absolutely rigid spheres, which have three degrees of freedom of

( wD ) , that is at w  wD the classical description should be

movement. At a temperature T   D energy of E=kT is the share of
one degree of freedom of the movement of such atom.
That is the number of atoms in one mole is equal to A (to
Avogadro's number), one mole of a substance "contains" energy [1]:

applied, and at w  wD – the quantum description.
In this case
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D 

w
(2)
k D
The total number of wave vectors (P) depends on the number of
atoms, moreover

4

P

3

 ( PD )

3

CV (T ) 

CV (T ) 

Therefore, the number of wave vectors in a spherical layer with a
radius P ( w)  P ( w  dw) equals
4 P ( w) dP ( w)

dP( w)

4 w dw

(4)


 1


CV




exp 0.0817  D  1
T



(5)
The curve dependences of CV (T) received for various

Distribution of frequencies in Einstein's model is described by
the condition:
PE   ( w  wE )

(8)

(9)

At Т > θD , СV(Т) = СV = const.

or
2



exp 0.0817   T    D

T

At T ≤ θD the formula (8) looks like:

(3)

dP ( w)

CV

 T  on
 
 

the corresponding values of function of Debye and Einstein [12], on
the values calculated by a formula (8) and also – on the basis of
experimental data are given in figure 2 [3]. Distribution of points
throughout the whole temperature interval and especially on the
allocated sites (inserts) shows that function (8) more corresponds to
experimentally received values, than calculations using the formula
of molar thermal capacity at the constant volume:

(6)

where  is the Delta function [1].
At low temperatures in Debye's model the role of electronic

 D an electronic contribution to
processes increases. At T
thermal capacity is small though heat conductivity is generally
caused by the electrons that are currently available [5].

CV 

So at T   D atoms are quantum oscillators. At low
temperatures interaction between atoms is carried out by means of
excitement of quantum electronic gas, that we should speak of

U
T

3

T  x e x
dx .
 9R   
   0  e x  12
x 4

"electronic jelly" at T   D which exists in crystals.
Dynamic excitement at the same time is carried out by means of
quasiparticles of phonons and plasmons [6]. Debye's temperature
was considered by some authors as the peculiar " adjustable"
parameter allowing to reach bigger consent between theoretical and


experimental values CV [4, 7, 8]. There was a statement that
Debye’s temperature depends on temperature [9]. Many scientists
pointed out that the statement is illogical, for example [5, 10].
Now  D is considered as the parameter of properties of
substance and it is included in various reference books. The main
criterion

of

D

is

the

experiment



studying

the
Fig 2. – Thermal capacity



function CV  f (T ) . The temperature point of deviation CV from

T   D or T   D the more strictly works the corresponding
approximations.

From the presented schedules it is clear that the theoretical
curve calculated by formula (8) has bigger consent with an
experiment.



Functions CV  f (T ) in Debye’s and Einstein's theories are
described by rather close, but still different curves which differ by
the value exceeding an experiment error. The search of the

4. Debye parameters of crystals



functions CV (T ) more coinciding with an experiment is still
continued. For example, in [11] phenomenological function is
offered:

CV




   T 

 T 

of various substances depending on

the substance temperature relation to its Debye’s temperature.1 –
on Debye's formula, 2 – on Einstein's formula, 3 – calculate by
formula (8), 4 – curve on experimental data [3]. Source: [11].

3R-line and therefore  D cannot be defined precisely. As, for
example, it is impossible to determine the temperature of
"fluidifying" of glass precisely. The stronger are inequalities

CV (T ) 

Cv

Other parameters of a condition of substance are also connected
with Debye's temperature. If internal energy at T   D (Debye’s
energy) is designated as E D , then the Debye’s frequency wD , a
Debye’s impulse PD and Debye’s temperature  D are connected
with it.
This connection is described by the condition:

(7)

exp a   T   

2

where coefficient of linear connection а = 0,0817.
The analytical dependence of CV (T) looks like:

ED  wD  k D 
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.

