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SPATIAL GEARING: KINEMATIC CHARACTERISTICS OF THE
INSTANTANEOUS CONTACT
Assoc. Prof. Abadjieva E. PhD.1,2 , Prof. Sc. D. Abadjiev V. PhD.2
Graduate School of Engineering Science, Akita University, Japan1
Institute of Mechanics, Bulgarian Academy of Sciences, Bulgaria 2
abadjieva@gipc.akita-u.ac.jp
Abstract: In this work, case of rotations transformation between arbitrary crossed shafts (axes of rotations) by means of high kinematic
joints, which elements configure active tooth surfaces of hyperboloid gear mechanisms is treated. |Analytical dependencies, defining the law
of rotations transformation are illustrated. This law of transformation in this concrete case is a constant function of the relations of the
angular velocities of the movable links of the spatial three-link gear mechanism. The shown functions are applicable both to the synthesis of
the studied transmissions, and for the determining and control of the kinematic errors of these transmissions, caused by manufacturing and
assembly errors.
Keywords: SPATIAL GEARING, HYPERBOLOID
INSTANTANEOUS ANGULAR VELOCITY RATIO
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of gear mechanisms, when it is necessary to study their sensitivity,
while these parameters are changing.

1. Introduction
The Science of Spatial Gearing, that studies the processes of
rotations transformation upon a preliminary defined law between
non-coplanar (in the most common case) axes by means of threelinks mechanisms, having high kinematic joints, essentially can be
considered as an independent direction of the science Applied
Mechanics. It studies kinematic and dynamic behavior of these
body systems, in relation to the geometric characteristics of the
elements of the constituting high kinematic joints.

Main interest, from view point of the synthesis of spatial gear
drives upon a pitch contact point, is to be defined the instantaneous
velocity ratio when the instantaneous conjugated contact point,
respectively the instantaneous conjugated line, passes through the
pitch contact point. For this case it is necessary to define the
instantaneous velocity ratio by means of the geometric parameters
of the pitch contact point [1, 2].

Three-links mechanisms, for which the transformation of rotations
between non-coplanar axes is accomplished through a system of
high kinematic joints, which elements come into and go out of
tangent contact (instantaneous contact), by observing a definite law
of order, are named hyperboloid0 gear mechanisms. This name is
derived from the fact that their axoids are two revolution
hyperboloids, which geometric axes coincide with the axes of
rotations of the movable links of the three-links gear mechanism.
For them the rotations transformation is realized as a result of the
action of normal forces in the places of tangent contact of the
elements of the kinematic joints. The process of sequential
occurrence and disintegration of kinematic joints is a permanent and
regular one, and during its realization over time there should be
more than one configured kinematic joint. The state in which
kinematic joints exist is called gearing. For gear sets, when their
axes of rotations do not lie in one plane, is talked about spatial
gearing.

Considering the symbols given in Fig. 1, for the instantaneous
velocity ratio at one arbitrary contact point it can be written [3, 4]:

i12 =

ω1 d 2 e2 sin ε 2
.
=
=
ω 2 d 1 e1 sin ε 1

(1)

The main focus of the current research is put on defining of
specific characteristics of the instantaneous contact of the elements
of high kinematic joints, when the processes of the rotations
transformation by means of hyperboloid gear mechanisms are
realized.

2. Instantaneous Velocity Ratio in the Pitch
Contact Point
The exactness of the realization of a preliminary given law of
rotations transformation between shafts with crossed axes by means
of three-links gear mechanism, is in a direct dependency on
geometric and kinematic conjugation of the active tooth surfaces,
which come in and go out of contact. In this process, every occurred
instantaneous contact point (for gear mechanisms with a point
contact) or instantaneous contact line (for gear transmissions with
linear contact) is characterized by an instantaneous velocity ratio.
The main requirement to the synthesis and design of gear
mechanisms are that their instantaneous velocity ratio should
correspond to a preliminary given design value, by observing an
adequate exactness. Hence, the defining of the instantaneous
velocity ratio, as a function of the geometric parameters of spatial
gear sets, is of a great importance, especially for the kinematic types

Fig. 1. Kinematic scheme for determining the instantaneous velocity ratio of
a hyperboloid gear mechanism
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Here

ωi (i = 1, 2)

angular velocities

ω1

are the magnitudes of the instantaneous
and

distance between the points

ω2 ; d i (i = 1, 2) - minimal
of piercing Oiπ (i = 1, 2) of the

Vi

is the magnitude of the circumferential velocity

H i ; βi

radius of the pitch circle

Vi ; ri

-

- angle of inclination of the

P ; αn Σ i in the pitch contact point P (a pitch

longitudinal line of the tooth in the pitch contact point

n − n with planes Π i (i = 1, 2) and the rotations axes
i − i (i = 1, 2) . n − n is a normal line to the tooth surfaces

normal

Σ1

where

normal profile angle of
normal angle);

Σ 2 passing through the conjugated contact point P . The
planes Π i (i = 1, 2) are perpendicular to the axis O1O2 of the
crossed axes of rotations 1 − 1 and 2 − 2 and contain as well the
corresponding crossed axes i − i (i = 1, 2) ; ei (i = 1, 2) minimal distances between n − n and the crossed axes i − i ; ε i
(i = 1, 2) - angles between the normal n − n and the axes of
rotation i − i (i = 1, 2) .
and

Vi ,n

- magnitude of the projection of the

circumferential velocity vector

Vi

on the common normal

n−n.

Here, it will be reminded that in general case, in order to realize
rotations transformation between fixed crossed axes i − i

(i = 1, 2)

by means of the conjugated contact point

P

it is

appropriate the instantaneous contact in it to be considered by
means of two infinitely small regions from the surfaces

Σ 2 , respectively.

Σ1

and

Actually, these regions have a relative motion,

V12 , which is a
(i = 1, 2) around axes i − i
fact, that one of the surfaces Σ i

determined by the vector of the relative velocity
result of the rotation of

Σi

(i = 1, 2) (see Fig. 1). The
(i = 1, 2) transmits motion to the other one, means that the
V12 lies in their common tangent plane Tn . If this condition is

fulfilled, from it follows the equality of the normal components of
the absolute velocities of

(i = 1, 2)

P,

considered as a point from

and vice versa. Both conditions are equivalent ones

for the kinematically conjugated action in the point

P , namely:

V1,n = V2 ,n ,
where

Vi ,n

Σi

ρ i

ii ,i ±1 =
where

V1,n = V2 ,n ⇒ V1,e . sin ε 1 = V2 ,e . sin ε 2 ⇒

i12 =

L1

with an opposite orientation of the

and

L2

(see Fig. 2) is realized, then the

ωi
r
= i ±1 (cos µ ± tan β i sin µ ) ,
ωi ±1 ri

i = 1, 2

is the number of the gear, and

(5)

µ

- hypoid angle.

For the case of spatial rotations transformation between crossed
axes, by means of contacting in the pitch contact point P tooth

ω1 e2 . sin ε 2
=
.
ω2 e1 . sin ε 1

surfaces
lines

When taking into account the symbols, given in Fig. 1 and Fig. 2
(assuming that the conjugated contact point is a pitch contact point)
then from (2) it can be written:

Vi ,n = Vi cos β i cos α n = ωi ri cos β i cos α n ,

(4)

equation (4) can be presented in the type [1, 2]:

ω d
i12 = 1 = 2 ;
ω2 d 1

and

Σ2

and

longitudinal lines

V1,n = V2 ,n ⇒ V1,π = V2 ,π ⇒ ω1 .d1 = ω2 .d 2 and

ω1 .e1 . sin ε 1 = ω2 .e2 . sin ε 2

Σ1

surfaces

Let’s first show how equality (1) is obtained, from the condition
(2), and taking into account Fig. 1:

-From

ω1 r2 cos β 2
=
.
ω 2 r1 cos β 1

When the rotations transformation between crossed axes 1 − 1
and 2 − 2 by means of contacting in pitch contact point P tooth

and

of the circumferential velocity Vi .

- From

Then from (2) and (3), the well-known dependency is obtained
[5, 6, 7, 8]:

i12 =

(2)

is a normal component of the absolute velocity

Fig. 2. Geometric-kinematic scheme of a spatial gear pair with an opposite
orientation of the longitudinal line of the teeth

L1

Σ1

and

and

Σ2

L2

with one-way orientation of their longitudinal

(see Fig. 3), then the equality (4) is of the type

[2]:

ii ,i ±1 =

(3)
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ωi
r
= i ±1 (cos µ + tan βi sin µ).
ωi ±1
ri

(6)

In equations (5) and (6) the above signs refer to
bellow ones –

i = 2.

i = 1,

For the case when the analysis of the instantaneous velocity ratio
requires estimations to be made on the basis of the analytical

and

dependence (1), it is necessary the defined distances

ei

and

di

to

be expressed, by means of the geometric parameters of the tooth
surfaces

Σ1

and

Σ2

in the pitch contact point.

Then from (1), taking into account the symbols shown in Fig. 1,
Fig. 2 and Fig. 3, it can be written

Vi ,n
= cos ∆ ,
Vi ,π

(9)

Vi ,n = ωi .ri cos β i cos α n ,
Vi ,π = ωi .d i .
From (9) it is obtained

ri cos βi cos α n
,
cos ∆

di =

(10)

n − n and the
direction of the line O1O2 of the crossed axes of rotations i − i
where

∆

is an acute angle between the normal

(i = 1, 2) .
Analogically, for the distance

ei , the following expression can

be received:

Vi ,n
= sin ε i ,
Vi ,e

(11)

Vi ,n = ωi .ri cos β i cos α n ,
Vi ,e = ωi .ei ,

Fig. 3. Geometric –kinematic scheme of spatial gear pair with one-way
orientation of the longitudinal line of the teeth

If from a formal view point it is assumed that i represents the
number of the movable link of the three-links spatial gear
mechanism, then the cases i = 1 define the instantaneous velocity
ratio in the pitch contact point, when a rotation from axis 1 − 1 is
transmitted towards axis 2 − 2 , and i = 2 covers the cases of
rotations transformation form 2 − 2 towards 1 − 1 .

whence

ei =

nominal velocity ratio, which is equal to the instantaneous velocity
and

L2

of the mentioned above

tooth surfaces, should have an inclination angles, defined by the
expressions [2]:
•

When the longitudinal lines

Li (i = 1, 2)

•

ri .ii ,i ±1 − ri ±i .cos µ
,
ri ±i . sin µ

When the longitudinal lines

Li (i = 1, 2)

have

ri .ii ,i ±1 − ri ±i .cos µ
.
ri ±i . sin µ

(13)

As it has already been mentioned, the transformation of rotations
according to a preliminary defined law is a basic process, to the
realization of which are oriented to the predominant part of the
three-links hyperboloid gear mechanisms. From a theoretical view
point, the most common process is the process of spatial rotations
transformation with the crossed placement of the axes of the
movable links of the three-links transmission mechanism, which
determines the predominant interest of the researchers. For this
reason, for the current study, a mechano-mathematical model will
be illustrated, that treats this most common case, but in an aspect
determined by its practical application. In other words, the study
will consider a hyperboloid gear mechanism, transforming rotations
with constant angular velocities between crossed shafts (axes). The
model
presented
below
illustrates
geometric-kinematic
characteristics - an object of the current work.

(7)

have one-

way orientation

tan β i =

d i sin ε i
.
=
ei cos ∆

ei , (for the case when the
the pitch contact point P ) is

and

3. Geometric-Kinematic Model of the Object of the
Research

opposite orientations

tan β i = ±

di

instantaneous contact is realized in
obtained:

i − i (i = 1, 2) are realized, when the active tooth surfaces
Σ1 and Σ 2 have a contact in the pitch contact point P , (for a
L1

(12)

When (10) and (12) are solved together, then the following
relation between the distances

In order, the rotations transformation between crossed axes

ratio), the longitudinal lines

ri cos β i cos α n
.
sin ε i

(8)
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On Fig. 4 a geometric-kinematic scheme of three-links gear
mechanism, transforming by means of movable links (gears) 1 and

2

ω1

rotations with angular velocities

and

ω2

where

ui , ϑi -

δ

ωi

ϕ 2 = ϕ1i21 , u1
defining point

Σ1

and

parameters

in the case of a real gear mechanism, in every moment more than

Σ2

exists, forming kinematic

joints ( Σ 1 : Σ 2 ). When one of the movable links, for example

i = 1 , is put into rotation with an angular velocity ω1 , then the
other movable link i = 2 starts to rotate. And if the obtained
rotation of the second movable link is determined by the angular
which

the

condition

fulfilled, that is equivalent to the

last equality of conditions (14)), then it can be affirmed, that the
kinematic joints ( Σ 1 : Σ 2 ) (illustrated on Fig. 4), and the studied

from which

S

and

Si (Oi , xi , yi , zi )

is a static coordinate system

Si (i = 1, 2)

i = 1, 2 .

The

mentioned above coordinate systems are not shown in Fig. 4. The

S 2 towards S is
parameters of rotations (meshing) ϕi (i = 1, 2) .
current position of

Let’s the elements

S1

Σ1

and

and

Σ2

given by the

ρi ,s = ρi ,s (ui , ϑi , ϕi ),
ni ,s = ni ,s (ui , ϑi , ϕi ) ,

u2

S

and

are pair of independent parameters,

Σ1 , which has a tangent contact
Р from Σ 2 , defined by the

as a point from

and

ϑ2 .

ϕi = var ia , i = 1, 2 . Then [5 - 8]

ρ 1,s (u1 , ϑ1 , ϕ1 ) = ρ 2 ,s (u2 , ϑ2 , ϕ 2 ),
n1,s (u1 , ϑ1 , ϕ1 ) = n 2 ,s (u2 ,ϑ2 , ϕ 2 ),

(17)

ρ1,s (u1 , ϑ1 , ϕ1 ) = ρ2 ,s (u2 , ϑ2 , ϕ 2 ),
n1,s (u1 , ϑ1 , ϕ1 ) = n2 ,s (u2 ,ϑ2 , ϕ 2 ),

(18)

where

ρ i ,s

to the

Σ i ; ni ,s

is an absolute velocity of the contact point

Р , joined

- an absolute velocity of the tip of the normal

ni

in the contact point

Р , joined to the Σ i .

Vr ,2 = Vr ,1 + (V1 − V2 ) = Vr ,1 + V12 ,

(19)

As it can be seen, these vector equations are determining for both
the circumferential and the relative motion of the conjugated

of the high kinematic joint are

described parametrically in the static coordinate system

ϑ1

ϕ1

Here and further under conjugation of the kinematic joints, and
functioning through them transmission mechanisms, it will be
understood their theoretically kinematic conjugation. The systems
(17) and (18) are the vector conditions for conjugation of the
studied hyperboloid gear mechanism. The first equality from (7) can
be presented easily in the form [5 - 8]:

are the coordinate systems,

firmly connected with the movable links

the

point

(connected with the non-movable link (posture) of the three-links
gear mechanism), and

(16)

 - an
Р , joined to the Σ i ; ρ
i ,s
absolute acceleration of the contact point Р , considered as a point
i ,s - an absolute acceleration of the tip of the ni , in
from Σ i ; n

The research is realized with introducing the right-handed

(i = 1, 2) ,

Σ 2 , the following conditions

In the process of motion of the kinematic conjugated joints for
the current points Р , the conditions (16) are constantly fulfilled for

vector

gear mechanism respectively, are kinematically conjugated.

S (O, x, y, z )

Р

and

with the corresponding point

Σ 2 , that in a given moment have a conjugate contact point Р (the
Р can belong to the conjugated
instantaneous contact line D12 ). Here, it should be mentioned, that

coordinate systems

and

For concrete values of the parameters of rotation

tangent point of contact

(for
ω2 ,
ω2 = ω1i21 = cons tan t is

Σ1

= n2 ,s (u2 ,ϑ2 , ϕ2 = cons tan t ).

of

- crossed angle of the axes

kinematic joint ( Σ 1 : Σ 2 ), which elements are the surfaces

velocity

Σi .

= ρ 2 ,s (u2 ,ϑ2 , ϕ2 = cons tan t ),

The rotations transformation is realized by means of high

and

on

ρ1,s (u1 ,ϑ1 , ϕ1 = cons tan t ) =

1 − 1 and 2 − 2 ; aw - minimal distance between the crossed
axes 1 − 1 and 2 − 2 (offset); i12 (i21 ) - velocity ratio.

Σ1

independent parameters, determining the location of

n1,s (u1 ,ϑ1 , ϕ1 = cons tan t ) =

is a magnitude of the angular velocity vector

one pair of tooth surfaces

at the same point;

are fulfilled:

1
ω
= constant ,
i12 = 1 =
ω2 i21
;

Σi

- normal vector to

Р , considered

As it has already been mentioned, at the point of geometric

(14)

i

Σ i ; ni ,s

conjugation of the surfaces

aw = constant ,

rotations of the movable link

Р

point

ω i = constant , i = (1, 2) ,
δ = ∠(ω1 ,ω2 ) = constant ,

ωi

is a radius-vector of the contact point

as a point from

between fixed

crossed axes 1 − 1 and 2 − 2 (placed in the static space) of the
links 1 and 2 is illustrated. The studied case of the process of
rotations transformation is characterized by the following
conditions:

where

ρi ,s

[2, 5-8].

contact points. Moreover, (19) shows, that vectors

Vr ,2 , as well as the vectors V12 , V1

(15)

coplanar vectors.
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and

V2

V12 Vr ,1

and

are two triplets of

The first triplet determines the tangent plane
contact point

Р

of

Σ1

and

Σ2 .

Tn

in the conjugated
•

The second triplet of vectors,

Tm , which under concrete conditions contains the

determines plane

pole of meshing/pitch contact point of the synthesized gear set. The
above comment is illustrated on Fig. 4.

pitch contact point) by introducing geometric-kinematic
parameters of the pitch contact point, are also written.
Generalized expressions for the angles, defining the inclination
of the longitudinal lines of the teeth (when their synthesis is
realized upon a pitch contact point) are expressed by the
obtained analytical dependencies for the instantaneous velocity
ratio in the pitch contact point.

The received analytical dependencies are applicable for the
realization of the process of synthesis of spatial gear mechanisms,
as in the case of application of the mathematical model for synthesis
upon a pitch contact point, and when in the process of synthesis, the
change of the velocity ratio at instantaneous tangent contact points
(different than the pitch one) is also taken into account.
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Fig. 4. Kinematic scheme of the conjugated action of the active tooth
surfaces

Σ1

and

Σ2

of the three-links hyperboloid gear transmission in

Р : i − i (i = 1, 2) - rotation axes of the movable
links; a w - offset; δ - crossed angle of the axes 1 − 1 and 2 − 2 ;
Tn - common tangent plane of Σ1 and Σ 2 at point Р ; n − n common normal of Σ i (i = 1, 2) at point Р ; ρi ,s - radius-vector
 is
of point Р , joined to the Σ i in the static space S ( O , x , y , z ) ; ρ
i
the contact point

an absolute velocity of the contact point

Р ; V12

- relative velocity of

Р ; Vr ,i - relative velocity of the motion of point Р

surface Σ i ; Vn ,i - normal components of ρ
i

point

4. Conclusion
For the synthesis of hyperboloid gear transmissions, it is
necessary to be defined an analytical approach for determining the
kinematic error in the spatial gearing, which as a rule occurs as a
result of manufacturing and assembly inaccuracies during the
realization of these transmissions. In the present work it is
illustrated sequentially:

•

•
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Office, Washington, 1989, 470 p.
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on the tooth

The model of the process of spatial transformation of rotations,
described briefly in this paragraph, by means of a hyperboloid gear
drive with arbitrary crossed axes of rotation, is in the basis of the
current work.

•

5. Litvin, F. Theory of Gearing. Publishing house "Nauka,"
Moscow, 1968, 584 p. (in Russian).

A generalized mathematical model of the hyperboloid
transmissions (based on their geometric and kinematic features)
is defined.
The analytical relations, for the instantaneous velocity ratio in
an arbitrary contact point of the instantaneous tangent contact of
the gear drives with an arbitrary crossed axes are illustrated in
the current reserach.
Generalized dependencies for determination of the
instantaneous velocity ratio in the pitch contact point are
written. Dependencies by which kinematic and geometric
estimations of the synthesized spatial gear mechanisms (upon a
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DEVELOPMENT OF A SOFTWARE APPLICATION FOR DESIGN AND 3D
MODELING OF A CONTROL ROD FOR A HYDRAULIC RECOIL BRAKE
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Abstract: The design of complex armament details is a challenging process that requires great amount of time and data collected from
ballistic calculation of the artillery tube. The developed software product that calculates the recoil brake’s piston rod replaces the large
amount of computational work required, reduces the probability of calculation errors and enables the designer to focus his creative thinking
into the combination of different materials and construction dimensions. The ability to export the calculated piston rod profile afterwards
allows for easy transfer of the information required into a 3D virtual reality and the use of 3D modeling for the construction of the piston
rod and the recoil braking device.

