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Abstract. In the article are analyzed the effect of technological
modes and processing parameters on the stress of spinning
(cold flow turning) details of aluminum alloys. As the object
of the study was used a detail of aluminum alloy AMgS5,
obtained after 3-stage spinning with intermediate heat
treatments between the stages. As a control criterion was
used non-destructive resistive electro contact method, based
on the correlation between the integral electric and
mechanical characteristics of metals and alloys — specific
conductivity or electrical resistivity within the h-layer of the
metal and the amount of deformation in the crystal lattice of
the material due to the residual stresses.
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L. INTRODUCTION

When products are manufactured from metals and
alloys, in many cases they are subjected to mechanical or
thermal effects, which lead to plastic deformations of the
crystal lattices of the materials of the products. This, in
turn, results in occurrence of mechanical stresses in the
deformed layer of the material, which can be the reason for
destruction of the details at loads, even lower than
calculated.

In a process of spinning the cause of internal stresses
is the focus of the plastic deformation. The occurrence of
such stresses can lead to local deformations and defects of
the workpiece. An increase in the compressive stresses can
cause formation of corrugations on the surface of the
workpieces, while the tensile stresses can give rise to
surrounding cracks. Both consequences are indicators for
rejection of the products.

This determines the need for exercising reliable control
of residual stresses during the technological process of
producing details and during their operation [1] — [5].
Many methods are known for carrying out such a control -
destructive methods (Davidenkov method, hole drilling
method, the washer method, etc.) and non-destructive ones
(radio-wave, ultrasonic, magnetic, X-ray diffraction
method, etc.), and each of them has its own advantages and
disadvantages. The research, presented here, uses a newly
developed measuring complex, based on a resistive
electro-contact method, which combines in one the
advantages of the destructive methods (high reliability,
guaranteed error for determining the residual stresses,
possibility to determine the distribution of the residual
stresses along the depth from the surface) and the non-
destructive principle of action.
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II. MATERIALS AND METHODS

A study of the stress states of a part, made of aluminum
alloy AMg5 GOST 21631-76 by spinning, performed on a
two-roll Leifeld ST-400 rotary machine, in three
transitions with intermediate heat treatments between
them, was conducted. The research object was a thin-
walled conical body, made of aluminum alloy AMg5,
whose initial wall thickness of 6 mm was reduced to 2 mm
in the first spinning transition (with a cone angle of 64°),
to 1, 2 mm in the second pass (with a cone angle of 43°),
and up to 0.8 mm in the third one (with a cone angle of
25°) (Fig. 1).

a)

Fig. 1 Detail of AMg$5, obtained after spinning in 3 transitions (the
transitions are indicated by dashed lines) - a) original workpiece; b) first
spinning; ¢) second spinning; d) third spinning.

For analysis and evaluation of the residual stresses in
the process of technological processing of this part, a
resistive electro-contact method for non-destructive
control was applied. The method is based on the
correlation between the integral electrical and mechanical
characteristics of metals and alloys - specific electrical
conductivity y or specific electrical resistance p in the h-
layer of the metal, and the magnitude of the deformation
of its crystal lattice in result of the stresses in its surface
layer q.

There is a relationship between the specific electrical
conductivity y (1) and the mechanical stresses [6]:

e?Eng
mkTVTNom

Y= (1),

where e is the electron charge, C; m — the rest mass of
the electron, kg; no — the number of conductive electrons
per unit volume; E — field strength, V/m; k — Boltzmann's
constant, J/K; T — absolute temperature, K; V7 — speed of
thermal movement of the electrons, m/s; Ny — number of
atoms per unit of volume; d — period of the crystal lattice,
m. The relationship between the specific electrical
conductivity y and the specific electrical resistance p = 1/y
is also known.

In the absence of mechanical stresses, the metal has a
nominal value of the lattice period dy and a corresponding
nominal value of the specific electrical conductivity vo.
Under the influence of the changes in the mechanical
stresses Ao, a change in the period of the metal lattice Ad
is observed. In the zone of elastic deformations, this
change can be assumed to be proportional to the
mechanical stress. In accordance with (1), the change in
the electrical conductivity Ay is also proportional to the
average mechanical stresses Ac according to the formula

(2):
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dy =K, - 4o 2,
where K is an experimentally determined coefficient,
characterizing the properties of the material.

Thus, the mechanical stresses in conductive materials
can be determined by measuring their electrical properties.
In doing so, it is necessary to measure the distributions of
the electrical parameters and mechanical stresses along the
depth of the products.