(10)
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The Debye’s impulse at T   D corresponds to model of "electronic

Values  D for low temperatures of silver crystals are given in
work [2]. At temperature change of a crystal (from 1.4 K to 124.20

jelly", however, at P  PD it is possible to use adiabatic
approximations of a free electron with an effective mass of m*. As
in these conditions thermal oscillation of ions (atoms) have much
smaller energy than the energy of plasmons, with a certain extent of
approximations it is possible to consider that m * =me where me is
the mass of an electron [5, 6].
According to de Broil's condition PD 

h

D

K)  D grows from values (from 165 K to 225 K). At the same time
the connection between properties of a crystal and Debye's
temperature is described by the condition [2]
2

 D  U (6 n)

, the value  D can be

of the analysis are applicable. At r   D the sample size begins to
affect the value of parameters of physical properties. Thus
states. At r  L0 a particle is in a macroscopic state, at r  L0 – in
a nanostate. The stronger the specified inequalities are, the more
corresponding state is observed. From the condition (10) follows:



on a curve CV (T ) corresponding to value  D is not strictly fixed

2

PD

,



(11)

as experimental function CV (T ) is differentiated on T in all points

2m

of the temperature interval including  D .

but  D is considered along a certain direction, for example, along
axis x. As P 
2

2
Py



2

P  3 Px 



3h 2

D2

2
Pz

According to [5], the idea of dependence  D on object

, for isotropic substance.

.

temperature is deprived of any basis.  D is the substance parameter
independent of temperature as, for example, the number of nucleons
in a nucleus, Fermi's level, energy of electronic levels, width of the
forbidden zone, etc. does not depend on T.

(12)

Taking it into account according to conditions (6, 10), the value

The analysis of the existing sources shows that the values  D
given in various sources can differ from each other [2, 3, 5].

 D  L0 will take the following form:
L0 

1, 5h
km

1

D

2

 C

1

2

.

However  D , and value n are defined by methods independent
from each other.

(13)

Therefore, it is necessary to analyze the definition of  D based
on values of other parameters determined by the known methods
[15, 16].

As С is determined from tabular values, put them in the formula and
get C  2, 3  10

7

(15)

provided data contradict each other as according to one model  D
increases, and to the other decreases. From this it follows that
Debye's temperature, first, does not depend on the temperature of
the sample, and secondly, is an inner property of a crystal and can
be determined only by experimental curve dependence of thermal
capacity of a crystal on temperature  CV T   . The inflection point

 D  L0 defines the dimensional border between macro- and nano

2
Px

/k,

U and n depend on temperature. Acoustic speed as it is shown, for
example, in works [7, 14] decreases as the temperature rises. As
there the temperature increase in volume takes place at the same
time, n also decreases as temperature of the sample increases. The

sample sizes r   D (r is the particle size), macroscopic methods

2

3

In the formula (15) temperature of example is absent. However

considered as the particle size at which there is a change of
mechanisms of course of physical processes. Therefore, at the

k D 

1

mK

1

1

L0  230   D

2

2

Acoustic speed is connected with  D and density of atoms,
which is described by condition (15).

, i.e., (13) takes the following form:

[ nт]

(14)

In [13] it is shown that the numerical values  D calculated by the
formula (13) and the values  D received experimentally do not
exceed 10%.
Table 1. – Structural and chemical characteristics of atoms of metals,  D – tabular and calculated by formula (15).