Keywords: HYDRAULIC RECOIL MECHANISM, HYDRAULIC RECOIL BRAKE, RECOIL-ROD.

2. Research

1. Introduction
The hydraulic recoil brake serves to stop the movement of the
recoil receiving parts after firing and functions as a kinetic energy
converter, converting the recoil energy to thermal energy that heats
up the mechanism’s elements and the brake fluids inside.

2.1. Purpose: Creating an application for modeling the control
rod profile and 3D model of the recoil-rod.

It’s working principle is that during recoil the liquid in cylinder
under the influence of the pressure created by the movement of the
recoil parts, passes with a high speed through specially created
openings in the recoil brake. As a result of this transition and the
resistance created by this action, the resisting force that stops the
recoiling parts is created.

-creating an application for profile modeling of the recoilingrod of the recoil cylinder.

2.2. Tasks:

- creating a 3D recoil-rod model.

3. Description of the user application for designing
the profile of the recoil-rod of the recoil hydraulic
brake.
The commercial application for calculation of the control rod of
the hydraulic recoil brake is developed on MatLab version 2017b.
The program is supported by wide range of operating systems
Windows, MAX OS and Linux.
To view the exported data in an Excel spreadsheet a Microsoft
Office installation is required.

Fig. 1 Hydraulic recoil brake.
Дт–internal diameter of the cylinder of the recoil brake; Дт' –outer diameter
of the cylinder of the recoil brake; dт– outer diameter of the piston rod; dн–
inner diameter of the piston rod; dp–diameter of the piston’s throttling ring;
δx– current diameter of the control rod; hx – current depth of the grooves on
the inner surface of the piston rod.

The control rod type recoil brake consists of a circular crosssection but a variable diameter (control rod) that regulates the
dimensions of the fluid drainage holes. The control rod diameter δх
is calculated so that the braking resistance complies with the
required laws physics for its change during the recoil movement.

Design by CSV (Comma-Separate Values) requires the
Premium version of SolidWorks (2015-2018) installed.
For the design of the recoil brake it is necessary that a large
volume of calculations including the estimate of the free recoil and
actual recoil forces and calculations for the recoil brake and
recuperator.
To make the calculations, input data obtained from the ballistic
calculation of the body is used: d – system caliber; 𝑝𝑚𝑎𝑥 –
maximum pressure ; 𝑝𝑔 – barrel pressure ; 𝑉𝑚 – speed of the
projectile at the moment of maximal internal pressure; 𝑉𝑔 = 𝑉0 –
speed of the projectile when leaving the barrel; 𝑙𝑚 – the relative
path of the projectile in the barrel bore at maximum pressure; 𝑙𝑔 –
relative route of the projectile at the time of exit; 𝑡𝑚 – time until the
maximum pressure; 𝑡𝑔 – time until the projectile exits the barrel; 𝑀0
– mass of the recoiling parts ; 𝑚 – projectile mass; 𝜇 – mass of the
powder charge; 𝜑𝑚𝑎𝑥 – highest vertical angle; 𝜑пр – angle of
stability; 𝜉 – efficiency coefficient of the recoil brake (if present); 𝑒
– eccentricity of the center of mass of the recoil parts relative to the
oscillating line; 𝑀Б – mass when deployed; 𝐷00 – force of
weight 𝑄Б when 𝜑 = 0; 𝐻 – high of the firing line; 𝑁𝑝′ – reaction to
the towing hook.

After a comparative analysis of the software designed to
compute complex mathematical tasks and output quick and accurate
results and CAD / CAM / CAE systems suitable for design of the
control rod model, the following program products were selected:
- MatLab - for creating an application using the embedded
programming language, allowing calculation and visualization of
the construction dimensions of the recoil cylinder. The application
is flexible and adaptive, thanks to the built-in high-level
programming language. The system can be tailored to the
requirements of each user through programs developed by the user
himself.
- SolidWorks - for 3D control rod modeling for enabling the
braking of the recoiling parts during the recoil in the artillery
systems. Allows easy products testing and preparation of the
technical documentation and visualization of the forthcoming
operations for making the desired detail of the machine.

Starting the application for calculating the recoil brake is
performed by specifying the path to the folder where the application
is saved after which the "Start" command in the MatLab Command
Window (Figure 2) is written.
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Fig. 2 Starting the program.

Pressing the input key on the keyboard (Enter) opens a window
where the input data is filled in (Figure 3).

Fig. 6 Calculation of the free recoil.

When the “Calculate” button is clicked the application fills the
blank information fields and at the same time opens two new panels
and a button (Figure 7) with the names:
Panel “Second period” –Contains additional information on free
recoil calculation as well as a “Calculate” button whit which a
command is provided that fills the information fields.
Panel “Information” –contains additional user information.
Button “Calculate W and L” – continues the required
calculations.

Fig. 3 Window for input data.

Once all the data has been filled in, it is necessary to click on
the "Save input data" button. Then the "Continue to calculating the
free recoil” button appears (Figure 4).

Fig. 7 New panels.

When the “Calculate W and L” button is pressed the program
opens and fills up the original table for the calculation of the recoil
brake then opens the graph showing the change of parameters and
the "Continue to the actual recoil calculations" button (Figure 8).
Fig. 4 Button “Continue to calculating the free recoil”.

If any input data is not filled in or if it is filled in with a
negative character the application warns that there is a missed or
erroneous field filling it with a red color and a blank "Error" field
appears signaling where the mistake is (Figure 5).

Fig. 8 Full vision of the window “Calculations of the free recoil”.

From the drop-down menu above the diagram are selected the
different graphs that are displayed (Figure 9).

Fig. 9 Drop-down menu.
Fig. 5 Window “Error”.

Pressing the scroll button in order to proceed to calculate the
actual recoil opens the "Calculate the actual recoil" window (Figure
10).

Using the "Exit" button, located at the bottom left corner of the
window, closes the application.

In the same way as the initial window appears of “Calculating
the free recoil” an information box with empty fields is also
displayed which is filled in by clicking on the "Calculate the Ro
range" button. In the lower right corner is a filled-in table of the free
recoil calculations including the new columns needed to calculate
the actual recoil. Below it is the “Home” button which opens the
initial input data window and resets the data saved so far.

Once all the input data has been filled in and the button for
calculating the forces of the free recoil is pressed the application
opens the next window "Calculate the free recoil" (Figure 6).
The initial view of the window contains a panel called “First
Period” which contains the “Calculate” button and several blank
information fields. In the lower left corner of the window the
"Home" button is located where the initial fill-in input window can
be opened and with that close the current "Free recoil calculation"
window.
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Fig. 10 Window “Calculation of the actual recoil”.

When pressing the calculation button on the Ro range the
“Calculations for first and second period” panel opens. The
difference from the previous panels is the white field in which it is
necessary to enter value by the user in this case the initial value of
the resistance force Ro.

Fig. 13 Window “Calculate the force of the recuperator”.

Click the button “Input and calculate” – fill in the column “П”
in the table and the “Continue to calculate the hydraulic recoil brake
with control rod” is displayed.

When entering the value and pressing the “Enter and Calculate”
button the information fields are filled in the next panel
"Calculations for the third period" opens and the table is completed
until the end of the second period (Figure 11).

Under each field to fill (white field) there is information with
instructions for the user. When entering a non-compliant value, the
field is highlighted in red and opens a window with additional
action instructions.
The window “Calculations of the hydraulic recoil brake with
control rod for the first scheme of the counter recoil (two period)
(Fig. 14) contains the following panels, shown sequentially when
entering values in the specified fields and clicking the required
buttons:
Startup information – contains information for the forces of
friction and the R f value. The button “Calculate the hydraulic
resistance (Фо)” serves to calculate and fill in the columns “Фо”
and “Фо/V2” in the calculations table, also opens the following
instruction panels.

Fig. 11 Panels with filled in and presented information.

If the entered value is lower or higher than the boundary a
warning window opens indicating that the entered value is out of
bounds also paints the box in red and does not fill the remaining
fields.

Calculation of the average working area of the piston during
recoil – the panel contains fields for inputting values needed for
subsequent calculations. The information that assists in deciding
what values to enter is given under the input fields and in the
“Information” panel.

When the “Calculate” button in the “Calculations for the third
period” is clicked the table until the end of the third period is filled
in and graph is displayed showing the different changes in the
actual recoil values and the “Continue to calculate the recoil force”
button (Figure.12).

Indicative dimensions – via the "Calculate the orientation
dimensions" button are filled in the size information fields.

Fig. 12 Full vision of the window “Calculations of the actual recoil”.

From the drop-down menu above the graph select the different
showing charts.
Fig. 14 Window “Calculation of the hydraulic recoil brake with control rod
with the firs scheme of the counter recoil (two-period)

The "Calculations of the force of the recuperator " window is
shown in Fig. 13.

Specifying the dimensions - enter standard sizes and calculate
the working area and maximum pressure by pressing the “Calculate
work area and maximum pressure” button.

The necessary steps to fill in are:
Pressing the button “CalculateПо” – calculates the minimum
value of the the initial force (По).
Input value for the initial force of the recuperator – the user
enters the desired value of “По”.
Input value for the degree of the gas shrinkage - enter the
desired coefficient.

The "Check the applicability of the first counter recoil scheme"
button calculates and verifies of the first scheme. If the condition
for the feasibility of the "Equivalent force limit ((rпр)”and
"Secondary period (r 2)" are fulfilled, then the fields are painted
green otherwise they get a red color.
With the button “Continue the calculations” continues with the
calculations for the second schematic for the counter recoil. (Fig.
15).
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Exporting a CSV file whit which the detail can be designed in
SolidWorks.
At lowest part of the hydraulic recoil brake with a control rod
reading window are the buttons:
Home - returning the program to the original screen to fill in
input data and delete all data until it is clicked.
Open the value table - opening a new window with the
spreadsheet (Figure 19).

Fig. 15 Window “Calculations of the hydraulic recoil brake with control
rod under the second scheme of the counter recoil (five period)

In this estimate the successive panels are:
Determination of the internal diameter of the piston stem - it is
necessary to introduce the yield limit of the selected material. By
clicking on the “Calculate the orientation diameter” button, the field
indicating the orientation is filled in. The user-selected standard size
and the adjustment ring coefficient for subsequent calculations are
filled. When pressing the Calculate button the other information
fields are filled in and the next panel opens directing the design
engineer to the next step of the calculation algorithm.

Fig. 19 Calculation table.

Exit - exit the program.
If one of the strength requirements is not met, the corresponding
field is marked in red and a window opens with two options for
adjusting the required parameters (Figure 20).

Determining the total area of the piston’s openings and the
moderator - it is again needed for the indicated fields to be filled
with the indicative values below them.
Determination of the number of holes in the moderator and their
diameter according to the area.
Calculating the values of Z, sqrt(z)-1, ax and Delta – this panel
contains the “Enter and Calculate” button to calculate and fill the
values in the table of specified values a standard control rod size is
introduced into the specified field and the yield limit for the model.
With the Enter and Calc buttons a follow-up "Info" panel opens.
Information - this panel shows the values of the compressive
stress the value of the buckling check and the reference value of the
outer diameter of the cylinder according to the strength
requirements. It also contains three buttons (figure 16) through
which the following operations can be performed:

Fig. 20 Windows "Warning" and "Options".

When selecting one of the two options the window of the
selected operation opens and the necessary data for the new control
rod profile is entered. The user must recalculate the new parameters
to meet the strength requirements.

4. Describing the design of the 3D control rod
model of the hydraulic recoil brake.
Due to the CSV file's specificity when installing the application
on a new computer, it is necessary to indicate the path to the XYZ
file. This is done by opening the "HSO2.m" file, finding line 1125
of the source code, and setting the exact path to the file
"sw_hso.xyz" (Figure 21).

Fig. 16 Buttons for additional functions.

A new window opens, displaying the control rod profile through
the path of the recoil (Figure 17) converted into millimeters.

Fig. 17 Control rod profile.

Export data from the estimates to an Excel spreadsheet (Figure
18).

Fig. 21 Source code of the file "HSO2.m".

Fig. 18 Exported data from the estimates in an Excel table.
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To create a SolidWorks account model, it is necessary to export
the CSV file calculations from the application control rod profile
and open a new project in SolidWorks.
From the Open menu, select the file "sw_hso.xyz" which
contains the coordinate points for the control rod profile, open the
model using the "Open" button (figure. 22).

Fig. 26 Software function “Revolved Boss/Base”.

The length of the control rod is equal to that chosen by the
constructor-engineer in the calculation part in millimeters (Figure
27).

Fig. 22 Window “Open” of SolidWorks.

Creation of a 3DSketch option is selected on the front plane
(FrontPlane).
Draw a construction line along the abscissa passing through the
center of the coordinate system (Figure 23).

Fig. 23 Work field in SolidWorks.

Draw a line through all the coordinate points and perpendiculars
to the constructive, through the first and the last points (Figure 24).
Fig. 27 3D model of the control rod of the recoil brake.

5. Conclusions
Fig. 24 Modeling the control rod in “3DSketch”.

The created software for calculating the recoil brake with
control rod replaces the large volume of the needed calculations
reduces the probability of calculation errors and enables the trainees
to direct their creative thinking into a combination of different
materials and / or constructive dimensions. Visualizing the final
model in a 3D environment by exporting coordinate points to help
draw a control rod profile.

Exit the “3DSketch” feature and create a “2DSketch” in the
front view.
From the folding menu (FutureManagerDesingTree)
"3DSketch" is marked and with the function "ConvertEntities" a 2D
sketch is created (Figure 25).

The presented software product only provides some of the basic
information needed for the creation of a recoil device in an artillery
system. As further developments the creation of relations to other
modeling and model calculating programs is a possibility.
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Fig. 25 Following steps in “2DSketch”.

Draw a line linking the two perpendiculars and proceeding from
the sketch.
From the "Features" menu, select the "RevolvedBoss / Base"
function by which reversed fill is performed on a selected line or
point. For the axis of rotation, the last line (joining the two
perpendiculars) is selected and accepted by the confirmation button
(Figure 26).
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Abstract:

The possibility of marking and engraving on cloth with CO2 laser has been studied. For this purpose a methodology of
experiments was developed in which a matrix of nine squares measuring 1: 1 cm and a laser beam velocity and power of 2-26 W and 100350 mm / s, respectively.
Keywords: MARKING, CUTTING, ENGRAVING, TEXTILE, LASER CO2, POWER, VELOSITY.


1. Introduction



The laser is often grouped with the transistor and the computer
as landmark inventions of the mid-20th century. All three
technologies had deep conceptual roots, and grew and flowered
rapidly in the years after the end of World War II [4].




Since the practical opening of the laser in the early 1960s, it has
continuously improved and contributed to the development of
industrial production - automotive, aircraft construction,
shipbuilding, machine building in Bulgaria and the world. Laser
sources emit radiations with wavelengths in a wide spectral range from ultraviolet, visible and infrared to continuous and pulsed
modes. Some of the laser technologies are: laser marking, cutting,
engraving, welding, drilling of holes and many others. The laser
marking systems using different lasers delivery systems can be used
to mark too many materials including such as textile, plastics,
metals, ceramics, glass, wood and leather [1,7,12]. Some
information (alpha-numeric, graphics or encoded) is applied to
almost all types of materials including textiles [2]. Laser marking
and laser cutting technology is now widely associated with textiles
[3,5].
There is a many ways in which laser cutting technology can be
used within the field of textiles too [6]. In this we presente some
results from this area.

2. Experimental setting
Gas laser CHANXAN CW 1325 CO2 active, 1-150 watts
power, 1-400 mm / s, laser beam wavelength: 10.6 m, maximum
marking area: 2500 x 1300 mm, laser size focal spot 100 m and
water cooling system – Fig 1. On the figure "Materials" indicates
the location where the sample is placed.
The surface power density SPD of the laser beam is determined
by:

SPD 

The quality of a mark is assessed by its legibility characteristics
such as mark contrast, mark width, mark depth, and
microstructures. The characteristics are usually evaluated using
complementary techniques such as optical microscopy, ultrosonics
microscopy, electron microscopy, surface roughness measurement.
In beam deflected marking, the line width is mainly determined by
the focused beam spot size, which varies between 20 - 100 μm.
Other parameters: scanning speed, power density and material
properties also affect the line width. [1].
The main factors that influence the contrast of laser marking are
[7,8,9]:
- optical characteristics: power density, pulse energy (pulse lasers
only), pulse duration of the laser beam, frequency, overlap factor;
- thermophysical characteristics: marking speed, laser beam pitch,
laser beam defocus, number of repetitions, volumetric density of the
absorbed energy.
The marking and engraving on fabric with a composition of
65/35% CO / polyester ± 3% determined according to EN ISO 1833
quantitative chemical standard with CO2 laser was investigated and
analyzed. For this purpose, an experimental methodology was
developed, which concludes in the following:
a matrix of 9 squares with 1x1 cm is created. The power of the
laser beam is in the range of 226W and its speed is in the range of
100350 mm/s. A schematic of the six-square matrix after
experiments is shown in Fig. 2.
In relation to the influence of the laser beam on the fabric, the
linear energy density LED of the laser beam is defined on a unit
length depending on the velocity:

P
S

LED 

where P is the power of laser beam and S is the area of the laser
beam section in focus. Laser control was performed using the
RdWorks software [9,10].

P
v

where P is the power of laser beam and v is the speed of laser beam
movement on the textile.

3. Laser Marking

Table 1 shows the variation of speed and power P for 2 W, 10
W and 26 W and the resulting linear energy density.

The common advantages of all laser marking techniques are [1]:





easy to automate and integrate (using computercontrolled movement of the beam or sample);
precise beam positioning and a beam highly localised
energy transfer to the workpiece;
high reproducibility and high speed ;
contamination - free.

permanent, high quality marks;
high efficiency and low operation cost;
good accessibility, even to irregular surface;
non-contact marking and no special working
environmental needed;

Each processing area (each square) is implemented with the
raster scan method. The line-to-line step is 0.1mm. The processing
areas and the processing quality were analyzed by means of a
AM4515ZTL digital microscope manufactured by DINO-LITE:
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https://www.dino-lite.eu/index.php/en/products/microscopes/longworking-distance with 1.3 MPx resolution, 10-140X zoom and
polarizer. Total 28 treatment zones were investigated. From all the
experiments we can draw the following conclusions:




areas have a slight contrast that is between 5% and 10%.
Contrast measurements are performed using the Color Contrast
Analyzer version: 2.5.0.0. [10,11]. On Figure 3 are given two
photos of marked areas with good contrast.

a good cutting of the material is obtained with the following
parameters: constant power 26 watts and speed ranging from
100200 mm/s, with linear energy densities correspondingly
0.26, 0.17 and 0.13 J/mm.

4. Laser cutting
The possibility of laser cutting on a CO2 laser is investigated.
For this purpose, an experimental methodology has been developed
which consists of the following:

the quality marking is obtained in the range of LED values of
5*10-2  3,8*10-2 J/mm for a power of 10 W where the velocity
varies in the range of 200-260 mm/s. The remaining marking

Lines of length 4 cm are applied to the textile at different speeds
and power processing. Power ranges from 220 W, and the speed is
1055 mm/s. Two sets of experiments with 10 lines were made. In
one series the power was maintained constant - 10 W, and the speed
varied in the range of 1055 mm/s. In the second series the speed is
constant 10 mm/s and the power varies in the range of 220 W –
Table 2. The thickness of the textile is 0.41 mm.
The microscopic analysis of the shear lines shows that a good
shear of the fabric is present on all 18 incisions in the range of LED
(0.22 J/mm for a constant rate of 10 mm/s and 10.22 J/mm for a
constant power 10 W) - Fig. 4. Quality cutting of the textile, and
for two of the experiments at 0.2 J/mm and 0.18 J/m LED for a
constant power of 10 W, a shear limit was found. The threshold of
destruction is shown on Fig. 5.

Table 2.
P,
W

V=10mm/s

1

2

0,2

10

1

2

4

0,4

15

0,675

3

6

0,6

20

0,20

4

8

0,8

25

0,40

5

10

1

30

0,33

6

12

1,2

35

0,29

7

14

1,4

40

0,25

8

16

1,6

45

0,22

9

18

1,8

50

0,2

10

20

2

55

0,18

№

Fig. 1. Scheme of the experimental setting.

Table 1.

LDE, J/mm

V, mm/s

P = 10W
LDE, J/mm

5. Conclusion
P = 2W

P = 10W

P = 26W

№

v, mm/s

1.

100

0,02

0,1

0,26

2.

150

0,013

0,06

0,17

3.

200

0,01

0,05

0,13

4.

235

-

0,043

-

5.

240

-

0,042

-

6.

245

-

0,041

-

7.

250

0,08

0,04

0,1

8.

255

-

0,039

-

9.

260

-

0,038

-

10. 300

0,06

0,033

0,086

11. 350

0,05

0,028

0,074

The laser marking, engraving and cutting are complex physical
processes with a great scientific and applied importance. Laser
marks and cutting can be used for artistic decorating and unique
design of any surfaces of textile products in the fashion industry.

