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Improvement of monitoring and control system
for copper electrolytic refining parameters

Nguyen Huy Hoang, V.Yu. Bazhin

Saint Petersburg Mining University
2, 21% Line, St. Petersburg, 199106, Russia

< Vladimir Yu. Bazhin (bazhin-alfoil@mail.ru)

Abstract: The utilization of modern automated control systems in copper cathode production offers the opportunity for remote access to
control and regulate the electrolytic process parameters. This, in turn, enhances production efficiency while reducing energy costs. The
significant parameters in copper electrolytic refining encompass the temperature and composition of the electrolyte, the circulation rate
of the electrolyte, the level of sludge, and the frequency of short circuits occurring between the electrodes and the current density. These
parameters directly impact the quantity and volume of cathode sludge. The occurrence of short circuits within the bath arises from the growth
of dendrites, necessitating the monitoring of voltage, composition, and temperature of the electrolyte. Regular analysis of the electrolyte's
composition and the accumulation of sludge volume at the bottom of the electrolyzer is also necessary. The intensification of the electrolysis
process primarily involves increasing the current density, reducing the electrode spacing, enhancing the quality of electrodes, improving the
electrolyte circulation system, and further mechanizing and automating the process and its auxiliary operations. These efforts contribute to
increased productivity. The objective of this study is to expand the capabilities of automated process control systems by incorporating sludge
level control sensors. This aims to mitigate irrecoverable losses resulting from dendritic sludge short circuits on the electrodes located in the
lower section of the electrolyzer, utilizing new software. A sludge level control method to prevent short circuits has been investigated, and
control software employing float-type level sensors has been developed. This measure is projected to decrease energy consumption by 15—20 %
and can be effectively implemented in the production of electrolytic copper at the copper smelting plant in Lao Cai, Vietnam.

Key words: copper cathode, sludge sediment, electrodes, short circuit, sensor, electrolyte, control system, electrolytic refining.

For citation: Nguyen Huy Hoang, Bazhin V.Yu. Improvement of monitoring and control system for copper electrolytic refining parameters.
Izvestiya. Non-Ferrous Metallurgy. 2023;29(3):5—16. https://doi.org/10.17073/0021-3438-2023-3-5-16

CoBepuieHCTBOBAHME CHCTEMbI KOHTPO.JIS
U ynpaBJieHus napaMeTpamMu
3JIEKTPOJUTHYECKOr0 pauHNPOBAHNS MeIH

Hryen X0 Xoanr, B.1IO. baxun

Cankr-IleTepOyprckuii ropHbIi YHHBEPCHTET
199106, Poccus, r. Cankrt-Iletep6ypr, BacunbeBckuit ocTpos, 21 nuHus, 2

< Baagumup KOpbeBuu Baxun (bazhin-alfoil@mail.ru)

Annoranus: Vcrnonb30BaHue COBPEMEHHbBIX aBTOMAaTU3MPOBAHHBIX CUCTEM YIIPABJICHUS B MPOU3BOJICTBE KATOMHOW Meau obecreyn-
BaeT BO3MOXHOCTD yJIaJeHHOr0 JAOCTyIa K pecypcaMm [Jisi KOHTPOJISI U PEryJMpOBaHUS MapaMeTpaMu 3JIEKTPOJUTHUYECKOTO Mpoliec-
ca, 4TO ornpejesieT mokasareiu 3G (MeKTUBHOCTH TPOU3BOACTBA MPU CHUXEHUHU SHEPreTUIECKUX 3aTpaT. BaXHbBIMU mapameTpaMu
B 9JIEKTPOJUTUYECKOM padMHUPOBAHUM MEIU SIBJISIOTCS TEMIIEpaTypa U COCTaB 3JIEKTPOJIUTA, CKOPOCTh €ro MUPKYISIINK, YPOBEHD
ugaMa, 4acToTa 3aMblKaHU I MEXAY 3JIeKTPOIaMU U MJIOTHOCTh TOKA, KOTOPbIE HATIPSIMYIO BIUSIIOT HA KOJTUYECTBO U 00BEM KaTOMI-
HOTro ocajaka. Haanuue KOPOTKUX 3aMbIKaHUI Ha BaHHE 00YCJIaBIMBAETCS POCTOM AEHIPUTOB, UTO BJIeUeT 38 CO60I HEOOXOAMMOCTh
KOHTPOJIMPOBATh HATMIPSXKEHUE, COCTAB U TEMIIEPATYPY 2JEKTPOJIUTA U MEPUOANIECKH aHATU3UPOBATh COCTAB U HaKOIJIeHUEe 00bemMa

© 2023 Nguyen Huy Hoang, V.Yu. Bazhin
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Nguyen Huy Hoang, V.Yu. Bazhin. Improvement of the control systemn and management of parameters of electrolytic refining of copper

LIJIAMOBOT'O 0CajKa Ha JHe 3JeKTpoiu3epa. MHTeHcuduKkauus npouecca 3J1eKTpoyin3a NPONCXOAUT B OCHOBHOM 3a CUET IMOBBIIIE-
HUS TJIOTHOCTU TOKA, CHUXKEHU ST MEXDJIEKTPOIHOTO PACCTOSTHUS, YIYUIIEHU ST KAYeCTBA 2JIEKTPOIOB, COBEPIICHCTBOBAHU ST CUCTEMBI
LUPKYJISIUAY JEKTPOJUTA NPU AajbHEH el MexaHU3allMY U aBTOMATU3allMKi CaMOTro Mpoliecca U ero BCOMOraTeJIbHbIX OoNepalui,
BEIYIINX K TTOBBIIICHUIO TTPOU3BONMTEIbHOCTH. Llebio TaHHO paGOTHI SIBJISIIOCH paciiupeHue GyHKIIMH aBTOMAaTU3UPOBAHHBIX CH-
cTeM ympaBiieHus TexHojorudeckumu mpoieccamu (ACY TII) 3a cueT BHeApEeHUST TaTYMKOB KOHTPOJ S YPOBHS LIJTaMOBOTO OCaaKa
JIJ151 CHUXEHM 1 0€3BO3BPAaTHBIX TOTEPh MPU HAJTMYUU 3aMbIKaHU i IEHIPUTHOTO OCafKa Ha 3JEKTPOABI B HUXHEH JOHHOI YacTH 2J1eK-
TpoJIM3epa ¢ UCMOIb30BaHUEM HOBOTO IMPOrpaMMHOT0 obecrieueHus. PaccMoTpeH crmocobd KOHTPOIISI yPOBHS IIJIAMOBOTO OcaiKa st
TMpenoTBpalleH s KOPOTKUX 3aMbIKaHUI U pazpaboTaHa MporpaMMa KOHTPOJIS IPU MOMOIIU AaTYMKOB YPOBHS MOMJIABKOBOTO TUTIA.
JlaHHOE MEepOTpUsITUE TP BHEAPEHU U TO3BOJUT CHU3UTH PACXO/ JMEKTPo3Hepruu Ha 15—20 %, 4TO MOXET ObITh MOJIE3HBIM AJI51 BHE-
NIPEHU S B 1IeXaX JIEKTPOJUTUUECKOTO MPOU3BOACTBA MEIN Ha MPEANPUATUY «MeaenaaBuIbHbIN 3aBoa» (T. Jlaokaii, ConnaarcTuue-
ckas Pecny6iuka BeeTHam).

KuroueBbie cj10Ba: KaToHAsI MElb, LIJIAMOBBIIl OCAI0K, JIEKTPOJIbI, 3aMbIKaHHE, TaTYUK, JJEKTPOJUT, CUCTEMA KOHTPOJIS, JIEKTPOJIH-
TUYecKoe pahuHUPOBAHME.

Jng uutupoBanusa: Hryen Xio XoaHnr, baxun B.1O. CoBeplieHCTBOBaHUE CUCTEMbI KOHTPOJISI U YIIPABJICHUsI MapaMeTpaMu 3JIEKTPOJIU-

THYECKOTO papruHUpOBaHUS Menu. Mzgecmus 6y308. Llsemnas memanaypeus. 2023;29(3):5—16.

https://doi.org/10.17073/0021-3438-2023-3-5-16

Introduction

Improving the efficiency of energy-intensive metal-
lurgical production is of paramount importance for the
further development of sustainable mineral resource ope-
ration. On the other hand, excessive fascination with
new digital transformation techniques can only compli-
cate the objectives of energy efficiency of large-capacity
production [1; 2].

An analysis of the existing monitoring and control
systems used at copper cathode production facilities
indicates the insufficiency of the number of adjustab-
le parameters for the stable operation of electrolyzers
[3—5]. In order to achieve more effective control of the
production process, new functional control points with
additional sensors must be introduced. To some extent,
this applies to the existing copper cathode production
facilities, such as copper electrolytic production at the
copper smelting plant (Lao Cai, Socialist Republic of
Vietnam) [6; 7].

As part of the work performed, the problems of ex-
panding the functional properties of the automated
process control system (APCS) need to be addressed,
and appropriate adjustments made to the database
(DB) blocks. These blocks are produced by mathema-
tical models to control and optimize processes associ-
ated with the formation of sludge in the lower part of an
electrolytic cell. In this case, unit for matching indica-
tors of the temperature sensor, electrolyte level con-
troller and float regulator needs to be installed, taking
into account their mutual influence. The objective is
to compare the data obtained with standard parame-
ters, in order to identify anomalies in the process. The
aim of the solution is to adjust additional devices with-
in the existing parameterization, in order to achieve
optimum process conditions. In particular, a function

6

for early detection of electrode short-circuiting due
to various types of disturbances is needed, in order to
warn the operator of any deviation in time. It will also
facilitate faster data processing for a subsequent con-
trol action aimed at the destruction and elimination
of local dendrite accretion places, taking into account
their volume and number in the lower part of the bath.
As the sludge level increases due to the sludge particles
infiltrating the interelectrode distance, the electrolyte
concentration changes.

This work will address the problems of expanding
APCS functions by installing sludge level control sen-
sors, in order to reduce irretrievable losses by reducing
the number of dendritic sludge short-circuits on elec-
trodes in the bottom part of the electrolyzer, as well as
installing an additional electrolyte composition control
Sensor.

Adjustable process parameters
of copper electrolytic refining

Copper electrolytic production is a physicochemi-
cal process functioning at a large array of adjustable
parameters which the process depends on. It can be
characterized by a significant number of hidden pa-
rameters which affect the course of electrochemical
processes with the existing problems of adequate iden-
tification of different process stages [8—10]. The main
input parameters of this process include primarily: the
content of copper ions in the electrolyte; concentration
of sulfuric acid; and their correspondence to the output
parameters — determining productivity and current
efficiency [11—13]. Thus, the efficiency of electrolytic
refining of copper largely depends on the condition of



13BeCTng By30B. LIBETHOS METAAAYPIUG o 2023 o T.29 « N23 e C.5-16

HryeH Xto XoaHr, baxkuH B.tO. CoBepLUeHCTBOBAHME CUCTEMbI KOHTPOAS U YNPABASHUST NTAPAMETPAMU SAEKTPOAUTUYECKOTO. .

electrolyzers (baths) with respect to sludge formation
in the upper and lower parts of the electrodes. While
dendritic short-circuits in the upper part of the cell can
be seen and recorded through a thermal imaging ca-
mera, deposits on electrodes in the lower part of the
bath represent a kind of “blackbox”.

During the process, the current changes of the fol-
lowing parameters need to be monitored and analyzed
(taking into account additional control conditions in the
standard APCS) in the whole volume of the electrolytic
cell [14—16]:

1) chemical analysis of the copper content in the
electrolyte and sulfuric acid;

2) current electrolyte temperature;

3) electrolyte circulation rate;

4) current intensity on the series;

5) current density on the electrodes;

6) voltage of the electrolysis cell;

7) sludge level under control through a float-type
submersible sensor;

8) concentration of chloride-ion in the electrolyte;

9) steam pressure and flow rate;

10) transfer and transportation of a part of the work-
ing electrolyte to the drain;

11) mixing of electrolyte after several circulation pe-
riods via feed and reserve tanks;

12) continuous estimated dosing of sulfuric acid and
copper sulfate additives through batchers;

13) dilution and change of electrolyte concentration
with spent flushing water and condensate when sulfuric
acid is added to electrolyte;

14) cathodic current density;

15) loading and setting of anodes after a given pe-
riod and time of their dissolution as a result of elec-
trolysis.

In addition, the analysis of the interrelation between
all operating parameters is necessary, in order to es-
tablish the necessity to specify and enter additional da-
ta such as the copper ions content and electrolyte and
sludge level.

All production control and monitoring systems
need to take into account the input process parameters
which provide a high quality and purity of the output
product — copper cathode. During electrolytic refin-
ing of copper, there are no functional relations between
the amount of the formed sludge on electrodes and the
sludge on the bottom of the bath — with the amount and
volume of dendritic accretions and short-circuits on the
electrodes, especially after their destruction. This can
lead to a change in the electrolyte concentration in the
bath. Known works [17—19] suggest many ways of deter-
mining he input parameter values for sustainable control

of the electrolysis process, but mostly using current plant
data (DB) [20—22].

In the course of the work, mathematical models were
obtained for several process scenarios at different stages
of the process during sludge formation at the bottom of
the electrolysis cell.

Scenario 1 — formation of accretion in the lower part
of the electrodes. This mechanism is related to the in-
gress of individual sludge particles to the lower part of
the electrode surface at the uncontrolled height of the
sludge when the dendritic accretion in the upper part of
the cathode is destroyed. The “roiling” of the electrolyte
causes changes in the electrolyte content, especially in
the lower part of the bath.

Scenario 2 — rise of the upper layers of the sludge
to the anode and cathode surface with the formation
of accretions between the electrodes. The reason lies
in the high turbulence of the electrolyte and the sludge
itself.

Scenario 3 — complete short circuit between the
electrodes when the sludge touches their lower parts.
The reason is that the height of the sludge layer in the
electrolysis cell is not controlled, and the amplitude of
the electrolyte and sludge movement is not taken into
account.

As a rule, according to the statistical data, at plants
producing cathode copper by the electrolytic method
for 24 hours, there can be up to 15—20 cases with diffe-
rent scenarios. Most frequent is the Ist scenario (up to
10 cases per day). Figures 1 and 2 show models for all
three scenarios.

The parametric analysis of the electrolysis process
helps to determine the relationship between electroly-
sis process input data (DB) (electrode spacing, current
intensity, current density, electrolyte resistance with re-
gard to copper ion concentration) and their influence on
electrolytic refining output indicators, such as current
efficiency and productivity [23; 24]. However, additional
control parameters of the process need to be taken into
account, for example, the sludge level on the bottom of
the bath and the pH index [25].

The construction of a mathematical model of the
parametrical analysis of the copper electrolytic refining
process (processes 1.1, 1.2 and 2 in Figure 3) was used
[26—28] as an auxiliary method to evaluate and ana-
lyze control actions in the case of a production situation
which may arise (according to the scenario) as per the
obtained block diagram.

The following designations were adopted for the
block diagram and calculated mathematical model of the
process: input parameters of the electrolyte composition
— sulfuric acid content Cy,50, = 150 g/L; concentration

7
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Fig. 1. Model of sludge formation and level change at medium (a) and high (b) electrolyte turbulence

Puc. 1. Mozenb 06pa3zoBaHus U UBMEHEHU I YPOBH S LIIJIAMOBOTO OCajiKa IMpU cpelHel (a) U BbICOKOH (b) TypOyJEeHTHOCTH

QJIEKTPOJIUTA

Fig. 2. Model of complete short-circuiting
of the electrodes when the sludge touches the lower part
of the electrodes

Puc. 2. Mopenb moJTHOTO 3aMbIKAHU S QJICKTPOOOB
IIpU KaCaHUHU ocagKa HUXHEU yacTu QJICKTPOIOB

of copper sulfate Cc 50 . = 279.78 g/L; copper content
Ccy = 50 g/L. At a given electrolyte composition the
following were obtained: current efficiency n'c, = 96 %
and productivity Pr*cu = 50 t/day; dp,, dc, — process
efficiency and current efficiency for electrolytic proces-
ses 1.1 and 1.2 respectively, which differ in value. In this
case the controls are current density (D) and circulation
rate (V).

There is a known mathematical model of the cop-
per electrolytic refining process [3] Within its frame-
work, multi-parameter mathematical models using
multiple regression analysis can be obtained [29—31].
Equation (1) can be applied to the adjustment of the
APCS and control of sludge, taking into account the

8

current efficiency value. Equation (2) can be applied
to productivity:

Ney = 885.52052 + 0.01869% + 0.01048D* —
—5.79232D + 1.43:10~*(Cy,50,)* —
—0.01231Cy,50, + 0.09-107(Cc,)* — 4.98-107°Ce,, +

+3.5:107%(Cyy,50,)° — 0.07688Ccys0,, (1)

Pre, = —122.6664 + 0.0145V — 2.4-107°D% +

+1.30096D + 3.6:10*(Cyy,50,)* — 0.09653Cy, 50, +
+4.4:107(Cep)* — 2.7-103C¢,, +
+2.1:107*(Ceys0,)* — 0.0436Ccys0,- )

Additional parameterization reflects the true va-
lues of the current efficiency and productivity,
taking into account the detected deviations with fur-
ther correction of the process mode through control
(see block diagram in Figure 3). The block diagram
is based on the mathematical model of the electroly-
tic refining process, and on the model of function-
al relations of the current values of control varia-
bles (current density D and circulation rate V). This
is achieved by a comparison of productivity values
(Prc,) and the current efficiency (n¢,), with preset
parameters of processes 1.1 and 1.2 with a delay fac-
tor. In contrast to the existing model, adjustments
were made according to the three assumed mecha-
nisms of sludge formation and dendritic accretions
on the electrodes.
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Fig. 3. Block diagram of the mathematical model for the parametric analysis of cathode copper electrolytic production

Puc. 3. Biok-cxemMa MaTreMaTH4eCcKOi MOJIEJIN MapaMeTPUUeCcKOro aHaau3a 3JeKTPOIUTUIYECKOro MpoOU3BOACTBA

KaToJHOW Meau

The dependence of the current density and resis-
tance on the electrode spacing can be obtained with
the help of the preset regime of control and monitor-
ing under conditions (1), and also (2) on the basis of
the completed mathematical model of the electrolytic
copper refining process and the block diagram (Fig. 4).
Data shows that the current density variation range is
within the rational limits D = 250+300 A/m?, and the
inter-electrode distance varies in the range of 0.045—
0.055 m.

When evaluating the effect of current density, it
was found that the rated productivity reaches an opti-
mum value when the control D is in the range of 260—
280 A/m? (Figure 5).

The introduction of additional input parameters for
the electrolysis process can be justified, based on the
performed parametric analysis.

The value of the copper ion content is also a very
important factor. As the Cu®?" concentration increases,
the current efficiency increases and the bath voltage
decreases as the precipitation level decreases. A high

copper concentration can increase current efficiency.
The copper concentration is usually maintained at
a level of 40—60 g/L in terms of the divalent copper
cation.

It should be noted that the content of sulfuric acid
significantly affects the current efficiency and power
consumption. As a rule, its level is maintained in the
range of Cy,50, = 100+150 g/L.