Name
element

symbol

№



a, A

ra , A

L0, нм

n
4/a(m3)

 D (min) , K
 D (max) , K
[1, 5, 8, 16]

Aluminium

Al

13

4,04955

1,43

11,6

v  Iron

Fe

26

3,6467

1,29

11,2

Nickel
Copper
Silver
Platinum
Gold
Lead

Ni
Cu
Ag
Pt
Au
Pb

28
29
47
78
79
82

3,5238
3,6147
4,08591
3,9238
4,07832
4,9500

1,25
1,275
1,44
1,385
1,44
1,75

11,9
13,0
15,7
15,2
17,6
24,6
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0,060234E+30
0,082482E+30
0,091417E+30
0,084692E+30
0,05864E+30
0,066212E+30
0,058968E+30
0,03298E+30

D , K ,
calculated by a formula
2

 D  U (6 n)

375 – 428

415,7

355 – 470

466,5

375 – 450
315 – 343
215 – 229
230 – 240
164 – 170
88 – 105

442,2
330,8
219,4
234
157,2
85

1

3

/k
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The maximum and minimum values  D for metals taken from

6. References

references [1, 5, 8, 16] and also calculated by a formula (15)  D for
some metals are given in table 1.
The technique of determining acoustic speed is often not
described. In some cases the values  D which are experimentally
determined by various authors differ from those found in reference
books. In metals acoustic speed significantly depends on processing
to which the sample was subjected: rolling, forging, annealing.
The value n is determined by results of structural and diffraction
experiments.
It can be concluded from the analysis made, that  D and n can
be used as assessment of effective (idealized) value of acoustic
speed, i.e. U is determined by results of thermodynamic and
structural and physical parameters (  D and n). The provided table
suggests that  D , determined by a curve  CV T   a table value and


calculated by the formula CV  f (U , n) differ from each other at
the relative size which is not exceeding 5%. Average acoustic speed

U – was defined with longitudinal and cross acoustic waves.

5. Conclusion
Debye's temperature has to be considered as a temperature point


on an experimental curve CV  f (T ) when the constant value


CV  3R begins to decrease monotonously. The temperature point


of transition from constant value CV

12.

to temperature area of



reduction CV is also called Debye's temperature. Upon transition
through Debye's temperature at a research of thermal physical
properties of a crystal it is necessary to use methods of the quantum

13.

theory T   D or classical T   D . The stronger these inequalities
are, the better the corresponding approximations "works".

14.

2

From the condition k D 

PD

2m



2

2 mD2

15.

the dimensional

16.

border is received  D  L0 between macro- and nano states
1

L0  230   D

2

[ nm] .

It is established that Debye's temperature –  D allows to
calculate average effective value of acoustic speed.
The results of the work can be used in theoretical studies of
properties of crystals and the acoustic phenomena in crystal
materials. They can also be used by experts in the field of
nanotechnologies.
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CRACK RESISTANCE EVALUATION FOR Al+3.5% Mg ALLOYS BY
MEASURMENTS OF ULTRASONIC VELOCITIES AND HARDNESS
Assoc. Prof. PhD Alexander Popov1, PhD. Eng. Georgy Dobrev2,
1

2

Institute of Mechanics - BAS, Sofia, Bulgaria
Institute of Metal Science, Eqipment, and Technologies - BAS,Sofia, Bulgaria,
E-mail: alpopov@abv.bg ; dobrevbg@mail.bg,

Abstract: The crack resistance in fracture mechanics is defined as critical value of stress intensity factor in the plane-strain fracture
toughness. A mechanical test is used to assess it under certain conditions. This is a complicated, long and expensive procedure. In practice,
it is of interest to determine the crack resistance for construction elements by means non-destructive evaluations (NDE).
KEY WORDS: CRACK RESISTANCE, Al + 3,5 % Mg ALLOYS, ULTRASONIC VELOCITIES, HARDNESS

1. Introduction
The ability of the material to resist of the cracks
propagation in the body is called crack resistance -

In addition, deterministic or stochastic the relations [8-10]
are view

K Ic

resistance

K Ic

K Ic

by means mechanical testing

K
B   . Ic
  YS

K Ic

is NDE of

D, mm .