LED, J/mm LED, J/mm LED, J/mm

For all textile materials and for leather materials, marking,
engraving and cutting can be successfully applied. The choice of
laser process is determined by the desired final result.
In this research, the laser applications for and textile processing
are analyzed. The advantages of laser technology in textile fields
were pointed. The linear energy density during marking and cutting
by the laser beam was introduce.
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Fig. 2. A scheme of the matrix with 6
quadrants.

Fig. 4. Quality cutting of the textile.

Fig. 5 The threshold of destruction.
Payne J., Cutting Through the Surface: The Use of Laser
Cutting Technology with Traditional Textile Process,
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7. Sobotova L., Demeclaser P., Marking of Metal Materials,
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Fig. 3 Two photos of marked areas with good contrast.
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Abstract: The possibility of marking and engraving on plexiglas with CO2 laser has been studied. The experiments conducted have
determined the influence of laser radiation on the plexiglas.
These methods deal with methods of processing metals with a high energy laser beam on a solid (liquid or diode) base. Laser marking
systems using different lasers and optical transfer systems can be used to mark an almost endless sheet of materials including metals,
plastics, ceramics, glass, wood and leather
Keywords: MARKING, CUTTING, ENGRAVING, PLEXIGLAS, LASER CO2, POWER, VELOSITY.
penetrating depth of the laser beam. The diameter depends of the
lens focal length and the of the laser beam deviation.

1. Introduction
Laser technology refers to progressive materials handling
methods. Laser marking systems using different lasers and optical
transfer systems can be used to mark an almost endless sheet of
materials including metals, plastics, ceramics, glass, wood and
leather [1,2,3,4,5,6,7].

Polymethylmethacrylate (PMMA) is a transparent thermoplastic
material that is light and stable. As a multifunctional material used
in a wide range of applications. The thickness of the plexiglass used
is 10 mm.

3. Penetration of the laser beam into Plexiglas

Laser marking and laser cutting technology is now widely
associated with plastics.

Characteristics of plexiglas holes received with power laser
beam 10 W are shown on Table 1: Width is the width of perforation
on the plexiglas surface, WHAAS is the width of the heat-affected
area on surface, LED - linear energy density and EPD - efficiency
perforation depth. All these sharacteristics are measured by digital
microscope. It is AM4515ZTL digital microscope manufactured by
DINO-LITE:
https://www.dino-lite.eu/index.php/en/products/microscopes/longworking-distance with 1.3 MPx resolution, 10-140X zoom and
polarizer – Fig. 1.

The most common surface reaction mechanism is thermal
chemical “carbonization” or “charring”. The energy absorbed in the
substrate raises the local temperature of the material surrounding
the absorption place high enough. So it causes thermal degradation
of the polymer [6,7,8,9,11]. In this paper we present some result in
this contemporary area

2. Experimental setting
The wavelength (energy) is important. The materials have to
absorb the laser energy if a good marking effect is to occur. The
more plastic materials are able to absorb the laser energy at a
wavelength of 1064 nm (which is the infrared band - Nd:YAG).
Here is used CO2, which is important because of different
wavelength and the results.
Gas laser CHANXAN CW 1325 CO2 active, 1-150 watts
power, 1-400 mm / s, laser beam wavelength 10.6 m, maximum
marking area: 2500 x 1300 mm, maximum laser size focal spot is
100 m and water cooling system was used.
The surface power density SPD of the laser beam is determined
by:

SPD 

P
S

where P is the power of laser beam and S is the area of the laser
beam section in focus. Laser control was performed using the
RdWorks software [10].
In relation to the influence of the laser beam on the plastic, the
linear energy density LED of the laser beam is defined on a unit
length depending on the velocity:

LED 

P
v

where P is the power of laser beam and v is the speed of laser beam
movement on the plastic.
The focusing system controls the laser beam spot direction is
important system part. The area diameter of the focused laser beam
defined marking line width and the real marking efficiency and the

Fig. 1. Digital microscope observation.

494

The penetration of the laser beam power of 10 W and a speed of
30 mm/s and 10 mm/s is shown in Fig. 2. On the upper part is for
30 mm/s and down part for 10 mm/s. For 30 W and 50 W for the
same speed position are shown on Fig.3 and Fig. 4.
About 30 mm/s the line impact of laser beam is a little more
clearly than 10 mm/s. It is more expression about 30 W. Efficiency
perforation depth (EPD) depends on power and laser beam speed.
Characteristics of plexiglas holes received with power laser
beam 10 W, 30 W and 50 W are shown on Table 1, Table 2 and
Table 3. Tables about 20 W and 40 W are nod shown.
When the laser beam power is constant (10 W, 20 W, 30 W, 40
W or 50 W) width the increase of the beam speed from 5 mm/s to
30 mm/s the efficiency perforation depth measured is decreased
Table 4. The efficiency perforation depth maximum is 8.324 mm
for 50 W and speed of 5 mm/s Table 3 and Table 4. The efficiency
perforation depth minimum is 0.188 mm for 10 W and speed of 30
mm/s Table 1 and Table 4. Besides that when linear energy density
decreases the efficiency perforation depth decreases too – Table 1,
Table 2 and Table 3.

Fig 4 50 W, 30 mm/s, 5 mm/s

4 Conclusion
The current study shows that the CO2 laser can be used for
marking, engraving, cutting Polymethylmethacrylate at the speeds
used. Polymethylmethacrylate is used in too different area and its
marking, engraving, cutting too: transparent glass substitute,
daylight redirection, medical technologies and implants, uses in
dentistry, electron micropsy, laserdisc optical media, as dosimeter
devices during the gamma irradiation process and many others.
A future follow-up of the study here is experiments aimed at a
specific application.
Table 1. Characteristics of plexiglas holes received with power
laser beam 10W.
Speed, Width, mm WHAAS, mm
mm/s
5
0,675
0.029
6
0,653
0.029
7
0,576
0.30
8
0,561
0.029
9
0,543
0.029
10
0,535
0.046
15
0,511
0.045
20
0,514
0.046
25
0,478
0.054
30
0,448
0.055

Fig 2. up 10 W, 30 mm/s, down 5 mm/s

LED

EPD, mm

2,000
1,667
1,429
1,250
1,111
1,000
0,667
0,500
0,400
0,333

1,145
0,579
0,525
0,767
0,512
0,417
0,338
0,406
0,350
0,188

Table 2. Characteristics of plexiglas holes received with power
laser beam 30W.
Speed,
Width, WHAAS,
LED
EPD, mm
mm/s
mm
mm
5
0,666
0.021
6,000
3,886

Fig. 3. 30 W, up 30 mm/s, down 5 mm/s
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6

0,582

0.032

5,000

3,560

7

0,578

0.037

4,286

3,126

8

0,574

0.042

3,750

2,756

9

0,570

0.032

3,333

2,590

10

0,575

0.042

3,000

2,564

15

0,530

0.026

2,000

1,289

20

0,498

0.026

1,500

0,893

25

0,488

0.032

1,200

0,625

30

0,470

0.026

1,000

0,472

10. https://rdworks.software.informer.com
11. Лилов И., Драголов Е., Георгиев И., Изследване структурните характеристики на работните повърхности на износените детайли от военната техника възстановявани чрез желязно-никелово-кадмиеви покрития, Международна научно-техническа конференция „Техника Технологии. Образование Сигурност.“, гр. В. Търново, 2015 г.

Table 3. Characteristics of plexiglas holes received with power
laser beam 50W
Speed,
WHAAS,
Width, mm
LED
EPD, mm
mm/s
mm
5
0,731
0,026
10,000
8,324
6

0,021

8,333

7,857

7

0,693
0,680

0,047

7,143

5,549

8

0,647

0,031

6,250

4,617

9

0,623

0,026

5,556

4,464

10

0,605

0,037

5,000

4,217

15

0,570

0,026

3,333

3,613

20

0,544

0,042

2,500

2,514

25

0,494

0,037

2,000

1,621

30

0,480

0,021

1,667

1,140

Table 4. Efficiency perforation depth (EPD) depends
and laser beam speed.
EPD, mm
Speed,
mm/s
10 W
20 W
30 W
40 W
5
1,145
3,875
3,886
5,539
6
0,579
3,113
3,560
4,788
7
0,525
2,538
3,126
4,490
8
0,517
2,231
2,756
3,621
9
0,500
1,964
2,590
3,681
10
0,417
1,737
2,564
3,490
15
0,338
0,899
1,289
2,692
20
0,406
0,523
0,893
0,941
25
0,350
0,510
0,625
0,881
30
0,188
0,483
0,472
0,869

*Note: This article is presented with the assistance of project
BG05M2OP001-2.009-0001, Support for the development of human
resources and the research potential of the National Military
University "Vasil Levski" for its assertion as a modern knowledge
center.

on power

50 W
8,324
7,857
5,549
4,617
4,464
4,217
3,613
2,514
1,621
1,140
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Abstract: In this paper the results of modelling of radial-shear rolling process of austenitic stainless steel AISI-321 are presented. The
simulation in Simufact Forming program complex was performed. The conditions of simulation for radial-shear mill SVP-08 of Rudny
industrial Institute were adopted. The various parameters of stress-strain state (effective plastic strain, effective stress, mean normal stress
and Lode-Nadai coefficient) and also microstructure evolution with rolling force were considered. It is revealed that radial-shear rolling is
an effective process for obtaining of high quality round billets from stainless steels of austenitic class.
Keywords: RADIAL-SHEAR ROLLING, SIMULATION, STRESS-STRAIN STATE, AUSTENITIC STAINLESS STEEL

1. Introduction
Despite the current level of development of virtual computing
technologies, the main method of research of any technological
process is a physical experiment. Since only in natural experiment it
is possible to take into account all parameters that affect the
investigated process. At the same time, conducting only physical
experiments is a very irrational task that requires a lot of effort, time
and material resources.
The ideal compromise is the use of software systems of virtual
modeling, which allow to simulate the investigated process, to take
into account almost all parameters that affect it, as well as to
optimize the process, i.e. to determine the values of all the
dependent parameters at which the process will be the most stable.
After that, when conducting a physical experiment with optimal
values, the result will be the most successful, without rejection of
the workpiece or equipment failure.
The aim of this work is the study of radial-shear rolling process
of austenitic stainless steel based on computer simulation. For
computer simulation the program Simufact Forming was chosen,
which along with the traditionally used Deform program allows to
simulate the processes of pressure treatment of any complexity.
However, Simufact Forming has certain advantages over Deform: it
has more flexible options for building finite element meshes,
including different mesh builders; it also has an additional database
of materials Matilda, with which it is possible to simulate the
evolution of the microstructure.

2. Preparation of model
To create a model of radial-shear rolling, it was decided to use
the parameters of the existing SVP-08 mill installed at Rudny
industrial institute. The initial billet with a diameter of 30 mm and a
length of 150 mm was rolled on the mill with a compression of 3
mm. The billet material is stainless austenitic steel AISI-321 (0.08%
C, 17-19% Cr; 9-11% Ni; 2% Mn; 0.8% Si; 0.5-0.7% Ti). Since the
initial temperature of recrystallization or diffusion annealing for the
selected steel grade is 1020 °C [1], the heating temperature of the
steel was 1000 °C, as the maximum possible to eliminate the
recrystallization process; the rolling speed was 50 rpm, as the
nominal value at the mill SVP-08. The coefficient of friction at the
contact of the workpiece and the rolls was taken to be 0.3, as the
recommended value for hot rolling [2].
In the course of modeling the obtained model was correct
(Figure 1). Here the workpiece was captured by the rolls of the mill
SVP-08 and completely rolled in them with a diameter of 30 mm to
27 mm. the Final dimensions of the workpiece after rolling were as
follows: diameter 27 mm and length 185.2 mm.
In the study of any metal forming process, the main position
before the laboratory experiment is the study of the stress-strain
state (SSS) [3]. This makes it possible to identify the distribution of
stresses and strains in the deformable workpiece, as well as to
determine their critical values, which will make it possible to test
the working tool for strength.

Fig. 1 Model of radial-shear rolling

To determine the stress and strain values, it is necessary to find
the values of the components of the corresponding tensors, which is
a very difficult task for the three-dimensional flow of metal.
Therefore, usually when considering the parameters of the SSS use
simple indicators of strain intensity and stress, or the so-called
effective strain and effective stress.
To study the parameters of the SSS it is necessary to study the
parameters that allow to estimate the share of tensile and
compressive stresses in the deformation zone. These are the main
stresses σ1, σ2 and σ3. All three main stresses together represent the
average hydrostatic pressure (stress mean).
Also, to determine the level of processing of the initial structure
of the metal, the average grain size was determined, the initial size
of which was equal to 40 microns.

3. Study of strain state
Effective strain is often mentioned in many sources as
"accumulated strain". The reason for this is that this is a cumulative
parameter, i.e. after removing the load, this parameter is not reset,
unlike the stress.
Since the radial-shear rolling refers to the transverse type of
rolling, the study of effective deformation is advisable to carry out
not only in the longitudinal but also in the cross section of the
workpiece – this will allow to evaluate not only the numerical
values of the parameter, but also the nature of its distribution over
the cross section during deformation. In the analysis of effective
deformation (Figure 2), it was found that the distribution of this
parameter is fully consistent with the transverse type of deformation
when the workpiece makes a rotational movement around its axis,
because in the cross section clearly visible annular zones of
processing. It can be noted that the distribution of this parameter in
the radial direction is rather large. In the axial zone (0÷35% of the
radius from the center) the level of deformation is about 0.45. In the
peripheral zone (35÷80% of the radius from the center) the shear
deformation intensity increases, here the deformation level is
0.5÷0.55. In the surface area (80÷100% of the radius from the
center) the maximum action of shear deformation is observed, here
the deformation level is 0.6÷0.65.

497

Fig 2 Effective strain

possible to determine which type of stress acts at a given point –
tensile or compressive. It was found that compressive stresses
prevail in the entire cross section of the workpiece during radialshear rolling (Figure 4). The maximum values of compressive
stresses are observed in the areas of contact between the metal and
the rolls. In these areas their value reaches -300 MPa, gradually
decreasing to -120 MPa towards the center of the workpiece. In
contact-free zones, the compressive stress is much lower and
reaches -55 MPa.
In addition to these parameters, it was decided to use the LodeNadai coefficient [4]. This coefficient allows to assess the nature of
the resulting deformation in the workpiece, i.e. to determine what
type of deformation is realized at a particular point – tension,
compression or shear. The value of the coefficient varies from -1 to
1. The value from 0.2 to 1 corresponds to compression; from -0.2 to
-1 corresponds to tension; the coefficient value in the range of 0.2÷0.2 corresponds to the shear.
When considering this parameter (Figure 5), it was found that in
the surface areas, at the contact of the metal with the rolls, the
Lode-Nadai coefficient is 0.95, which corresponds to the
compression. Immediately after leaving the rolls, the effect of
compressive stresses decreases, shear strains act here and the LodeNadai coefficient is 0.15÷0.2.

4. Study of stress state
When considering the effective stress, it should be understood
that this parameter does not show what stress is acting at a
particular point – tensile or compressive. As a fully-rooted
expression, its value is always positive. It shows the intensity of the
stress, i.e. whether there is a stress at a given point or not. Its value
characterizes the average value of all stresses acting at a given
point. It is also necessary to understand that the stress state
components, in contrast to the previously considered effective
strain, are characterized by the absence of cumulative, i.e. they
occur only in the places of application of loads, in other areas they
are absent. Therefore, it is advisable to consider the stress state
directly in the deformation zone.
In the analysis of the effective stress (Figure 3), it was noted
that due to the simultaneous action of compression and shear strains
in radial-shear rolling, the entire cross section of the workpiece is
covered by the action of stresses. In this case, the maximum stress
values are observed in the areas of direct contact of the metal with
the rolls. In these areas, the effective stress reaches 140 MPa,
gradually decreasing to 90 MPa towards the center of the
workpiece. In contact-free zones the effective stress is much lower
and reaches 70 MPa.
When considering the average hydrostatic pressure, it is

Fig 3 Effective stress

Fig 4 Average hydrostatic pressure

Fig 5 Lode-Nadai coefficient
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The last studied parameter was the rolling force on the rolls
(Figure 7). Analysis of the force graph showed that radial-shear
rolling process on the SVP - 08 mill proceeds quite stable. With the
steady-state rolling process, the force value is about 20 kN,
increasing to 35 kN at the time of exit of the rear end of the
workpiece from the deformation zone. Given the fact that the
allowable force on the roll, according to the technical
documentation, is not more than 100 kN, this mill can deform
austenitic stainless steel AISI-321, heated below the
recrystallization temperature.

5. Study of microstructure evolution and rolling force
When considering the microstructure evolution, it was noted
that radial shear rolling is a very effective way of processing
austenitic stainless steel AISI-321 (Figure 6). After one pass, the
grain size decreased from 40 µm to 30 µm in the axial zone; in the
peripheral zone, due to the intensification of shear deformations, the
grain size was about 27 µm. The minimum grain size of 25 µm was
recorded in the surface area, where the influence of shear strains
and compressive stresses on the side of the rolls are the most
intense.

Fig 6 The change of grain size

Fig 7 Rolling force diagram

6. Study of multi-pass deformation process
Despite the fact that the considered model is successful from the
point of view of the emerging picture of the stress-strain state and
the deformation force, it does not provide an UFG structure in the
processed material. To achieve this goal, the workpiece must be
processed with a much higher level of deformation. The used mill
SVP-08 allows rolling blanks with a diameter of 9 mm. Taking into
account the fact that the radial-shear rolling can not set the same
level of compression in one pass, as in the longitudinal rolling, it
was decided to increase the compression through 3 mm. As a result,
it was found that for the workpiece with an initial diameter of 30
mm in this mill it is necessary to conduct 7 cycles of deformation
(table 1.1). During simulation of all 7 passes the strain state study
after each passage was performed. As a result, the following data
were obtained (table 2).

As can be seen from the data of table 2, in the axial zone the
necessary level of deformation for the formation of the UFG
structure (more than 4) is achieved only after 7 passes. This
suggests the need for all 7 cycles of deformation at any
temperatures and strain rates.
Table 2 - Effective strain by passes
1
2
3
pass pass pass
Axial zone
Effective strain
0,45 0,92 1,42
Peripheral zone
Effective strain
0,52 1,07 1,66
Surface zone
Effective strain
0,63 1,27 1,93

4
5
6
7
pass pass pass pass
1,95 2,55 3,25 4,07
2,28 2,94 3,77 4,65
2,72 3,54 4,42

5,4

Analysis of the stress state in multi-pass deformation showed
the following:
1) in all 7 cycles of deformation the nature of the stress
distribution is completely identical. The reason for this is that in all
passes the load application circuit remains constant.
2) as the number of passes increases, the stress values gradually
increase. Despite the same amount of absolute compression in all
passes, this is due to the fact that the workpiece cools during
deformation, thereby reducing the ductility of the metal.