To measure the distribution of the specific resistance
in depth, the skin effect phenomenon is used, in which the
high-frequency currents are concentrated in that area from
the surface of the conductor, which is located closest to the
sources of the field, causing the currents. Based on the
solution of the system of Maxwell's equations for the
conductive semi-area, the penetration depth of the current
h in such a conductor is determined as it follows (3):

1

h Jrfuy

3,

where fis the current frequency, Hz; pu — the magnetic
permeability of the material, Gn/m; y — the specific
electrical conductivity of the material, Ohm™'.

The magnitude of the current density decreases
exponentially with increasing the depth, and / represents
a value of the depth (3), at which the current density drops
by "e" times compared to the initial value of the surface
current. By definition /4 is the depth of current penetration
into the conductor, i.e., the thickness of the surface layer,
in which the main part of the current propagates.

The use of the skin-effect phenomenon allows to
examine the surface layer of the product in depth - level by
level - supplying it with currents of different frequencies
and measuring the response signal, whose parameters are
related to the change in the stress state of the product
material. By reducing the frequency of the alternating
current, applied to the product in accordance with formula
(3), the depth of the investigated layer is increased. The
choice of the operating frequencies ensures the required
range of the measured depths of the product [7].

Based on the given method, with the aim of studying
the influence of the spinning modes on the residual stresses
in the surface layer of the samples, made of AMg5
material, a stress optimization process was carried out,
according to the following plan:

— measurement and analysis of the stressed state of
the samples by means of a resistive electro-contact
method of control after each spinning transition;
study of the influence of both the machining and
heat treatment modes on the level of residual
stresses in the material of the workpieces by
applying the theory of experimental design;
obtaining technological modes of processing,
ensuring the lowest possible magnitude of residual
stresses in the surface layer of the workpieces.
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III. RESULTS AND DISCUSSION

The SITON-TEST measuring complex (System for

measuring technological residual stresses), developed by
the Department of Instrumentation Technologies at the
Saint Petersburg National Research University of
Information Technologies, Mechanics and Optics (ITMO
University), was used to determine the voltages. Based on
the physical nature of the resistive electro-contact method,
described above, it was implemented in this case in the
following sequence:

— current with a different frequency was directed into
the tested product through the supply electrodes,
and measurements were performed in three points,
located at an angle of 1200 with respect to each
other;

— the strength of the supplied current was measured
for each of the set frequencies;

— the voltage of the response signal from the device
was measured for each of the set frequencies;

— the distribution of the specific electrical resistance
along the depth of the product material was
calculated;

— a calibration dependence was derived between the
specific electrical resistance and the mechanical
stresses in the material of the studied product at
depths, corresponding to the penetration depths of
the current for the set frequencies;

— on the basis of the obtained dependence, the
calculated distribution of the specific electrical
resistance was converted into a distribution of the
mechanical stresses along the depth of the studied
product material [8].

The results of the measurements, performed according

to the described algorithm, are shown in Fig. 2.
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Fig. 2 Distribution diagram of the residual stresses, where S1
illustrates the stresses, measured in the original sample after heat
treatment; S2 — in a heat-treated sample after the first spinning; S3 —in
a heat-treated sample after the second spinning; S4 — in a heat-treated
sample after the third spinning; h - depth of the studied material.

From Fig. 2 it can be seen, that after each spinning of
the sample, despite the performed heat treatment, the
internal stresses increase. Thus, after the last machining
transition, the stresses are at the border to the yield point
of the material. This justifies the need to study the
influence of the technological modes of processing a

workpiece with the aim of minimizing the internal stresses
in its surface layer.

The theory of experimental design was used to analyze
both the obtained results and the next stage in the process
of optimizing the internal stresses. The aim was to
determine the lowest levels of residual stresses when
varying with the factors, affecting the changes in the
crystal lattice of the material in the process of its
technological processing - in other words, to determine the
parameter and the factors of optimization.

The magnitude of the residual stresses o was
determined to be the optimization parameter (the
maximum values of the residual stresses measured in the
surface layer of each sample were taken for the
calculations).

When selecting the optimization factors, analysis of
the physics of the spinning process was carried out. It is
known that the successful spinning process depends on
many factors [9] — [12]: degree of deformation, space
between the deforming element (roller) and the mandrel,
feed rate, spindle revolutions, shape and geometry of the
working parts of the rolls, roll diameter, coolants, modes
of intermediate heat treatment (in multi-pass spinning),
etc.

The degree of deformation of the material, directly
related both to its stability at a certain power of the rotary
machine and to the cone angle of the workpiece,
determines the necessary number of transitions for
producing the finished part. To avoid making additional
mandrels and fixtures for the spinning process, in this
study the degree of deformation and the angle of the cone
were taken with their drawing values (given above in the
text, before Fig. 1).