To obtain a dependency for D the following relationships are
considered:
А/ Hall–Petch’s dependency [8,9]

2

where B (fig.1.) is the minimum thickness that specimen a condition

 YS

: HB 

An important stage of NDE of

 ,



where plastic strain energy at the crack tip in minimal ,

T

2. NDE of grain size - D

[1,2], according , ASTM E 399:2017 (USA) or GN 25.506–85
(Russia) is determined. For aluminum alloys, ASTM B 645-10:2015
(USA), is used. The condition for mechanical testing is
(1)

L

where VL ;VT  are velocity of longitudinal and transverse
ultrasonic waves, HB is Brinell’s hardness. In this case the norms
ASTM E 494:2015 and ASTM E 10:2018 are used.

is named “fracture toughness” for plane

deformation [1-5]. Тhe value of

D  V ;V

(4)

Conventional crack resistance testing
In the fracture mechanics [1-5] the value of crack

(5)

is





 YS , MPa   0  K y D, mm

1 / 2

,

where the reference values for Al+3,5%Mg alloys [5,6] is
 0 ~ 50,0MPa , K y ~ 8,5MPa.mm1/ 2 .

yield stress of the material,  is the empirical coefficient,
According ASTM B 645-10:2015 (USA) for the parameter there is
 ~ 5.0. A most commonly used specimen for mechanical testing
are given on fig.1.

B/ Bussinesq’s dependency [10]
(6)

 YS , MPa  k Buss . ( ).HB , kgf / mm 2 
 ( )  (1  2. )  (1   ).2.(1   )1 / 2 ,

1
2
2
9
0.5  (VT / VL ) 2 , for Al+3,5%Mg, according BGN EN 1706,

1  (VT / VL ) 2
where

k Buus  2.12  3.53 , med.kBuss  2.8 .
After excluding

Fig.1. Test specimen for mechanical testing
The mechanical testing to obtain of

K Ic

D, mm

is difficult to

 YS , MPa

from (5), (6) equation for

is obtain

 

1 / 2

 0  k Buss .  .HB  = 0

realize, due to the large size B is needed. This testing is destructive.
Often, it is not possible to prepare a test sample from the subject
who is tested. It is needed of methods for non-destructive evaluation
(NDE) of crack resistance to develop. These methods must be
directly applicable to the test subject. The test specimen for NDE of

(7)

K Ic

measured. To solve the equation (7) a bisection method, ZEROIN
algorithm [11] and on-line compiler for C++ are used. The rots is
searching in the interval (0;1]. The accuracy 10-6 is set. The number
of iteration is N ~ log 22  X R  X L  / TOL , where ( X R : X L ) is
searching interval. In this case N ~ 170 (time of work is ~ 3-4
seconds ).

k

is not needed.
NDE of crack resistance - K Ic
in directly on constructive elements manufactured by

aluminum alloys. Such an approach does not require the preparation
of test specimens from the test material. In this case a relationships
are looking [1-7]



The equation (7) is non-linear, regarding

Buss

; ;  0 ; K y 

and

VL ;VT  ,

D, mm , by set

HB, kgf / mm2

are



3. NDE of K IcT , according Tetelman





(2) K Ic  D; E; ; ; YS ; UTS
where respectively average grain size, elasticity modulus, relative
contraction, yield stress, ultimate tensile stress). There are also the
relationships are known [3, 8, 9]
(3)

+



In practice there is interest for NDE of crack resistance

K Ic

Ky. D

In [5] a relation KIc  KIc D; YS
Tetelman’s model [6] is
(8)

E; ; ; YS ;UTS   D
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 K IcT

  YS


 =
 25,23.  C

  YS
2




. D ,




is considered. The
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 C

 YS

where  

   C
 
  exp 
 1  1. D ,  C is critical value
    YS
 

 

Table 1. Devices for NDE

of stress in crack tip. For Al alloy witch 3.5%Mg (BGN EN 1706)
there are

 max   C ~  UTS  2. YS

(fig.2.) .