Table 1 - Pass compression modes
1 pass 2 pass 3 pass 4 pass 5 pass 6 pass 7 pass
Initial
diameter,
30
27
24
21
18
15
12
mm
Final
diameter,
27
24
21
18
15
12
9
mm
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Similar results were obtained in the analysis of forces, but here
the nature of the increase is less. The reason for this is that the force
depends not only on the stress that increases, but also on the area of
the contact surface of the metal with the rolls, which decreases with
increasing number of passes. The common results of the analysis of
power parameters are given in tables 3 and 4.
From the data in table 3 it can be seen that in all passes in the
cross section of the workpiece in the deformation zone compressive
stresses are formed, which is the most favorable factor for the study
of the original structure. Analysis of the force values showed that
the implementation of 7 cycles of deformation with the parameters
of the basic model of excess load on the rolls is not observed, which
leads to the conclusion about the possibility of deformation of this
steel grade on the mill SVP-08 with the specified parameters.
Table 3 – Values of stress state by passes
1
2
3
4
5
pass pass pass pass pass
Effective stress, MPa
In the contact area, at
140 147 155 164 189
the surface
In the contact area,
90
94
97 108 116
periphery
In contact-free areas
70
74
80
90 102
closer to center
Average hydrostatic pressure, MPa
In the contact area, at
-300 -312 -327 -344 -365
the surface
In the contact area,
-120 -137 -145 -161 -180
periphery
In contact-free areas
-55 -67 -82 -94 -112
closer to center

6
7
pass pass
204

224

131

147

118

130

7. Conclusions
In this paper the results of modelling of radial-shear rolling
process of austenitic stainless steel AISI-321 were presented. The
conditions of simulation for radial-shear mill 14-40 of Rudny
industrial Institute were adopted. The analysis of strain state by
effective plastic strain was showed that there is a rather large
uneven distribution of this parameter in the radial direction (from
0.45 in axial zone to 0.65 in surface zone). The analysis of stress
state by effective stress, mean normal stress and Lode-Nadai
coefficient was showed that during radial-shear rolling in the entire
cross section of the workpiece compressive stresses are dominated.
Studies of microstructure evolution and rolling force were showed
that radial shear rolling is a very effective and energy-saved way for
obtaining of high quality round billets from stainless steels of
austenitic class.
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Table 4 - Values of rolling forces by passes
1 pass 2 pass 3 pass 4 pass 5 pass 6 pass 7 pass
Average value,
20
22
25
28
32
36
41
kN
Peak value, kN
35
37
40
44
47
54
62
When considering the evolution of the microstructure along the
passages (table 5), the following was noted:
1) as the number of passes increases, the grain size values in all
three zones decrease continuously. This is primarily due to the
increase in the accumulated equivalent strain.
2) as the deformation level increases, the grain size difference
between the axial and surface zones gradually decreases. This is due
to the fact that during the deformation of the workpiece is
lengthened and its cross-section is reduced. As a result, the action of
compressive stresses in the axial zone becomes more intense, which
leads to an increase in the study of this zone.
Table 5 – Values of the grain size by passes
1 pass 2 pass 3 pass 4 pass 5 pass 6 pass 7 pass
Axial zone, µm 30
28
25
22
17
14
11
Peripheral zone,
27
26
21
19
14
11
9
µm
Surface zone,
25
22
19
15
12
9
7
µm
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Abstract
The work is devoted to the study of evolution of flaws in aluminium alloys of Al-Zn-Mg-Cu, Al-Cu-Mg-Мn alloying systems and to the
determination of their connection with structural factors of the material such as the size and composition of intermetallic phases conditioned
by heat treatment tempers, and also to the study of the effect of big number of physical factors on the long-term behaviour of structural
elements of aluminium alloys, and to the determination of the rate of formation of corrosion damages in structural elements of the aircraft
wing
KEYWORDS: ALUMINIUM ALLOYS, CORROSION DAMAGES, INTERMETALLIC PHASES, COPPER, HEAT TREATMENT,
MICROSTRUCTURE, CORROSION RESISTANCE, GRAIN BOUNDARIES, REGRESSION ANALYSIS

Introduction
the study of evolution of flaws in aluminium alloys of Al-Zn-MgCu, Al-Cu-Mg-Мn alloying systems and to the determination of
their connection with structural factors of the material such as the
size and composition of intermetallic phases conditioned by heat
treatment tempers, and also to the study of the effect of big number
of physical factors on the long-term behaviour of structural elements
of aluminium alloys, and to the determination of the rate of
formation of corrosion damages in structural elements of the aircraft
wing. The work is aimed at securing the long-term safe operation of
airplanes.
The issue of evolution of flaws and metal-science aspects
of their formation was examined for В93Т1, В93пчТ1, 1933Т3
forging aluminium alloys of Al-Zn-Mg-Cu alloying system which is
applied in the aircraft primary structural elements where we face
large concentration and localization of stresses that can lead to their
very rapid failure. In this case, origination and propagation of a
failure can occur even without the previous effect of corrosion.
Susceptible areas are strictly regulated and they are first of all
subject to monitoring during scheduled inspection of the airplane.
Using the techniques of electronic microscopy and X-ray chemical
microanalysis, it was determined that during industrial heat
treatment of В93 alloy using Т1 temper: quenching 450-465оС and
two-stage phase ageing 115о-125оС (6-10 hours), 165о-175оС (4-8
hours), chains of the phase with increased content of copper
precipitated at the grain boundaries during quenching simultaneously
with strengthening phases. The size of some links of the chains
reached 1-5 mcm. Their presence stipulates for concentration of
stresses which contribute to corrosion cracking. Precipitation of
inclusions of intermetallic phases containing copper at the grain
boundaries does not correspond to the statements of developers of
the alloy.
It was proved that change of heat treatment temper to
coagulation ageing (Т3 temper: quenching 450-465оС and two-stage
ageing 115о-125оС (6-10 hours), 180о-190оС (6-10 hours))
contributed to higher corrosion resistance of В93пчТ3 alloy
compared to В93Т1 alloy, that was conditioned by much smaller
content of copper in precipitation of intermetallic phases after
quenching, formation of strengthening phases after ageing which did
not contain copper, higher fragmentation of particles of intermetallic
phases, which precipitated during quenching.
During coagulation ageing of 1933Т3 alloy, which
differed from В93пчТ3 alloy with the zirconium admixture,
precipitation of particles of strengthening phases occurred mainly at
the stage of coagulation ageing. At the grain boundaries we observed

particles of MgZn2, Al2Zn3Mg3, Mg2Si phases connected with the
matrix in a coherent way. Precipitation of particles of intermetallic
phases with copper content at the grain boundaries did not occur,
that obviously stipulated for the highest corrosion resistance of the
alloy.
Such differences in the structure of alloys, conditioned by
heat treatment, contributed to evolution of flaws during transition
from В93Т1 alloy to 1933Т3 alloy and the increase of corrosion
resistance, yield and plasticity while maintaining high strength.
Application of X-ray microanalysis techniques allowed to
determine the presence of coarse inclusions of insoluble phases with
the length of 10 to 300 mcm in the grain body of all three alloys,
which presence contributes to the development of fatigue failure
during long-term operation.
Monitoring of flaws which contributed to premature failure of parts
showed that В93Т1 alloy had low resistance to alternate and static
loads, and was susceptible to corrosion cracking even under the
absence of aggressive environments. 1933Т3 alloy appeared to be
the most resistant to static, dynamic and alternate loads, and not
susceptible to corrosion cracking.
Further examination of the issue of evolution of flaws and
their monitoring in service was continued for wing upper and lower
panel skins which are the most responsible structural elements of the
airplane though they are much less loaded if compared to structural
elements produced of forging alloys. For the upper panels, which are
in compressed state during the flight, we apply В95Т1 high-strength
alloy of Al-Zn-Mg-Cu alloying system, quenched and aged to the
maximum strength. And for the lower panels, which experience
tensile loads during the flight, we apply Д16Т long-life alloy of AlCu-Mg-Mn alloying system. The skins are produced of long
extruded or rolled products: sheets or plates, in which the direction
of elongated grains is perpendicular to the acting loads (the area of
action of the load coincides with the transversal-longitudinal area of
fibres in the material). Taking into account the design features:
considerable length of joints, big number of fastener holes and areas
of permanent condensation in the torsion boxes of the wing centre
section (closed cavities), the most probable areas of origin of
corrosion damage are the grain boundaries located in problem areas
perpendicular to the direction of application of loads. A critical
factor which determines the life of skins is thinning of their crosscut
due to corrosion damage. Stated features of evolution of flaws and
also relatively easy access to damaged areas change the strategic
approach to enhancement of durability of these structural elements.
An emphasis is made on the increase of latent period of formation of
corrosion damage and fatigue cracks that is achieved at the first
stage by applying protective coatings and restoring them after certain
interval of operation. However, this effective method does not
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ensure 100% guarantee from appearance of corrosion spots in the the zones of influence of maritime and industrial environments; by
metal matrix, that is why there is another and not less important way ~0.37 mm in the zones of mixed tropical and moderate climate; by
to delay the appearance of critical flaws called scheduled ~0.58 mm in the zones of humid tropics with the intensity of flights
maintenance which ensures detection and elimination of flaws on of 300 flights/year.
Basing on the obtained results of the analysis, technical
external and internal surfaces of the wing. In this case, a critical
condition is to provide the optimum amount of scheduled documentation was developed for ultrasonic inspection of the
maintenance which from one side would ensure an accident-free thickness of lower panels of the wing centre section of An-24 and
operation and from the other side would minimize capital An-26 airplanes and there were issued the recommendations for
timely detection of damages of different structural elements. This
expenditures.
The paper addresses the main operating factors which influence the will make it possible to operate these airplanes without disassembly
origin and growth of flaws on the surface of the aircraft wing skins, of panels during not less than 10 years after preliminary inspection
and determines characteristic areas which are susceptible to and despite the climatic zone where the airplane is based.
The results of corrosion growth rate analysis for different
corrosion. The largest amount of statistical data is accumulated for
two versions of Аn-24 and Аn-26 airplanes that allowed evaluating structural elements of the wing were used to adjust the inspection
the damage growth rate in the centres of corrosion which appeared intervals and to determine the optimum time for renovation of
on upper and lower panel skins of В95Т1 and Д16Т alloys anticorrosion protection of the analyzed area and group of airplanes,
respectively. As a criterion there was taken the change of the as well as other areas, groups and types of airplanes for which this
maximum depth of damage on flawed surface areas which appeared area and group can be considered a prototype.
in the interval between two successive inspections of panels, it General scheme of acquisition and analysis of corrosion damage data
means not considering the latent period of damage formation. It was based on service experience of the available aircraft fleet allows
shown that linear relation exists between the geometrical parameters solving both the problems of its continued airworthiness, and the
of corrosion flaw and the time. The rate of corrosion is determined problems of reliable anticorrosion protection of newly designed
aircraft based on available data.
by the tangent of the angle of slope of the straight line.
Research of the microstructure of industrial aluminium
Basing on the results of statistical analysis of a huge
amount of data from inspections performed in certain climatic zones alloys in terms of susceptibility to corrosion cracking is taken into
such as the size of corrosion damage, accumulated life, service life, account when evaluating the life of a separate element and that of
intensity of flights, number of overhauls, etc., it was determined that the entire structure, and it is also used for successful selection of
climatic conditions and inspection intervals had the maximum effect materials with required set of features for existing and future aircraft
on the corrosion damage growth rate (unlike the total time of structures.
operation).
Using the method of regression analysis, there were REFERENCE
obtained the equations of regression which determined the corrosion [1] О.В. Аболіхіна, С.Л. Антонюк, О.Г. Моляр. Вплив
damage growth rate for different climatic zones, and there was титанового сплаву Т110 на його відпірніть ударам індентора.
determined the maximum damageability of the aircraft wing skins /Фізико-хімічна механіка матеріалів. 2008 №1. С. 112-114.
during one year of operation: this data is shown below.
[2]
Е..В. Аболихина, А.Г. Моляр
Коррозия самолетных
конструкций из алюминиевых сплавов. /Физ.-хим. механика
Lower panel skins of Д16Т alloy:
материалов . – 2003. - №6. С. 106-110.
Moderate climate - у=(0.12±0.015) х1;
[3] Е.В. Аболихина, А.И. Семенец, А.П. Еретин. Коррозионная
Continental climate - у=(0.23±0.042)х1;
стойкость верхних панелей крыльев самолетов Ан-24, Ан-26.
industrial zones - у=(0.33±0.035)х1;
/Открытые информационные и компьютерные технологии;
maritime climate - у=(0.34±0.045)х1;
сб.науч. тр. Нац. Аэрокосм. Ун-та им. Н.Е.Жуковского «ХАИ».
mixed operating conditions - у=(0.28±0.037)х1;
– Вып. 42.-Х., 2009.-С.27-38.
humid tropics - у=(0.47±0.056)х1.
[4]
О.В. Аболіхіна, С.Л. Антонюк, О.Г. Моляр. Вплив
where х1 is the life between overhauls.
структурного
стану
промислових
напівфабрикатів
із
Upper panel skins of В95Т1 alloy:
високоміцного титанового спла ву ВТ22 на показники міцності і
moderate climate - у=(0.12±0.028)х1;
пластичності. /Фізико-хімічна механіка матеріалів. 2010 . №3. С.
maritime and industrial zones - у=(0.27±0.014)х1;
105-107.
mixed
tropical
and
moderate
climate
[5] Аболіхіна Е.В., Чернега С.М. Коррозионная стойкость
у=(0.37±0.025)х1;
конструкций из сплава Д 16Т. / Наукові нотатки - вип. 41, ч. 2. humid tropical climate с. 4-9. - 2013 р. Луцьк.
у=(0.51±0.022)х1 + (0.00024±0.00018)х2
[6] Аболіхіна О.В., Чернега С.М. Прогнозування швидкості
- where х1 is the life between overhauls; х2 is the intensity of
розвитку корозійних пошкоджень на крилах літаків з сплавів
flights.
В93Т1 і Д16Т/ "Наукові нотатки" Луцьк, випуск 59. 2017 р.- с.9There by, the increase of the time between overhauls by 1
14.
year leads to the increase of the maximum depth of corrosion
damage on the lower panel skins of the wing centre section by ~0.12
mm in moderate climate zones; by ~0.23 mm in continental climate
zones; by ~0.33 mm in industrial zones; by ~0.34 mm in maritime
climate zones; by ~0.28 mm under mixed operating conditions; by
~0.47 mm in humid tropics zones.
Using the similar procedure, there was determined the
depth of corrosion damage of the external surface of the wing upper
panel skins of В95Т1 alloy. In this case we shall expect the increase
in depth by ~0.12 mm in moderate climate zones; by ~0.27 mm in
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Abstract: The structure of the bulk crystals allow to determine the habit of the nanocrystales on their base only as a source point. It is
impossible to neglect the size, form and influence of surface. The liquids surface relatively quickly passes to equilibrium form when free
energy is minimum. Debye’s temperature is rather arbitrary parameter. Its determination is based on some approach. However this
parameter is introduced to the reference books and is broadly used in the crystal physics. Proposed strategy allows defining habit maximum
size of nanoparticles on the base well known physics representations. The L–value is determined the bounder between sizes where it can be
done value description and where it’s necessary to take into account the particle sizes.
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 hkl 

1. Introduction
The structure of the bulk crystals allow to determine the habit of
the nanocrystales on their base only as a source point. It is
impossible to neglect the size, form and influence of surface. The
liquids surface relatively quickly passes to equilibrium form when
free energy is minimum. For crystals both theoretical calculation
and experimental determination of coefficient of the surface tension

 

are very difficult especially if it needs to know

   uvwhkl where uvwhkl is crystallographic direction in
plane

 hkl  ,

and this crystallographic plane forms the crystals

surface which is a face of crystal.

2. Investigation
Concept of surface tension is applicable to any atomicmolecular condensation state [1-3]. This tension changes a structure
of matter in the nearest to surface atomic layers. F.e. it was
confirmed experimentally for MgO crystal [4]. In this book it is
shown that adsorption of water vapor by crystal brings about the
expansion of lattice and absence of water films ensures its
compression. If there are defects in crystal in this case the atoms
can displace from inner parts of crystal to its surface. These defects
can appear in the failure of big crystal. Consequently characteristics
of crystallites and nanocrystals depend on not only from
characteristic of source material as well as from its dispersion. It
was experimentally investigated for layer silicates [5].
The atoms of surface layer in crystal have power condition
which different from conditions of inner atoms. The surface atoms
can displace from their ideal position and these changing propagate
to any near surfaces atomic layers. In particular for halogenade of
alkaline metals their crystals are possible to consider as ideal
commencing only with the sixth layer from the crystal surface. In
the near surface atomic layer the difference of atoms location from
ideal position can be considered as appearance of surface
deformation under surface tension action [6-11]. This layer is
named as Bailby layer or skin-layer. The atoms mobility in this
layer increases. For any size of crystallite their polyhedral habit
may be saved but in nanocrystals the surface tension begins to play
highly essential role and relaxation processes can proceed vastly
quicker. The must forms of nanoparticles becomes not polyhedron.
The form of nanoparticles is more smoothing without denominated
edges and flat faces. The symmetry of the external crystalline form
must be described by the point group witch is subgroup of
holohedral group point symmetry of corresponding syngony.
Structural factor F

2

 hkl   F  hkl   F  hkl 


and

 hkl 

have the same crystalloenergical parameters

and the correctness form of nanocrystal must have the center of
symmetry. The stable forms of nanocrystall depend on the
symmetry of starting bulk crystals. These forms for cubic crystals
are sphere. They are for crystals middle syngonies (tri–, tetra– and
hexagonal) are rods (c<a) or plates (c>a). These forms for crystals
with the lower symmetry (rombohedric, monoclynic and triclynic)
are triages ellipsoid but they may have another forms, f.e. igles, rod
or plates. If depends on relations between parameters of cells. The
sharp border between external changed skin-layer and internal ones
with three dimensional structure is absent. But there is intermediate
layer (see fig. 1). For determination the sizes of these nanoparticles
and the evaluation of limiting nanoparticle size are necessary to use
the known tabulated parameters [12-19].

Fig. 1. The structure of nanoparticle. 1–Bailby layer (skin–layer);
2–intermediate layer; 3–crystal-structural base

3. Results
Physical characteristics of material such as density, electric and
heat conduction, electrical resistance, heat capacity and etc. are
usually considered for big volume materials. These parameters are
presented in the different sort tables. But it is known that properties
of materials in microparticles with the small quantity of atoms are
distinguished from three dimensional objects that is illustrated by
the drawing (see fig.2). On this drawing it is conditionally brought
changing of certain P–characteristic depending on the size of
particle l. P0-value corresponds P-value for volume sample.

where F  hkl 

- structural amplitude consequently the crystallographic planes
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Formula (6) is known as Debye’s law. The maximum value of
wave vector in (2-4) is connected with number of atoms (N) by
formulas (4-6)

k 
v



 6 N

max

2



1/ 3

,

(7)

then

V0 

m

6

2

.



(8)

N 1/ 3

Fig. 2. Dependency of P–characteristic of material from its l–size
The formula (6) with provisions of (3) and (7) takes type
Characteristics particles under l>L are the same as
characteristics of three–dimensional (volume) crystal if l<L then it
is necessary to speak on the nanoparticle exactly. Since its
characteristics are distinguished for characteristics of bulk phase
from which this nanoparticle was received or in which it will go in
further growing process if it will be realized. Calculation L–value is
possible to conduct with using a Debye’s temperature [1].

T 
T 
Cv  2,4 Nk    234  Nk   
 
 
3

T 
 3,23  10 N   .
 

If the temperature of the crystal is sufficiently high then  / kT

theory base has of the next form


 3
Cv 
 2 3
dT  2  V0


has little value. The expression of exp   / kT  in (1) may be
expended into a series. After variable about only two members of
expantion into series the internal energy has form of


 d
d  
U  , (1)

dT
0

1
exp

 kT 

m


 
3

3

U
2

U – internal energy,

,k – Planck’s and Boltzmann’s constants

accordingly, V0 – velocity of the normal fluctuation spreading, 

kV is a wave vector,


.
x
e  1

Xm


0

d ,

(10)

(11)

About low temperature of crystal the Cv is related from
temperature as in equality (9). The Debye’s temperature is bound
between classic and quantum description of the crystal properties.
Debye’s temperature relates with Debye’s energy
Debye’s impulse

3

x dx



As it follows from expressions (1) and (11) the specific heat
capacity becomes non depended on the temperature. It is the classic
law of Dulong and Petit.

(2)

of normal fluctuation modes are 3n, where n is density of atoms.
If  / kT  x the equation (1) is possible written as

 3k 4T 4
Cv 
 2 3 3
dT  2 V0

3

V0

2

U  const  T .

 corresponds a condition when full number

d

2

  kT

and (see (1))

– frequency, moreover

  V0  kV ,

(9)

3

21

The heat capacity under constant volume  Cv  on the Debye’s

d

3

4

E 
D

and

 P  (see (4) and (8))
D

(3)



ED  k D  k m  k V0 6

5

N



1/ 3

,

(12)

Upper limit is

m

xm 



D

kT

and

2E  m
 PD i   D  ,
 3 
1/ 2

.

(4)

kT

This conditions defines Debye’s temperature

 
D

and as it

where i is index of the coordinate axes and i=1, 2, 3.
The mechanical displacement of atomic nuclear brings about
excitation of electron. The energy of this excitation is equal

follows from said  D depends on the composition and the structure
of matter. When temperatures are low the x–values are sufficiently
great. In this case integral in equation (3) has magnitude


e
0

3

x dx
x

1





energy of phonon, sense m–value in formula is mass of
electron. Debye’s impulse is a border value for using
different physics theory (nano- or bulk theory). When it takes
the small crystalline the distribution of phonons energies are
different from ones and bulk crystal. It is obviously that
phonons with wavelength more   2l can not exit. Here l is
the particle size. For determination of bound between
nanoparticle and microparticle with volume (bulk) property
(L) it must take the uncertainly relation

4

,

(5)

15

and Cv  see  1 ,  3   can be written as

 2 k4  2  3
3
T  const  T .
3
3 
 5 V0 

Cv  

(13)

(6)

PD  L  h.
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(14)

Cv  f ( T ) under low temperatures.  D –value depends on the

From equations (13, 14) it follows

L

h 3
2mk

velocity on sound which is anisotropical parameter then L is

D

1 / 2

 230   D

1 / 2

 nm .

anisotropical value too. In the table 1 there are  D and L–values for

(15)

some unielement materials. The  D –values are taken from some
scientific sources. If  D –values alike or are met in one the sources

Debye’s temperature is rather arbitrary parameter. Its
determination is based on some approach. However this parameter
is introduced to the reference books and is broadly used in the
crystal physics.

only then it gives this value. In other cases it is given the maximum
and minimum values both  D and L.