Temperature growth affects current efficiency
growth. However, with decreasing voltage in the bath,
the conductivity of the electrolyte increases. In the
temperature range of 20—70 °C there is a general ten-
dency towards an increase in dispersity. On the other
hand, the physical properties of the electrolyte deterio-
rate and the cathodic precipitate begins to dissolve.
Therefore, the temperature of the electrolyte is main-
tained at 50—60 °C, and its circulation in the baths is
carried out, in order to maintain a given temperature
therein. A further objective is to reduce the stratifi-
cation of the electrolyte due to different densities of
the CuSO,4 and H,SO, solutions and its components,

9
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Fig. 4. Influence of inter-electrode distance on current
density and resistance

Puc. 4. BiusHue MeXa31eKTPOIHOTO pacCTOSHU S
Ha MJIOTHOCTb TOKA U COMPOTHUBJIEHNE
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Fig. 5. Dependence of the process productivity on the current
density

Puc. 5. 3aBucuMOCTb MPOM3BOAUTEIBHOCTH MIpoIlecca
OT IJIOTHOCTH TOKa

while stabilizing the process of electrolyte mixing to
saturate the cathode layer with copper ions [4]. It fol-
lows from the data obtained that the rate of electro-
Iyte circulation should be kept constant at a level of
20 L/min.

Improving the monitoring
and control system for the electrolysis
process by introduction
of additional parameters

During copper electrolytic refining, the weights of
anodes and cathodes, anode residues, cathode scrap,
initial cathodes, and used reagents are controlled.
The volume of electrolyte removed from circulation
and the introduced volume of sulfuric acid are cal-
culated. The electrolyte level in the tank equipment
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is also determined, inter alia. It is most important
that the composition and temperature of the electro-
lyte be controlled, as well as the process of detecting
short circuits between the anodes and cathodes at the
calculated values of the electrolyte circulation rate.
There also needs to be additional control of the elect-
rolyte content and the sludge level on the bottom of
the bath.

Small-size analyzers (types MAK-1 and MAK-2)
are used to control the content of copper and acid in
the electrolyte. In order to determine the flow rate
of steam, water, and electrolyte, differential pressure
gauges with recorders are used, and the temperature
is measured with resistance thermometers. The use
of temperature sensors with remote control allows
for electrolyte temperature control [32; 33] to be fully
automated.

Various methods are used to detect and eliminate
short circuits resulting in a disturbance of normal elec-
trode current supply and a decrease in the current ef-
ficiency. Gaussmeters, thermal sensitive paints, and in-
frared sensors are used. Of great interest is the method
of short-circuit detection by means of a camera with an
infrared radiation sensor (thermal imager) installed on
an overhead crane serving electrolysis baths [34—37].
Using modern methods, labor costs for short-circuit
monitoring are reduced up to 30 %, when compared to
traditional monitoring systems. Current efficiency is in-
creased by 2 %.

Based on the above factors, software has been creat-
ed that allows for a more effective control of the process
characteristics of copper electrolysis. The working algo-
rithm of the software is shown in Figure 6.

The block diagram includes the following designa-
tions for the input data and controls transfer:

1 — process start (input of parameters to the data-
base);

2 — process duration check (1, min) and final timing
(when 48 hours are reached, the process is considered to
be completed);

3 — collection of the following current data from
Sensors:

— electrolyte temperature (¢, °C);

— voltage (U, V);

— sludge level (H;, m);

— electrolyte level (H,, m);

— concentration of sulfuric acid in the electrolyte
(Csto4, kg/mS);

4 — check of electrolyte temperature in the permissi-
ble range 7, < 85 °C;

5 — check of voltage between the electrodes with
the necessary value of U = 0.314 V; voltage has the
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Fig. 6. Block diagram of the software algorithm

Puc. 6. biok-cxema aiaroputMa padboTsl mporpaMMbl D9BM

function of response, which in practice is not regu-
lated;

6 — check of the slurry level within the permissible
limits Hy < 0.4 m (no short circuit in the lower part of
the electrode);

7 — check of the electrolyte level;

& — check of the concentration of sulfuric acid in the
electrolyte;

9 — beginning of scanning the cell surface (in the
bath) with a thermal imaging camera;

10 — detection of the zones of electrolyte overheating
(with short circuits); indicate the numbers of the cathode
and anode on the screen;

11 — elimination of short circuit and fixing the time
(timing);

12 — direct sludge to drain to the receiver;

13 — add electrolyte up to the set target level;

14 — add sulfuric acid to the electrolyte up to the tar-
get concentration value;

15 — displaying on the screen of the report about the
electrolysis parameters change process;

16 — completion of the electrolysis parameters ad-
justment process;

17 — stabilization of the process and reaching the
normal process mode;

18 — regulator of the overflow system for sludge re-
moval.

Figure 7 shows the diagram of digital automation of
the electrolysis bath for copper refining.

Figure 8 shows the screen shot of the developed soft-
ware for sludge and dendritic accretions control.

The electrode spacing, and therefore the voltage
setpoint, can be varied according to the changes oc-
curring on the electrolyzer. Additionally, if significant
deviations are detected, the ampere load can also be
changed.

As a result, in the course of studying the prob-
lems of the stable operation of electrolysis cells, a
system for monitoring and controlling the main pa-
rameters of the cathode copper production process
was created. The software consists of the following
products:

— BMXCPS3500 power supply unit;

— Modicon M580 P58 2040 processor module;

— BMXDDI 1602 digital input module, number of
digital inputs 16;

— BMXAMMO0600 analog input-output module,
number of digital inputs 8 in accordance with the algo-
rithm actions;

— BMXDDO 1602 digital output module, number of
analog inputs 16.

The software was developed in the Unity XL Pro
environment of Schneider Electric and is localized
for Russian use in the SE (System Electric) environ-
ment.

Additional process control functions via an APCS al-
low for more efficient and timely elimination of process
deviations. The increased frequency of cathode change
and sludge removal result in the reduction of economic
indicators of the process.

Conclusion

The intensification of the electrolysis process oc-
curs mainly due to an increase in current density va-
lue and an improvement in the electrolyte circulation
system operation for maintaining the constant copper
ions concentration at electrolyte stabilizing tempera-
ture.

The introduction of sludge level sensors for the
additional monitoring of the process will reduce ir-
retrievable losses of cathode copper in the absence
of short circuits of dendritic sludge on electrodes in
the lower part of the electrolyzer. Models of cathode
sludge formation and dendritic short-circuits on elec-
trodes have been built. An analysis of possible prob-
lems and deviations associated with sludge formation
allowed for a number of possible process scenarios to
be simulated.

1
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Fig. 7. Diagram of digital automation of the electrolysis bath for copper refining
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Fig. 8. Screen shot of the developed software for sludge and dendritic accretions control

Puc. 8. CKpuHIIIOT pa3paboTaHHOI MPOrpaMMbl KOHTPOJIS IIJIAMOBOTO OCaiKa U AeHAPUTHBIX CpacTaHu it
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The control algorithm and software developed for
additional actions in the APCS system help energy losses
to be reduced (by 10—15 %) and current efficiency to be
increased (by 2 %).

This work can be usefully implemented in existing
APCS of copper electrolytic refining for the copper
smelting plant (Lao Cai, Socialist Republic of Viet-
nam).
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Silicon electrodeposition from the KF—KCI-K,SiF,
and KF—KCI-KI-K,SiFg melts
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Abstract: Silicon and silicon-based materials find extensive applications in metallurgy, microelectronics, and other emerging industries.
The field of use of synthesized silicon varies based on its morphology and purity. This study employs voltammetry, galvanostatic electrolysis,
and scanning electron microscopy to examine the impact of KI surfactant (in mol.%) to 66.5KF—33.3KCI—0.23K,SiFg melt at 750 °C on the
electrowinning kinetics of silicon ions and the morphology of silicon deposits formed on a glassy carbon electrode. The findings demonstrate
that the addition of potassium iodide to the KF—KCI—-K,SiF4 melt at a concentration of 2 mol.% induces changes in interfacial tension at the
boundary between the glassy carbon, melt, and atmosphere. Consequently, the wetting of the glassy carbon with the melt decreases, leading to
areduction in the actual working surface area and, consequently, a decrease in cathode current while maintaining current density. Taking into
account this effect and employing an algebraic estimation of the influence of the melt meniscus shape, it is postulated that the addition of KI
does not significantly affect the kinetics of the cathode process. Nevertheless, the impact of KI addition on the morphology of electrodeposited
silicon is mentioned. During the electrolysis of the KF—KCI—-K,SiFg melt, fibrous silicon deposits with arbitrary shapes are formed on the
glassy carbon electrode, whereas the addition of 2 and 4 mol.% of potassium iodide to the melt leads to the agglomeration and smoothing of
silicon deposits under the same electrolysis conditions (cathode current density: 0.02 A/cmz, electrolysis duration: 2 h). The obtained results
indicate the potential to manipulate the morphology of electrodeposited silicon for specific applications in various fields..

Keywords: silicon, voltammetry, electrodeposition, morphology, KF—KCI melt.
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B nanHo# paboTe MeTOIaMU BOJIbTAMIIEPOMETPUH, TaIbBAHOCTATUYECKOTO JIEKTPOJIM3a M CKAHUPYIOIIEH 3JIEKTPOHHO MUKPOCKOITMU
U3YYeHO BIUSHME TOBEPXHOCTHO-aKTUBHOII no6aBku KI B pacruias (Mon.%) 66,5KF—33,3KC1-0,23K,SiFg npu temmneparype 750 °C Ha
KMHETHKY 3JIEKTPOBOCCTAHOBJIECHMSI MOHOB KPEMHUS ¥ MOP(MOJIOTUIO MOIYYAeMbBIX Ha CTEKJIOYTJIEPOAHOM KAaTOAEe KPEMHUEBBIX OCal-
koB. [Toka3ano, uro BBenenue B pacriaaB KF—KCI—K,SiF ifonnaa xanus B koanuecTse 2 M0oJ1.% NPUBOAUT K U3MEHEHUIO MexX(a3HOro
HaTsKeHU sl Ha rpaHulle CTEKJIOyIiepoAd—paciaB—arMocdepa, a UMEHHO K CHUKEHUMI0 CMauMBaEMOCTU CTEKJIOYIJIepoja paciljiaBoM, B
pe3ysibTare 4ero peajibHasi pabovas TOBEPXHOCTh, 8 COOTBETCTBEHHO, M KATOMHBIN TOK YMEHbBIIAIOTCS MTPU COXPAHEHU U TIJIOTHOCTH TOKA.
C y4eTOM IMOmOOHOr0 BO3AEMCTBUS U aJaredpanuecKoil OLEeHKH BAUSIHUS (OPMBI MEHUCKA PACIIaBa CAEIAaHO MPEAIOI0KEHHE, YTO J0-
6aBka KI npakTuuecku He CKa3blBaeTCs Ha KMHETMKE KaTOAHOro mpoiecca. [Ipu 3ToM oTMeYeHO 3aMeTHOe BiusiHUe 106aBoK KI Ha
Mop@doJioruio anekTpoocaxaaemoro kpemuus. I1pu anekrpoause pacrapa KF—KCI-K,SiFg Ha creknoyriaepone ¢popmupyrorcst Bo-
JIOKHUCTBIE OCAKW KPEeMHUST TTPOU3BOJILHON (POPMBI, B TO BpeMs Kak nobasieHue 2 U 4 Mon.% ioguaa Kajlus B paciijiaB IPUBOAUT K
arJIOMepaLny U CIIAaXMBAHUIO 0CALKOB KPEeMHMSI IIPU TPOYIX PABHBIX YCIOBUSIX SJIEKTPOIN3a (KaTOLHAsSI IUIOTHOCTH Toka — 0,02 A/cm?,
BpeMs ayieKTposin3a — 2 4). [loydeHHbBIE pe3yIbTaThl yKa3bIBAIOT Ha BO3MOXHOCTD PEryJIUPOBaHUsI MOPGHOIOr MU 3JIEKTPOOCAXKIAEMOTrO
KPEMHMUS C LEeJIbIO JajbHEM1ero ero NpuMeHeHU s B TOM MJIM MHOM cepe.

Kirouessbie c10Ba: KpeMHUI, BOJIbTAMIIEPOMETPU S, 3JIeKTpoocaxaeHue, mopdosorus, pacniaaB KF—KCI.

BaaronapaocT: AHaIM3bl 0CaIKOB KPEMHMUSI ObLIIY BBIIIOJHEHBI Ha 000pyAoBaHUY LleHTpa KO1eKTUBHOr O Nos1b30BaHUs «CocTaB Bellle-
cTBa» MHCTUTYTa BRICOKOTEeMIIepaTypHoii anekTpoxumuu YpO PAH.

Jns uutuposanus: XKyk C.U., Munuenko JI.M., Cyznanbues A.B., Ucakos A.B., 3aiikos FO.I1. DiekTpoocaxieHue KpeMHUS U3 pacrjia-

BoB KF—KCI-K,SiF¢ u KF—KCI-KI-K,SiF¢. H3gecmus eyszo06. Llsemnas memannypeus. 2023;29(3):17-26.

https://doi.org/10.17073/0021-3438-2023-3-17-26

Introduction

In contemporary industry, silicon and silicon-based
materials hold substantial significance. Silicon finds
extensive application in the manufacturing of alloys
comprised of ferrous and non-ferrous metals, functio-
nal powdered materials, photoelectric converters, and
electronics [1—3]. The considerable lithium capacity
of silicon enables the utilization of composite materials
derived from it as anode materials in lithium-ion power
sources [4].

Silicon with specific properties and morphologies
such as solid deposits, nano- and micro-sized wires, fi-
bers, and tubes can be obtained through the electro-
chemical deposition of silicon from molten salts and
ionic liquids [5—14]. Electrochemical techniques are
well studied for production and refinement of various
materials in molten salts [15—20]. In this context, here-
with, it is feasible to regulate the electrodeposition pro-
cess by adjusting factors such as cathode current densi-
ty, cathode overvoltage, process temperature, and melt
composition [21—23].

The commonlyusedelectrolytesinlaboratorysettings
for silicon production are water-soluble KF—KCI based
melts [8—12]. These electrolytes facilitate electrolysis
within a temperature range of 650—750 °C. Currently,
the kinetics of the cathode process has been extensively
investigated in relation to temperature, concentration of
silicon-containing electroactive ions, substrate materi-
al, and polarization conditions. Experimental batches of
silicon deposits were obtained under various electrolysis
parameters, and a diagram was proposed to illustrate the

18

impact of these parameters on the morphology of silicon
deposits [12]. In the examined melt with K,SiF¢ concen-
trations up to 5 wt.% on graphite, it is possible to pro-
duce solid, porous, and well-developed silicon deposits
in the form of fibers with arbitrary shapes and ordered
submicron particles. The formation of a solid deposit is
favored by a low cathode current density, while an in-
crease in current density results in a deposit with high-
er specific area. This phenomenon can be attributed to
several factors:

— an excess growth rate of existing nuclei compared
to the growth rate of new nuclei;

— silicon primarily deposition on the surface of nuc-
lei due to diffusion limitations concerning the supply of
electroactive ions to the cathode surface;

— co-deposition of potassium and its intercalations
into graphite.

The likelihood of potassium co-deposition is sup-
ported by the observation that solid silicon deposits were
formed on a silver cathode at elevated cathode current
densities [12]. This further validates the previously men-
tioned ability to manipulate the morphology of depo-
sited silicon during the electrolysis of molten salts by
modifying the process parameters.

Furthermore, the morphology of silicon deposits
can be regulated by incorporating additives that affect
the physicochemical properties of the electrolyte. Par-
ticularly, this pertains to modifications in the electrical
conductivity and surface tension of the molten medium.
As such, in previous studies [24—26], the use of molten
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electrolytes based on iodides (KF—KCI—KI—K,SiFg,
Nal—KI—K,SiF¢) has been proposed for silicon elec-
trodeposition. However, it should be noted that the
iodide concentrations in these systems are 75 mol.% and
higher, which complicates the comprehensive under-
standing of iodide’s influence on both the kinetics and
mechanisms of silicon recovery from electroactive ions,
as well as the resulting deposit morphology during elec-
trolysis.

The present work focuses on investigating the impact
of KI on the kinetics of the cathode process on glass car-
bon in a KF—KCI melt, as well as the morphology of
deposits formed during electrolysis.

Experimental

The measurements and electrodeposition tests were
conducted using salts of chemical purity grade (Vek-
ton, Russia), which were subjected to precleaning pro-
cedures. The salts were purified by hydrofluorination
(KF, K,SiFg) [9], iodination (KI) [20], and prelimi-
nary potentiostatic cleaning electrolysis in molten salts
[27]. The electrochemical measurements and silicon
electrodeposition were performed under an argon at-
mosphere using a sealed stainless-steel retort (Fig. 1),
which was placed inside a vertical resistance furnace.
The electrolyte was contained in a glassy carbon cru-
cible within a graphite beaker. In order to maintain the
argon atmosphere upon the addition of KI to the melt,
the cell design was equipped with a gateway. A glassy
carbon electrode served as the working electrode, while
monocrystalline silicon was utilized as a reference
quasi-electrode and auxiliary electrode. Tungsten rods
were used as current leads for the electrodes. The melt
temperature was set and controlled at 750+2 °C using
Pt/Pt—Rh thermocouples and a TP703 thermoregula-
tor (Varta, Russia).

Current voltage dependencies were recorded using
a glassy carbon electrode immersed in a melt consisting
of 66.5KF—33.3KCI—0.23K,SiF¢ (mol.%) at a tem-
perature of 750 °C. The measurements were conduct-
ed using an AutoLab 302N potentiostat—galvanostat
(Metrohm, Netherlands). In order to assess the impact
of KI on wetting behavior of the glassy carbon electrode
with the KF—KCI—K,SiFg melt, the experiments were
performed with a partially immersed electrode. The
depth of immersion was varied from 5 to 15 mm. Elec-
trolysis of the 66.5KF—33.3KC1—0.23K,SiF¢ (mol.%)
melt, with the addition of 2 and 4 mol.% KI, was car-
ried out under the same condition of cathode current
density (0.02 A/cm?) and glassy carbon cathode im-
mersion (15 mm).

P T T
=9
N D
N 10
..._|

g

3 Ar

Water
1
12

Fig. 1. Schematic view of experimental cell

1 — stainless-steel retort; 2 — graphite stand; 3 — nickel screen;

4 — cooling shell; 5 — rubber seals; 6 — quasi-reference electrode;
7 — working electrode; § — gateway; 9 — auxiliary electrode;

10 — inlet/outlet channels of inert gas; 11 — glassy carbon crucible;
12 — melt

Puc. 1. CxeMa akcniepuMeHTa bHOM siueiiKu

1 — peTopTa U3 HepxKaBelollieii ctanu; 2 — rpaduToBasi MoACTaBKa;

3 — HUKeNeBBIN cTakaH; 4 — KOXYX OXJXKICHUs; 5 — YITIOTHEHUST

13 BAaKyyMHOU PE3UHBI; 6 — JIEKTPOJI CPAaBHEHUST; 7 — paboumii
3JIEKTPO[; § — 1UTI03; 9 — BCIIOMOTaTe/IbHbIN 371eKTpo; 10 — KaHabl
MOIBOJIa,/0TBOIa MHEPTHOTO Ta3a; 11 — CTEeKIOYTJIepOIHBIN TUTEITb;
12 — pacriaB

The concentration of silicon in the melt before and
after electrolysis was determined through atomic emis-
sion spectroscopy with inductively coupled plasma,
employing an iCAP 6300 Duo Spectrometer (Thermo
Scientific, USA). The morphology of the silicon de-
posits was examined utilizing a JMS-5900LV scanning
electron microscope (JEOL, Great Britain), while
the phase composition was assessed using a Rigaku
D/MAX-2200VL/PC diffractometer (Rigaku, Japan).

