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Abstract. The article is devoted to the investigation of the surface layer
formation accuracy of engineering products by additive methods. The
analysis of advantages and disadvantages of layered products synthesis
technologies was carried out. It was revealed that, in additive shaping, the
exact characteristics of the surface layer differ significantly from the
accuracy characteristics of the surface layer of products obtained by the
traditional methods. The analysis of domestic and foreign works on the
topic of research was carried out. It is revealed that to increase the
accuracy characteristics of products obtained by additive methods, it is
necessary to realize dynamically the spatial orientation of the working
element of the additive installation in the process of shaping. To control
the spatial orientation of the working organ of additive equipment, a
method is proposed. The proposed methodology will allow to calculate the
controlled parameters of the process equipment, to provide the required
orientation of the working element of the additive installation to reduce the
error of shaping (approximation).

1 Introduction

Formation of surfaces of engineering parts is the central task, solved in the production
process. Currently, there is a steady tendency towards the increase in the complexity of
products, more stringent requirements to the terms of launching new products, so the
development of new methods for forming products becomes relevant.

According to the classification of forming methods, proposed by Burns [1], there are the
following methods of forming: subtractive, formative and additive.

The subtractive method of forming involves shaping the part by removing some
material from the initial workpiece.

The formative method of forming involves shaping the part by affecting the initial
workpiece or material of the tooling elements without removing material from the surface.

The additive method is a method of forming, based on the layer-by-layer addition of
material. Additive methods include layer-by-layer synthesis, in which the material is added
in the form of flat or concentric layers. Layer-by-layer synthesis has the following features:
the product surfaces are formed by the sides of the added layers, approximating the shape
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of the product; the accuracy of the formed products is limited by the minimum layer
thickness [2].

The scope of application of the layer-by-layer synthesis technologies remains limited in
comparison with subtractive and formative technologies due to the following factors: low
efficiency of the process of product manufacturing, its high energy consumption, and the
high cost of processing equipment, as well as raw materials, low accuracy of formed
products.

2 Analysis of domain research

A large number of scientific papers consider the mechanisms of error formation during
forming with subtractive methods.

The paper [3] studies the problems of error formation during machine processing; the
processing error was considered as a result of the action of the corresponding components:

A r() = A r.‘\'t + A rdyn + A r}emp + A rtno[wear + A rpart.vwear s ( 1)

where Ar, is the static component of the processing error; Ar,, is the dynamic

component of the processing error; Ar, ~and Ar, are the errors caused by the

temp toolwear

temperature deformations and wear of the tool, respectively; A7, is the error caused

artswear
by the wear of parts of the units.

It should be noted that forming of parts using additive methods is characterized by high
values of the static component of the processing error, in particular, the value of the
forming error (approximation). This is due to the fact that the formation of the surface
layers of complex parts occurs line-by-line, while the orientation of the forming element of
the additive plant remains constant and independent of the curvature of the surface being
formed [4] (Fig. 1).

Fig. 1. Scheme for determining the error during forming using additive methods with a constant
orientation of the forming element of the additive plant, where A, is the total error, A,I is the error of

the shape, A,Z is the error of forming (approximation).
The error during forming using additive methods may be considered as the algebraic

sum of the error in the shape of the nominal surface of the part and the error in the forming
(approximation) of the nominal surface section with layers of the deposited material:

A=A, %A, @)
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where A, is the error of the shape, A, is the error of forming (approximation).

The error of the product shape obtained using additive methods depends on the accuracy
of the processing equipment and consists of elementary errors caused by the geometric
inaccuracy of the additive equipment, thermal deformations, the accuracy of the equipment
dimensional settings, and the rigidity of the processing system. In turn, the error of forming
(approximation) depends on the following parameters: layer thickness, forming
temperature, forming speed, material properties, and technological features of the additive
equipment.

The accuracy of additive methods of forming is currently insufficiently studied;
therefore, the purpose of the study is the development of new theoretical background,
which in the future can become a basis for upgrading the existing equipment and
construction of new equipment for additive manufacturing.

One of the ways to solve the problem of reducing the error of forming (approximation)
of additive methods is to reduce the curvature of the applied elementary layer surface at the
point of contact with the nominal surface of the part (Fig. 2) [4, 5].

Fig. 2. Formation of the error during forming using additive methods with the orientation of the
forming element of the additive plant relative to the surface being obtained; where A, is the total

error, A,] is the error of the shape, Ar2 is the error of forming (approximation).

3 Construction of the model of forming system of additive
equipment

One of the solutions to this problem is to provide a spatial orientation of the working
element of the additive equipment along the normal line at the point of the nominal surface
of the formed part, for which it is necessary to develop new additive equipment or to
expand the technological capabilities of the existing additive equipment.

A review of Russian and foreign literature shows that a large number of scientific
papers consider the problems related to the provision of the spatial orientation of the
working element of the additive plant in the process of forming [6-14]. However, these
papers consider the provision of the static orientation, and the problems related to the
dynamic orientation of the forming element of the additive equipment in the process of
forming are not considered.

To provide the spatial orientation of the forming element of the additive equipment in
the process of forming, it is necessary to solve the problem of calculating the controlled
parameters of the processing equipment, at which the necessary position of the forming
element will be obtained.
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In this regard, the basic equation of the additive forming process with the use of
processing equipment that provides the spatial orientation of the forming element of the
additive plant is described. The equation is as follows:

—4

rolu,v)= Ay - A5 (q,0q,, )-€ 3)

>

where 4,; is the matrix for setting the coordinate system of the part in the working

space of the processing equipment; Ay (q1 ,...,qm) is the matrix of the forming system of the

—4
processing equipment, which corresponds to its parameters g¢,,...,q, ; e is the radius

vector of the origin of coordinates; u ,v are the curvilinear surface coordinates.
The parameters g,,...,q,, , included in the matrix A, can be divided into controlled and

uncontrolled (constructive) parameters of the processing equipment.
It is necessary to apply the following relationship to the uncontrolled parameters of the
processing equipment in order to ensure the process of forming,

q; =const . “)

It is necessary to apply the following relationship to the controlled parameters in order
to ensure the process of forming,

g, =q,(v). (5)

When the j point of the part surface is formed, equation (5) can be determined by
solving the matrix equation (Fig. 3):

Ao_/ (u./"vj)'Aoz 'Ax(ql,m,qn)=E, 6)

where 4, (ul/.;vj) is the matrix of the transfer from the coordinate system of the formed

part to the coordinate system of the j point on the part surface 7o, (u iV j); E is the
identity matrix.

Fig. 3. Scheme for calculating controlled parameters to provide the spatial orientation
of the additive plant extruder.
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The matrix A4,; of the transition from the coordinate system of the formed part to the

coordinate system of the j point on the part surface 7o ; (u iV j) is calculated according to
the method described in [15-20], using the vectors defining the positive direction of the axis

, axis Y/., ] _@/5;0/ Or o 8;7,,,,

6r,y-
Jjo =
ou

ov

or o y ory ;
Ou ov

Oreg Ore
—_— X —

ou ov

/ , Where

Z, Fp=

s Ljo =

9ro differential derivatives of the vector-function with respect to the parameters v, v, as
ov

well as vector ;oj , specifying the position of the origin of the coordinate system X Y,Z, .

4 Conclusions

The proposed methodology will allow calculating the controlled parameters of the
processing equipment, providing the required orientation of the forming element of the
additive plant to reduce the error of forming (approximation) using 5-axis and 6-axis
positioning mechanisms.

The study was performed as part of the state order No. 2.9320.2017/8.9
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