The  D –value is calculated on formula (9) coming from
experimental velocity of sound and then it is corrected by relation

Table 1. Debye’s temperatures  D  and maximum sizes (L) of nanoparticles of some unielement
№
matter
θD (k)
L(nm)
№
matter
θD (k)
L(nm)
№
matter
θD (k)
L(nm)
№
matter
θD (k)
L(nm)
№
matter
θD (k)
L(nm)

1
Ne
63
29,0
10
La
132
20,0
19
Pt
229
15,2
28
As
285
13,6
37
Li
400
11,5

2
Pr
74
26,7
11
Gd
152
18,7
20
Ta
231
15,1
29
Cd
220-300
15,6-13,3
38
Mo
380-425
11,8-11,1

3
Ar
85
25,0
12
Na
150-165
18,8-18,0
21
Zn
234-308
15,0-13,1
30
W
270-379
14,0-11,8
39
Al
394-418
11,6-11,2

4
Tl
89-96
24,0-23,5
13
Au
168
17,7
22
Ga
240
14,8
31
Ge
366
12,0
40
Cr
402-460
11,5-10,7

5
Pb
88-94,5
24,5-23,6
14
Sn (white)
170-189
17,7-16,7
23
Nb
252
14,5
32
Mg
318-406
12,9-11,4
41
Fe
420-467
11,2-10,6

6
Hg
60-100
29,7-23,0
15
Sb
200
16,3
24
Zr
270
14,0
33
Cu
315-445
12,9-10,9
42
Si
625-658
9,2-9,0

7
K
100
23,0
16
Sn (gray)
200-212
16,3-15,8
25
V
273
13,9
34
Ni
375-456
11,9-10,8
43
Be
100-1160
7,3-6,8

8
In
109-129
22,0-20,3
17
Ag
215-225
15,7-15,3
26
Pb
275
13,8
35
Co
385
11,7
44
B
1250
6,5

9
Bi
117-120
21,2
18
Ca
219-230
15,5-15,2
27
Ti
278
13,8
36
Mn
400
11,7
45
C(diamond)
1850
5,3

The Debye’s temperatures and limit sizes of nanoparticles of some halogenides of metals are brought in table 2.
Table 2. The Debye’s temperature  D  and maximum sizes (L) for some halogenides
№
matter
θD (k)
L(nm)
№
matter
θD (k)
L(nm)

1
RbI
103
22,7
8
NaBr
224
15,4

2
KI
131
20,1
9
KCl
231
15,1

3
RbBr
131
20,1
10
NaCl
320
12,8

4
AgBr
150
18,8
11
KF
336
12,5

4. Conclusions
Proposed strategy allows to define habit maximum size of
nanoparticles on the base well known physics representations. The
L–value is determined the bounder between sizes where it can be
done value description and where it’s necessary to take into account
the particle sizes.
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Abstract: Geometrically, the reciprocal lattice is built on the basis of the lattice of the crystal according to the rule a j  a k   jk , where
*

the vectors a j , a k are the periods of the crystal and reciprocal lattices corresponding  jk  0 at j  k and  jk  1 at j  k (j, k = 1,2,3).
The “weight” of the reciprocal lattice node, determined by the structural amplitude of the crystallographic plane corresponding to it, should
not be zero, since in this case the reciprocal lattice node will be homologous to any point of the reciprocal space outside the lattice.
Crystals with Bravais I, F, C – type cells in the reciprocal lattice are characterized by super cells, periods of which are n – times larger than
𝑎∗ = 𝑎 −1 , where a is the period of the lattice cell. With respect to complex structures, even if they are single-element, the period of the super
cell of the reciprocal lattice can exceed 𝑎 ∗ several times. For a diamond crystal 𝑎𝑠∗ = 4𝑎∗under the super cell of the reciprocal lattice it is
necessary to use the smallest parallelepiped, the “weight” of all vertex nodes of which is not equal to zero.
KEYWORDS: “WEIGHT” OF THE RECIPROCAL LATTICE NODE , CELL AND SUPER CELL RECIPROCAL LATTICE.

1. Introduction
The crystal lattice assumes regularity in the arrangement of
atoms along any direction. This means that when choosing two
adjacent identical structural-chemical (homologous) elements with a
distance between them - α, on a straight line passing through these
two points, there will be homologous or points with a distance t =
nα, where n is an integer. The value of t is the translation, the
transfer of the crystal to which it leads to self-coincidence. Three
non-coplanar translations a , b , c selected according to the
corresponding requirements, form a parallelepiped called the crystal
cell. The cell must meet the following requirements:
1. The point symmetry of the cell is the same as that of the
crystal as a whole;
2. The number of right angles in the cell should be
maximum;
3. The total cell surface should be the smallest.
The listed requirements allow in most cases to choose one of the
many possible options. In the general case, the lattice cell of a
crystal is an oblique parallelepiped with three linear (a, b, c) and
three angular (α, β, γ) parameters. The cell can be described by the
vectors
a , b , c which form the crystallographic coordinate system (kg) (or
Bravais rapper). The coordinates of a point within a cell are
measured in units of parameters a, b, c.

Let one of the planes pass through a point with coordinate 𝑥kg . The
plane homologous to it within the first cell is located at the origin of
coordinates. Section 𝑥kg ≤ 𝑎. Any crystallographic plane cuts off
the segment 𝑥kg = a/h from the crystallographic axis, where h is a
mandatory integer [1].
In the three-dimensional version, the crystallographic plane
passes through points with crystallographic coordinates
(x,y,z)kg=(a/h,b/k,c/l). Integers (h,k,l) are called crystallographic
indices. It follows from the above that one of the sets of identical
planes necessarily passes through two, three, four vertices of the
lattice.
The value of the interplanar distance is determined by the
method of x-ray electron or neutron diffraction (X-ray, electron and
neutron diffraction methods, respectively).
If the X-ray beam at the slip angle θ (beam 1) falls on the
crystallographic plane I (Figure 1), and is reflected from it, and the
next plane II (beam 2) interferes with these rays, then the diffraction
angle is 2θ. The angular position of the reflex is described by the
Wolf-Bragg equation.
2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆

(1)

where d is the interplanar distance, λ is the radiation wavelength, n
is an integer.

Tasks to be solved:
1.
To show that the assertion that the F-type lattice of the
crystal forms a cell I-type in the reciprocal lattice. Statement that
the I-cell forms F-type lattice is incorrect, because the cells of the
reciprocal lattice can not contain nodes with non-integer
parameters.
2.
To justify the necessity of introducing the concept of a
super reciprocal lattice cell.
3.
To show that, along with the coordinate of the reciprocal
lattice site, its “weight” determined by the structural amplitude F (h,
k, l) must be taken into account.
4.
Show that a number of nodes in the indicated reciprocal
lattices have zero “weights”.

2. The relationship between the cells of the
cristal and reciprocal lattices.

Fig. 1. To the condition of the Wоlf-Bragg
The value of 𝑑 𝑛 is determined experimentally and is
considered as 𝑑 𝑛 ≡ 𝑑 for the corresponding crystallographic
planes. Each of the d (h, k.l) planes can be represented as a point of
reciprocal space (Figure 2).

An arbitrary plane in the crystal cuts off the coordinates (𝑥, 𝑦, 𝑧)kg
from the crystallographic axes and necessarily has a set of planes
homologous to it.
The Interplanar distance between the adjacent planes is equal to d.
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points. It can be a single atom, any point of a molecule, a certain
point of a molecular radical, the center of a structural polyhedron,
etc. In the cell of the reciprocal lattice the nodes are points with
radius vectors.
𝑟 ∗ = ℎ𝑎∗ + 𝑘𝑏 ∗ + 𝑙𝑐 ∗ ,

The vertices of the crystal cell located in the octant of the
coordinate system 𝑥 ∗ , 𝑦 ∗ , 𝑧 ∗ are a parallelepiped with coordinates of
the vertices 000; 100; 010; 001; 110; 101; 011; 111. In the
reciprocal lattice, the cells are identical only geometrically, that is,
they are all a parallelepiped with edges a 𝑎∗ , 𝑏 ∗ , 𝑐 ∗ . Each node of
the reciprocal lattice 𝑟 ∗ (ℎ𝑘𝑙) defines a plane (hkl) [2]. The
structural amplitude of X-ray (electron, neutron) radiation F (h, k, l)
determines the “weight” of the reciprocal lattice site. Translation in
the reciprocal lattice with F (h, k, l) is absent. The choice of the cell
itself is connected with the crystal lattice, that is, the origin of
coordinates in the reciprocal lattice and the direction of the axes
𝑥 ∗ , 𝑦 ∗ , 𝑧 ∗ cannot change, since they depend on 𝑎 𝑏 𝑐 . Any number
of atoms with coordinates (xyz) with values in the range (0 ÷ 1) can
be located in a crystal cell. Any point in the space of the crystal has
a point homologous to it in the cell, taken as the initial one.
There can not be any nodes of the lattice in the cell of the
reciprocal lattice, as their coordinates in the rapper 𝑎∗ , 𝑏 ∗ , 𝑐 ∗ are
integers. The "weight" of the node of the reciprocal lattice can be
zero. In this case, 𝑥 ∗ , 𝑦 ∗ , 𝑧 ∗ to pass non-null node and cell must be
constructed so that all its vertices are non-zero "weight". Periods of
such super cell as its volume will be multiples 𝑎∗ , 𝑏 ∗ , 𝑐 ∗ , 𝑉 ∗ (2-5).

Fig. 2. - (a) - mapping of the d (h, k, l) plane, (b) - in the reciprocal
space
The point (*) is a map of the space of a crystal 𝑑 (h, k, l) of the
space of a crystal. The radius vector of a point (*) in the reciprocal
space is equal to 𝑟 ∗ = 𝑑(−1) .
Moreover, 𝑟 ∗ is parallel to 𝑑 . It is obvious that the transition
from the reciprocal space to the cristal one is also easy to
implement. Each node of the reciprocal lattice has integer
coordinates (h, k, l) in its crystallographic system, that are linked to
the Brave Crystal Rapper.
Nodes (h, k, l) in the reciprocal space form a lattice, but unlike
crystal space, this lattice determines only the position of the nodes,
but is not a translational symmetry. Each x-ray reflex has its own
intensity (I), which characterizes the “weight” of the reciprocal
lattice site. The greater I (h, k, l), the greater the “weight” of the
node (h, k, l), which we denote F (h, k, l).
In the reciprocal lattice, as in a crystal lattice, an elementary
parallelepiped is selected with parameters 𝑎∗ , 𝑏 ∗ , 𝑐 ∗ , 𝛼 ∗ , 𝛽 ∗ , 𝛾 ∗ ,
moreover, this choice depends on the cell of the crystal lattice, since
𝑎, 𝑏, 𝑐, 𝛼, 𝛽, 𝛾 = (𝑎𝑖0 𝛼𝑖0 )𝑖=1,2,3
is
connected
with
𝑎∗ , 𝑏 ∗ , 𝑐 ∗ , 𝛼 ∗ , 𝛽 ∗ , 𝛾 ∗ = (𝑎𝑗∗ 𝛼𝑗∗ )𝑗 =1,2,3 with the conditions:
0(∗)

∗(0)

𝑎𝑗

=
∗(0)

𝑐𝑜𝑠𝛼𝑗

0(∗)

=

3.
types

,

(2)

0(∗)

𝐹 ℎ, 𝑘, 𝑙 =

0(∗)

𝑠𝑖𝑛 𝛼 𝑗 +1 𝑠𝑖𝑛 𝛼 𝑗 +2

,

(3)

∗(0)

=

𝑟 0(∗)
0(∗)

0(∗)

𝑠𝑖𝑛 𝛼 𝑗 +1 𝑠𝑖𝑛 𝛼 𝑗 +2

(2)
(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗 ), (8)

(3)atom (tabular
where 𝑓𝑗 – atomic scattering amplitude of the j-th
value). N is the number of atoms in the cell, the volume-centered
cell of the crystal lattice (type I) [3]. The basis of the I-type cell is
the parallelepiped to which the nodes (000) belong; (1⁄2 1⁄2 1⁄2),
that is, any point (any atom) with coordinates (xyz)
(4) must have a
homologous point (atom) with coordinates (x + 1⁄ (2,) y + 1⁄2, z +
1⁄2). Therefore, the structural amplitude (8) for the I – type of the
lattice takes the view:

or
𝑠𝑖𝑛𝛼𝑗

𝑁
𝑗 =1 𝑓𝑗 (𝑥𝑦𝑧)𝑗 𝑒x𝑝2𝜋𝑖

0(∗)

𝑐𝑜𝑠 𝛼 𝑗 +1 𝑐𝑜𝑠 𝛼 𝑗 +2 −𝑐𝑜𝑠 𝛼 𝑗
0(∗)

Reciprocal lattice of crystals I, F, C (AB) –

The “weight” of the reciprocal lattice node is described by the
value of the structural amplitude, which is calculated by the
formula:

0(∗)

0 ∗

𝑎 𝑗 +1 𝑎 𝑗 +2 𝑠𝑖𝑛 𝛼 𝑗
𝑉 0(∗)

(7)

,

(4)

where 𝑟 0(∗) = (1 − 𝑐𝑜𝑠 2 𝛼 0 ∗ − 𝑐𝑜𝑠 2 𝛽0 ∗ − 𝑐𝑜𝑠 2 𝛾 0 ∗ +
1
2𝑐𝑜𝑠 𝛼 0 ∗ 𝑐𝑜𝑠 𝛽0 ∗ 𝑐𝑜𝑠 𝛾 0 ∗ ) 2 , 𝑉 ∗(0) – the volumes of the
reciprocal (cristal) cells of the lattices, determined by the formula:
𝑉 ∗(0) = 𝑎∗(0) 𝑏 ∗(0) 𝑐 ∗(0) 𝑟 ∗(0) ,

𝐹 ℎ, 𝑘, 𝑙 =

(5)

The scalar multiplication of the vectors Bravais rapper of the
crystal and reciprocal cells are equal (𝑎𝑗∗ 𝑎𝑘0 ) = 𝛿𝑗𝑘 . From
conditions (2-5) it follows that the reciprocal lattice of reciprocal
lattice is a crystal lattice.
The reciprocal and direct lattices are described by formally
symmetric transitions from the parameters of one lattice to the
parameters of another, but both of these lattices are characterized by
cells as an elementary geometric configuration. These two lattice
are significantly different from each other. In the crystal lattice, all
cells are absolutely identical with each other. That is, the following
is always true:
𝑇 𝑅 𝑥, 𝑦, 𝑧 = 𝑅′ (𝑚𝑥, 𝑛𝑥, 𝑝𝑧),

(6)

𝑁 2
𝑗 =1 𝑓𝑗 (𝑥𝑦𝑧)𝑗

𝑒𝑥𝑝2𝜋𝑖 ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗 +
1
𝑒𝑥𝑝2𝜋𝑖 ℎ(𝑥𝑗 + 2 + 𝑘(𝑦𝑗 + 1 2 + 𝑙(𝑧𝑗 + 1 2) ] =
(5)
ℎ𝑘𝑙
1 + 𝑒𝑥𝑝2𝜋𝑖 ( ) 𝑗𝑁=12 𝑓𝑗 𝑒𝑥𝑝2𝜋𝑖 (ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗 ), (9)
2

The multiplier made for the sum sign is:
1 + 𝑒 𝜋𝑖

ℎ+𝑘+𝑙

= [1 + 𝑒 𝑖𝜋 𝑐 ],

(10)

A constant integer C can take two values C = 2n (even), C = 2n
+ 1 (odd). Consequently, all nodes of the I – type reciprocal lattice
with an odd sum of indices have zero “weight”. The reciprocal
lattice in this case has the view (Figure 3).

(6)

where 𝑇 – translation operator. Moreover, the points (x, y, z) and
(mx, nx, pz) are homologous, that is, they can be swapped, but no
properties of the lattice will change. At the nodes of the crystal
lattice and, therefore, at the vertices of the cell are homologous
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The Bravais basis of C – type cells is 000; 1/2 1/2 0. Therefore,
the structural amplitude of such crystals is:
𝐹 ℎ, 𝑘, 𝑙 =

𝑁 2
𝑗 =1 𝑓𝑗 (𝑥𝑦𝑧)𝑗

𝑒𝑥𝑝2𝜋𝑖 ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗 +
1
𝑒𝑥𝑝2𝜋𝑖 ℎ(𝑥𝑗 + 2 + 𝑘(𝑦𝑗 + 1 2) + 𝑙𝑧𝑗 ] = (1 +
(13)
𝑒 𝜋𝑖 ℎ +𝑘 ) 𝑗𝑁=12 𝑓𝑗 𝑒𝑥𝑝2𝜋𝑖 (ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗 ),

which allows us to state that 𝐹(ℎ𝑘𝑙) ≠ 0 only for an even sum of
indices hk, the restrictions are not imposed on l. The super cell of
the reciprocal lattice of such crystals is shown in Figure 5.
Fig. 3. - A super cell of a reciprocal lattice of a crystal with a
lattice of type I. ○ - nonzero nodes
Figure 3 shows the nodes closest to the origin of coordinates the
reciprocal lattice with a nonzero "weight". The same figure shows a
cell with 𝑎∗ 𝑏 ∗ 𝑐 ∗ but it has four nodes with a non-zero “weight” 000,
110, 101, 011. A super cell whose vertices have a non-zero
“weight” has periods.
𝑎𝑠∗ = 2𝑎∗ = 2 𝑎
𝑏𝑠∗ = 2𝑏 ∗ = 2 𝑏
𝑐𝑠∗ = 2𝑐 ∗ = 2 𝑐
𝑉𝑠∗ = 8𝑉 ∗

Fig. 5. - Super cell of a reciprocal lattice of a crystal with a C –
type cell

(11)

It can be seen from the figure that the cell of the reciprocal
lattice has nodes with zero “weight” in its vertices.
The relations between the parameters of the super cell and the
parameters of the cells of the reciprocal and crystal lattices are:

That is, the volume-centered cell in the reciprocal space is
described by a face-centered super cell with dimensions (11).
The face-centered crystal lattice is characterized by the Bravais
basis 000; 1/2 1/2 0; 1/2 0 1/2; 0 1/2 1/2.
The formula of the structural amplitude for such crystals is
𝐹 ℎ, 𝑘, 𝑙 =

𝑎𝑠∗ = 2𝑎∗ = 2 𝑎
𝑏𝑠∗ = 2𝑏 ∗ = 2 𝑏
𝑐𝑠∗ = 𝑐 ∗ = 1 𝑐
𝑉𝑠∗ = 4𝑉 ∗

𝑁 4
𝑗 =1 𝑓𝑗 (𝑥𝑦𝑧)𝑗

𝑒𝑥𝑝2𝜋𝑖 ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗 +
𝑒𝑥𝑝2𝜋𝑖 ℎ(𝑥𝑗 + 1 2 + 𝑘(𝑦𝑗 + 1 2) + 𝑙𝑧𝑗 ] +
𝑒𝑥𝑝2𝜋𝑖 ℎ(𝑥𝑗 + 1 2 + 𝑘𝑦𝑗 + 𝑙(𝑧𝑗 + 1 2) ] +
𝑒𝑥𝑝2𝜋𝑖[ℎ𝑥𝑗 + 𝑘(𝑦𝑗 + 1 2) + 𝑙(𝑧𝑗 + 1 2) ] = (1 +
4
𝑒 𝜋𝑖 ℎ +𝑘 + 𝑒 𝜋𝑖 ℎ +𝑙 + 𝑒 𝜋𝑖 (𝑘+𝑙) 𝑁
𝑗 =1 𝑓𝑗 𝑒𝑥𝑝2𝜋𝑖 (ℎ𝑥𝑗 +
(12)
𝑘𝑦𝑗 + 𝑙𝑧𝑗 )

(14)

It is obvious that the P – type cells of the crystal lattice in the
reciprocal lattice are also characterized by a P – type cell, since,
when calculating F (hkl), there are no restrictions on the indices.
For more complex structures, these relations between the cells
of a crystal and the super cells of the reciprocal lattice may break.
This can be illustrated by the example of diamond.

The multiplier in front of the sum sign (four-term) is equal to
zero if the indices (hkl) have different parity: two even ones one odd
and vice versa. If (hkl) have the same parity, then this four-member
is equal to four. Therefore, the reciprocal lattice nodes with indices
of mixed parity have zero “weight” (Figure 4).

4. Reciprocal lattice of diamond crystals
Diamond crystals are described by the Fd3m space group.
Figure 6 (a) shows a polyhedral model of the structure of a diamond
as a junction of tetrahedra and a cell of its crystal lattice (b).

Fig. 4. - A super cell of a reciprocal lattice of a crystal with an F –
type cell
a

Figure 4 shows the reciprocal lattice cell, which has only two
nodes with a nonzero "weight" (000); (111). The super cell has
indices 000, 111, that is, the super cell refers to the volume-centered
Bravais cell. The relationships between the supercell parameters of
the reciprocal crystal lattice with an F – type lattice and the
parameters of the reciprocal and crystal lattice cells are the same as
in conditions (11).

b

Fig. 6. - Articulation scheme of carbon tetrahedra (a), a lattice cell
of a diamond crystal (b)
The diamond cell consists of two face-centered cubes that are
shifted relative to each other along the main diagonal of the cube for
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translation (1⁄4 1⁄4 1⁄4). The coordinates of carbon atoms in the
diamond cell are shown in table 1.