Results and discussion

Electrochemical measurements. Figure 2 illustrates
the current voltage dependencies acquired at a glassy
carbon cathode immersed in a KF—KCI—K,SiF¢ melt
at a temperature of 750 °C, both with and without the
addition of 2 mol.% KI.
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Fig. 2. Current voltage dependencies obtained on glassy carbon at 750 °C in 66.5KF—33.3KCI-0.23K,SiF4 (I—4)
and 65.2KF-32.6KC1-2.0K1-0.23K,SiF¢ (I"—4") melts (mol.%)

Potential scanning rate, V/s: 1, I’ — 0.1; 2, 2" — 0.2; 3, 3" — 0.4; 4, 4" — 0.7

Puc. 2. Boapr-aMIiiepHble 3aBUCHUMOCTH, IOJyYeHHBIE Ha CTeKI0yTIepoae npu remieparype 750 °C B pacriaBax (Moj1.%)
66,5KF-33,3KCI1-0,23K,SiFg (I—4) n 65,2KF-32,6KCI-2,0K1-0,23K,SiFg (1'—4")
CxopocTb pa3BepTKu NoTeHimana, B/c: 1, I’ —0,1;2,2"—0,2; 3, 3" — 0,4; 4,4 — 0,7

The dependencies display a distinct cathode peak
and an anode peak, indicating the electroreduction
of silicon ions and the oxidation of electrodeposited
silicon, respectively. The presence of a single cathode
peak suggests that the cathodic process occursin a sin-
gle stage: Si*" + 4¢~ = Si’. The non-symmetry of the
anode peak suggests a two-stage oxidation of silicon,
involving the oxidation of silicon to various electro-
active ions and the sluggish diffusion of silicon-con-
taining ions within the electrode vicinity. As the scan-
ning rate increases, the peak potential of the cathode
current density shifts towards the negative region. This
behavior is typical for electrochemical reactions fol-
lowing a mechanism of quasi-reversible or irreversible
electrochemical processes. Furthermore, at potentials
more negative than —0.2 'V, a distinct wave is observed,
indicating the initiation of electroreduction of potas-
sium cations.

Similar trends were observed in the KF—KCl—
K,SiF¢ melt with the addition of 2 mol.% KI, indi-
cating that the underlying mechanism of the pro-
cess remains unchanged. However, some differences
were observed in the current-voltage dependencies
obtained with the addition of KI. These differences
include lower cathode currents and narrower anode
peaks, indicating alterations in the kinetics of anodic

20

dissolution of silicon. The reduction in cathode cur-
rent can be attributed to a change in the wetting angle
between the glassy carbon electrode and the melt upon
the addition of potassium iodide. This change is like-
ly caused by modifications in the interfacial tension

Fig. 3. Changes in meniscus shape upon KI addition

to KF—KCI-K,SiFg melt

1—w/oKI;2—2mol.% KI

Puc. 3. Cxemaruueckoe oToOpakeHue U3MEeHEHU T (hOpMBbI
MeHucka npu no6asnenun Kl B pacrrap KF—KCI-K,SiFg
1—06e3KI; 2 —2wmon.% KI
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at the boundary between the glass carbon electrode
and the KF—KCI—K,SiFg¢ melt due to the presence
of KI. It should be noted that the influence of KI may
primarily affect the surface of the working glass car-
bon electrode rather than directly affecting the cath-
ode current. This effect is illustrated schematically in
Fig. 3.

Analysis of KI influence. In order to consider the
impact of the meniscus formed during polarization on
the three-phase boundary between the electrode, melt,
and atmosphere, current-voltage dependencies were ob-
tained with varying immersions of the working electrode
into the melt. The goal was to account for the actual sur-
face area of electrode-electrolyte contact affected by the
presence of the melt meniscus. The measurement error
associated with the true electrode surface area was es-
timated based on the cathode peak currents using the
following equations:

L /(S +AS) =L /(S +AS) =L /(S3+AS), (1)

AS= (6,5, — LS/, — 1) =
=183 — LS)/( = 1) = (LS — L8)/(5—- 1), (2

where I, I, I; represent the currents of the cathode
peak corresponding to electrode submersions of 5,
10 and 15 mm, respectively, A; S, S,, S3 denote the
measured working surface areas of the electrode at the
same submersions, cm?; AS represents the measure-
ment error of the true electrode surface area caused by
the occurrence of the melt meniscus at the three-phase
boundary, cm?.

Figure 4 depicts the current density of the cathode
peaks as a function of the potential scanning rates
for different submersions of the glass carbon elec-
trode. When the electrode is submerged to a depth of
5 mm in the KF—KCI—K,SiFg melt without KI, the
peak of the cathode current density, taking into ac-
count the measurement error AS, is at its maximum.
However, the peak decreases as the depth of electrode
submersion increases. Conversely, in the presence of
2 mol.% KI, the trend is reversed. This suggests that
the addition of KI leads to a decrease in the wetting
angle of the glassy carbon electrode, as illustrated in
Fig. 3.

The analysis based on Equations (1) and (2) indi-
cates relative changes in the true surface area of the
working electrode due to the formation of a melt me-
niscus during polarization. For the KF—KCI—K,SiFg
melt the estimated relative change is +12.9 %, while
for the same melt with the addition of 2 mol.% KI, the
relative change is —10.9 %. These calculations were

i, Alem?

0.4+

0.3

0.2

0.1+

0 T T T T T

0.2 0.4 0.6 0.8 1.0 V,Vl/s

Fig. 4. Current density of cathode peaks

as a function of potential scanning rate with various
immersions (1, I’ — 5mm; 2, 2" — 10 mm; 3, 3" — 15 mm;
4, 4’ — calculated with accounting for AS)

of glassy carbon in KF—KCI-K,SiFg melt with addition
of 2 mol.% KI (1'—4") and without it (I—4)

Puc. 4. 3aBucuMOCTU MIOTHOCTU TOKA KATOAHBIX MUKOB
OT CKOPOCTH pa3BepTKU MOTEHMaTa

pu pa3HbIx orpyxeHusx (I, I’ — 5 mm; 2, 2”7 — 10 Mm;
3,3” — 15 Mm; 4, 4° — paccuutaHHbIe ¢ yueToM AS)
CTEKJIOYTJIEPOIHOTO DIIEKTPOIA

B pacraBe KF—KCI-K,SiF ¢ no6askoii 2 mon.% K1 (1I'—4)
u 6e3 Hee (I—4)

performed under equivalent conditions. Considering
the wetting phenomena, the actual peaks of cathode
current density in the KF—KCI—K,SiF¢ melt with and
without 2 mol.% KI differ by 9 % (as shown in Fig. 4),
which falls within the range of measurement error.
Therefore, based on the voltammetry measurements, it
can be concluded that the addition of 2 mol.% KI does
not significantly affect the rate of silicon electrodepo-
sition. However, it is worth noting that KI may exert a
more noticeable influence on the formation of silicon
nuclei, which, in turn, can impact the morphology of
the deposited material.

Electrodeposition of silicon from KF—KCI—KI—
K,SiFg melts. The effect of iodide addition on the mor-
phology of silicon deposits during electrodeposition
from KF—KCI—K,SiFs melt was investigated. The
experiments were conducted using melts without K1, as
well as with the addition of 2 and 4 mol.% KI. The elec-
trolysis was performed at a temperature of 750 °C, using
galvanostatic mode with glassy carbon plates prepared in
a similar manner as the cathodes. The cathode current
density was set at 0.02 A/cmz, and the electrolysis dura-
tion was 120 minutes.

Figure 5 presents SEM-images of the obtained silicon
deposits. In the melt without KI, the deposits appear as
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Fig. 5. SEM-images of silicon deposits obtained upon electrolysis of KF—KCI—K,SiFg melt on glassy carbon at cathode

current density of 0.02 A/cm? and at 750 °C
KI content, mol. %:a —0;b—2;¢c—4

Puc. 5. MukpodoTorpaduu ocagkoB KpeMHUS, IOJIY4eHHBIX 1pu 31ekTponuse pacmiasa KF—KCl-K,SiFg
Ha CTeKJIOYIJIEpOJE TIPH KaTOIHO! IIoTHOCTH ToKa 0,02 A/cM? 1 TeMmepatype 750 °C

Conepxanue KI, mon.%:a—0;b—2;¢c—4

fibers with arbitrary shapes, having an average diameter
of 1—2 um. Upon adding potassium iodide in amounts
of 2 and 4 mol.% to the melt, the silicon fibers agglome-
rate, resulting in the formation of solid silicon deposits.
Energy dispersion analysis of the deposits revealed the
presence of silicon and oxygen, with the oxygen content
reaching up to 5 wt.% in terms of silicon dioxide. X-ray
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phase analysis of the deposits yielded similar results (see
Fig. 6).

The findings from the electrochemical measurements
and experiments on silicon electrodeposition highlight
the significant influence of iodide on the morphology of
silicon deposits. Specifically, with the addition and in-
creased concentration of iodide in the melt, a smoothing
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Fig. 6. Diffraction pattern of typical silicon deposit obtained
upon electrolysis of KF—KCI1-K,SiF¢ melt
with KI addition

Puc. 6. ludpakrorpamma TUMTUIYHOTO OCaKa KPEeMHUS,
TOJTyY€HHOTO TIPU 2JIEKTPOIM3e paciiyiaBa
KF-KCI-K,SiFg ¢ no6askoii KI

effect on the deposit can be expected, assuming all other
conditions remain constant.

Conclusions

The influence of potassium iodide (KI) as a sur-
factant on the kinetics of electroreduction of silicon
ions and the morphology of silicon deposits on a glassy
carbon cathode was studied using voltammetry, gal-
vanostatic electrolysis, and scanning electron mic-
roscopy. The research was conducted in a 66.5KF—
33.3KCI1—0.23K,SiFg melt (mol.%) at a temperature
of 750 °C.

The results demonstrated that the addition of
2 mol.% KI to the KF—KCI—K,SiFg melt alters the
interfacial tension at the boundary between the glassy
carbon electrode, melt, and environment. This leads
to a decrease in the wetting of the glassy carbon elec-
trode by the melt, resulting in a reduction in the actual
working surface arca and cathode current while main-
taining current density. By accounting for this impact
and estimating the influence of the melt meniscus
shape, it was concluded that the addition of KI does
not significantly affect the kinetics of the cathode pro-
cess. During the electrolysis of the KF—KCI—K,SiFg
melt, fibrous silicon deposits with arbitrary shapes
are formed on the glass carbon cathode. However, the
addition of 2 and 4 mol.% KI to the melt causes the
silicon deposits to agglomerate and become smooth-
er under equivalent electrolysis conditions (cathode
current density: 0.02 A/cm2, electrolysis duration:
2 hours.

These findings indicate the possibility of adjusting
the morphology of electrodeposited silicon, which can
be advantageous for specific applications in various
fields.
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Preparation of rhodium concentrate
from gold cementate
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Abstract: This article describes studies on improving reprocessing technology gold production cementate (GPC) formed in refining section
of chemical metallurgical shop at JSC Uralelektromed, in order to increase the extraction rate of targeted metals into marketable products,
diversification of production, achievement of economic effect due to increasing content of precious metals (PM) in individual concentrates.
The optimization of GPC reprocessing technology includes intensification of leaching of initial material and filtration of produced pulp, in
order to increase the extraction of gold and platinum group metals (PGM) into solution and decrease the circulated PM. This would allow
individual products (crude PM) to be obtained with minimum material loss and labor consumption. It is possible to increase rhodium content
in concentrate and to reduce its circulation by preliminary oxidating annealing at the temperature above 500 °C. At this temperature hardly
soluble trioxide Rh,05 is formed on rhodium surface, insoluble in aqua regia, thus allowing it to deposit in the form of individual product.
The influence of temperature and composition of gaseous phase was established upon oxidizing annealing of initial raw stuff ( = 500+750 °C)
on the composition of rhodium trioxide concentrate (15+45 % Rh,05). Reprocessing flowchart of gold production cementate was developed
and tested on commercial scale, allowing for the simultaneous production of several products: deposited gold (Au > 98 %), deposited silver
(Ag>98 %), PGM concentrate (Pt > 45 % and Pd > 15 %), rhodium concentrate (Rh = 15+45 %).

Keywords: precipitate of gold recovery, precipitation, precious metals, annealing, leaching, rhodium, concentrate of platinum group metals.
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HU U3BJICYCHU S 1IEJIEBBIX METAJIJIOB B TOBapHBIE NMPONYKTHI, TUBepcUdUKAILMK TTPOU3BOACTBA, MTOJYUYEeHUsT 9KOHOMIYecKoro 3¢ dexra
3a CYET YBEJIMUCHMU ST COMEPKAHUSI IparolleHHbIX MeTasioB (M) B MHIMBUAYaTbHBIX KOHIIEHTpaTaX. ONMTUMU3aLMsI TEXHOJIOTUY Tiepe-
pabortku LT3 mpenycmaTpuBaeT MHTEHCU(DUKAIMIO MTPOLECCOB BhILIEIAYMBAHUSI KCXOMHOIO MaTepuana u GuiabTpalnu moaydyeHHON
MYJbIbL IJIS1 YBEIUYCHUs MMOKa3aTeeid U3BJAeYSHUsI B pacTBOP 30J10Ta, METAJJIOB MaaTUHOBOM rpynnbl (MIII) u cHuXeHusT Haxomsi-
muxcst B o6opote JIM, 4TO MO3BOJUT MOTYYUTh MHIWBUAYATbHbBIC TPOAYKTHI (UepHOBbIe JIM) ¢ MUHUMaJIbHBIMY MaTepUaJIbHBIMU 3a-
TpaTaMu U TPYA0EeMKOCTbhI0. [IOBBICUTH coliepskaHUe POAUS B KOHIIEHTPATe U COKPATUTh €ro KOJIMYeCTBO B 000pOTE NpU MepepadboTKe
IIEMEHTAaTa BO3MOXHO MyTEM MPeBAPUTETbHOTO OKUCIUTEIbHOTO 00k ura mpu Temreparype cbiiie 500 °C, mpu KOTOPOii Ha MOBEPXHO-
CTU poaus o6pasyeTcsi TpyAHOpacTBOpUMBIi Tpuokeua Rh,03, He pacTBoOpsioLINiics B «1IapCKOI BOAKE», YTO MO3BOJISIET BBIIEIUTD €r0
B BUJI€ MHIMBUYaIbHOTO MIPOAYKTA. YCTAHOBJIEHO BIMSIHUE TEMIIEPATYPhl U COCTaBa ra30Boi (ha3bl MpK IMPOBEAEHUN OKUCIUTEIBHOTO
00xura ucxoHoro celipbs (f = 500+750 °C) Ha cocTaB KoHLUEHTpaTa Tpuokcuaa poaus (15+45 % Rh,03). Pazpaborana u onpob6osaHa B
MPOMBIIIIJIEHHOM BapraHTe cXeMa repepaboTKu eMeHTaTa MPOU3BOICTBA 30JI0Ta, KOTOPAsi MO3BOJISIET CEJIEKTUBHO MOy YU Th HECKOIb-
KO MIPOAYKTOB: 0OCcaxAeHHOe 30710TO (Au > 98 %), ocaxaeHHoe cepedbpo (Ag > 98 %), konuentpatr MIIT (Pt >45 % u Pd > 15 %), koH1eH-
tpat ponusi (Rh = 15+45 %).

KnoueBbie ci0Ba: IeMEHTAT MPOU3BOACTBA 30J10Ta, LIEMEHTAIUsI, IPATOLIEHHbIEe METAJIJIbI, OOXKWT, BblLeaYuBAHUE, PO U1, KOHLIEHTPAT
METaJlJIOB IJIATUHOBOM I'PYIIIBL.

Jlna uutuposanus: 3ensax S.J., Bounkos P.C., Tumodeen K.JI., Manbues I.W. [TorydyeHre KOHLIEHTpaTa pOAUS U3 LIEMEHTATa 30J10Ta.

Hzeecmus ay306. Llsemnaa memannypeus. 2023;29(3):27—37. https://doi.org/10.17073/0021-3438-2023-3-27-37

Introduction

The content of platinum metals in Ural ores is not
high, although at least 97 % of platinoids is extracted
from initial raw stuff to anode copper. In the techno-
logical circuit of copper production at OAO UMMC,
platinoids comprised in crude copper are supplied to
AO Uralelektromed. The head enterprise of the com-
pany is one of the largest copper refineries in Russia
constantly upgrading its technology. In the course of
copper electric refining, mud is generated contain-
ing precious metals (PM), %: 0.35—0.48 Au, 8.66—
11.31 Ag, 0.002—0.004 Pt, 0.025—0.052 Pd, 0.0009—
0.0025 Rh [1—3]. Subsequently, PM are concentrated
in silver gold alloy (SGA) which is transferred to refin-
ing [4—8]. Figure 1 illustrates the technological flow-
chart of SGA reprocessing at AO Uralelektromed. The
products of refining are gold and silver in ingots, as well
as platinum group meals concentrate (PGMC) in the
form of cathode residue and powder (PGMC-CR and
PGMC-P, respectively).

The growing consumption of platinum group me-
tals (PGM) together with increase in their price has led
to increasing interest to studies of selective production
of refined platinum metals, including the possibility of
selective extraction of platinum metals from multicom-
ponent technogenic raw stuff as exemplified by gold pro-
duction cementate (GPC) [9—13].

The gold production cementate is formed in refin-
ing section of chemical metallurgical shop upon PM
recovery by metal containing materials from waste
solution of recycling gold deposition and PGMC pow-
der, as well as washing waters of dust and gas captur-
ing system of melting stage. The content of main GPC

28

components, % is as follows: 12—30 Au, 2—6 Ag,
14—32 Pt, 5—15 Pd, 2—8 Rh, 25—35 impurities. Im-
purities in GPC are presented by Cu, Se, Te, Fe and S
in amounts up to 10 % each, as well as by other com-
ponents [14—17].

In order to increase extraction of valuable compo-
nent and complexity of use of formed process products,
GPC is reprocessed both with the collective extraction
of impurities and with the selective extraction of pre-
cious metals [18; 19]. The composition of the products
obtained and efficiency of their extraction depend, in
particular, on the nature and properties of solvent [20—
22]. The production of individual products of high puri-
ty is accompanied by numerous stages of repurification
and complexity of the process hardware [23]. AO Ural-
elektromed currently operates the following flowchart of
GPC reprocessing (Fig. 2).

The higher duration (from 4 to 6 h) of cementate
dissolution stage should be mentioned. It is directly pro-
portional to the content of non-precious metals: this is
accompanied by a decrease in the specifications of direct
extraction of metals to targeted products (up to 50 % Au,
40 % Pt, 60 % Pd). It is also interrelated with the long-
term filtration of pulp after GPC dissolution in aqua re-
gia solution (from 0.5 to 2 h) due to amorphous structure
of the material.