The space between the deforming roll and the mandrel
is directly dependent on the initial thickness of the original
workpiece Sy and the thickness of the finished detail S and
follows the well-known law of sine §; = Spsina. Any
deviation from the indicated dependence leads to
deterioration in stability of machining, and therefore the
specified factor was not varied in the given study, while
the details specified in the technological documentation
were observed.

Productivity and quality of workpiece processing
during spinning depend to a significant extent on the feed
rate S and the radius of rounding of the working part of the
roll p. In case of incorrect selection of these parameters,
formation of cracks on the surface of the part is possible.
When spinning with a feed f, greater than the allowable
tool feed rate for the given material, and in case of an
incorrectly selected roll shape, high tensile stresses may
arise, which can lead to a complete rupture of the
workpiece. Breakage may also occur in case of significant
deviation of the wall thickness from the calculated value
and a change in the clearance between the roller and the
mandrel. Taking all this into account, the first factor of
optimization was assumed to be the operational feed rate
/- In the process of machining during this study, deforming
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elements were used with an angle of the working part
@=20".

The rotational speed of the workpiece during
machining should be as high as possible. The higher speed
results in greater flange stability. For this reason, the level
of the rotary machine spindle revolutions was determined
as the second factor in the optimization process.

The modes of the performed intermediate heat
treatment have the most significant influence on the
relaxing properties of the material to return to its initial
unstressed state after the impact of the plastic deformation.
Therefore, the heat treatment temperature was chosen to
be the third optimization factor in the presented study.

Thus, based on the analysis, as factors of the process of
optimization were adopted the technological modes of
spinning and the modes of the intermediate heat treatment
performed between the spinning transitions (feed rate f,
spindle revolutions n, heat treatment temperature 7).

Their basic levels are: /= 0.41 mm/tr, n= 800 min’!, 7=
350°C. The ranges of variation of the factors were chosen
based on the results of the conducted preliminary
experiments (whose results are presented in Fig. 2):
f=£0.39 mm/tr, n =20 min’!, 7=£20°C.

The conducted statistical calculation [13] allows to
obtain:

— an adequate mathematical model of the process
(according to Fisher's criterion), describing the
relationship between the parameter and the factors
of optimization (4):

0=2073+13,7f-32n—-58T +2,1fn+
3,275nT + 2,75fnT 4);
— the technological modes of processing the part
(optimal for the specific production conditions),
providing minimum values of residual stresses in
the surface layer of the AMg5 sample in the
spinning process: f=0.21 mm/tr, n=815 min’!, T
=360°C.
the optimal distribution of the residual stresses
along the depth of the surface layer of the
workpieces, processed under the given modes

(Fig. 3).
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Fig. 3. Optimal distribution of the residual stresses along the depth
of the surface layer of the workpieces, where S4-1 and S4-2 illustrates
the optimal distribution of the residual stresses along the depth of the
surface layer of two workpieces, processed under the given modes; h -

depth of the studied material.
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The obtained results illustrate the manageability of the
residual technological stresses and prove the efficiency of
using the resistive electro-contact method in search of
optimization of the given parameter [14], [15]. The task,
no doubt, as well as similar tasks, can be also solved by
applying other methods of stress control — non-destructive
(ultrasound, radio-wave, X-ray diffraction etc.) or
destructive (the Davidenkov and Berger method, the
method of probing holes, the ring method etc.) [16] —[23].
However, given the need for a fast, reliable, non-
destructive control and a diagram of the stress distribution
in the depth of the surface layer, the presented approach is
accepted in this study as optimal.

To verify the mechanical properties of the material in
conclusion of the study of workpieces, having a
distribution of residual stresses as it is shown in Fig. 3,
samples were cut in accordance with GOST 1497-84. The
tests show that from the moment of yield onset of the
material (at a load of 140 MPa) to the moment of rupture
of the sample (at a load of 290 MPa), the relative
elongation is 15%. The obtained results from the rupture
test (at tension) satisfy the requirements for yield point o,
tensile strength o, and relative maximum elongation & of
the AMg5 material.

IV. CONCLUSION

The proposed methodology for optimization of the
residual stresses in the surface layer of details allows to
study and evaluate their influence in the spinning process
of thin-walled details from aluminum alloys. The means of
mathematical support of the process by statistical analysis,
provide possibilities to derive the optimal technological
modes for quality products formation. The applied
resistive electro-contact non-destructive method allows to
trace the nature of the stresses in the surface layer of the
details. The availability of a distribution diagram of these
stresses along the depth of the surface layer illustrates their
technological controllability, which can contribute to
increasing the quality of the manufactured products in
mechanical and instrumental engineering.
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