Each vertex node is located in the center of the tetrahedron from
the nodes of the reciprocal lattice. Node 000 lies in the tetrahedron
of the nodes 111 111 ≡ 333, 111 ≡ 133, 111 ≡ 313. The other
nodes of the first super cell are coordinated by nodes with odd
indices on the similar scheme.
Nodes with odd indices are also found in tetrahedrins, the
vertices of which are nodes in the vertices of the super cell and the
three nodes of the coordinating face.
A tetrahedron that coordinates nodes with even indices can be
considered as "some super knot" of the reciprocal lattice. In this
case, it is obvious that the Super diamond Cell refers to the F-type.

Table 1. - Crystallographic coordinates of atoms in a diamond cell
(Figure 6)
№
xyz

1
000

2
1

№
xyz

5
1

6
3

4

1

4

1

4

2

4

1

3

20

4

1

4

3
1
7
3

1
20 2

4

1

4

3

4

4
01 21 2
8
1 3 3
4 4 4

5.

The period of crystal lattice of diamond and minimum atomic
distance have values: 𝑎 = 3,57Å, (𝑟𝑐−𝑐 ) = 1,54Å.
Taking into account the coordinates of atoms (table 1), the
structural amplitude (8) will take the following from after the
transformation:
𝐹 ℎ𝑘𝑙 = 𝑓𝑐 1 + 𝑒𝑥𝑝𝜋𝑖 ℎ + 𝑘 + 𝑒𝑥𝑝𝜋𝑖 ℎ + 𝑙 +
(15)

𝑒𝑥𝑝𝜋𝑖(𝑘+𝑙)1+𝑒𝑥𝑝𝜋𝑖(ℎ+𝑘+𝑙)2,

The first bracket in this expression is not equal to zero for
indices with the same parity. If the indices are even, but their sum
equals 4n + 2, then F (hkl) = 0. Therefore, the first nonzero nodes
lying on the coordinate axes of the reciprocal lattice for the Super
Diamond Cell are as follows: 400; 040; 004. Indices (hkl) in the
coordinate system 𝑎 𝑏 𝑐 all odd, then F (hkl) ≠ 0. If the indices are
even, then their sum should be divisible by 4 without any balance.
Super cell cube reciprocal lattice diamond has a period 𝑎𝑠∗ =
4
4𝑎∗ = . All faces centered: 220; 202; 022.
𝑎
Reciprocal lattice nodes with all odd indices are inside the super
cell and have indices: 111; 311; 131; 331; 113; 313; 133; 333
Nodes with odd indices form a cube with the edge (𝑎′ )(∗) =
2
∗
2𝑎 = , which is inside the super cell of the reciprocal lattice of
𝑎
the diamond.
If a trio of nodes of the reciprocal lattice (x ∗ 𝑦 ∗ 𝑧 ∗ )1 are chosen
as a structural element and the translation 𝑥𝑡∗ = 𝑥1∗ + 4 is taken into
account, then we get the distribution of nodes in table 2.

(𝑥 ∗ 𝑦 ∗ 𝑧 ∗ )1
(𝑥 ∗ 𝑦 ∗ 𝑧 ∗ )𝑡

000
111
111
000
111
333

220
331
331
220
331
113

202
313
31 3
202
313
131

When studying the diffraction of X-rays it is assumed that when
the node of the reciprocal lattice is on the sphere of the Ewald, there
will be a reflected beam (reflex) on the radius-vector of the node of
this sphere. The intensity of the reflex determines the "weight" of
the node, which is equal to the structural amplitude. Depending on
the type of cell of the Bravais lattice of the crystal, some reciprocal
lattice units have a zero weight. In the vertices of the reciprocal
lattice cell must be nodes with 𝐹 ℎ𝑘𝑙 ≠0. This condition is only
for P-type lattice.
Cell of the reciprocal lattice is based on the rapper 𝑎∗ =
𝑟 ∗ 100 , 𝑏 ∗ = 𝑟 ∗ 010 , 𝑐 ∗ = 𝑟 ∗ 001 . Such a cell can not include
the nodes of the lattice , as their indices would have fractional
values. It is shown that the assertion that the cell F–type lattice of a
crystal is characterized by the cell I –type in the reciprocal lattice
wrong. These types in the reciprocal lattice belong to super cell with
parameters to an integer the number 𝑎𝑗∗ .
For the analysis of crystals with non primitive cells, the concept
of super cells must be used.
For example, the diamond crystal shows that the lattice of F–
type in the reciprocal space of the super cell is also related to the F–
type.
Super cell of the reciprocal lattice of the crystals with Bravais
cells of crystals with a lattice of C–type have a volume 𝑉𝑠∗ = 4𝑉 ∗ for
F– and I–type 𝑉𝑠∗ = 8𝑉 ∗ , for diamond 𝑉𝑠∗ = 64𝑉 ∗, where 𝑉 ∗ – cell
volume of the reciprocal lattice with parameters 𝑎∗ 𝑏 ∗ 𝑐 ∗ .

6.

Table 2 – Bringing the super cell of the reciprocal lattice of the
diamond to the super cell F – type

Conclusion
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Abstract: This work investigate electromagnetic and thermal properties of poly(lactic) acid-based composites with graphene nanoplates
(GNP) and multiwalled carbon nanotubes (MWCNTs), produced by solution blending method. It was found that the MWCNT carbon
nanotubes are an effective filler for both absorption and reflection of electromagnetic waves in the GHz and THz frequency domains. The
higher aspect ratio of carbon nanotubes, compared to industrial MWCNT, is the cause of better electromagnetic characteristics of
nanocomposites prepared by solution blending method (SB). The DSC analysis of the samples shows that the glass transition is around 60oC,
followed by cold crystallization with enthalpy and melting temperature around 150 oC. The TGA analysis show, that the thermal stability of
PLA polymer is improved by addition of 6% MWCNTs and GNP.
KEYWORDS: BIODEGRADABLE POLY(LACTIC ACID) NANOCOMPOSITES, GRAPHENE, CARBON NANOTUBES,
ELECTROMAGNETIC PROPERTIES, THERMAL STABILITY

1. Introduction

2.2. Methods of preparation of solution blending:

Poly (lactic acid) (PLA) is a plant-derived biodegradable polymer,
which can be obtained from natural source such as corn starch and
may be a sustainable alternative to petrochemical-derived polymers
[1]. As a thermoplastic and aliphatic polyester, PLA has been used
to produce beverage packages, biomedical supplies, food wares,
vehicle interiors, films, and fibers [2,3]. Unfortunately, some
significant disadvantages of PLA such as relatively poor mechanical
properties, slow crystallization rate, and low thermal stability hinder
its applications for more demanding requirements [4,5].
Carbon-based fillers such as carbon nanotubes (CNTs),
nanofibers (CNFs) and graphene possess excellent electrical
conductivity together notable mechanical and thermal properties
[6,7,8]. When such nanoparticles are introduced in host polymeric
matrices, the interesting properties of these latter (like easy
processability and shaping possibilities, resistance to corrosion,
flame, moisture, etc.), are enhanced giving rise to nanocomposites
that recently have gained great attention from both academicians
and industries. In fact, these innovative composites can leverage
many of combined properties leading to develop new materials for
several applications ranging from aeronautic, automotive, plastics,
semiconductor and electronic industrial sectors [9,10].
In the present work we investigate binary and ternary
composites based on PLA with graphene nanoplatelets and
multiwall carbon nanotubes, produced by solution blending
techniques. The electromagnetic interference (EMI) shielding
effectiveness are determined by material absorptivity, surface
reflectivity, and multiple internal reflections. Polymer films
incorporating graphene and other nanocarbon fillers were recently
studied as a light coating material to protect micro- and nanodevices in a harsh electromagnetic environment, due to the
promising electromagnetic shielding efficiency of the carbon
nanostructures [11,12]. The electromagnetic shielding of a
composite material with carbon nanofillers, such as graphene
nanoplatelets and carbon nanotubes, are studied mainly depend on
the filler’s intrinsic conductivity, dielectric constant and aspect ratio
[13]. Thermal analysis are used to determinate thermal stability and
degradation of the polymer and nanocomposites.

2. Materials and methods:

The TNGNP and MWCNTs were supplied from Times Nano,
China. Ten types of compositions, combining different proportions
of TNGNPs and MWCNTs were produced at maximum 6 wt%
filler contents. The compositions were produced in laboratory
OLEM, Bulgaria, Sofia.
Procedure for nanocomposite preparation: The PLA700 1D
was dissolved in chloroform in ratio 1:3. Suspensions of graphene
(TNGNP) and MWCNTs were prepared in 200 ml. chloroform by
ultrasonic mixing and added to the dissolved PLA. The final
mixture was mechanically stirred for 60 minutes and dried in a
o

vacuum oven for 24 hours at 70 C. Compositions with 1.5%, 3%
and 6 wt% of TNGNP, and MWCNT and their combinations, in
PLA were prepared by this solution blending technique.
2.3 Methods for characterization:
2.3.1 THz frequency range:
THz measurements were carried out using a commercial THz
time-domain spectrometer shown on Fig. 1 [1]. A 1050±40 nm
wavelength pumping laser having 50–150 fs pulse duration and
more than 40 mW output power at approximately 80 MHz pulse
repetition rate was used to excite a photoconductor antenna and
produced THz radiation up to 2 THz. The layout of the system is
shown on Fig. 1(b). The spectrometer, THz emitter and detector
consists of a micro strip antenna integrated with a photoconductor
(low temperature grown GaBiAs) and silicon lens. The THz
detector output is proportional to the instant electrical field strength
of the THz pulse during the ultrashort pumping pulse. The Fourier
transformation of waveform of electrical field of THz radiation
gives the spectral content (E(x)) of THz radiation.
2.3.2 GHz frequency range:
The microwave measurements were provided by a scalar
network analyzer R2-408R [fig.2] at room temperature and normal
pressure. The scalar network analyzer is designed for measurement
of the transmission factor and reflection factor module Voltage
Standing Wave Ratio (VSWR) of waveguide devices and
components in frequency range from 25.96 GHz to 37.5 GHz.

The poly(lactic) acid polymer (PLA) Ingeo 700 1D was used for
the solution blending samples. Graphene nanoplates (GNP) and
multiwall carbon nanotubes (MWCNT) produced by Times Nano,
China were used for preparation of nanocomposites. The PLA types
and different grades of GNP and MWCNTs are shown in Table 1.
Table 1. Typical properties of row materials used in this study
CNTs
OD: >50nm
Length 1-5μm
Purity: >95%

GNPs
Layers <20
Size D(0.5)=5-10μm
Purity > 99.5wt%

Fig. 1 The equipment for THz frequency range measurement
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The frequency sweep bandwidth range can vary from the full
frequency range of the instrument to 1500 MHz. Basic error limit of
the frequency setting does not exceed ±0.2% in normal conditions.
The frequency stability of the oscillator was controlled by a

3. Results and Discussion:
3.1 Electromagnetic properies in THz frequency range:
Table 2 show that for ternary nanocomposites containing
MWCNT and GNP show the highest electromagnetic shielding
efficiency (EMI) of 97-100%. Due to high reflection of 53% and a
very high absorption value of 47% the trinary composite
4.5%GNP/1.5%MWCNT achieves the highest EMI of 100%. The
pure PLA matrix has the smallest value of EMI shielding due to a
high transmission. It is obvious that in ternary composites, the
reflection and absorption decrease with decreasing of amount of
MWCNT (Fig.4). For the binary composites, the graphene
composite (6wt% GNP/PLA) achieve the highest 96% EMI
shielding, due to high reflection (52%) and high absorption (44%)
and transmission only 4%. The 6% MWCNT/GNP has the lowest
value EMI of 62% in THz range.

-6

frequency meter and was as high as 10 . The power stabilization
was maintained in the level of 7.0 mW ± 10 μW. EM attenuation
was measured in the 0 db to -40 db.

Table 2: The results for THz frequency, solution blending for
reflection-transmission-absorption (R-T-A) in range 0.2 – 0.6 THz

The scalar network analyzer ELMIKA R2-408R

No. Content of filler
[wt%]

Thick
ness
[mm]

R-mid

T-mid

A-mid
1-R-T

EMI
[%]

1
2
3
4

1.07
0.84
0.89
0.97

0.30
0.52
0.32
0.48

0.79
0.04
0.38
0.03

0
0.44
0.30
0.49

30
96
62
97

0.76

0.55

0.02

0.43

98

0.97

0.53

0

0.47

100

Fig.2 The equipment for GHz frequency range measurement
5

2.3.3 Differential scanning calorimetry (DSC Q20):

6

For the thermal properties measurements, a differential
scanning calorimeter, DSC Q20, bought from the American
company TA Instruments, shown in Figure 3, was used.

PLA
6% GNP/PLA
6%MWCNT/PLA
1.5%GNP/4.5%
WCNT/PLA
3%GNP/3%
MWCNT/PLA
4.5%GNP/1.5%
MWCNT/PLA

Technical characteristics of DSC Q20 (TA Instruments)
Temperature range - from room temperature to 725 ° C
Temperature Accuracy +/- 0.1oC
Temperature precision +/- 0.05oC
The experiments are carried out in an air atmosphere or in nitrogen.
The conditions under which the current DSC test was carried
out were: a temperature range of 20 to 200 °C in a nitrogen
atmosphere with a heating step of 20 ° C / min.

Fig. 4 The comparison of electromagnetic response
(reflection/transmission/absorption coefficients) at 0.3 THz of
1-mm thick samples with different MWCNT- and GNP-content
(a)

3.2. Electromagnetic properies in GHz frequency range:

(b)

Figure 3 а) DSC Q20 (TA Instruments), b) pan

Table 3 and Figure 5 present the electromagnetic properties of the
6wt% binary and ternary nanocomposites in the GHz wave range.

2.3.4 Thermogravimetric analysis (TGA 50):

Table 3: The results for 32.5 GHz frequency, solution blending for
reflection-transmission-absorption (R-T-A)

For the thermal properties measurements, a differential
scanning calorimeter, TGA Q50, bought from the American
company TA Instruments, shown in Figure 4, was used.
Technical characteristics of the TGA Q50 (TA Instruments):
Temperature range - from room temperature to 1000оС
Maximum sample weight - 1g
Weight precision - +/- 0.01%
Experiments are conducted in an air or nitrogen atmosphere.

No

Content of filler,
[wt%]

1

PLA

2
3
4

The conditions under which the current TGA test was carried
out are: heating the sample from 20 to 500 °C under nitrogen, with a
heating step of 20 ° C / min.

5
6
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Thick
ness
[mm]
1

R

T

A-mid

EMI
[%]

0.25

0.75

0.003

25

6% GNP/PLA
6% MWCNT/PLA

1

0.47

0.15

0.38

85

0.93

0.44

0.40

0.16

60

1.5%GNP/4.5%MW
CNT/ PLA
3%GNP/3%
MWCNT/ PLA
4.5%GNP/1.5%MW
CNT/ PLA

0.96

0.67

0.19

0.14

81

0.99

0.41

0.28

0.31

72

0.94

0.50

0.09

0.41

91

SB

Heat Flow [W/g]

Fresh

18 M

As received filaments
Fresh / after 18 Months
Neat PLA
6% CNT
6% GNP
4.5% GNP/1.5% CNT
3% GNP/3% CNT
1.5% GNP/4.5% CNT

60

80

100

120

140

160

Temperature [oC]

Fig. 6 Comparison of DSC curves between binary (GNP/PLA,
MWCNT/PLA) and ternary (GNP/MWCNT/PLA) composites
investigated as fresh samples and after 18 months storage

Figure 5 Comparison of reflection/transmission/absorption
coefficients of 1-mm thick composite at 32.5 GHz with different
mixtures of MWCNT and GNP.

From DSC analysis (Table 4) for the both type of samples (fresh
and after 18 months) the binary composites of 6% GNP show
higher temperatures of crystallization and melting compared with
the same amount of MWCNT. Cold crystallization peak increase
with (15oC) for fresh samples and (8oC) for samples after 18
months, if compare with pure PLA (104oC) and (119.4),
respectively. For ternary composites 1.5% GNP/4.5% MWCNT
from fresh samples has the biggest % of crystallinity which is
comparable with 4.5%GNP/1.5%MWCNT from samples after 18
months storage. The peaks of cold crystallization and melting are
shifted on the right side due to the higher temperature for samples
after 18 months storage. Generally, glass transition temperature has
increased with ~ 9 oC for samples after 18 months storage. The
binary composite with 6wt% GNP has the higher temperature of
glass transition for both type of samples (fresh and after 18 months
storage) which is indicated that this temperature doesn’t change
with the time and storage of the samples. For ternary composites it
is obvious that with decreasing filler content of MWCNT Tg is
increased (for fresh samples) and decreased for samples investigate
after 18 months (table 4). The crystallinity also decreases – for fresh
samples it is around 4% for near PLA matrix and 6-7% for the
nanocomposites after 18 months storage due to some nucleation
effect of nanofillers on PLA, resulting in α′–α phase transition.
Almost twice decrease of the % crystallinity (to 2-3%) is observed
in the aged filaments if compared with the fresh prepared one.
From those result it can be concluded that thermal characteristics,
like of glass transition, crystallization and melting were enhanced
for these samples after 18 months storage (Fig. 6). The %
crystallinity is slightly decreased for some compositions confirming
very slight effect of PLA degradation at room storage conditions.

In the GHz frequency range, the graphene composites (6wt%
GNP/PLA) achieve higher EMI shielding (85%), compared to that
of the binary composite 6wt% MWCNT/PLA (60%). In the tеrnary
nanocomposites, both absorption and reflection are higher than
those of binary composites, which speaks for synergy in the
properties generated by the combination of the two carbon
nanoparticles. The highest EMI shielding (91%) in the GHz zone is
observed for bi-filler composites with a combined content of filler
of 4.5wt% GNP / 1.5wt% MWCNT / PLA, where high absorption
(41%) and high reflection (50%) are achieved (Table 3).
3.3. DSC Analysis:
This study was helpful to understand a shelf-life of the samples
during storage in room conditions, related with the PLA degradation
due to the exposure to humidity and UV light. First step was to
measure fresh samples and after that we measured the same samples
after 18 months storage in room conditions. The Table 4 summarize
the DSC determined specific temperatures for glass transition (Tg),
cold crystallization (Tcc) and melting (Tm), as well as the
enthalpies of crystallization and melting (∆Hcc and ∆Hm). Figure 6
compares the DSC thermodiagrames from the first run of fresh
samples and samples after 18 months storage in room conditions.
Table 4 Results from DSC analysis for two type samples – fresh
samples and after 18 months storage samples.