The qualitative phase analysis of the initial ce-
mentate is illustrated in Fig. 3. While studying phase
structure of the material considered, the possibility of
existence of amorphous phases was established (halo
with the central point 20 ~ 46.89°) — up to 36 %, stipu-
lated by scatter from unordered phases. The expressed
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Silver gold alloy (SGA)
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Fig. 1. Flowchart of PM refining at AO Uralelektromed

Puc. 1. [IpunuunuanbHas cxema apdunaxa M B AO «YpanaaeKTpoMeab»

lines in the diffraction pattern are probably referred
to AgAu.

The optimization of GPC reprocessing technology
stipulates for oxidizing annealing, leading to intensi-
fication of leaching of initial material and filtration of
obtained pulp aimed at improving extraction of gold
and PGM into solution and decrease in the content
of recycling precious metals, thus allowing individual
products to be obtained (crude PM), as well as to di-
versify the production process (production of rhodium
concentrate).

According to the existing technology, rhodium
is distributed between insoluble residue after GPC
leaching (~40 % Rh are extracted) and concentrate of
platinoid in the form of powder (PGMC-P, ~60 % Rh)

obtained by cementation. Rhodium content in the con-
centrate is 2—8 %. Rhodium content in PGMC powder
can be increased and its recirculating content can be
reduced upon GPC reprocessing by preliminary oxi-
dizing annealing at a temperature above 500 °C. At this
temperature hardly soluble trioxide Rh,0Oj; is formed on
rhodium surface, insoluble in aqua regia, thus allow-
ing it to be deposited in the form of individual product
[24—29].

The aim of this work was to improve the reprocess-
ing technology of cementate of gold production in-
cluding additional production of crude metals (silver:
Ag > 98 %, rhodium concentrate: Rh = 15+45 %) with
retention of gold quality (Au > 98 %) and PGM concen-
trate (Pt >45 % and Pd > 15 %).

29



lzvestiya. Non-Ferrous Metallurgy 2023 ¢ Vol. 29 « No.3 e P.27-37

Zelyakh Ya.D., Voinkov R.S., Timofeev K.L. et al. Preparation of rhodium concentrate from gold cementate

GPC

}

Dissolution of GPC in aqua regia solution (AR)

|

|

To recirculation
(dissolution in AR)
for production
of refined Au

Residue Solution
of GPC dissolution
Reprocessing Recirculating Deposition
(smelting for SGA) gold of recirculating gold

PGM solution

Waste solution
of gold production
Saturated sorbent,
to disposal
Sorption

——

Solution
to disposal site

Fig. 2. Existing flowchart of GPC reprocessing

Puc. 2. [IpuHuunuaabHas cyuiecTByomas cxema nepepadorku I3
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Fig. 3. Qualitative phase analysis of initial GPC

(DiffracSuite EVA v6.0; ICDD PDF-2 2019, diffraction pattern fragment)

1 — AuAg; 2 — atacamite Cu,CI(OH)5; 3 — botallackite Cu,(OH);Cl; 4 — chlorargyrite AgCl
Puc. 3. KauecTBeHHBII (pa30BbIit aHamu3 poOsl «LI 113 ncxomHbIii»
(DiffracSuite EVA v6.0; ICDD PDF-2 2019, ¢pparmeHT nudpakTorpaMMbl)

1 — AuAg; 2 — arakanut Cu,CI(OH);; 3 — 6otamumakut Cu,(OH);Cl; 4 — xnopapruput AgCl
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Experimental

In order to estimate the possibility of production of
concentrate with a higher rhodium content, a series of
experiments were carried out according to the improved
flowcharts illustrated in Fig. 4.

The experiments differed in the conditions of oxi-
dizing annealing (Table 1). Annealing in test / was car-
ried out in a laboratory muffle furnace and compared
with the data on reprocessing of initial material (test 7.1,
see Table 2). Tests 2, 3 were carried out under industrial
conditions: electric furnace of indirect heating; mate-
rial layer height not more than 2 cm. The parameters of
other technological procedures were identical.

GPC leaching after annealing was carried out in
laboratory and commercial reactors at 85—95 °C and
L : S = 5 mixture of acids with the following composi-
tion, vol.% : 85—95 HCIl, 5—15 HNO;.

The chemical analysis of process products was car-
ried out using an inductively coupled Spectroblue plas-

ma atomic emission spectrometer (Spectro Analytical
Instruments, Germany). The final products were ana-
lyzed by atomic emission spectroscopy with spark emis-
sion of spectrum using a Spectrolab M12 (Germany)
emission spectrometer.

Samples of the cementate and products of its an-
nealing were also studied by X-ray phase analysis
(XPA) using a Bruker D8 Advance diffractometer
(Bruker Corp., USA) in the range of diffraction angles
20 = 15+80° in CoK-radiation with the increment of
0.025° using a LynxEye position sensitive detector. The
total time of recording was 7.5 h, the equivalent time
per step: 1860 s. The qualitative phase analysis was car-
ried out using Bruker DiffracSuite EVA v6.0 software
and database of reference diffraction spectra ICDD
PDF-2 (v. 2019). The quantitative phase analysis was
carried out in the Bruker TOPAS 5.0 full profile packa-
ge according to Rietveld.The crystalline phases were
taken from Crystallography Open Database (Cam-
bridge university, Great Britain). Micro images of the

GPC
Oxidating annealing Se0,, SO,
Dissolutions of GPC, ..
AgCl residue Na,SO, PGM solution
l l after dissolution
AgCl dissolution (conditioning) l
l l Deposition of recirculating gold
Rh cake Ag sulfite l l l .
solution NaOH Recirculating Wash PGM solution
l l l gold waters after
Residue deposition
washing Silver deposition
l l Waste solution
of gold Cementation
Rh concentrate Residue washing production
Process waters l l l -
Silver Process waters . gGgﬁCRP;I
powder Sorption (Pt, Pd, Rh)
To recirculation: Solution
> GPC obtaining to disposal
site

Fig. 4. Proposed flowchart of GPC reprocessing

Puc. 4. [Ipeanaraemas TexHojaornueckas cxema rnepepadorku LT3

31



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.3 e P.27-37

Zelyakh Ya.D., Voinkov R.S., Timofeev K.L. et al. Preparation of rhodium concentrate from gold cementate

Table 1. Technological parameters of GPC annealing

Tabnuua 1. TexHomornueckue mapamerpsl ooxura LI13

Le: t,°C Durellltion, GPCIZ; Sl Annealing conditions
1.1 - - 0.2 Laboratory, w/o preliminary annealing
1 750 10—12 0.2 Laboratory, periodical air supply (0.05 n.m>/h)
2 500 8§—10 28.1 Industrial, pure oxygen supply (20 n.m>/h)
3 620 24-30 20.7 Industrial, periodical air supply (5 n.m3/h)
4 720 8§—10 25.6 Industrial, pure oxygen supply (20 n.m3/h)
5 720 12—14 21.5 Industrial, periodical air supply Industrial (5 n.m3/h)

samples were obtained using a Tescan Vega electron
microscope (Tescan, Czech Republic) with the magni-
fication of 60* and 400*.

Results and discussion

In the course of leaching of annealed materials both
the duration of material dissolution and filtration dura-
tion of the pulps (Fig. 5) decrease by 50—70 %, relat-
ed with variations in residue structure (Fig. 6, labora-
tory experiments). Despite the additional procedure of
annealing with the duration of 8—16 h, the technology
does not result in increase of unfinished production.
This allows the number of repeated dissolutions to be
reduced and up to 5 % of rhodium from circulation to
be removed. Table 2 summarizes the leaching degrees of
metals into solution in each experiment.

The qualitative phase analysis of GPC after an-
nealing is illustrated in Fig. 6. Variations in the resi-
due structure are observed, as evidenced by XPA data.
According to the diffraction pattern, the formation
of crystals was identified, and the fraction of amor-
phous phases significantly decreased. The results of
X-ray spectral microanalysis also confirm the conclu-
sions obtained. In comparison with the initial cemen-
tate (Fig. 7, a), the product after annealing (Fig. 7, b)
demonstrates obviously distinguishable Mcalpineite
crystals CuyTeO¢ formed as a result of oxidizing an-
nealing. The possibility of crystal formation was
demonstrated in [30]. Additional confirmation of the
conclusions about variations of residue structure are
the practical results of cementate filtrate rates, before
and after annealing.

Neither the composition of gaseous phase (oxygen,
air, or oxygen air mixture (OAM)), nor the mode of gas
supply (0,05—20 n.m3/h) exerted noticeable impact on
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Fig. 5. Duration of leaching and filtration stages as a function
of conditions of preliminary annealing

Puc. 5. 3aBUCMMOCTb TPOIOKUTEIBHOCTH
CTaaui BhIIIETaYMBaHUS U PUIBTPALIUU
OT YCJIOBU ITpeaBapUTEIbHOIO 00X H1ra

Table 2. Degree of metal leaching into solution, %

Ta6auua 2. CreneHb BblllieJauMBaHUs METAJLJIOB
B pacTBop, %

;‘ff Au Ag Pt Pd Rh
1.1 80 9 77 74 62
1 99.99 4 86 82 30
2 99.99 3 99.99  99.99 50
3 99.99 1.5 88 7 34
4 9999 26 957 862 32
5 999 1.8 964  90.1 33
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the efficiency of rhodium oxidation, due to excessive con-
tent of oxidizer. The gas composition in commercial tests
was stipulated by the technological features and parame-
ters of the annealing furnaces involved. The efficiency of
rhodium oxidation was influenced to the highest extent
by the temperature: at ¢t = 750 °C only 30 % Rh is dis-
solved. The significant difference in the degrees of PM
extraction into solution is stipulated not only by the an-
nealing temperature, but also by various content of me-

tallic impurities (Cu, Te, Fe, Sb) in different batches of
GPC, their influence will be estimated in further studies.

Excessive nitric acid was removed from the leaching
solution by the addition of ethyl alcohol solution upon
heating. Table 3 summarizes the compositions of recir-
culating gold and PGMC. The PM extraction (Au, Pt,
Pd, Rh) from leaching solution to final products was
more than 99 %.

The insoluble residue of GPC dissolution after an-

Intensity, a.e.

14000
. | )
13000 =2
4 m3
N 4
12000 37
110004 "9
10000 5
9000 ¥1

Fig. 6. Qualitative phase analysis of GPC after annealing

(DiffracSuite EVA v6.0; ICDD PDF-2 2019, diffraction pattern fragment)

Phases: 1 — iron manganate Fe,MnOy; 2 — copper nickel tellurium oxide Cu,Ni(TeOg); 3 — Aug gCuy ,; 4 — platinum Pt; 5 — hematite Fe,05;
6 — copper ferrite CuFe,0y; 7 — propatagium Fe 75Pt, ,5; 8 — rutile TiO,; 9 — AgO; 10 — (Cr g¢Ti 15),05; 11 — cristobalite SiO,

Puc. 6. KauecTBeHHBI# a30BbIil aHaau3 npo6sl «LIT13 mocie oGxura»
(DiffracSuite EVA v6.0; ICDD PDF-2 2019, dbparmMeHT 1udpakTorpaMMbi)

@aspl: 1 — manranar xenesa Fe,MnOy; 2 — menno-HukeneBblit okeun tesutypa Cu,Ni(TeOg); 3 — Aug 4Cuy 5; 4 — niatuna Pt;
5 — remarur Fe,03; 6 — deppur menu CuFe,0y; 7 — deppornatuna Feg 75Pty 555 8 — pyrun TiO,; 9 — AgO; 10 — (Cry g5 Tij 12),03;

11 — xpucrobanur SiO,

Fig. 7. GPC micro images before (a) and after (b) annealing
Puc. 7. Muxkpodotorpacduu LII13 no (a) u mocne (b) odxura
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Table 3. PM content (%) in recirculated gold and PGMC

Ta6auia 3. Conepxanue JAM (%) B 30510Te 060poTHOM 1 KMIIT

Test No. Au Ag Pt Pd Rh
1.1 99.6/0.46 0.022/1.01 0.017/32.53 0.029/11.5 0.045/9.12
1 99.3/— 0.020/0.005 0.178/46.15 0.199/22.70 0.001/2.10
2 98.9/0.012 0.257/0.720 0.234/38.80 0.010/15.12 0.010/3.10
3 99.4/0.056 0.015/0.329 0.045/48.13 0.105/19.79 0.000/2.52
4 98.6/0.021 0.153/0.56 0.184/45.7 0.095/20.1 0.011/2.15
5 99.01/0.015 0.104/0.43 0.078/44.5 0.102/19.97 0.009/2,42
Remark: numerator — recirculated gold, denominator — PGMC.

Table 4. PM content in rhodium concentrate, %

Ta6muua 4. Comepxanue JIM B KoHLleHTpaTe ponust, %

Table 5. PM content in silver residue, %

Ta6nuua 5. Conepxanue IM B ocanke cepebpa, %

Est Rh | Au Ag Pt Pd E’g‘ A A Pt Pd | Rh
L1 84 01 015 35 28 L1 005 851 23 158 045
I 4500 015 0250 117 058 I ~ 9959 000 000 0.0
2 2008 107 0543 39 6.6 2 0.8 9461 077 015 030
3 1510 054 5200 1600 117 3 234 8680 170 068  0.39
4 4025 09 12 1512 892 4 026 9248 089 057  0.05
5 3789 085 108 208 907 5 034 9326 104 039 012

nealing in aqua regia is comprised mainly of silver chlo-
ride (AgCl) and rhodium oxide (Rh,03). An increase in
rhodium content in solid phase was achieved by leach-
ing of insoluble residue by sodium sulfite. The silver in
testes 1/2/3 passes into solution with the following con-
centrations, g/dm>: 9.18/9.2/7.9. The silver extraction
is, %:99.99/99.99/75. The final solid residue is rhodium
concentrate (Table 4), suitable for subsequent repro-
cessing with production of metallic rhodium.

From the sulfite conditioning solutions obtained,
the silver was reduced to metallic state by the addition
of caustic soda:

2AgCl + Na,SO; + 2NaOH —

— 2Agl + Na,SO, + 2NaCl + H,0. (1)

The analysis results of silver residue are summarized
in Table 3.

The annealing conditions and rhodium contents in
the products of various stages are illustrated in Fig. 8
and Table 6.

The efficiency of rhodium oxidation directly de-
pends on the annealing temperature mode. An increase
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Rhodium content, %

0 T T

T T
A B C D
Material

Fig. 8. Rhodium content in GPC reprocessing products
annealed under various conditions

Material: 4 — initial GPC; B — GPC after annealing; C — insoluble
residue of GPC leaching; D — rhodium concentrate

t,°C: 1.1 — w/o annealing; I — 750, OAM; 2 — 500, O,; 3 — 620, OAM;
4720, 0,; 5— 720, OAM

Puc. 8. 3aBucumMocTb cofepkaHUST pOIUS
B ITpoaykTax nepepaborku LII13,
000KKEHHOTO TTPY Pa3TUUHBIX YCIOBUSIX

Marepuain: A — LT3 ucxoauslii; B — LII13 mociie o6xura;

C — HepacTBOPHUMEIIT OCTATOK BhIleaaunBanus LII13;

D — KOHILIEHTpaT poaus

t,°C: 1.1 — 6e3 obxxura; I — 750, KBC; 2 — 500, O,; 3 — 620, KBC;
4—1720,0,; 5— 720, KBC
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Table 6. Rhodium concentration in initial cementate and products of its reprocessing, %

Ta6iuua 6. KoHLeHTpalus poaus B UICXOJHOM LIEMEHTATE U IIPOAYKTaxX ero rnepepaborTku, %

Test Annealing conditions Initial Cementate Residue Rhodium
No. 1,°C Gas cementate after annealing of AR dissolution concentrate
1.1 W/o annealing 7.00 7.00 10.29 8.40
1 750 OAM 7.00 9.30 31.95 45.00
2 500 0, 2.33 2.95 11.00 15.00
3 620 OAM 4.40 5.20 14.00 20.00
4 720 0, 5.07 10.27 26.83 40.25
5 720 OAM 6.52 8.68 23.72 37.89
* Material residue after dissolution in aqua regia.
" The obtained rhodium concentrate after performed procedures according to flowchart in Fig. 4.

in the annealing temperature from 500 to 750 °C in-
creases the rhodium content in the concentrate from
15to 45 %.

Conclusions

The reprocessing flowchart of collective cemen-
tate of gold production containing precious metal at
AO Uralelektromed was developed and tested. The de-
pendence of the extent of rhodium oxidation on the tem-
perature of preliminary annealing of the cementate was
established. Its increase from 500 to 750 °C enhances the
content of the targeted metal in the marketable product
(concentrate) from 15 to 45 % Rh. The optimum para-
meters of preliminary oxidating annealing are as fol-
lows: 750 °C, 2 hours.

The proposed technological flowchart of GPC re-
processing allows the following individual products to
be achieved: silver (Ag > 98 %) and rhodium concen-
trate (Rh = 15+45 %) while preserving the quality of
gold (Au > 98 %) and PGM concentrate (Pt > 45 %,
Pd > 15 %).

In order to further develop this topic, the refinement
of rhodium concentrate, adjustment of optimum con-
ditions of its reprocessing and commercial implemen-
tation of the technology, could be additionally studied.
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siIep B COBPEMEHHBIX IpoLieccopax aKTyaJlbHbIM CTAHOBUTCS OCYLLIECTBIEHNE MHOTOIIOTOYHBIX BblUMCIeHU . B paboTe olleHnBasach
93GbGEKTUBHOCTh MHOTOTTOTOYHBIX BEIYUCICHU I TIPU MOJETMPOBAHUY IUTEHHBIX TIPOIIECCOB C TTIOMOIIbI0 KOHEUHO-3JieMeHTHbIX CKM
JITT «ProCast» u «[TomuronCodT», UCMOTB3YIOMMUX aPXUTEKTYPHI MTapalJIe]bHBIX pacueToB ¢ pacrpenenenHoit (DMP) u o6mieit (SMP)
MaMsThIO COOTBETCTBEHHO. J1J1s1 BRIUMCJICHU 1 TIPUMEHSIJIM KOMITBIOTEPBI Ha 6a3e miatdopm oT KommnaHuii «Intel» u «<AMD». Yucio pac-
YETHBIX TOTOKOB BapbUpOBau OT 4 10 32. D HEeKTUBHOCTD OLIEHUBAJIU 1O MPUPOCTY CKOPOCTH pacyeTa 3aloJHEHM s U 3aTBEpIeBaHU s
otauBku «['T125» u3 criiapa MJI10, a TakXe pelIeHUs] CAOXHON 3a1auyl MOAEIMPOBAHMSI 3aMOJTHEHM S U 3aTBEePAEBaHU S KOPIYCHBIX
OTJIMBOK M3 HUKEJIEBOTO XapolpoOYHOro cljaBa ¢ yyeToOM paJiuallMoHHOro TernjaooomeHa. [TlokasaHo, 4To MUHUMaJbHOE BpeMsl pacueta
B CKM JIIT «ProCast» HabitonaeTcst Ipu UCMOTb30BAHUM 16 BEIYMCITUTEIbHBIX TOTOKOB. [IprueM 3TO XapaKTepHO JJIs 00erX BHIYMC-
JIUTEIBHBIX CUCTEM (Ha TIponieccopax «Intel» u «<AMD»), u yBeTnueHMe Ynciia TOTOKOB BBIIIE DTOTO Mpefesia He UMeeT MPaKTUIeCKOTo
cMbicia. CHUXXEHUE MPOU3BOAUTEIBHOCTH B TaHHOM CJIy4ae MOXET OBITh CBSI3aHO C HAJIMYUEM MaJOTIPOM3BOIUTEIBHBIX IHEPTOA(D-
(eKTUBHBIX siZEp B Cydae IPMMEHEHMsI CUCTEMBI Ha Ipoleccope «Intel», a Takke MOMTHOM 3arpy3Ku GDU3UUYECKUX SIIEP U YMEHbBIIEHUEM
4acTOTHI sIAep JJISl CUCTeMbI Ha npolieccope oT «AMD». PacnapannenuBanue 3agaun moxaeauposanus B CKM JIIT «[ToauronCodr»
meHee apdexkTuBHo, ueM B CKM JITT «ProCast», BcieacTBUe peau3aliui apXUTEKTYPbI ¢ 0011el namMsaThio. B To Xe BpeMsi, HeCMOTpst
Ha 3HAYUTEJbHYIO pa3HUIY B 9(p(heKTUBHOCTH pacriapasuieiuBaHus, 3aj1a4a 3arBepaeBaHust oTiuBKU « T125» 8 CKM JITT «IToauroH-
Cod1» u «ProCast» perraetcst 3a 10CTaTOYHO OTU3KOE BpeMs.