After necessary conversions of (8) is done
(9)
where

 K IcT

  YS

2


  43.D ,


D  D(VL ;VT ; HB, K y ;  0 ; kBuss ) ,calculated by (7).

.
VL , mm / s

VT , mm / s

HB, kgf/mm2
М – 295
with spherical impact
device

SITESCAN 150 S
with transducers
for L and T waves
.

5.2. Measurements
For Al alloy witch 3.5 % Mg (BGN EN 1706).
Velocity, VL ;VT .mm / s , ASTM E 494:2015

Fig.2. Crack tip geometry
.




6,36  0,030 ; 3,15  0,015 .

4. NDE of K IcA , according Andreykiv
Andreev’s relationship [7] is a model includes not only

D;  , but also the mechanical properties of the material -

Note: Minimum thickness of test object is 5 mm.

YS

Hardness, HB, kgf

E; ;  . Andreev’s relationship can by write as

(90  120)  10 .
Note: Minimum weight of test object is 5 kg.

 

2

(10)

/ mm2 , ASTM E 10:2018

 K IcA 
E

  . D .
. ,
2

1


 YS 

where

6. Calculations

 D - structural function is defined as

According BGN EN 1706 for Al + 3,5% Mg alloy, the

 
 D  



 

3
.D.  0  K y D
3

1 / 2



average value

1

;

D  D(VL ;VT ; HB, K y ;  0 ; kBuss ) ,calculated by (7).
0.5  (VT / VL ) 2 , where
E = 3  4(VT / VL )2 ,


1  (VT / VL ) 2
 .VT2 1  (VT / VL )2
VL ;VT  are velocity of longitudinal and transverse ultrasonic
waves

and

obtain

by

means

( ,% / 100)  m.VL , mm / s   b ,

ASTM

E

 YS

, MPa ~ 70 is accept.

The results of calculations and reference values, are
presented in Table 1. and Table 2.

Characteristic

K Ic /  YS 2 ,mm

494:2015.

NDE. Err. ,%

R ~ 99.9 %, for Al + 3,5% Mg alloy m  0,1016; b  0,0038 .

K Ic , MPa.m1 / 2

2

NDE. Err. ,%

5. Experiment

According
Tetelman
1971 year
~ 2,90
~7%

Table 2. NDE of constants
According
Andreykiv
1982 year
~ 2,95
~5%

~ 27,5
~9%

~ 29,0
~4%

The results of calculations are need correction by

For samples from Al + 3,5% Mg alloys [13], BGN EN
1706:2010, measurements have been made.

2

1 CALC
CALC 2
K 

   K Ic  and K Ic  .K Ic . This coefficient takes into


3
  YS 
  YS 
account the difference in dimensions of the quantities participating
at calculated of the values.
A
Ic

5.1. Equipment.
For NDE measure the following equipment are used:
1. Leeb hardness tester М – 295, WILCON, Germany, for measure
2

of HB, kgf / mm ;
2. Digital ultrasonic flaw detector, SONATEST, England and
transducers for L and T waves are used,
for measures of VL , mm / s and VT , mm / s ;
3. Digital micrometer DIGIMATIC, Mitutoyo, Japan, for thickness
measures.
In Table 1. the images of Leeb hardness tester and digital
ultrasonic flaw detector and transducers are given.

Characteristic
K Ic /  YS 2 ,mm
K Ic , MPa.m1 / 2
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Table 3. Reference values of constants
[Wikipedia 2,3,4]
3,1 – 3,3
30 – 33
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a  0.3t , then
E2 (a  0.3t ) = (0.9 -1.1). E2 (a / c)) .

7. Example

B/ If

One of most important applications of the conception for
crack resistance

K Ic

is the condition for fracture [1,3]. The head of

After carry out the necessary transformations of

a diesel engine (aluminum alloy) with semi-elliptical crack between
the cylinders, fig.3. is considered.