Tg,
o
C
50.0
54.1
49.8

Tcc,
o
C
104.3
119.3
105.3

Tm,
o
C
144.4
147.0
144.8

∆Hcc,
J/g
13.5
12.6
10.2

∆Hm,
J/g
17.3
13.2
15.3

χc ,
%
4.1
0.7
5.8

52.4

117.3

145.8

6.2

12.1

6.7

53.1

110.2

146.2

7.6

14.0

7.3

52.0

113.2

145.7

8.6

13.5

5.6

Tg,
o
C
62.6
62.3
61.3

DSC results of the 18m storage
Tcc,
Tm,
∆Hcc, ∆Hm,
o
o
C
C
J/g
J/g
119.4
148.5
5.8
9.1
148.1
2.8
127.3
146.5
0.6
2.6

χc ,
%
3.5
3.3
2.4

63.7

123.5

148.7

1.8

5.0

3.7

61.7

125.3

146.8

0.8

3.5

3.1

63.9

119.8

150.2

4.5

11.0

7.4

3.4 TGA Analysis:
The TGA analysis was used to determine the thermal stability and
degradation of the PLA-based binary and ternary composites with
GNP and MWCNTs. Results are presented in Fig. 7 and Table 5.
100

Solution Blending

3

60

Neat PLA
6% MWCNT
6% GNP
1.5% GNP/4.5% MWCNT
3% GNP/3% MWCNT
4.5% GNP/1.5% MWCNT

2

40

1

20

o

80

Deriv. weight [%/ C]

PLA
6% GNP/PLA
6%
MWCNT/PLA
3%GNP/3%
MWCNT/PLA
1.5%GNP/4.5%
MWCNT/PLA
4.5%GNP/1.5%
MWCNT/PLA
Name of the
storage
samples
PLA
6% GNP/PLA
6%
MWCNT/PLA
3%GNP/3%
MWCNT/PLA
1.5%GNP/4.5%
MWCNT/PLA
4.5%GNP/1.5%
MWCNT/PLA

DSC result of the fresh samples

Weight [%]

Name of the
fresh samples

0
0
300

350

400

450

o

Temperature [ C]

Fig.7 TGA curve weight vs temperature for nanocomposites with
maximum of 6wt% nanofiller (GNP, MWCNT and mixed)
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Table 5 The values of Tonset , T10%, peak of degradation, mass loss at
105oC, and residue ash at 490оC for binary (GNP/PLA,
MWCNT/PLA) and ternary (GNP/MWCNT/PLA) composite
prepared by solution blending method.
Name

Tonset
[oC]

T10%
[oC]

Peak of
degr.
Тр oC]
378.6
382.3
380.6
378.9

Mass of
loss at
105oC
[%]
0.3
0.2
0.3
0.4

Residue
ash at
490 оC,
[%]
0.5
5.4
6.0
4.7

PLA
6%GNP/ PLA
6%MWCNT/ PLA
1.5 %GNP/
4.5%MWCNT
1.5%GNP/
4.5% MWCNT/
PLA dried
3%GNP/
3%MWCNT/PLA
4.5%GNP/
1.5%MWCNT/PLA
4.5%GNP/
1.5%MWCNT/
PLA dried

304.5
314.3
311.4
313.0

343.0
350.3
346.5
344.3

310.5

342.4

376.2

0.3

6.1

308.3

346.5

378.3

0.3

6.3

289.5

340.8

361.1

0.3

2.6

289.5

340.2

376.9

0.3

3.0

on PLA, resulting in recrystallization, producing α′–α phase
transition. Almost twice decrease of the % crystallinity (to 2-3%) is
observed in the aged filaments if compared with the fresh prepared
one. The effects was associated with structural changes in the PLA
biopolymer due to the long-term exposure to humidity, UV light
and temperature, typical for room storage environment. Different
nucleation effects are observed for both GNP and MWCNT fillers.
The nanocomposite content 6% GNP has the lowest (0.2%)
mass of loss at 105oC. This show that graphene nanoplatelets are
well dispersed and they are a barrier for heat distribution and
exposure to humidity into the nanocomposite. The binary
nanocomposite with 6% MWCNT has a lower thermal stability (340C) compare with 6% GNP. The lowest thermal stability has a
ternary nanocomposite 4.5% GNP/1.5% MWCNT (17 oC compare
with pure PLA). In general thermal stability decreases with the
decreasing the MWCNT content for the ternary nanocomposites,
possibly as a results of a bad dispersion of the fillers.
Acknowledgments: This work was supported by the European
projects H2020-MSCA-RISE-2016-734164 Graphene 3D and
H2020-SGA-FET-GRAPHENE-2017-785219 Graphene Core2.

5. References

TGA analysis (fig. 2b) show that the binary nanocomposite with
graphene, 6% GNP/PLA has the highest values for the three
measured temperatures: Tonset (314°C), T10% (350° C) and Tp
(382°C). Mass loss at 105oC is lowest for this composite (0.2wt%),
which indicates that graphene nanoplates are as barriers for heating.
Binary composite with 6% MWCNT/PLA has only 3-4оС lower
thermal stability than the composite with 6% GNP. The thermal
stability of ternary nanocomposites is slightly lower than that of
binary systems. The Tonset (initial degradation) also increases with
4oC from pure PLA to 4.5%GNP/1.5wt%MWCNT. Residue ash
increases with 7% from pure PLA to 3wt%GNP/3wt%MWCNT.
Two nanocomposites were additional dried. For ternary
nanocomposites with 4.5% GNP/1.5% MWCNT shows that thermal
stability is improved with 16oC and shifted on the right side due to
higher temperature compared to the same sample that is not dried
(table 5). The other nanocomposite 1.5% GNP/4.5% MWCNT
shows that the additional dried sample has lower values (2-3oC) for
all characteristics compared with not dried sample.

4. Conclusion:
The binary and ternary composites based on PLA filled with 6 wt%
GNP and MWCNTs prepared by solution blending are studied here
with. Good electromagnetic and thermal properties are obtained as
varying the filler ratios.
The graphene nanoplatelets (GNP) in PLA composites are a
more efficient EMI absorbing filler than MWCNT in both GHz and
THz frequency ranges for the 6wt% filled binary nanocomposites
produced by solution blending technique.
For binary composites with 6 wt.% GNP, about 85% EMI
shielding is achieved due to a high reflection of 47% but also a
relatively high absorption of 38%. These composites show different
behavior at reflection / transmission/ absorption rates compared to
carbon nanotubes. As the content of the filler increases, the
transmission gradually decreases, reaching the lowest value of 15%
at 6%GNP when filling the system up to the maximum.
In ternary nanocomposites - absorption and reflection are higher
than those of binary, which speaks for synergy in the properties
produced by the combination of the two carbon nanoparticles. The
highest level of EMI shielding (91%) in GHz is observed in
combined ternary compositions with 4.5%GNP/1.5% MWCNT,
where high absorption (41%) and high reflection (50%) are
achieved.
The fresh produced filaments were compared with the aged
filaments after 18 months storage in room conditions. A nucleation
effect of graphene and carbon nanotubes on the crystal structure of
PLA was observed. Our findings confirm that the % crystallinity of
the fresh extruded filaments is about 4% for the neat PLA and 6-7%
for the nanocomposites due to some nucleation effect of nanofillers

513

[1] Saeidlou S., Huneault M.A, Li H., Park C.B., “Poly (lactic acid)
crystallization” Prog. Polym. Sci. 37 (2012) 1657e1677.
[2] Savaris M., Santos V.D., Brandalise R.N., “Influence of
different sterilization processes on the properties of commercial
poly(lactic acid)”, Mater. Sci. Eng. C 69 (2016) 661e667.
[3] Yang F., Murugan R., Ramakrishna S., Wang X., Ma Y.X.,
Wang S., “Fabrication of nano-structured porous PLLA scaffold
intended for nerve tissue engineering”, Biomaterials 25 (2004)
1891e1900.
[4] Aou K., Hsu S.L., Kleiner L.W., Tang F.-W., “Roles of
conformational and configurational defects on the physical aging of
amorphous poly(lactic acid)”, J. Phys. Chem. B 111 (2007)
12322e12327.
[5] Tsuji H., Fukui I. “ Enhanced thermal stability of poly (lactide)
s in the melt by enantiomeric polymer blending”, Polymer 44
(2003) 2891e2896.
[6] Spinelli G, Lamberti P, Tucci V, Ivanova R, Tabakova S, Ivanov
E, Kotsilkova K, Cimmino S, Maio R, Silvestre C, “Rheological
and electrical behaviour of nanocarbon/poly(lactic) acid for 3d
printing applications” , addma_2018_122.
[7] Zhang W., Dehghani-Sanij A.A, and Blackburn R. S. “Carbon
based conductive polymer composites”, J. Mater. Sci. 42 (2007)
3408-3418.
[8] Cha J., Jun G. H., Park J. K, Kim J. C., Ryu H. J., Hong S. H.,
“Improvement of modulus, strength and fracture toughness of
CNT/Epoxy nanocomposites through the functionalization of
carbon nanotubes”, Compos. Part B 129 (2017) 169-179.
[9] Vertuccio L., Guadagno L., Spinelli G., Russo S., Iannuzzo G.,
“Effect of carbon nanotube and functionalized liquid rubber on
mechanical and electrical properties of epoxy adhesives for aircraft
structures”, Compos. Part B 129 (2017) 1-10.
[10] Guadagno L., Raimondo M., Vittoria V., Vertuccio L.,
Naddeo C., Russo S., De Vivo B., Lamberti P., Spinelli G. and
Tucci V., “Development of epoxy mixtures for application in
aeronautics and aerospace” RSC Adv. 4 (2014) 15474-15488.
[11] Qin F. and Brosseau C., “ A review and analysis of microwave
absorption in polymer composites filled with carbonaceous
particles”
,J.
Appl.
Phys.
111,
061301
(2012).
[12] Kuzhir P., Paddubskaya A., “Epoxy composites filled with
high surface area-carbon fillers: Optimization of electromagnetic
shielding, electrical, mechanical, and thermal properties”, Plyushch
A. et al., J. Appl. Phys. 114, 164304 (2013).
[13] Bryning M.B, Islam M.F, Kikkawa J.M, Yod A.G,
“Preparation and Microwave Absorbing Characteristics of MultiWalled Carbon Nanotube/Chiral-Polyaniline Composites”, Adv
Mater, 17, 9 (2005). http://dx.doi.org/10.1002/adma.200401649.

MICRO-HARDNESS OF BORID DIFFUSION LAYERS FORMED OF SEMI
PERMEABLE POWDER-METALURGICAL MATERIALS
FROM THE SYSTEM Fe-C-Cu
Assoc Prof. Mitev, I., Ph.D*
Eng.Vinev.I., doktorant**
Faculty of Economics and Business Administration – Technical University of Gabrovo, Bulgaria*
Faculty of Mechanical Engineering – Technical University of Gabrovo, Bulgaria**
imitev@tugab.bg
Abstract: Surface saturation with boron of Fe-C-Cu construction powder materials aims to improve the surface hardness of the articles
and hence improve wear, contact strength and other mechanical properties. This study investigates the influence of single-component
diffusion enrichment modes with boron of semi-permeable powder metallurgical samples from the Fe-C-Cu system. The powder samples on
the basis of iron powders NC 100.24 to which 0,3 ÷ 2,5% Cu and 0,4% carbon were added were subjected to the study. Diffusion saturation
with boron was carried out in semi-permeable saturation media with a composition of 84% Na 2B4O7 + 12% SiC + 4% K2Cr2O7 at
temperatures 850 ÷ 950 ° C for 2 ÷ 4 hours. Graphical dependencies are presented for the variation of the diffusion slit thickness in the
longitudinal section of the test samples depending on their density, duration and saturation temperature. The experimental results obtained
are compared with those obtained by combining pure iron samples with the same technological parameters.
Keywords: BORONIZING. DIFFUSION BORIDED LAYER, MICROHARDNESS, POWDER METALURGY, IRON POWDER,
DENSITY

2. Experimental part

1. Introduction

Surface enrichment with boron of Fe-C-Cu structural powder
materials aims to improve the surface hardness of the products,
hence increasing wear, contact strength and other mechanical
properties.

Powder metallurgy is currently developing sufficiently
intensively, which is mainly due to its high economic efficiency and
also to the possibility of obtaining materials with unique properties
that are impossible to obtain through conventional technologies
[3,5,6]. This is a technological process in which powders are used to
obtain quality details through minimal material losses. Proper
selection of powders and their technological properties can provide
a wide range of mechanical and physical characteristics of the final
product, which can be either metallic or ceramic or a combination
of metal with non-metallic components. [2,6,12]

The study is subjected to powder metallurgical specimens from
the triple Fe-C-Cu system. The iron powder of type NC100.24
produced by „Höganäs“, Sweden, was used as the basis of the
samples. This is one of the most widely used in the practice of
powder metallurgical production iron powder obtained by the
reduction method. Its compactness is very good, and thanks to the
spongy particle structure their moldability is too high. The raw
(after compression) and final (after sintering) strength of parts of
these powders is very high and the hydrogen concentration therein
is low.

The main structural components in powder metallurgical
materials are metallic phases, non-metallic inclusions, pores and
others. Porestion in quantitative and qualitative terms is determined
by the total pore volume, the ratio between open and closed pores,
their size, shape and distribution in volume. There are three main
types of pores: two-sided open; unilaterally open and closed pores.
The ratio of the pores in the article depends on the general porosity.
When the total porosity is less than 20%, the content of the pores
found does not exceed 1 ÷ 2% and the relative share of unilateral
pores is even smaller. [3,9,10] According to the ratio of open and
closed pores, the powder metallurgical materials are divided into:
 impermeable - all pores are closed and the porosity is 7 ÷
10%;
 permeable - all pores are found, and porosity is 20 ÷ 30%;
 semi-permeable - only a portion of the pores are found,
and the total porosity is 15 ÷ 20%. [3,7,9,10]

The maximum particle size fraction of the iron powder used, its
compaction at 420MPa, as well as the concentration of oxygen and
carbon in the iron particles are presented in Table 1.

Table 1: Characteristics of the iron powder used
Compaction
О2, %
at 420МРа
Type of iron
powder /size,
average
average
µm
min.
min.
value
value
NC 100.24/150

The peculiarities in the structure of the powdered products
imply the existence of peculiarities in their chemical-thermal
treatment. Particularly important in chemico-thermal treatment is
the information on the ratio between the open and the closed pores,
as the main pores in the intensification of the diffusion processes of
the porous materials are the pores found.

6,45

6,40

0,20

0,30

С, %
average
value

min.

0,01

0,02

To the iron powders are also added 0.3 ÷ 2.4% copper powders
obtained by the electrolysis method with an average size of 63 μm.
[1,11]

It has been shown that during sintering the internal surfaces of
the pores change and in the case of porosity up to 15% their passage
in closed form is observed. With greater porosity of 20% and
sintering for four hours no closing of open pores is observed, which
facilitates the flow of diffusion processes. Increasing the defect of
the iron particles facilitates the formation of a larger amount of
open pores and helps to accelerate the diffusion processes.

The third component is carbon whose concentration in the
samples is 0.4%. It is added in the form of UF 4 standard graphite
powders, where the carbon concentration is in the 96 ÷ 97% range.
Boring is carried out for 2÷4h, at a temperature of 900÷1000°C
in a semi-permeable saturation medium with composition 1.
[8,9,10]

In this connection, the aim of the present study is to investigate
the influence of surface diffusion enrichment with boron on
semipermeable powder metallurgical specimens on their
microtraviolet in the surface working area.

(1)

514

84%Na2B4O7 + 12%SiC + 4%K2Cr2O7

Fig. 4. Micro-hardness distribution in samples with a density
of 5,80g /cm3 after boronizing 4h at 950oC and composition:
1 - NC100.24 + 0.4% C + 2.0% Cu; 2 - NC100.24

Fig. 1. Micro-hardness distribution in samples with a density of 7.00g /cm3
after boronizing 4h at 950oC and composition:
1 - NC100.24 + 0.4% C + 2.0% Cu; 2 - NC100.24

The micro-hardness of the materials we tested after the boring
was determined according to standardized methodology. -BDSEN-ISO-4498-2007. [4]
The experimental results for modification of the micro-hardness
of samples of iron powder NC 100.24 + 0.4% C + 2.0% Cu with
p=5.80÷7.00g/cm3 after saturation for 4h at 950oC is presented in
graphical form in figures 1÷4.
The figure shows that maximum values for micro-hardness are
recorded on the surface of the samples studied and the values
remain constant in the areas of distribution of the boride phases.
The values vary in the range 14500 ÷ 19000MPa and are
determined by the type of saturated alloys - the amount of copper
and the density of the samples, the higher values being measured on
samples with a higher density - 6,60 ÷ 7,00g /cm3. After boring, the
substrate of the saturation materials is a hard iron boron solution, a
pearlitic structure with a carbon concentration of about 0.6%, and
the ε-phase inclusions. Micro-hardness in this area ranges from
4500 ÷ 6200MPa. . This necessitates in cases where the product is
to be subjected to a post-boring operation under the contact load
conditions to be subjected to further processing to increase the
hardness of the sublayer.

Fig. 2. Micro-hardness distribution in samples with a density of 6.60g /cm3
after boronizing 4h at 950oC and composition:
1 - NC100.24 + 0.4% C + 2.0% Cu; 2 - NC100.24

When increasing the saturation duration from 2 to 4h the
character of the curves showing the micro-hardness distribution
does not change, the maximum values in the layer - fig.5.
.Since the micro-sthardness of the boride layers is determined
by their phase composition, the results obtained are evidence that
the phases formed in the initial phase of saturation do not undergo
substantial changes over time.

Fig. 3. Micro-hardness distribution in samples with a density of 6.20g /cm3
after boronizing 4h at 950oC and composition:
1 - NC100.24 + 0.4% C + 2.0% Cu; 2 - NC100.24

Fig.5. Distribution of micro-hardness in samples with
NC100.24 + 0.4% C + 2.0% Cu with p = 6.60 g/cm3
after boronizing at 950 ° C for 2 ÷ 4h.
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The high micro – hardness of the formed boride phases are
results from the formation of a stable electronic configuration sp3 d5 [10] in their structure. The stability of this configuration is one
of the reasons for the borides to maintain its hardness even at high
temperatures of heating up to 900oC.

pearlitic structure with a carbon concentration of
about 0.6% and ephase inclusions, and the microstability values in this region vary within the range
4500 ÷ 6200MРа.

Higher values for micro-hardness in larger densities - 6.0 ÷
7.00g/cm3 are the result of both reduced pores in these and the
reduced formation of partial inclusions of FeB.
From the conducted tests it was found that the copper content in
the samples practically does not effect of the micro-hardness of the
boride layer - fig.6.

It has been shown that the change in the copper
concentration in the matrix from 0 to 3.0% has
virtually no effect on the micro-hardness values and
they change by ± 620 ÷ 630MPa.
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Fig.6. Influence of copper on the micro-hardness
of samples with ρ = 6.60g / cm3
after boronizing at 950°C for 4h

By lowering the saturation temperature under p.A1 the character
of distribution of micro-hardness in the boride coatings is preserved,
but the values are decreased and vary in the range 14500 ÷
16000MPa, which is also the result of the absence of high-boride
phase - FeB inclusions, Fig.7.

Fig.7. Micro-hardness distribution in samples of
NC100.24 + 0.4% C + 2.0% Cu
with p = 6.60g / cm3 after 2h boronizing at:
1 - 800oC; 2 - 850oC and 3 - 900oC.

3. Сonclusions
The following conclusions can be drawn from the research
carried out and the results obtained:
It is confirmed that the micro-hardness of the boride
layers depends on the density of the saturation
samples, their phase composition and changes in the
range of 14 500 ÷ 19 00MPa.
It has been shown that after boring in the substrate
layer the solid iron boron solution is formed, a
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Abstract: The information is given about small-sized equipment for producing sprayed powders of alloys based on copper and aluminum,
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against corrosion, process modes and powder properties. The high quality of the coatings obtained with the use of manufactured powders
has been confirmed.
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1. Introduction
The simplicity and cost-efficiency of the application of coatings by
gas-flame spraying for strengthening new and restoring worn-out
surfaces, as well as for the protection of parts of various functional
purposes against corrosion, make this method attractive [1, 2].
Available equipment for gas-flame spraying of powders, consisting
of a sprayer and a gas control panel, as well as powder materials for
applying coatings are required to implement this method [3].

2. Results and discussion
To solve this problem, the small-sized equipment was developed to
study the processes of powder production based on copper and
aluminum (Fig. 1).

As a rule, powders of various fractions are obtained by air spraying.
By varying the air pressure during spraying and the angle of
inclination of the nozzles, it is possible to regulate the output of a
given powder fraction to a certain extent. Studies have shown that
the output of powder is 95%. Depending on the modes of spraying,
the output of the sprayed powder of large fractions is 5-35% when
using slot nozzles and fractions with a particle size less than
0.16 mm – up to 5-10%. Figure 2 shows the particle size distribution
diagrams of tin-phosphorous bronze powders produced by means of
this equipment.
Fractional
content,
%

Pressure, atm

Angle of
nozzles,
deg. mm

Size of particles, mm

Fig. 2. Particle size distribution diagrams of the powder

Fig. 1. Equipment for production of metal powders by
spraying a metal melt by air:
1 – body; 2 – bottom plate; 3 – metal reservoir;
4 – nozzle; 5 – cover

When using these powders for the production of porous products,
such a distribution is acceptable and almost all of the powder
without remelting can be used at manufacturing site. However, for
applying gas-thermal and gas-dynamic coatings onto worn-out
surfaces or to protect them against corrosion, powders with particle
sizes less than 100 µm are required. This leads to the remelting of
powder with large particles and, accordingly, to significant
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additional energy costs. In this regard, a specialized spray unit was
developed with a set of removable nozzles. It is known that the
main factors determining the powder dispersion are the viscosity,
the surface tension of the melt and the gas flow energy [4, 5]. The
viscosity of the melt is regulated by the chemical composition of
the alloy and the temperature of the melt, and the surface tension of
the melt is regulated by the diameter of the flowing jet of the melt.
To obtain powders with particles less than 100 µm, it was decided
to increase the relative gas flow rate. To solve this problem, a
nozzle design was developed for spraying a metal melt by air based
on a de Laval nozzle. A set of removable nozzles makes it possible
to change the angle of gas attack in a wide range and change the
area of their cross section.
The output of applicable powder with fractions less than 100 µm
was more than 80% when using a specialized spraying unit to
produce sprayed spherical powders of tin-phosphorous bronze.
Figure 5 shows the particles of the produced powder of the
specified particle size distribution. The same results were obtained
in the study of the process of producing aluminum powders with
the only difference that spraying was carried out using argon, and
not air, and the output of powders with the fraction minus 125 µm
did not exceed 60%. The properties of tin-phosphor bronze powders
are given in Table 1; the bulk density of aluminum powders is in
Table 2; the appearance of the powders is shown in Figure 3.