KiroueBbie clioBa: KOMITBIOTEPHOE MOJEIMPOBAHUE JTUTEHHBIX MPOLECCOB, MHOTOMOTOUHbIE BhluucieHus, ProCast, [TonruronCodr,
SMP, DMP.
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Introduction

With the advancements in computer technology,
simulation has become extensively utilized in various
manufacturing fields, including casting. Casting en-
gineers routinely employ numerous casting simulation
software (CSS) for this purpose. Nowadays, simulation
has become an obligatory step in the process of gating
system development, particularly in industries like aero-
space and other advanced sectors. The implementation
of simulation helps in reducing production engineering
costs.

In order to enhance performance, advanced com-
puter-aided engineering (CAE) tools and CSS support
multithreaded computations. The initial concept of
parallel computing originated from grid computing,
which involves a network of interconnected computers
forming a “virtual supercomputer”. Presently, cloud
computing employing remote supercomputers has be-
come the dominant approach, although multi-core per-
sonal computers (PCs) are also widely used [1]. These
developments are based on the progress in compu-
ter science, particularly the increasing computational
speed of multicore processors [2]. Furthermore, GPU

computing has emerged as an intriguing advancement,
although its current usage in casting simulation is li-
mited [3—3].

Parallel computing is typically categorized into
two types: distributed memory processing (DMP) and
shared memory processing (SMP). In DMP, each CPU
core is allocated a specific memory, whereas in SMP,
all cores access the same shared memory (see Fig. 1)
[4; 6]. The message passing interface (MPI) is respon-
sible for managing message exchange between multiple
cores [7].

The DMP architecture has been proven to be more
efficient. For example, Pannala S. et al. [8] conducted
an assessment of parallel computations for fluidized
bed simulation. They found that the SMP architecture
with 32 threads resulted in a 14-fold improvement in
performance, whereas the DMP architecture achieved a
remarkable 27-fold acceleration under the same condi-
tions, which is close to the theoretical maximum limit
of 32.

However, it should be noted that the total increase
in computing performance is often is less than the
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sum of the performance of individual cores [9]. The
SYSWeld (ESI Group) welding and heat treatment
simulation software utilizes the DMP architecture,
which yields a 5-fold performance improvement with
8 threads [10]. As the number of threads is further in-
creased, the efficiency of computation parallelization
diminishes. For 32 threads, the performance gain was
only 9-fold, representing a mere quarter of the the-
oretically possible limit. In the work by Yang W.-H.
et al. [11], ANSYS (ANSYS, Inc.) was employed to
simulate plastic injection molding with 1 to 4 threads.
The performance improvement ranged from 1.5 to
2.1 times for two threads, and 3.1 to 3.4 times for
four threads. Corke G. [12] tackled various simu-
lation problems in ANSYS 17 with different thread
numbers (up to 28), revealing that the performance
gain occurred up to 16 threads. Beyond that point,
increasing the number of threads had little to no ef-
fect on performance, and in some cases, it even de-
creased. On average, the performance gain remained
below 7-fold for 28 threads. Posey S. et al. [5] report-
ed a 6-fold performance improvement when solving
deformable body, CFD, and heat transfer problems
with LS-DYNA (ANSYS, Inc.) using 6 threads. The
computational performance is not solely determined
by CPU speed and the number of threads. Corke G.
[12] demonstrated that replacing the hard disk drive
(HDD) with a Serial Advanced Technology Attach-
ment (SATA) Solid-state drive (SSD) resulted in a
4-fold performance increase, while a faster NVME
(Non-Volatile Memory Host Controller Interface

SMP architecture

Core #1 Core #2 Core #N

Data bus

Y

Shared memory

Specification) SSD led to a 7-fold improvement.
Expanding the RAM also contributes to the perfor-
mance gain, although to a lesser extent. Yang W.-H.
et al. [11] reported conflicting relationships between
the number of computational mesh nodes and com-
putational performance [11].

Parallel computations have also been applied to
casting simulation. For example, Trebacz L. et al. [13]
conducted simulations of continuous steel casting using
a distributed solver and the ProCast CSS (ESI Group).
Their findings indicated that the size of the FEM mesh
has little impact on the efficiency of parallel comput-
ing. The study also revealed that the ProCast solver
exhibits low computing costs for thread synchroniza-
tion. The efficiency of the solver with 8 threads reached
only 70 % of the theoretically possible limit compared
to single-thread computation. Konopka K. et al. [2]
simulated continuous casting using ProCast and em-
ployed both distributed computing and a cloud com-
puting platform. Their results demonstrated that 2, 4,
and 8 threads reduced the calculation time by 71, 219,
and 421 %, respectively, compared to a single thread.
This indicates that the performance gain diminishes as
the number of threads increases, likely due to increas-
ing costs associated with message exchanges between
solver threads.

In summary, parallelism in casting simulation
can significantly enhance performance. However, it
is important to note that the papers [2] and [13] were
published in 2014—2015. Since then, parallel comput-
ing has advanced significantly with the emergence of

DMP architecture
b
Core #1 Core #2 Core #N
\ Y \4 \4
Data > Data |—>| Data |—>| Data
bus [€] bus [€] bus [€| bus
Y Y \4 Y
Memory Memory Memory Memory

Puc. 1. ApxuTekTyphl napajjelbHbIX BBIYUCAeHU 1o npuHuuny SMP (a) u DMP (b)

Fig. 1. Schemes of parallel computing based on the SMP (@) and DMP (b) architectures
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multicore processors capable of running 32 or more
threads.

Casting processes are primarily simulated using the
finite element method (FEM), finite difference me-
thod (FDM), and finite volume method (FVM). FDM
(and FVM) solutions are considerably inferior to FEM
in terms of accuracy, reliability, computational resource
requirements, performance, and postprocessing options
[14]. Hence, for casting simulation in this study, we em-
ployed FEM.

The objective of this study is to compare the per-
formance of multithreaded casting simulations using
ProCast [15; 16] and PoligonSoft [17—19] CSS, which
utilize FEM and have DMP and SMP architectures, re-
spectively [13].

Materials and methods

In our study, we conducted simulations of mold fill-
ing and solidification using ProCast 2022 (ESI Group,
France) and PoligonSoft 2022 (CSoft, Russia). The
simulation times were measured for different numbers
of threads. ProCast employs FEM to simulate filling
and solidification. For solidification analysis, the Fou-
rier heat conduction equation is utilized, taking into
account the additional latent heat release. Mold filling
is simulated using the Navier-Stokes equation. The
filling simulation uses the Newtonian viscosity model
and a momentum-driven free surface movement mo-
del that considers mass conservation [20]. For further
details and equations, please refer to [21—23]. On the
other hand, PoligonSoft analyzes solidification using
FEM and the Fourier equation [24].

We executed the simulations on two computers
equipped with Intel (USA) and AMD (USA) CPUs.
The specifications of the computers are provided in
Table 1. The Intel system utilized 4, 8, 12, 16, 20, and
24 threads, while the AMD system employed 4, 8, 12,
16, 20, 24, 28, and 32 threads. Throughout the simu-
lations, we monitored the CPU temperature, which
remained below the CPU temperature limit, and no
throttling (reduction in CPU frequency due to over-
heating) was necessary. The operating system (OS)
and programs running in the background take up some
of the computing resources. It is worth noting that the
OS and background programs utilize some computing
resources. However, in the case of the computers we
used, the impact of the OS is assumed to be negligib-
le due to the large number of cores in the processors,
excessive RAM allocation for the OS, and, most im-

portantly, the presence of fast SSD M.2 NVME SSDs.
To minimize any performance impact, no other ap-
plications were running on the computers during the
simulations.

In our analysis, we primarily focused on the GP25
cast part, which is manufactured using the ML10 mag-
nesium alloy and cast in resin bonded sand mold with
cast iron chill inserts. The GP25 part is a thin-walled,
case-shaped part, and its configuration is presented
in [25]. To estimate the thermophysical properties of
the MLI10 alloy, we utilized ProCast thermodynamic
properties database for non-equilibrium solidifica-
tion, employing the Scheil-Gulliver model. Similarly,
the properties of the cast iron chill inserts were ob-
tained from the ProCast materials database. The ther-
mophysical properties of the resin bonded sand mold
were referenced from Palumbo G. et al. [26], while the
casting-mold and casting-chill insert interfacial heat
transfer coefficients were obtained from Bazhenov V.
et al. [27; 28]. The mold filling time was 40 s., with a
melt pouring temperature of 720 °C, and a mold tem-
perature of 20 °C. The mold filling and solidification
simulation time were measured separately since the
number of FEM mesh nodes varies during filling but
remains constant during solidification. This variation
may potentially impact the runtime with different
thread configurations.

Furthermore, we conducted simulations of fill-
ing and solidification for three large-size casing parts
(ranging from 705 to 1136 mm in diameter) made of
the VZHLI14H-VI nickel superalloy, using an invest-
ment casting process with ceramic mold. The simu-
lation encompassed various stages, including mold
cooling in the furnace before filling, melt filling in-
to the mold, and subsequent cooling. The simulation
also accounted for radiation heat transfer. The aim
was to assess the efficiency of parallelism in address-
ing complex, multistage simulation problems. The
thermophysical properties of the VZHLI4H-VI alloy
were calculated using the thermodynamic database
of ProCast CSS, while the Scheil-Gulliver model was
employed to estimate properties for non-equilibrium
solidification. The thermophysical properties of the
mold ceramics, steel furnace components, heat in-
sulation, and backing material were derived from the
ProCast materials database. The boundary conditions
were also retrieved from the database using the invest-
ment casting simulation workflow. The initial melt
temperature was set at 1450 °C, and the initial mold
temperature was 950 °C.

41



lzvestiya. Non-Ferrous Metallurgy e 2023 « Vol. 29 « No.3 e P. 38-53

Bazhenov V.E., Koltygin A.V., Nikitina A.A. et al. Efficiency of multithreaded computing in casting simulation software

Table 1. Hardware of computers used for simulation

Ta6numa 1. KoMIuiekTyolume, UCIoIb3yeMble ITPU COOPKE KOMITBIOTEPOB IS MOJACTUPOBAHKS

Name Intel system AMD system
Processor Intel Core 19 12900KF AMD Ryzen 9 5950X
(16 cores, 24 threads) (16 cores, 32 threads)
Motherboard Gygabyte Gaming X MSI MAG Torpedo
(LGA1700, Z690) (AM4, X570)
RAM Kingston DIMM DDRS5, Kingston DIMM DDR4,
5200 MHz, CL40, 64 GB 3600 MHz, CL18, 64 GB
(2 modules) (2 modules)
Cooling system NZXT Kraken X73 ID-Cooling SE-207 XT
liquid cooler air cooler
SSD Samsung 980 Pro, M.2 NVME, Samsung 970 EVO, M.2 NVME,
1000 GB 500 GB

For mesh generation, the Visual Mesh mesher, a
module of ProCast, was employed. The same mesh was
used for the PoligonSoft simulations. The GP25 part
employed an adaptive mesh with variable element sizes
(node-to-node distances), ranging from 3, 4, 5, 6, 8, to
10 mm. These meshes are denoted as L3, L4, L5, L6, L8,
and L10, respectively. The finite elements representing
the riser and mold were 2 times and 5 times larger, re-
spectively (as indicated in Table 2). The number of tetra-
hedral finite elements for meshes L3 to L10 ranged from
7.37 to 0.73 min.

Regarding the FEM meshes representing the casting
of large parts made of the VZHLI4H-VI nickel super-
alloy, the element sizes ranged from 3 mm for the part
itself to 70 mm for the furnace chamber.

Results and discussion

Figure 2 illutstrates the simulation times for GP25
mold filling using ProCast on Intel and AMD PCs,
as well as the corresponding performance gain (ex-
pressed as percentage) with respect to the number of
threads. These results pertained to finite elements
L3—L10size.

For the Intel PC (Fig. 2, a), the simulation time
curve exhibits a minimum value across all the meshes,
irrespective of the number of elements. The mini-
mum simulation time was achieved when employing
16 threads. However, increasing the thread count to 20
and 24 not only fails to decrease the simulation time
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but actually leads to an increase. Additionally, the
simulation time increases as the number of mesh ele-
ments grows.

Figure 2, b demonstrates that the performance gain
for 8 threads compared to 4 threads ranges from 66
to 77 %, while for 16 threads, it falls between 144 and
172 %. In most cases, meshes with a larger number of
smaller elements yield a higher performance gain. The
dashed curve represents the maximum theoretical per-
formance gain, assuming that the gain for N threads
is equal to the performance of a single thread multi-
plied by N. Accordingly, the maximum theoretical
performance gain for 8 and 16 threads over 4 threads
should be 100 and 300 % respectively. However, it is
evident that as the threads count increases, the devi-
ation from the maximum possible performance gain
becomes more pronounced. Notably, when the number
of threads exceeds 16 (20 and 24), a decrease in perfor-
mance is observed.

While a decrease in performance with increasing
thread count has been observed by other researchers
studying different simulation software [2; 5; 8; 10—
13], the decline seen when the number of threads sur-
passes 16 appears somewhat peculiar. To shed light on
potential causes for this performance degradation, a
closer examination of the Intel 19 12900KF proces-
sor is warranted. This processor comprises 8 perfor-
mance cores (designated as “P” for “performance”)
and 8 energy-efficient cores (denoted as “E”). The P
cores can further divide calculations into 2 threads,
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Table 2. The mesh parameters used for simulation

Tabauua 2. XapakTepUCTUKU CETOYHBIX MOJIE/IECi, NCITOJIb30BAHHBIX 1T MOAEIMPOBAHUS

Initial mesh element size,
Part mm Number
of 3D elements, mln.
Part Riser Mold
GP25 (L10) 10 20 50 0.73
GP25 (L8) 8 16 40 0.98
GP25 (L6) 6 12 30 1.62
GP25 (L) 5 10 25 2.35
GP25 (L4) 4 8 20 3.82
GP25 (L3) 3 6 15 7.37
Casing part 1 3-70 3-70 3-70 7.32
Casing part 2 3-70 3-70 3-70 3.52
Casing part 3 3-70 3-70 3-70 4.94

resulting in a total of 16 P and 8 E logical cores. The
performance of the P cores significantly surpasses
that of the E cores.

Table 3 presents the number of logical cores ver-
sus the number of threads, as well as the core clock
frequency measured after 5 minutes of the simulation
start. For 4 threads, both the performance P cores and
energy-efficient cores are utilized. It should be noted
that 12 performance logical cores and 7 energy-effi-
cient cores are employed when utilizing 4 threads,
which accounts for the majority of available cores.
Consequently, the application is distributed among
the logical cores, as each physical P core encompasses
two logical cores. Only when 4 threads are employed
the clock frequencies of individual physical cores in-
crease to 5 GHz and 3.9 GHz for P and E cores, re-
spectively. This factor may account for the high per-
formance gain observed (which is quite close to the
theoretically maximum achievable gain) with a small
number of threads. However, employing energy-effi-
cient cores proves impractical given their lower perfor-
mance. After distributing the mesh nodes across the
cores, each simulation step is completed more swiftly
by the high-performance cores, leading to the perfor-
mance cores waiting for the energy-efficient cores to
finish their part of the calculation.

For 8 or more threads, the clock frequencies of P and E

cores are 4.9 GHz and 3.7 GHz, respectively. The uti-
lization of cores varies randomly, but their overall load
increases. The case of 16 threads is particularly interest-
ing as only the performance P cores are engaged, repre-
senting the maximum performance mode (as shown in
Fig. 2, a and b). Further increasing the thread count re-
sults in a slowdown of the simulation due to the simulta-
neous utilization of energy-efficient E cores and the ab-
sence of load sharing among logical cores. For instance,
with 20 threads, the E cores bear a 50 % load, with only
4 out of 8 E cores being operational. The remaining E
cores remain idle, with a load of 0 %.

In the case of the AMD system (refer to Fig. 2, ¢), a
similar trend is observed with the simulation time curve
reaching its minimum when the number of threads is 16,
mirroring the behavior of the Intel system. Despite the
architectural differences between the processors, the op-
timal performance is achieved when utilizing 16 threads
for both systems. However, increasing the number of
threads beyond 20 results in a significant increase in
simulation time, with the simulation time for 8 threads
being shorter than for 20 threads.

Figure 2, d illustrates the performance gain for the
AMD system. The gain is lower compared to the Intel
system, with 44 % to 62 % for 8 threads and 97 % to 116 %
for 16 threads. As the number of threads increases, the
performance gain deviates further from the dashed
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Fig. 2. The calculation time of GP25 casting filling in ProCast (a, c¢) and the calculation speed growth (b, d)
depending on the number of threads involved in the calculation, when using computers based

on the platforms from Intel (a, ) and AMD (c, d)
and L3—L10 simulation meshes (see Table 2)

Puc. 2. InutenbHOCTh pacueTa 3aauBKU oTAUBKY «['T125» B mporpamme «ProCast» (a, ¢)
U TIPUPOCT CKOPOCTHU pacueTa (b, d) B 3aBUCHMOCTH OT KOJMYECTBA TOTOKOB,

3a/IeiCTBOBAHHBIX B pacyeTe MPU UCMOJIb30BAHUU KOMITbIOTEPOB

Ha 6a3e matdopm «Intel» (a, b) 1 <AMD» (¢, d) u pacueTHBIX ceToK L3—L10 (cM. Ta61. 2)
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Table 3. The number of threads involved in the calculation, cores load and frequency

Tabauua 3. 3ameiicTBOBaHHOE B pacuyeTe KOJMYECTBO MOTOKOB, 3arpy3Ka siiep U 4acToTa

Intel AMD
Number P cores E cores CCX #0 CCX #1 Core
P/E core
of threads clock
clock frequency;,
Number Load, Number Load, GHz Number Load, Number Load, |frequency,
(16 max.) % (8 max.) % (16 max.) % (16 max.) % GHz
4 12 13 7 25 49-5.0/3.7-3.9 16 13 11 13 4.63
8 9 36 5 23 49/3.7 16 26 14 25 4.58
12 11 49 8 46 49/3.7 16 51 8 25 441
16 16 100 0 0 49/3.7-39 16 53 16 51 4.30
20 16 100 4 50 49/3.7 16 100 4 26 442
24 16 100 8 100 49/3.7 16 100 8 52 431
28 — - — — — 16 100 12 76 4.19
32 — — — — — 16 100 16 100 4.08

line representing the maximum theoretical performance
gain. Notably, a substantial performance drop occurs
when the number of threads exceeds 20, without any
apparent correlation between the performance gain and
mesh size.