(9), for the computing depth of crack

aCALC , the

inequality is obtain

N

K Ic .   j  aCALC 
j 2

(11)

 c 
 VT 

j 0

where
Fig.3. Semi-elliptical crack
between cylinders in the diesel engine

2 j

1/ 2

a

 KVT . CALC 
 cVT 

 0,

cVT  c , fig.4.; cVT by means magnifying

glass (10x optical zoom) with measuring scale is
obtained.

1/ 2
,where
KVT  M K a / t; a /( 2.cVT ).  . .cVT

.

correction factor M K by means Table 4. is obtained,

a  aUT ; aUT

by means ultrasonic method TOFD

(ASTM E 2373:2014) is obtained;

     (T 0C ) .

K Ic  K Ic E; ; ; HB  by means (10) is obtained.
The inequality (11) by equation (12) is solved

Fig.4. Model of semi-elliptical crack
in the diesel engine
The diesel engine does not break if provided [1,5]
(9)

K I   ; a; c   K Ic E; ; ; HB  ,

where

    C   max - mechanical stress;

j 2

(12)

K Ic .   j X 2 j - KVT .X 1/ 2 

0.

j 0

where

X  aCALC / cVT .

The non-linear equation (12) by bisection method,
algorithm ZEROIN [11] and on-line compiler for
C++ is solved.
Making a decision for the acceptability of the

a  aUT - depth of the semi-elliptical crack, fig.5. by
means ultrasonic testing, method TOFD (ASTM E
2373:2014) is determined;

a ACC is according a ACC  aCALC .
Therefore the condition for a ACC is
(13) a ACC  X .cVT ,
where X and cVT respectively by means solution of
crack depth -

(12) and method VT are obtain.

8. Conclusion

Fig.5. NDE of depth of crack - a by means UT
2c - length of the semi-elliptical crack, fig.4. , by means lens (10X
optical zoom) with measurement scale is determined.

This article describes the NDЕ of crack resistance by
means ultrasonic velocities and hardness. The calculated of value

K IcK  YS ; D, is simply, but does not produce a good result. The
A
calculate the value K Ic D; YS ; E; ;  gives a better result as it

K I   ; a; c is stress intensity factor of semi -

elliptical crack in infinite plain, [12] fig.4.
(10)

K I  M K . .  .a / E2 (a / c) ,
correction factor M K M K a / t; a / 2.c  by

where
Table 4. [13] is obtain.

0.2

0.4

0.6

D  DVL ;VT HB 



 YS   YS VL ;VT ; D

 - yield stress by Hall-Petch’s relationship

E;   (VL ;VT ) is NDE by ASTM E 494:2015;

0.8

  (VL ) -

0.2
0.4
0.6
0.8

1.173
1.359
1.642
1.851
1.138
1.225
1.370
1.447
1.110
1.145
1.230
1.264
1.049
1.062
1.107
1.112
E2 (a / c) is full elliptical integral, 2-nd kind [12].

regression, with coefficient of determination

R 2  99% .
K Ic = K IcA VL ;VT ; HB 

a  t , then
j 2

 respectively

is NDE.

a / 2c

A/ If



is NDE of D , VL ;VT HB
by ASTM E 494:2015 and ASTM E 10:2018;

Table 4.

M K a / t; a /2.c at    / 2
a/t

takes more information about the material.
The follow NDE are used:

means

of NDE for

K

A
Ic

/  YS



2

is NDE of crack resistance. The errors
A

is ~ 5 % and NDE for K Ic is ~ 4 %.

2 j

E2 (a / c))    j a / c 

Used norms
BGN EN 1706:2010, Aluminium and aluminium alloys - Castings Chemical composition and mechanical properties (Bulgaria)
GOST (Russian GN) 25.506–85, Design, calculation and strength
testing. Methods of mechanical testing of metals. Determination of
fracture toughness characteristics under the static loading (Russia).

,where

j 0

0 / 1 / 2   0.2959; / 0.2933 / 0.9886 ,
coefficient of determination R2 = 99.8%.
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