It should be noted that this equipment can produce powders of
alloys based on copper and aluminum of other compositions used,
for example, for restoring and strengthening the surfaces of crankshaft necks, “fits” for rolling bearings, internal surfaces of slider
bearings (provided that the coating length does not exceed the
diameter of the hole), surfaces of transmission shafts, camshaft
necks, wheel hubs, etc. [6].
The produced tin-phosphorus bronze and aluminum powders with a
particle size of less than 100 µm were sprayed onto steel substrates
by high-speed gas-flame spraying on TENA-Ppm equipment
(Figure 4) using MAF (methyl-acetylene-allene fraction) as
combustible synthetic gas.

Table 1. Properties of tin-phosphorous bronze powders
Fraction, mm

(-1,0+0,63)
(-0,63+0,4)
(-0,4+0,2)
(-0,2+0,16)
(-0,16+0,1)
(-0,1+0,063)

Bulk
density,
, g/cm3
4,05
4,96
5,0
5,22
5,22
5,32

Flow rate
, sec

Tap density,
g/cm3

3
3
3
3
3
3

4,42
5,3
5,37
5,7
5,7
5,8

Spherical
shape
factor
0,95
0,95
0,95
0,95
0,95
0,95

Fig. 4. Chamber of semi-automatic spraying TENA-KPAN-1300
with the equipment of gas-flame spraying TENA-Ppm
Coating microstructures are shown in Figure 5.

Table 2. Values of bulk density for aluminum powders
Powder
fraction, mm
Tap density,
g/cm3

(– 1,0 +
0,63)
1,07

(– 0,63 + (– 0,4 +
0,4) 0,315)
1,08

1,09

(– 0,315
+ 0,2)
1,13

(– 0,2 +
0,1)
1,15

а)

а)

b)
Fig. 3. Powders of tin-phosphorous bronze (a) and aluminum (b)
with a particle size of less than 125 µm

b)
Fig. 5. Microstructures of the sprayed coatings of tin-phosphorous
bronze powders × 100 (a) and aluminum (b) applied on steel plates
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Analysis of the microstructures of the obtained coatings makes it
possible to conclude that the quality of the sprayed coatings is high:
the total porosity in the sprayed layer is much lower than the
allowable 2%.

3. Conclusion
Information about the equipment design for producing sprayed
powders based on copper and aluminum, intended for applying
coatings by gas-flame spraying when strengthening new and
restoring worn-out surfaces, as well as for the protection of parts for
various functional purposes against corrosion, including
crankshafts, transmission shafts, wheel hubs, camshafts, etc. is
presented.
It is shown that the equipment provides powders with a high level
of properties and powder output of fine fractions. The possibility of
using the obtained powders for applying high-quality sprayed
coatings has been experimentally confirmed.
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Abstract: Decision making methods have been examined within the context of conflicting criteria. Mechanical properties of a
number of plasma sprayed coatings based on the modified alumina powder have been given for the purpose of comparative analysis. The
modification has been performed by two different methods: 1) by cladding the alumina powder with Ti and Al metal sheaths where the PVD
method has been employed; 2) by mechanochemical processing inside planetary ball mill with the titanium oxide nanopowder added. For
coating selection, weighed characteristics technique has been used in conjunction with the digital logic and the proposed improved approach
to the linear and non-linear data normalization. A conclusion has been made that the most effective, as far as the wear resistance parameter
is concerned, are the coatings obtained as a result of the clad alumina powder spraying.
Keywords: DECISION-MAKING THEORY, SELECTION OF MATERIALS, PLASMA SPRAYED COATING, CLAD
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1. Introduction
The proper coating material selection is an important and
complicated part of the engineering procedure used in
manufacturing the wear-resistant parts for the machinery and
equipment [1–3]. The choice of the most effective coating material
is an important theoretical and practical problem that has to be
solved through a systemic and most rational approach at the
research stage. Wrong selection of material can lead not only to
undesirable consequences, but also to considerable material losses.
The strength characteristics and tribological properties of
plasma sprayed coatings can be improved through the use of
nanodisperse modifiers that are bonded with the original powder
before spraying [4]. Usually, the modifier functions are performed
by ultrafine components that ensure the formation inside the coating
of a certain structure that is characteristic of solid and wear-resistant
materials. In the process, simple oxide based chemical compounds
of the Ме2О3 (Ме – Al, Cr) and МеО2 (Ме – Ti, Zi, Si) types can
be used, as well as the highly chemically active pure metals. In
practice, it is advisable to modify the powders with conglomeration
with the help of mechanochemical synthesis procedure, or by
cladding the powder particles with the use of physical vacuum
deposition (PVD) methods.
The alumina based wear-resistant coatings are widely used in
various branches of engineering [5]. The plasma spraying technique
of wear-resistant ceramic coatings is characterized by a medium
relative cost price value in comparison with other wear-resistant
coating techniques. Currently, no studies exist in the field of
analysis and application of the decision making methods related to
the selection of the plasma sprayed coatings. At the same time,
great many material selection approaches for various structural
components are available [1, 6–8]. The multicriterion methods of
the material selection that are currently in use can be adapted to the
procedure of plasma sprayed coating selection, too. The weighted
characteristics method in conjunction with the non-linear data
normalization approach and modified digital logic method can also
be applied to the coatings [9].
The cladding of the powder particles by PVD methods is a
potentially profitable area of composite powders production. Some
of the results obtained in the process Cu, Ti and Pt nano-films by
magnetron sputtering on the powders are given in paper [10].
Although the quality of the obtained powders is high enough, this
technique, nevertheless, is characterized by relatively low film
deposition velocity which significantly increases the cladding time.
Therefore, the vacuum arc evaporation technique has proven more
effective in obtaining thin quality films of the ceramic powders.
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Lately, many scientific works have appeared where the issues
of spraying powder modification with nanoparticles have been
examined. The issues of powder processing with mechanochemical
synthesis procedure have been studied in papers [4, 11]. The
possibility of searching for effective modifiers for obtaining
composite coatings with antifriction characteristics has been studied
in paper [4]. After analyzing the ultrafine oxides with the structures
of corundum and rutile, carbon and boron nitride, as well as the
metals with the structures of the tungsten and magnesium type, a
conclusion has been made in favor of the effectiveness of using the
oxide aluminum as a modifier. Selection, adaptation and
substantiation of the multicriterion decision making method as used
in the process of the best wear-resistant coating selection.

2. Materials and methods
Alumina powders of the 40–63 μm fractions and of the
following three modifications have been used for plasma sprayed
coating:
1) alumina powder in its initial state;
2) alumina powder cladding with Ti and Al metal sheaths
by PVD method;
3) alumina powder modified with nano-TiO2 powder (with
the 40–50 nm fraction) in the amount of 1.5%.
The sheaths made of alumina powder particles consisted of the
Ti sublayer 70–160 nm thick and of the top Al layer 2–3 μm thick.
Hereinafter the clad powder is referred to as Al2O3/Ti/Al. The
cladding process was performed at the PVD equipment with
specially developed vibration powder mixing device. The
technological processes occurring during the cladding powder by
PVD method are described in detail in paper [12].
The alumina powder has been modified with nano-TiO2 by
mechanochemical processing inside the XQM-2 planetary ball mill
in a vacuum [13]. Such treatment facilitated the formation of
strength bonds between the micro- and nanoparticles of the powder
composition, which provided for the nanoparticles transfer into the
coating during subsequent plasma spraying.
The powders were sprayed by plasma torch with partially
superimposed arc and an additional plasma jet blow-off with
concentric shielding gas flow. The arc current has been chosen
within the range of 80–90 A, the voltage – within the 50–60 V
range; the plasma-forming and shielding gas (argon) flow rate
would amount to 2–3 L/min at the nozzle with the diameter of
2 mm. Due to such design specifics and process conditions, the
plasma jet flow mode was close to laminar which also provided for
favorable conditions for the save and transfer into the coating of

both the cladding metal sheaths and the nanoparticles. The 200–
300 μm thick coating was sprayed onto flat 5x10x20 mm3
specimens (St 37 low carbon steel).
The NiAl bond coat was sprayed onto steel substrate, to
improve adhesion strength of the ceramic coating. The bond coat
thickness was 100–150 μm.
The coating materials were chosen based on the following
criteria:
- wear resistance,
- adhesion strength,
- microhardness,
- residual stress.
The tensile adhesion tests were used for the adhesion strength
evaluation, in accordance with ASTM C633. The microhardness
was evaluated by forcing in the Vickers pyramidal diamond
indenter at the 0.98 N load at the PMT–3 device. Tribological tests
were performed with the help of SMTs–2 friction machines in a
“block-on-disc” wear test configuration. The rotation disk speed
was 330 rpm with the applied load of 55 N. While evaluating the
comparative wear resistance of the coatings obtained from cladded
and modified powders, the pure alumina coating was used as the
benchmark. To evaluate residual stress, low-carbon steel samples
sized 0.2x9x85 mm3 were used that were subjected to abrasive jet
machining on both sides and rigidly attached to a flat surface to
guarantee the impossibility of deforming during the spraying
process. The residual stress was evaluated by the changes in the
sample's radius of curvature after the spraying [14]. The elastic
modulus plasma of the plasma sprayed coatings was determined
after the tensile testing of coated flat specimens based on the
technique [15]. The fracture strength of the coating was evaluated
based on the [16] technique. The test results are given in Table 1.
Table 1. Mechanical properties of the plasma sprayed coatings
Parameters

Microhardness,
GPa

Comparative
wear resistance

Fracture strength,
MPa·m1/2

5

Residual
stress , MPa

4

Adhesion
strength, MPa

3

Coating material

2

Code

1

1

Al2O3

6

–26

9.7

1

2.0

2

Al2O3/
bond coat NiAl

21

–19

9.5

1

2.0

3

Al2O3/Ті/Al

37

–17

11.3

6.3

2.4

4

Al2O3/Ті/Al/
bond coat NiAl

41

–12

11.3

6.3

2.4

Al2O31.5% nano ТіO2

11

5

3. Method for
material selection

–21

the

10.1

4.2

tribological

of parameters 1, 3, 4 and 5 should be maximized, and the value of
parameter 2 – minimized.
The material selection process involved the use of known
decision making methods. Determination of the production
requirements is the first step of the selection process. The wear
resistance of the coating constitutes the main requirement. The
obtained earlier values of the mechanical properties have been used
in the process of coating selection (see Table 1). Such properties as
the comparative wear resistance, microhardness and adhesion
strength are the beneficial ones; the residual stress – non-beneficial
ones, accordingly. Since the properties are set in numerical form,
the material selection method based on determining the weighted
characteristics method has been used [4].
Weighted characteristics method. The method allows the
coating material ranking based on the efficiency indexes. The
efficiency index  is determined as follows:

n

γ =  Υ i αi

,

(1)

i=1
where Y is the normalized value of the i-th coating
characteristic;  is the weighting factor; n is the total number of
coating options.
The coating characterized by the highest efficiency index is
the best one for practical purposes. The weighting factor  has
been determined with the use of digital logic methods to compare
the importance of properties. When comparing properties that use
different units of measurement, a normalization procedure is
performed which can be both linear and non-linear.
Digital logic approach. Experts evaluate the importance of the
properties by their pairwise comparison. The most important
characteristic is assigned the value of “1” and the least important –
the value of “0”. The total number of possible solutions N is
determined by the following formula: N = n (n – 1)/2, where n is the
number of properties being compared. The weighting factor α for
each of the properties is determined by the relation between the
number of positive solutions and the total number of possible
solutions N. The sum of all the weighting factors equals to one
( = 1). The weighting factor  is determined by the following
formula:
 = Npositive / N ,
where Npositive is the number of positive solutions.

(2)

Linear data normalization. Let's normalize the values of the
properties so that the maximum value would not exceed 100. For
the beneficial properties, this is the ratio between the value of the X
characteristic and the maximum value Xmax of this characteristic
multiplied by 100:

Υ = (Х / Х max )  100

(3)

2.3

coating

For a non-beneficial characteristic, this is the ratio between the
minimum value of the Xmin characteristic and the current value of
this characteristic multiplied by 100:
Υ = (Х min / Х)  100

The parameters of comparative wear resistance (1) and
adhesion strength (3) are prioritized for the wear-resistant coatings;
the wear resistance (1) parameter is considered to be the most
important of them. The residual stress parameter (5) ranks as the
third in the order of importance. The comparative wear resistance
and fracture strength parameters are of the least priority. Therefore,
when choosing an optimum coating composition option, the values

(4)

Modified digital logic. The shortcomings of the digital logic
technique lie in the fact that the least important characteristic is
assigned the value of “0”. Consequently, its weighting factor will be
equal to zero. Therefore, this characteristic is excluded from the
process of coating material selection. The modified technique
proposes assigning the values of “1” to the least important
characteristic, the value of “3” – to the most important
characteristic, and the value of “2” – to the properties that are
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Experts have determined the critical values Хк of the coating
properties (see Table 2).

equally important. Compared with the digital logic approach, the
calculation method will differ in determining the number of
possible solutions:

Microhardness,
GPa

Comparative wear
resistance

Fracture strength,
MPa·m1/2

(5)
(6)

Residual stress,
MPa

Хк

6

86

1.0

3.0

2.1

where а1, а2, b1, b2, c1 and c2 are constants.
Determination of the above constants is necessary for a nonlinear normalization. When performing calculations based on
expression (5), it is necessary to take into account the following
boundary conditions: 1) Y = –100 (at X = 0); 2) Y= +100
(at Х = Хmaх).
The critical value parameter for a considered Xк characteristic
allows an expert to assign the boundary value below which the
normalized value Y becomes negative and the efficiency index  is
lowered. The third boundary condition is of the form Y = 0 (at
X = Xк). The fulfillment of the three conditions allows calculating
constants based on the following expressions:

Table 3. Values of the residual stress for performing calculations
employing the improved linear and non-linear normalization
(7)

According to the proposed expressions (7), the characteristic's
normalization function is indeterminate at Х = Хmaх/2. With this
condition taken into account, the function has the following form:
Y = (200X/Xmax) – 100. The final relations in this case are as
follows:

Υ = ( 200 Х / X max )  100 ,

к

min

к

min

к

–21

–26

Transformed values of
the residual stress Х

10

15

17

20

25

Parameters

Number of possible solutions

4

0.44

3

0.33

1

0.11

0

0

0

0 0 1

2

0.11

1 2 3 4 5 6 7 8 9
1

Comparative wear
1 1 1 1
resistance

2

Microhardness

3

Adhesion strength

4

Residual stress

5

Fracture strength

0

1 1 1
0

0

1

(9)

c2 =  X min /(X min  Х к ) ;
In common with the previous case, the same procedure should
be performed for determining the form of the norming function at
Х = 2Хmin. With this condition taken into account, the function has
the following form: Y = (200Хmin/Хmax) –100.
The final relations in this case are as follows:
b


Υ = а 2 ln( 2 + c2 ) at Х к  2 X min 

X



 ,
200 Х min
Υ =
 100 at Х к = 2 X min 

X max




–19

No

Similar approach can be used in relation to the non-beneficial
properties, too. The boundary conditions have the following form:
1) Y = +100 (at Х = Хmin); 2) Y = –100 (at X  ∞).
The critical value for the characteristic is the value of Х = Хк
(at Y = 0). The necessary constants are calculated based on the
following expressions:

2

–17

Table 4. Determination of the weighting factors related to coating
properties (by digital logic approach)

(8)

atХ к = X max / 2 ;

а2 = 100/ln(  Х к /(X min  Х к )) ;
;
b = Х 2 +2X Х / X
Х

–12

Comparison of coating properties. Let's apply the above
methods while comparing the coating properties. The results
obtained by the digital logic approach and the weighting factors 
calculated by formula (2) are given in Table 4.

Υ = а1ln(b1X + c1 ) ,

atХ к  X max / 2 ;

Initial values of the
residual stress, MPa

Weighting
factors, α

а1 = 100/ln(Х к /(X max  Х к )) ;
b1 = ( X max  2 Х к / Х к (X max  Х к )) ;
c1 = X к /(X max  Х к ) ;

Improvement of the linear and non-linear parameter
normalization technique. Residual stress values in the studied
coatings vary from –26 MPa to –12 MPa) (see Table 1). It would be
incorrect to apply any of the above-mentioned normalization
techniques on an “as is” basis. That’s why it is necessary to improve
both parameter normalization methods. Let's make a proportional
linear transformation of the data into the positive value area; at the
same time, let's start the Хmin readout from the value of 10. The
similar transformation should be carried out for the critical residual
stress values Хк defined previously by the experts (see Table 3).

Npositive

Υ = а1ln (b1 X + c1 ) ,
Υ = а2ln (b2 / X + c2 ) ,

Adhesion
strength, MPa

Non-linear data normalization. This method uses non-linear
function while transforming the values of the beneficial and nonbeneficial properties, respectively:

Critical value of
the parameters

Table 2. Critical values of the coating properties Хк for the
improved non-linear normalization approach

N = (n  1) / 2

0

0
1

The results obtained by improved non-linear normalization
(Table 5), technique (using specified formulas) and the efficiency
index  calculation (by the above formula (4), (5)) are given in
Table 6. Data have been used to normalize the residual stress. The
results obtained by the modified digital logic method (with expert
participation) are given in Table 7. Also, this table shows the results
of the weighting factors α calculation by formula (2).

(10)
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Table 5. Calculation for the linear normalization

Code

Adhesion
strength

Residual stress

Microhardness

Comparative
wear resistance

Fracture
strength

Code

Adhesion
strength

Residual stress

Microhardness

Comparative
wear resistance

Fracture
strength

Table 8. Calculation for the non-linear normalization

1

14.63

100.0

85.84

15.87

83.33

1

392.54

–290.0

293.1

244.93

–96.08

2

51.22

141.18

84.07

15.87

83.33

2

463.57

–381.8

292.2

244.93

–96.08

3

90.24

160.0

100.0

100

100.0

3

495.68

–416.0

299.6

1148.50

–95.26

4

100.0

240.0

100.0

100

100.0

4

501.5

–529.6

299.6

1148.50

–95.26

5

26.83

126.32

89.38

66.67

95.83

5

426.91

–351.8

294.8

871.65

–95.46

Table 9. Non-linear normalization Y parameters and the 
efficiency index parameters

Code

Adhesion strength

Residual stress

Microhardness

Comparative wear
resistance

Fracture strength

 efficiency index

Code

Adhesion
strength

Residual stress

Microhardness

Comparative
wear resistance

Fracture
strength

 efficiency
index

Table 6. Calculation results for the linear normalization Y
parameters and the  efficiency index

1

54.52

–24.17

81.4

68.73

0.39

180.87

1

11.62

0

28.61

7.05

9.26

46.55

2

64.38

–31.82 81.16

68.73

0.39

182.84

2

5.69

0

28.02

7.05

9.26

50.03

3

68.84

–34.67 83.22

350.93

0.47

468.79

3

10.02

0

33.33

44.44

11.11

98.92

4

69.65

–44.14 24.97

350.93

0.47

401.89

4

11.11

0

33.33

44.44

11.11

100.0

5

59.29

–29.31 81.88

266.34

0.45

378.65

5

2.98

0

27.79

29.63

10.67

73.05

4. Conclusion
Table 7. Determination of the weighting factors for coating
properties (by modified digital logic method)

3

4

1 Comparative
3 3
wear resistance

3

2

2 Microhardness 1
3 Adhesion
strength
4 Residual
stress
5 Fracture
strength

5

3
1

6

3

7

0.31

10

0.28

5

0.14

1

3

0.08

3

7

0.19

3
1

2

11

9

3

1
1

8

Weighting
factors, α

1 2

Npositive

Number of possible solutions
N = n(n  1) / 2

Parameters

1

1

The specifics of the coating material selection task
demonstrate the necessity of multicriterion optimization methods.
Only material among the investigated coating variants can
successfully compete with one another: Al2O3/Ті/Al (code 3) and
Al2O3/Ті/Al with bond coat NiAl (code 4). Based on the analysis of
the efficiency index values, one can come to a conclusion that the
plasma sprayed coating based on the clad powder has the best
properties. At the same time, the alumina ceramic coating,
according to the improved non-linear normalization technique, is
the least effective. The stated method is characterized by a number
of advantages, including the wider gradation of the efficiency index
values distribution since the critical values of the coating properties
are used that have been determined by experts.
The existing decision making methods can be adapted and
improved for their use while selecting the materials for the wearresistant coatings. The weighted characteristics technique, in
conjunction with the improved non-linear data normalization and
the modified digital logic approach as applied to coating properties,
constitute the optimal and systemic approach.

The values of constants have been calculated а1, а2, b1, b2, c1,
c2, by formulas (7) and (9), based on the improved non-linear data
normalization technique. The non-linear normalization (Table 8) of
the coating properties has been performed Y by formulas (8) and
(10) where the converted Table 3 data and the critical Хк Table 2
data values have been used. Also, the efficiency index  has been
calculated by formula (1). The calculation results are given in
Table 9.
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