The AMD 5950X processor architecture consists of
two CCX (core complex) clusters, each containing 16 lo-
gical cores (they are specified as CCX #0 and CCX #1
in Table 3). While sharing some similarities with the
Intel processor discussed earlier, the AMD complex
cores are identical and lack differentiation between
high-performance and energy-efficient cores.

Table 3 provides the number of logical cores and
threads for the AMD processor. When using 4 threads,
both CCXs clusters are utilized, similar to the Intel
processor, with most logical cores being actively en-
gaged in load distribution. Consequently, the physical
cores can operate at a relatively high clock frequency
of 4.63 GHz. However, as the number of threads in-
creases to 8 and 12, the clock frequency is reduced to
4.58 GHz and 4.41 GHz, respectively, impacting the
overall efficiency of parallel computation. The distri-
bution of load between the CCXs becomes uneven for
12 threads, potentially leading to a slowdown in the
simulation. At the maximum performance mode of
16 threads, the CCX load is evenly distributed at 50 %,

utilizing all available logical cores. In this case, the
average clock frequency decreases to 4.3 GHz. When
the number of threads reaches 20, an asymmetry in
the CCX clusters loads becomes apparent. The first
CCX #0 is fully loaded at 100 %, making it impossible
to distribute the load across its logical cores, while the
second CCX #1 is only 25 % loaded. It is important to
note that despite the incomplete loading of CCX #1,
there is no load distribution among its logical cores.
The average clock frequency even experiences a slight
increase compared to the 16 threads simulation.

Further increasing the number of threads results in a
decrease in the average CPU clock frequency, reaching
4.08 GHz when utilizing all available threads. Hence,
the performance degradation observed with 20 or more
threads can be attributed to the uneven load distribution
between CCXs and the decreasing of CPU core clock
frequency. This leads to a decrease in the efficiency of
load distribution among the logical cores as the system
approaches the limit of physical cores (which is 16 cores
in the CPU). Another possible contributing factor could
be the cache memory. When one physical core handles
two threads, the cache is shared. With a large number
of commands and data, they may not fit into the cache
memory, resulting in an increased number of RAM ac-
cesses operations.
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Fig. 3. The calculation time of GP25 casting solidification in ProCast (a, ¢) and the calculation speed growth (b, d)
depending on the number of threads involved in the calculation, when using computers based

on the platforms from Intel (a, b)) and AMD (c, d)
and L3—L10 simulation meshes (see Table 2)

Puc. 3. JInutenbHOCTD pacueTa 3aTBepaeBaHus oTauBKU «I' T125» B mporpamme «ProCast» (a, ¢)
M IIPUPOCT CKOPOCTHU pacyeTa (b, d) B 3aBUCMMOCTH OT KOJIMUECTBA ITOTOKOB,

3a€ICTBOBAHHBIX B pacyeTe nmpu UMCII0JIb30BaHUUN KOMIIBIOTEPOB

Ha 6a3e ruiardopm «Intel» (a, b) u «<AMD» (¢, d)

Y BapbMPOBaHUU pa3Mepa 3JJeMEHTOB pacueTHbIX ceToK L3—L10 (cM. Tad. 2)
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Figure 3 illustrates the simulation time and perfor-
mance gain for the GP25 part solidification in ProCast
on both the Intel and AMD platforms, as well as the re-
lationship with the number of threads. The simulation
time and performance gain trends are consistent with
those observed in the mold-filling simulation. The only
difference is that the solidification simulation is shorter
in duration.

Figure 3, b presents the performance gain versus
the number of threads on the Intel platform. The gain
is 73 % to 90 % for 8 threads instead of 4, and 182 % to
197 % for 16 threads instead of 4. Thus, multithread-
ing exhibits slightly higher efficiency in the solidifica-
tion simulation compared to the mold-filling simula-
tion. This observation holds true for AMD processors
as well. One possible explanation for this difference
is that during solidification simulation, the distribu-
tion of mesh nodes between threads remains constant,
whereas during mold-filling simulation, a portion of
the CPU time is spent on redistributing nodes between
threads.

Simulation time, h
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Figure 4 displays the GP25 part solidification simu-
lation time in PoligonSoft CCS on the Intel platform,
along with the performance gain in relation to the num-
ber of threads for L3—L10 FEM meshes.

As the number of threads increases, the simulation
time decreases and reaches its minimum when using
24 threads. However, the performance gain diminish-
es with a larger number of threads (Fig. 4, b): 23 % to
38 % for 8 threads instead of 4, and 34 % to 65 % for
24 threads. Therefore, increasing the number of threads
beyond 8 does not yield significant performance gains.
Additionally, as the mesh size decreases and the number
of FEM elements increases, there is an almost twofold
increase in performance.

Similar to ProCast, analyzing the CPU load is
necessary to understand the potential causes of per-
formance degradation and inefficient parallelization
of the simulation in PoligonSoft. However, it is chal-
lenging to precisely determine how the cores are uti-
lized as the number of threads varies due to Poligon-
Soft’s use of the SMP architecture. The Task Manager
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Fig. 4. The calculation time of GP25 casting solidification in PoligonSoft software (a)
and the calculation speed growth (b) depending on the number of threads involved in the calculation,
when using computer based on Intel platform and L3—L10 simulation meshes (see Table 2)

Puc. 4. InutenbHOCTh pacyeTa 3aTBepaeBaHus oTIuBKU «['T125» B mporpamme «[TonuronCodr» (a)
M TIPUPOCT CKOPOCTU pacyeTa (b) B 3aBUCMMOCTH OT KOJIMYECTBA ITOTOKOB, 3a1eiCTBOBAHHBIX B pacueTe

MpU UCIOJb30BAHUM KOMITbIOTEpA Ha 0a3e miiatdopmel «Intel»

U BapbUPOBAHUU pa3Mepa 2JIEMEHTOB pacueTHbIX ceToK L3—L10 (cMm. Tab. 2)
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Fig. 5. The calculation time of “body” castings filling and solidification in ProCast (a) and the calculation speed growth (b)
depending on the number of threads involved in the calculation, when using computers based on the platforms

from Intel (open points 7—3) and AMD (filled points 1'—3”)
1, 1,2, 2, 3,3 — numbers of castings “Body”

Puc. 5. InutenbHOCTh pacueTa 3alloJHEH WS U 3aTBepAeBaHu s oTIMBOK «Kopryc» (cM. TabJ1. 2) B mporpamme «ProCast» (a)
Y TIPUPOCT CKOPOCTH pacyeTa (b) B 3aBUCUMOCTH OT KOJIMIECTBA TTIOTOKOB, 3a/IeICTBOBAHHBIX B pacueTe
[IPU UCITOIb30BAHNY KOMITBIOTEPOB Ha 0a3e miaatdopm «Intel» (myctoie Touku I1—3) u AMD (3akpanieHHbie TOUKU 1'—3)

1,12 2, 3,3 — Homepa ornBok «Kopryc»

shows only one process regardless of the actual num-
ber of threads. The available information pertains of
the load of logical cores from this process, expressed
as a percentage for the P and E cores. With 4 threads,
only the P cores are loaded, with load varying between
10 % and 22 %. It is worth noting that 22 % represents
the peak value reached intermittently, while most of
the time, the load remains around 10 %. When the
number of threads is increased to 12, both the P cores
(20 % to 37 %) and E cores (10 % to 21 %) are utilized.
At the maximum number of threads, the load is iden-
tical for both P and E cores, and ranging from 20 %
to 60 %. The solidification simulation in PoligonSoft
significantly underutilizes the CPU due to the less
efficient shared memory parallelization (SMP) ar-
chitecture employed, as opposed to the DMP (Distri-
buted Memory Parallelism) architecture utilized in
ProCast, where a specific amount of memory is allo-
cated to each logical core.

Figure 5 illustrates the simulation time for mold
filling and solidification of the Casing parts in Pro-

48

Cast, as well as the performance gain in relation to the
number of threads for both Intel and AMD computers.
This FEM analysis focuses on simulating the cooling
of the mold before filling and includes radiation heat
transfer. The observed relationships for the GP25 part
are consistent with those observed for the Casing part.
In both Intel and AMD processors, maximum per-
formance is achieved with 16 threads. With 4 threads,
the AMD processor exhibits slightly higher efficiency.
However, if the number of threads exceeds 8, the In-
tel processor becomes more efficient. This difference
in performance is likely attributed to the higher clock
frequency of the P cores in Intel processor and the use
of DDR5 RAM in the Intel computer, as opposed to
DDR4 in the AMD computer. The lower performance
of the Intel computer with 4 threads is probably due to
the predominantly loaded low-performance, energy-
efficient E cores (as indicated in Table 3). As the
number of threads surpasses 8, the Intel computer uti-
lizes more high-performance cores, while the AMD
computer gradually reduces the clock frequency of its
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Fig. 6. The calculation time of GP25 casting solidification (a) in ProCast (1, 2) and PoligonSoft (3) software
and the calculation speed growth (b) depending on the number of threads involved in the calculation,
when using computers based on the platforms from Intel (open points 1, 3) and AMD (filled points 2)

and L3 simulation mesh (see Table 2)

Puc. 6. InutenbHOCTb pacueTa 3aTBepaeBaHus oTauBku ['T125 (@) u mpupocT ckopocTu pacueta (b)

B nporpammax «ProCast» (1, 2) u «I[ToauronCodr» (3) B 3aBUCUMOCTH OT KOJIMYECTBA MOTOKOB,
3a/IefiCTBOBAHHBIX B pacueTe Mpu UCIOJb30BAaHUU KOMITbIOTEPOB Ha 6a3ze miiardopm «Intel» (myctoie Touku 1, 3)
u «<AMD» (3akpaieHHble TOUKHY 2) ¥ pacueTHO# ceTku L3 (cm. Tabir. 2)

physical cores. The casting simulation of the GP25
part did not reveal any correlation between the FEM
mesh size and the efficiency of parallelism. Similar-
ly, such a relationship was not observed for the Casing
parts.

Figure 6 presents the solidification simulation times
for the GP25 part in both ProCast and PoligonSoft, as
well as the performance gain in relation to the number
of threads for Intel and AMD computers. The simu-
lation was conducted using the L3 mesh, which rep-
resents the minimum mesh size and the maximum
number of FEM elements (as specified in Table 2).
Regarding the performance of the ProCast simula-
tion, unlike the casting analysis of the Casing part, the
AMD computer demonstrated greater efficiency with
4 and 8 threads, while the Intel computer performed
better with a higher number of threads. The potential
reasons for this discrepancy are discussed in the earlier
section on the Casting part simulation results. It should
be noted that the specific number of threads at which
one system outperforms the other can vary depending

on the specific simulation problem. In general, it is
worth noting that the GP25 part solidification simula-
tion in PoligonSoft exhibited faster performance with a
small number of threads compared to ProCast. How-
ever, when utilizing 16 threads with an Intel processor,
ProCast proved to be faster.

It should be noted that the comparison between
PoligonSoft and ProCast simulation times is appro-
ximate due to potential differences in their FEM al-
gorithms. Therefore, this comparison serves only as a
reference and cannot be considered definitive. How-
ever, based on the available data, it can be concluded
that the solidification simulation times for the same
casting parts in ProCast and PoligonSoft are roughly
similar.

Despite the diminishing efficiency of parallelism
with an increasing number of threads, modern proces-
sors equipped with multiple physical and logical cores
can still significantly reduce the simulation time for
both mold filling and solidification processes. This ac-
celerated simulation enables casting engineers to explore
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more casting process options, make better-informed de-
cisions, and ultimately enhance the quality of the cast-
ings produced. This is particularly crucial when dealing
with large, thin-walled parts, which typically involve a
vast number of FEM elements and extended simulation
durations.

Conclusions

1. The optimal filling and solidification simulation
time for the GP25 part in ProCast is achieved with 16
threads on both the Intel Core 19 12900KF and AMD
Ryzen 9 5950X CPUs. By using 16 threads instead of 4,
the Intel computer experiences a performance gain of
approximately 180 %, while the AMD computer shows
a gain of around 110 %.

2. The performance decrease obserbed when using
more than 16 threads can be attributed to several factors.
In the case of Intel processors, the presence of slower,
energy-efficient cores contributes to the decrease in per-
formance. Similarly, AMD processors experience de-
creasing of CPU frequency, which impacts their overall
performance. Additionally, both computers exhibit an
uneven load distribution between threads due to the full
utilization of physical cores.

3. PoligonSoft’s parallel GP25 part casting simula-
tion exhibits significantly lower efficiency compared to
ProCast. This is primarily due to PoligonSoft’s SMP
(shared memory parallelization) architecture, which
underutilizes the logical cores available. As a result, the
performance gain achieved when using 24 threads in-
stead of 4 does not exceed 65 %.

4. Despite the notable difference in parallelization
efficiency, the GP25 part’s solidification simulation
times in PoligonSoft and ProCast remain relatively
close.

5. When conducting a more complex simulation of
a large-size VZHL14H-VI nickel superalloy part cast-
ing in ceramic molds using ProCast, which includes
accounting for mold cooling, melt pouring, and subse-
quent cooling with radiation heat transfer, the paralleli-
zation efficiency remains consistent with that observed
in the GP25 part simulation.
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pa3MepHOil U reoMeTPUYECKO TOUYHOCTU, CJIOXHON MPOCTPAHCTBEHHON KOHGUIrypalMu U3 IIMPOKOU HOMEHKJIATYpPbI CIJIABOB.
K Henoctarkam JIBM cienyeT OTHECTH MHOTOCTAaAMHOCTD MPOLECCa U BBICOKYIO CTOMMOCTh KOHEYHOI'0 POAYKTa, UTO Mpearnoa-
raeTt HeJIOMYCTUMOCTh Opaka, H0Jsi KOTOporo Moxet nocturath 30 %. bpak B JIBM mpenMyIiecTBEHHO BbI3BaH TeTI0(GU3NUECK -
MU SIBJICHUSIMU, COTTPOBOXIAIOIIUMU PSIJL TEXHOJIOTUUYECKUX OTIepallnil 1 00YCIOBIMBAIOIINMY HaJluuue HATIPSKEHU I B CTPYKTYpe
BOCKOOOPAa3HBIX U KEPAMUUYECKUX MAaTepHUaJIOB, UTO OlpenesieT nehopMalMOHHbIE TPOILIECCH B BHIIIJIABISEMbBIX MOACISIX U 000-
JOYKOBBIX hopmax. [Iisl yCTpaHEHU ST HETaTUBHOTO BIAUSHU S TeTI0(pU3nuecKoro hakTopa U CHUXKEHUST HAMTPSIXKEHU ! B CTPYKTypax
MPOMEXYTOUHBIX U3/EJIHIi MpoLecca, BhITJIaBasieMble MOAeTU (GOPMUPYIOT MPECCOBAHUEM MOPOLIKOB BOCKOOOPa3HbBIX MOJAETbHBIX
komno3uuuii. [Ipy 3ToM HepelleHHbIM OCTaeTCsl BOMPOC pejlaKcalluu HalpsKeHUil B MPEeCcCOBKaX, MPUBOASLIUX K YIPYTOMY OT-
KJIMKY YIJOTHEHHOTO MaTepuaja U, Kak CJeICTBMe, U3MEHEHUI0 pa3MepoB nosiydyaemoro usnenus. [lorck BapuaHTOB Haubojee
pauKMoHaJbHOro pexuma GopMupoBaHUsI NPECCOBKU NPUBEJ K HEOOXOAMMOCTHU NPOBENEHUSI CEPUM IKCIIEPUMEHTOB, B pe3yJbTare
KOTOPBIX MpeAIogaraeTcs JOCTUXEeHNe pejakcallui HallPSIXKeHU I G B YCJIOBUSIX TOCTOSIHHOM e opMaLiuy CKaTusl, OUCbIBAEMOTO
ypaBHeHueM Kosbpayuia. [TojiyueHHbBIE B X0/1e KCIIEPUMEHTA Pe3yJIbTaThl O3BOJIST IPOTHO3UPOBATh KOHEYHbBIE pa3Mephl MPecco-
BOK 1 ¢(hOPMUPOBATH MAaTEMATUYECKY IO MOEJb IpOoliecca, aKTyaJlbHY O 1JIs1 LIMPOKOW HOMEHKJIATYPbl BOCKOOOPA3HbIX MOAEbHbIX
MaTepuasoB, MpuMeHsieMbix B JIBM.

KoueBbie c0Ba: 5KcriepuMeHTaIbHOE MO POBAHKE, MAIIMHOCTPOUTEIbHbIE TTPOLIECCHI, TUTHE 11O BHITLJIABISIEMBIM MOJIENISIM, HATIPSI-
JKEHHO-Ie(OPMUPOBAHHOE COCTOSIHUE, TPECCOBKA, MOPUCTOCTD, YIPYTUil OTKIUK.

BaaronapuocTtu: PaboTa BbIIToTHEHa B paMKax rocyJapcTBeHHOro uHaHcupoBaHMsl XabapoBcKoro deaepalbHOro UCCIe10BaTeIbCKOIO
ueHtpa JABO PAH. MccienoBaHus nposeneHbl ¢ ucnoibzoBanueM pecypcoB LIKITH «LleHTp 00paGoTKU U XpaHEHU s HAyYHbIX JaHHBIX
J1BO PAH», bunancupyemoro Poccuiickoit @eneparnueii B tuile MUHUCTepCcTBa HAYKU U BhIciero obpasoBanus Poccuiickoii @enepa-
uuu 1o poekTy Ne 075-15-2021-663.
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€MBbIX MOjIeJIeil, TPUMEHSIEMBbIX [JIs U3TOTOBJICHUsI BBICOKOTOYHOTO JUThs. M3eecmus 6y3os. Lleemnas memannypeus. 2023;29(3):54—66.
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Introduction

Various industries, including manufacturing, aero-
space, and shipbuilding, strive to maintain their com-
petitiveness by reducing production costs while ensur-
ing product quality. Renowned marine engine manu-
facturers (Wartsila, Caterpillar, Volvo Penta, MTU,
Cummins, etc.) achieve cost reduction through the
implementation of reuse and circular processes [1],
thereby ensuring long-term competitiveness. The in-
troduction of advanced technologies and innovative
manufacturing equipment may result in a significant
increase in the final product cost [2]. One approach to
cost control during the initial stages of manufactur-
ing, is the use of workpiece casting. For parts subject-
ed to cyclic mechanical and thermal loads, castings
should possess high structural strength [3] or hardness
[4]. Special requirements also apply to titanium alloy
castings and castings for offshore drilling equipment,
particularly when centrifugal casting is employed [5],
or high dimensional and geometric accuracy is ex-
pected.

In shipbuilding, ship propellers represent the largest
castings and are typically manufactured using eutec-
tic and near-eutectic high-entropy alloys. These alloys

offer high strength and ductility, making them suita-
ble for various operating temperatures [6]. Researchers
worldwide are dedicated to enhancing casting quality,
improving final product outcomes, and developing new
casting repair technologies [7—9].

Simulation plays a crucial role
high-precision casting and reducing defects, as well as
operating costs. For example, simulation tools (FEM,
volume difference method; vector element or vec-
tor gradient methods, etc.) can model the shrinkage
that occurs in sandy clay mold casting. The extent of
shrinkage is influenced by numerous thermophysical
properties of the alloy [10; 11]. It is important to verify
the simulation results through physical testing, as most
casting simulation tools rely on certain approximate
assumptions.

While several codes are available for analyzing con-
ventional sand and clay mold casting processes (e.g.,
casting of ship propellers and other large ship compo-
nents), only a limited number of tools can effectively
simulate special casting processes such as centrifugal
casting, injection molding, or investment casting [12].
Investment casting, in particular, presents significant

in achieving
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challenging for analysis due to the multitude of factors
that affect casting quality.

The investment casting process is a multi-stage pro-
cedure designed for manufacturing large, solid, com-
plex-shaped parts. In some cases, additional machining
processes are not required [13]. With the investment
casting process, castings up to 500 mm in size can be
produced with a wall thickness of up to 1 mm and a sur-
face roughness of up to R, = 1.25 pm. The ISO tole-
rance grade of the casting typically ranges from 11 to 16,
provided that the mold tolerances do not exceed grade
8or9.

The standard process for investment casting typically
involves the following steps:

— manufacturing and assembly of wax patterns;

— layer-by-layer formation of a ceramic shell around
the patterns;

— heating and removal of the wax from the mold;

— baking the mold and filling it with molten metal;

— machining of the final cast part.

During the investment casting process, there is a
volume variation in the part due to shrinkage or ther-
mal expansion, which can reach 10—14 %. To deter-

mine the necessary machining allowances for the
casting, it is essential to consider the thermophysical
processes involved in metal heating and cooling [14;
15]. These processes can potentially result in manu-
facturing defects. Investment casting is known for its
relatively high defect rate, which can be as high as
30 % [16; 17]. Several negative factors contribute to
these defects, including:

— changes in the temperature of wax pattern, leading
to surface delamination, shrinkage, or buckling once it
is placed into the mold;

— ingress of melted wax into the ceramic mold ma-
terial during the wax removal process, causing mold de-
struction during the baking or filling stages.

Figure 1 illustrates a flowchart depicting the occur-
rence of defects in investment casting. The flowchart in-
cludes the following stages:

I — wax shrinkage, resulting in distortion of the
casting geometry:

2 — cracks in the ceramic mold layers caused by the
thermal expansion of the wax during heating and re-
moval;

3 — wax expansion in the ceramic shell pores during

Fig. 1. Investment casting defect formation flowchart for a 5-layer ceramic shell mold

Puc. 1. Cxema nocieoBaTe IbHOCTU IOSIBJIEHU ST TUITMYHBIX 1€ (DEKTOB,
XapaKTEPHBIX IJIs1 pa3JIMUHBIX 3TAIOB MOJYy4YeHU s OTAMBOK MeToaoM JIBM, Ha mpumMepe 5-Ci10ifHOM KepaMu4ecKoit

000JI04KOBOI (hOPMBI
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baking, leading to ceramic fragments getting into the
casting;

4 — defect-free ceramic mold cavity.

To mitigate shrinkage-related issues, conventional
anti-shrinkage measures include using materials with
the required rheological properties or controlling such
properties, as well as casting within a narrow tempera-
ture range [18; 19].

Casting is a complex and costly process, and any de-
fects are deemed unacceptable, which has prompted the
exploration of alternative casting methods.

However, the utilization of new or improved wax
materials can result in additional expenses. Most com-
monly, oil paraffin waxes are employed along with v-
arious additives such as stearin, ceresin, rosin, and
brown coal wax. One commonly used wax is PS50/50,
which is a blend consisting of equal weights of paraffin
and stearin [13].

During the solidification of PS50/50 wax, stress-
es develop within the investment pattern, leading to
cracking and chipping. Consequently, enhancing
casting accuracy becomes challenging. To address
this issue, the preferable approach is to create invest-
ment patterns using wax powder due to its superior
manufacturability. This method helps reduce stress
and allows for improved accuracy, as the powdered
material can penetrate even the most intricate cavi-
ties [20; 21].

The cold compaction of wax powder in the casting
process introduces various factors such as interparticle
friction, friction against the mold walls [22], and tem-
perature rise. As the wax grains come into contact, they
melt and form a porous matrix that matches the confi-
guration of the mold cavity, thereby preventing shrink-
age defects in both the investment pattern and the mold
walls.

However, there are drawbacks of this process,
including potential geometry distortions when the
pressurized air is released and the compacted wax ex-
pands. Experimental measurements have shown that
the elastic deformation of the wax after the load is
removed ranges from 0.7 to 1.2 % in the direction of
compression and from 0.4 to 0.5 % in the transverse
direction [23]. Compared to liquid or paste-like ma-
terials, powder wax cores maintain their dimensions
more effectively [24; 25]. While acceptable casting
accuracy can be achieved with powder wax patterns,
there is still a need to address distortions through ex-

perimental studies on the elastic distortion of wax af-
ter compaction.

The extent of distortion is influenced by the rheo-
logical properties of the wax, including elasticity, plas-
ticity, strength, ductility, and creep. Cold compaction
can result in local overheated spots. The magnitude
of elastic distortion depends on the stress relaxation
time, which is affected by particle size, compaction
pressure, and rate. Stress levels increase with greater
compaction intensity. The study aimed to determine
the point at which the elastic deformation of a com-
pacted material under a constant load becomes ir-
reversible (plastic) [26; 27]. Initial findings revealed
that when the compaction (mold closing) rate ranges
from 0.25 to 1.5 mm/s, the distortion of powder wax
does not exceed 1.2 % in the direction of compaction.
The application of forced relaxation by allowing the
wax to dwell in the mold under load helps redistribute
stress and reduces distortion.

The objective of this study was to compare compu-
tational and experimental properties of wax powder to
predict dimensional deviations in porous wax patterns
relative to the mold cavity dimensions.

The research workflow involved the following steps:

— testing to obtain the stress vs. porosity relationship
for powder wax compaction;

— comparison of simulated stress values with actual
measurements;

— determination of the factors in the stress relaxa-
tion equation for powder wax patterns.

Materials and methods

In order to determine the stress () resulting from
variations in strain (€) over time (t), we applied the rheo-
logical equation:

flo,e,r) =0. 1))

For the compaction tests of the powder wax, a con-
stant compressive strain (¢ = const) was maintained [28].
During the compaction process, the local temperature
rises and reaches the melting point. As the load is re-
moved, the temperature decreases. The stress relaxation
(o) in the solidification region of the wax for a constant
strain (¢ = const) is described by the Kohlrausch equa-
tion [29; 30]:

6 = opexp~ 9, 2

where a and b (0 < b < 1) are constants at a given tempe-
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rature and pressure, ¢ represents the stress at time #; o) is
the relaxing component of the stress.

We estimated the factors of the Kohlrausch equation
that describe the relaxation properties of the compac-
ted wax using the experimental curves presented by Pav-
lov V. et al. [31]. For a porous body, the analytical expres-
sion for the relaxation curve is

6 = oy(P)exp~ ", 3)

where 6,(P) represents the peak stress at the compac-
tion puncheon when unloading begins for the given po-
rosity P.

The values t and k in the analytical equation of the
relaxation of the porous body are determined using the
least squares method. To do this, we denote the meas-
ured stress 6; at the moment #; and express it in terms of
o(P):6,= o(t;) /o,(P). Finding the parameters of expres-
sion (3) involves minimizing the generalized scattering
index. We applied the method of least squares not to the
original exponential function (2), but to its transformed
version (3). Since the values o; fall within the range
0 <o, < 1, then Ing; < 0, and therefore the scattering in-
dex can be represented as

0= é{m(— InG,;)-1In [— In(exp ™/ 03]}2 -

[ln( InG;)— klIn(z; / 'c)] “4)

ﬂM:

When selecting the experimental points, it is impor-
tante to consider that when unloading begins at 6;= 1
or at t = 0, expression (4) does not yet exist. However,
we can observe that exp T)k| =0 =0(ty) = 1. We equat-
ed the partial derivatives of Q with respect to T and &
to zero:

9O _ 3 [In(-1n3,)—kInz, J1% =
i=1

3|

®)

Q _ 5% [in(-1n3,)—kIn, /0)]In(t, /1) = 0.

i=l1

2|

By transforming system (5), we obtained the normal
equations in their standard form:

knln[ J+k21nt —Zln( InG,),
T i=1 i=1

(6)
kln( jilnt kS (Int,)? _zm( In3,)In,.
T

i=1
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The solution to system (6) is

Zln( InG,; )Z(lnt) —Zln( InG,;)In¢, ZInt

kln[l :l =1 i=1 ;
T n n 2
nY (Int;)? —(Zlnt[j
i=1 i=1

Zln( InG,)In¢, —Zln( InG; )Zlnt
i=1 i=1

k= 5 . @)
S (Int,)? —(ilnzi]
i=1 i=1

Tis expressed as

Zln( InG,;)Iny, Zlnt —Zln( Ing, )Z(lnt)
i=1 i=1 i=1
T=exp .(8)

nZln( InG,;)In¢, —Zln( InG, )Zlnt

i=1 i=1

The k£ and t parameters of the Kohlrausch equa-
tion (3) were determined through experimental analysis
using equations (7) and (8).

For wax testing, we utilixed purified paraffin, spe-
cifically T1 grade, as well as a 1 : 1 mixture of paraffin
and stearin (PS50/50). These materials, classified as
Category 1 [13], are commonly employed in investment
casting. As the actual properties of the wax may devi-
ate from specified values (e.g., Solid Petroleum Paraf-
GOST 23683-89), we measu-
red the density (p) and Young’s modulus (£): for T1,
p = 0.86 g/cm3, E = 8191 MPa; for PS50/50, p =
=0.935 g/cm3, E=71.8 MPa. The melting points of T1
and PS50/50 waxes were determined using a Shimad-
zu DTG-60H differential thermal analyzer, employ-
ing a heating rate of 2 °C/min. The melting points were
found to be 58 °C and 52 °C, respectively. Due to the
relatively low melting points, we conducted the tests
within a narrow ambient temperature range of 20£2 °C

fins. Specifications.

to enhance accuracy.

The mold used in the experiments was construct-
ed from steel grade 45 (equivalent to US analog:
SA-29 1044). Its cavity took the form of a cylindrical
shape with an inner diameter of d = 43.3 mm. The
mold was assumed to be rigid and non-deformable.
The wax patterns were created using T1 and PS50/50
materials with particle sizes of 0.63 mm and 2.5 mm,
selected to optimize manufacturability. The bulk den-
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11

G

o(f)

Fig. 2. Loading and relaxation of T1 and PS50 wax powders

I — loading curve, IT — relaxation curve
1—mold, 2 — bottom, 3 — puncheon

Puc. 2. CxeMa HarpyxeHus 1 peJlakcalliy MOPOITKOBOT0 TeJia U3 BOCKooOpa3Hbix Matepuaios T1 u [1C50/50

I — xpuBas HarpyxeHusi, II — Kpuas pejakcaiuu
1 — nipecc-marpuua, 2 — oCHOBaHUe, 3 — npecc-MyaHCOH

Sity (Ppulks g/cm3) values were as follows: 0.360 (T1,
2.5 mm particle size); 0.320 (T1, 0.63 mm particle
size); 0.340 (PS50/50, 2.5 mm particle size); 0.310
(PS50/50, 0,63 mm particle size). The powder was
obtained by sieving through 026 sieves, resulting in
flake-shaped particles. Consequently, the existing
methods used for estimating the final properties of
compacted powders with spherical particles [32] were
not applicable in this case.

The porosity P of the compacted powders varied
within the range of 0 % < P < 12 %, with increments
of 2 %. To control the porosity, we manipulated the
deformation (¢) of the powder by moving the pun-
cheon at a rate of 1 mm/s untill the same height
matched its diameter (4 = d, as shown in Fig. 2).
Subsequently, we measured the stresses exerted on
the sample using an AG-X plus Shimadzu testing ma-
chine during a relaxation period of 60 minutes (from
fy to tgy). The maximum load applied was 250 kN.
Meeting the machine manufacturer’s specifications,
a tolerance of 0.03 % was maintained for a load of
100 kN and a deformation of 10 mm, ensuring relia-
ble test results.

Figure 2 illustrates the loading and relaxation pro-
cess applied to the wax powders during the formation of

porous compacted samples using T1 and PS50/50 mate-
rials. The porosity of the samples was determined using
the following formula

P=(1—p,/p)-100 %, 9)

where p, represents the density of the porous sample,
kg/m3; p represents the density of the solid cast sample,
kg/m’.

To determine the appropriate porosity range, we
evaluated the mechanical properties of the samples.
It was observed that samples with porosity exceeding
12 % exhibited low surface hardness and strength,
rendering them unsuitable for use. The wax powder
weight (M, kg) required to produce a sample with the
desired porosity P was estimated using the following

equation:
2
M:hpS l_i i .
100/ 4

In this case, » = d = 0.0433 m. We calculated
the necessary weights of T1 and PS50/50 waxes to
achieve the specified sample porosity using the fol-
lowing empirical relationships obtained from expe-

(10)

rimentation:
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MT] = —0,55P+ 55,
MPSSO/SO = —0,5959P + 59.59.

Once the height # was reached, the loading arm of
the AG-X plus Shimadzu machine remained stationary
for a duration of 60 minutes while the stresses were re-
corded. During this time, as the air within the sample
was expelled and the density redistributed, the stresses
experienced a reduction but were not always complete-
ly eliminated. Consequently, the dimensions of the
sample underwent changes due to the elastic reaction
of the compacted material, which can be quantified as
follows:

_(di~d)

i

0 -100 %, (11)
where O represents the elastic deformation, %; d and
d; denote the inner diameter of the mold and the height
of the i-th samples, respectively. These measurements
were obtained using a DIN 863 Vogel digital recorder
with an accuracy of 0.001 mm.

Furthermore, the AG-X plus Shimadzu determined
the compressive strength of the compacted samples at a
loading arm velocity of 0.1 mmy/s. This evaluation took
place after the samples were held at a controlled tempe-
rature of 20%2 °C for a period of 48 hours.

Discussion

Figure 3 displays the experimental findings, illus-
trating exponential relationships between the stress ¢
within samples composed of compacted T1 and PS50/50
powder waxes with particle sizes 2.5 mm and 0.63 mm,
respectively, and the porosity (as the controllable variab-
le). The figure also demonstrates the reliability of the
polynomial approximation 1R3 s5; 2R} ¢3; 3R3 s 1 4R3 ¢
for these specific samples.

Figure 3 demonstrates that the stresses observed in
samples with a particle size of 2.5 mm are higher com-
pared to those with a particle size of 0.63 mm across all
materials investigated. This relationship can be attribu-
ted to the higher bulk density exhibited by the 2.5 mm
samples in comparison to the 0.63 mm samples. Addi-
tionally, the compaction stress is influenced by the plas-
ticity of the powder, which, in turn, is influenced by the
melting point [33; 34]. Given that the melting point of
T1 is higher than that of PS50/50, the stress observed
in T1 is greater than in PS50/50. It was observed that
when the particle size of the T1 and PS50/50 materials

60

Gy, MPa
4

1R; 5 =0.9946
2R} 5 =0.9971
3R;,=0.9770
4R} ., =0.9901

(=)
o
o~
o
0
=

P, %

Fig. 3. Stress vs. porosity in the T1 and PS50/50 powder
wax samples

1—T1, 2.5 mm particle size; 2 — T1, 0.63 mm particle size;
3 — PS50/50, 2.5 mm particle size;
4 — PS50/50, 0.63 mm particle size

Puc. 3. CpaBHeHMe 3aBUCUMOCTEN HAIPSI)KEH U i1
OT MOPUCTOCTHU MPECCOBOK U3 MOPOIIKOB
BocKkooOpa3Hbix Matepuaion T1 u [TC50/50
pa3iuyHbIX (ppakuii

1—TI1, dpakims 2,5 mm; 2 — T1, dpakums 0,63 mm;
3 — I1C50/50, dpakmust 2,5 mm; 4 — T1C50/50, dpakiust 0,63 MM

increases four-fold within the range of 0 % < P <2 %,
the difference in stresses reaches 30 %. As P increases,
the difference diminishes.

From a practical standpoint, it is valuable to com-
pare the stresses observed in wax patterns with dif-
ferent particle sizes to the breaking stresses of the
experimental samples exhibiting the same porosity.
Figure 4 illustrates the relationship between the ul-
timate compressive strength (6.0m,) and porosity of
the cylindrical samples. It is evident that the breaking
stress increases with particle size. It can be conclud-
ed that while T1 samples exhibit greater resistance to
compression compared to PS50/50 samples, the latter
are sufficiently robust to endure the compressive loads
applied by the initial (uncured) layer of the refractory
shell.

To assess the compressive strength of compacted wax
patterns, we introduced the stress safety margin N omp.
This margin represents the ratio of the ultimate com-
pressive strength to the stress experienced during the
compression of the powder wax. The stress safety margin
can be calculated as follows:

Neomp = (Gcomp 100 %)/0y, (12)

where 6.4, represents the compressive strength, MPa;
aand o is the compression stress measured by the test
machine, MPa.
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Figure 5 illustrates the stress safety margin (Ngomp)
as a function of sample porosity within the range of 0 %
to 12 % for T1 and PS50/50 waxes, considering particle
sizes of 0.63 mm and 2.5 mm.

1R} =0.9841
2R} ¢, = 0.9903
3R;,=0.9942
4R}, =0.9720

0.4 T T T T T

0 2 4 6 8 10

Fig. 4. Ultimate compressive strength vs. porosity
in the T1 and PS50/50 powder wax samples

1—T1, 2.5 mm particle size; 2 — T1, 0.63 mm particle size;
3 — PS50/50, 2.5 mm particle size;

4 — PS50/50, 0.63 mm particle size

Puc. 4. CpaBHeHHMe 3aBUCUMOCTEI ITpenesia TpOYHOCTH
Ha CXaTue OT MOPUCTOCTU MPECCOBOK U3 MOPOIIKOB
BOoCK0ooOpa3HbIX MaTepuaioB T1 u I[1C50/50
pa3anyHbIX GpaKUil

1—TI1, dpakius 2,5 mm; 2 — T1, dpakums 0,63 Mmm;

3 —T1C50/50, dpakuus 2,5 Mm;

4 —T1C50/50, dpaxuus 0,63 mm

100 %
1R} =0.9656
7 2R =0.9052
804 3R;;=0.9931

4R}, =0.9946

N
(=]

P, %

Fig. 5. Stress safety margin vs. porosity of T1 and PS50/50
powder wax samples

1—T1, 2.5 mm particle size; 2 — T1, 0.63 mm particle size;

3 — PS50/50, 2.5 mm particle size;

4 — PS50/50, 0.63 mm particle size

Puc. 5. CpaBHeHUe 3aBUCUMOCTEI IToKa3ares
MPONOPLUOHAIBLHOCTU HANIPSIKEHU U OT TOPUCTOCTHU
TIPEeCCOBOK U3 IMTOPOIIKOB BOCKOOOPa3HbIX MaTepuaiioB T1
u [1C50/50 paznuuHBIX ppakInii

1—TI, dpakums 2,5 mm; 2 — T1, dpaxuus 0,63 mm;

3 —T1C50/50, dpakuus 2,5 mm;

4 — T1C50/50, dpaxums 0,63 Mm

Using Fig. 5, we can predict the compressive strength
of a wax pattern by using the stress safety margin value.
For example, if we have a T1 wax sample with a parti-
cle size of 0.63 mm and a porosity of 8 %, the ultimate
strength Gy, is estimated to be 57 % of the o stress
applied during wax compaction.

Additionally, when measuring the relaxation stresses
o; in the samples following compression, we observed
significant changes in o©; values within a maximum
of 25 minutes for all particle sizes. The time required
for o; to decrease is longer for samples with a porosi-
ty of 2.5 mm compared to those with a particle size of
0.63 mm, particularly in cases of higher porosity. Over-
all, the relaxation period for PS50/50 wax samples is
shorter compared to T1 wax samples. The table presents
the experimentally determined values of k and 1 for the
Kohlrausch equation (obtained from equations (7) and
(8)) for samples with 0 % and 12 % porosity. It is note-
worthy that k and 1T decrease as the porosity increases
for all materials. By substituting the values of £ and <
into the analytical expression (3), we can obtain the pre-
dicted relaxation curves.

Figure 6 displays the estimated and experimental re-
laxation periods for the T1 (Fig. 6, a and b) and PS50/50
(Fig. 6, ¢ and d) samples, considering particle sizes of
2.5 mm and 0.63 mm, respectively.

Figure 6 illustrates that the experimental o; stress
values, which occur as the compacted material is un-
loaded, decrease slightly faster than predicted by the ex-
ponential law. It was observed that significant changes
(more than 90 % reduction) in the experimental c; values
are achieved within the first 5 minutes and 10 minutes
of holding under load for the samples with 12 % and
0 % porosity, respectively. This pattern holds true for all
wax grades and particle sizes. Generally, the trends of
the estimated and experimental o; values align closely
with each other.

Conclusion

The study revealed several key findings regarding the
compaction and behavior of wax patterns. Firstly, it was
observed that the stresses measured during the compac-
tion of larger 2.5 mm particle size powder samples were
higher than those of the 0.63 mm particle size samples
for all materials. This discrepancy can be attributed to
the higher bulk density of the 2.5 mm particle size wax
compared to the 0.63 mm particle size wax, as well as
differences in the elastic properties and melting points.
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Experimental k and t values for the Kohlrausch equation

PacuerHbie mapameTphl k£ 1 T a8 ypaBHeHMs1 Kosibpayiiia, onpenesieHHbIE 10 3KCTIEPUMEHTATbHBIM TaHHbBIM

Analytical
Wax grade Particle size, mm Porosity, % expression variables
k T
2.5 0 0.729 3.034
2.5 12 0.589 1.478
T1
0.63 0 0.568 2.058
0.63 12 0.375 0.706
2.5 0 0.722 3.250
2.5 12 0.401 1.023
PS50/50
0.63 0 0.566 2.453
0.63 12 0.313 0.742
G,, MPa G, MPa
a
3 -
1\
\
\
24 \\3
\

0 5 10 15 20 7, min 0 5 10 15 20 7, min

T T T - r 1

0 5 10 15 20 7, min

5 10 15 20 T, min

Fig. 6. Experimental and estimated stress vs. relaxation period curves for different wax grades and particle sizes
a—T1, 2.5 mm particle size; b — T1, 0.63 mm particle size; ¢ — PS50/50, 2.5 mm particle size; d — PS50/50, 0.63 mm particle size
1,3—-P=0%;2,4P=12%

Solid curves — estimated, dashed curves — experimental

Puc. 6. CpaBHeHME dKCIIEPUMEHTAJIbHBIX U pACYETHBIX SKCITOHEHIIMAIbHbIX 3aBUCUMOCTE! HaTIPSIXKEHU I
OT BPEMEHM peJsiakcalluy IMPECCOBOK AJIs pa3IMUHbIX MaTepUaioB U (hpakinii

a—TI1, dpakunmsa 2,5 mm; b — T1, dpakius 0,63 mm; ¢ — [1C50/50, dpaxuus 2,5 mm; d — T1C50/50, dpaxums 0,63 mm
1,3—P=0%;2,4—P=12%

CIUTIOLIHBIE KPUBBIE — PACYET, IITPUXOBbIE — SKCIIEPUMEHT
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Additionally, the compressive breaking stress was
found to be dependent on both sample porosity and par-
ticle size. The proposed stress safety margin provides a
means to predict the compression strength of compacted
wax patterns.

By utilizing the Kohlrausch equation, exponential
relationships were established to describe the stress
decrease over time. It was noted that the measured o;
stresses occurring as the compacted wax is unloaded
exhibited a slightly faster decrease than predicted by
the exponential law. Significant changes in o; were
mostly completed within the first 5 to 10 minutes of
holding under load. A zero stress reading after relax-
ation indicated the absence of elastic deformation and
confirmed the preservation of the required sample di-
mensions.

The research outcomes have practical implica-
tions for predicting the final dimensions of compacted
powder wax patterns and enhancing the accuracy of
investment casting. The proposed casting process in-
volves the utilization of wax powder with particle sizes
ranging from 0.63 mm to 2.5 mm, replacing the use of
liquid or paste wax. The wax patterns are compressed
and subsequently held under load. The resulting wax
patterns exhibited improved quality, with no defects
such as shrinkage, surface waviness, or buckling. The
porosity of the samples was evenly distributed, reduc-
ing mold shell deformation during wax removal and en-
hancing the resistance to cracking, ultimately leading
to improved casting quality.
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Using simulation to design tool for pressing
of hollow profiles from aluminum alloys
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Abstract: In order to simulate the pressing of hollow profiles made from aluminum alloys, the previously developed design algorithms for
the pressing tool and the QForm software were utilized. The objective of this study was to enhance the quality and decrease the design time
intervals for pressing tools used in the industrial production of aluminum alloy profiles. A novel design procedure for a combined tool, along
with the technology of semi-continuous pressing with welded hollow profiles made from aluminum alloys, was proposed. This was achieved
using the QForm software, which enables efficient calculations and adjustments of pressing parameters and tool geometry through a dialog
interface. The developed algorithm and design procedures enable the drawing of hollow profiles, technological calculations of pressing
parameters, selection of a suitable horizontal hydraulic press, matrix and splitter design, determination of strength parameters, assessment
of equipment load, and preparation of working drawings for the pressing tool. In order to validate the effectiveness of the design procedure, it
was applied to typical hollow profiles fabricated on a commercial scale. Two variations of the pressing tool design were examined. Simulation
results obtained from QForm Extrusion software, specifically designed for pressing analysis, revealed that the initial design of the tool, with
predetermined technological parameters and geometry of the splitter and matrix channels, resulted in uneven flow of profile elements and
temperature distribution. However, by adjusting the tool parameters, it was possible to achieve a straight profile exit from the matrix and a
uniform temperature distribution across its cross section. Industrial verification of the designed tool, utilizing a 33 MN hydraulic horizontal
press for pressing profiles made from alloy 6063, demonstrated that significant modifications to the matrix and splitter were not necessary.
By employing the proposed pressing tool design, batches of products were successfully manufactured in compliance with the required technical
specifications, while reducing the design time intervals of the pressing tool by approximately 50 %.

Keywords: aluminum alloys, hollow profiles, pressing, horizontal hydraulic press, combined tool, technological calculations, design methods
and procedures.
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AnHortanus: 1t MooeIMpoBaHMsl poLecca MPeccoBaHMsI MONBbIX NPOoduaeil U3 aTIOMUHUEBbIX CIJIABOB UCIOJb30BaHbl pa3paboTaH-
HbIE paHee aJITOPUTMBI TTPOCKTUPOBAHUS MTPECCOBOTO MHCTPYMEHTA M MIPOrpaMMHBIN KoMIuieke «QForm». Lleibio mpoBeneHHBIX MC-
CIIeOBAHUIA SBJISIOCH MOBBIIIEHUE Ka4eCTBa U CHUXXEHUE CPOKOB MPOEKTUPOBAHUS TIPECCOBOTO MHCTPYMEHTA JJISI TIPOMBITILIEHHBIX
yCJIOBUI TPOU3BOACTBA NMpoduieil U3 alloOMUHUEBLIX CMIaBOB. [IpeanoxeHbl HOBass METOAMKA MPOEKTUPOBAHUSI KOMOMHUPOBAHHOTO
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WHCTPYMEHTA U TEXHOJIOT MU JIJISI TOJIY HEITPEPHIBHOTO MPECCOBAH U S CO CBAPKO#A TOJIBIX PO UIIeii U3 aTIOMMHHUEBBIX CIJIABOB C [TOMOIIIbIO
MIPOrpaMMHOro KoMIuIeKca «QForm», KOTOPBIii TO3BOJISIET B TUAJIOTOBOM PEXMME OTIEPaTUBHO MPOBOJUTH MHOTOBAPUAHTHBIE PACUYETHI C
MocJenyonieil, eCau He0OXOAUMO, KOPPEKTUPOBKOM TEXHOJIOTMYECKUX ITapaMEeTPOB IIPECCOBAHM S M TeOMETPpUM UHCTpyMeHTa. Co3aaHbl
QJITOPUTM U MPOLEAYPBl TPOSKTUPOBAHMSI, KOTOPBIE 1alI0T BO3MOXHOCTb BBIMOJHUTB YePTEXK MOJIOro Npodusi, OCyLIeCTBUTh TEXHOJIO0-
rMYecKue pacuyeThl MapaMeTPOB ITPECCOBAHUS M BBIOOP TOPU3OHTATIBLHOTO IMIPaBIMYECKOTO Mpecca, CIPOeKTUPOBATh MATPUILY U pacce-
KaTeJb, IPOBECTH MPOYHOCTHBIE PACUETHI, ONIPENETUTh CUIIOBYIO 3arPy3Ky 000PYIOBaHUS U MOATOTOBUTH paboure YepTeK U MPECCOBOTO
MHCTpYMeHTa. L1151 mpoBepKU paboTOCMOCOOHOCTH pa3pabOTAHHOM METOAUKY MPOEKTUPOBAHUS IPUBEIEH MPUMED ee peaau3aluu Aast
OJIHOT'0 M3 TUIOBBIX MOJIBIX TPOGUIIEi, U3rOTaBIMBAEMOr0 B IPOMbILLIJIEHHOM POU3BOACTBE. PaccMOTpeHO MpoeKTUPOBaHKE ABYX Bapu-
AHTOB ITPECCOBOro MHCTPyMeHTa. C TOMOIIBIO MOJIEIMPOBAHMSI C UCTIOJIb30BaHUeM nporpaMMbl «QForm Extrusion», mpeaHa3HaueHHO#
IUJISI aHAJIN3a TIPOIIECCOB MPECCOBAHUSI, YCTAHOBIJIEHO, YTO MEPBbIii BADUAHT KOHCTPYKIIMYA MHCTPYMEHTA MPU 3aTaHHBIX TeXHOJIOTUYe-
CKMX MapamMeTpax U reoOMeTPpUM KaHaJoB pacceKaTesNsi U MaTPUIbl MPUBOAUT K HEPABHOMEPHOCTU MCTEUYEHUS PA3JTUUYHBIX 2JIEMEHTOB
npoduis u Temrnepatyp. B pesyabraTe npoBeaeHHON KOPPEKTUPOBKU MTapaMeTPOB MHCTPYMEHTA y1aJ0Ch AOOUTHCS MPSIMOJIMHEHHOCTH
BbIXOJa MPOMUIIS U3 MATPUIIBI U PABHOMEPHOCTH paclpeleieHusi TeMIlepaTyp o ero ceueHuo. [IpoMblieHHOe ONpoOoBaHUe CIIPO-
eKTUPOBAHHOTO MHCTPYMEHTAa Ha TUIPABIMYECKOM TOPU30HTaIbHOM Tpecce ¢ yeusnueM 33 MH s mpeccoBaHus mpoduis U3 criasa
6063 mokazaso, 4YTO CYILIECTBEHHOI 10pabOTKY MaTPUIbl U paccekaTelist He Tpedyercs. C MpuMeHeHUEM MPEeAIOKEHHOW KOHCTPYKIIM I
MPeccoBOro MHCTPYMEHTA MOJyUYeHbl NapTUU MPOLYKLIMHU, COOTBETCTBYIOLIEH TPeOOBAHUSIM ACHCTBYIOLIMX TEXHUYECKUX YCIOBU I, TPU
9TOM CPOKU MPOEKTUPOBAHMUSI ITPECCOBOTO MHCTPYMEHTA COKPAIIEHbI TPAKTUUYECKHU B 2 pa3a.

KoueBbie c10Ba: aTIOMUHMEBBIE CIIJIABbI, MOJbIe MPOMUIN, MTpeccoBaHUEe, TOPU3OHTAIBHBIN TUAPABINYECKUIT Tpecc, KOMOMHUPOBaH-
HBIIl UHCTPYMEHT, TEXHOJOTMYECKHE PacyeThbl, METOAMKA U MPOLELYPbl TPOEKTUPOBAHUSI.

BaaronapuocTtu: PaGoTa BrITIOJTHEHA B paMKax rocynapctBeHHoro 3ananusi Ha Hayky DTAOY BO «Cubupckuii denepalibHbIl YHUBED-
cuteT», Homep npoekta FSRZ-2020-0013.
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Introduction

Currently, the primary approach for manufacturing
hollow aluminum profiles involves the utilization of a
semi-continuous pressing method with a combined tool
[1—7]. This method entails pressing profiles with a weld-
ing process at the center of deformation, using a com-
bined tool consisting of a matrix and a splitter. The matrix
shapes the outer contour of the profile, while the splitter
forms its inner contour. During the pressing operation,
a workpiece is inserted into a container and divided into
multiple metal flows by the splitter. These metal flows are
then directed into the welding chamber, where they are
fused together under high temperatures and pressure to
form a hollow profile with the desired cross-section.

Ensuring uniform outflow velocities of different pro-
file elements from the matrix is crucial for producing
high-quality pressed items during the pressing process.
Significant variations in element velocities can lead to
various defects such as twisting, waves, deflections, and
barrels. These defects may persist even after subsequent
corrective measures such as tensioning. Thus, achieving
the correct positioning of the profile on the matrix mir-
ror and implementing effective working braking bands
on different segments of the tool are important conside-
rations in pressing tool design. In addition to improving
the quality of aluminum alloy profiles, it is necessary to
enhance production efficiency.

To increase efficiency, reducing order fulfillment
time by minimizing idle time and optimizing operations
at all stages of production is a promising approach. Ra-

68

pid adjustment and quick initiation of repeated preco-
ders are key factors in achieving this goal.

Extensive research has been conducted on pressing
techniques, as evidenced by numerous studies [§—20].
However, to date, there is a lack of an established pro-
cedure and software specifically designed for the design
of tools and the technology of semi-continuous pressing
for hollow profiles made from aluminum alloys using a
combined tool.

Scientific and technical publications indicate that
the most suitable software for practical application in
this area is INPRESS CAD [21]. This software consists
of four subsystems, each equipped with calculation and
design procedures that facilitate the preparation of docu-
mentation for the implementation of specific techno-
logical processes. One of these subsystems focuses on
the design of solid profiles from aluminum alloys. It
enables the calculation of calibrating bands, the creation
of drawings for matrices, prechambers, substrates, and
other types of pressing tools, as well as the determina-
tion of force conditions and the selection of equipment
for semi-continuous pressing of aluminum alloys. Addi-
tionally, there exists a subsystem dedicated to the design
of pressing tools and the fabrication technology of hollow
profiles. However, despite its potential, the use of this
software is limited due to the complexity of the proce-
dures involved in designing matrices and splitters. These
procedures cannot be easily formalized or automated.
As a result, combined tools are currently designed using
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an interactive approach, relying on the expertise and ex-
perience of professionals in the field, such as designers
and technologists [22—25].

Furthermore, the simulation of pressing processes is
currently carried out using the QForm Extrusion software
[26] developed by Kvantorform company, Moscow, Rus-
sia. This software is based on the finite element method
and offers several advantages. It enables the simulation
of metal flow during pressing operation and provides an
estimation of profile quality [27; 28]. Moreover, it takes
into account for the influence of tool deformation on the
pattern of profile outflow. One of the notable benefits of
QForm Extrusion is its ability to rapidly calculate these
processes, surpassing other comparable software such as
DEFORM 3D. This allows the quick execution several of
multiple calculations and significantly reduces the time
required for tool design and implementation.

The objective of the conducted studies was to en-
hance the quality of aluminum alloy profiles and reduce
the design intervals for pressing tools in industrial ma-
nufacturing conditions using QForm software.

Experimental

In general, the design procedure and calculation of
pressing technology for hollow profiles follows a similar
process to that of solid profiles [21]. The procedure can
be broken down into the following steps:

1) formation of the profile’s normal drawing:

— creation of a normal drawing of the profile;

— perform typical calculations such as perimeter,
surface area, circumcircle diameter, etc;

— coordinate the drawing with the customer;

2) technological calculations and selection of main
pressing parameters:

— determine the extrusion process settings;

— conduct preliminary calculation for pressing
force and select the appropriate hydraulic press
and number of channels;

— calculate the workpiece length;

3) design of matrix set:

— determine the allowances for profile sizes;
— position the profile on the matrix mirror;

4) design of the splitter (boxes, tab, input region on
the splitter, and other relevant components);

5) design of the matrix (welding chamber, precham-
ber, presetting of fillet and angle of output zone, and
other necessary elements);

6) verification of strength calculations and assess-
ment of console elements of the tool;

7) adjustment of calibrating bands on the matrix and
the splitter;

8) design of the substrate, special substrate, and any
other required components;

9) preparation of the working drawing for the press-
ing tool;

10) calculation of the pressing force and selection of
an appropriate press.

By applying this design procedure, significant re-
ductions in production preparation time and metal
consumption for tool adjustment can be achieved (see
Fig. 1). Ultimately, this leads to a reduction in the overall
production costs of the final products.

Results and discussion

Let us illustrate the application of the proposed de-
sign procedure through a practical example involving
a standard profile made from aluminum alloy 6063, as
depicted in Fig. 2. The profile comprises two distinct
planes: square / (representing the first part) and rec-
tangle 2 (representing the second part). The wall thick-
ness remains consistent at 1.25 mm along the entire
perimeter, while the surface area of the transverse
cross-section measures 450 mm?.

Upon completion of the normal drawing, a 33 MN
hydraulic press was chosen for the pressing operation,
with an extrusion coefficient of 106. The initial geomet-
rical parameters and technological conditions for simu-
lating the pressing process were then set as follows:

Designing Fabrication Pressing Obtaining good products
(up to 7 days) (30-40 days) (1-4 days) (6-7 days)
Adjustment Adjustment
(up to 7 days) (up to 7 days)

Fig. 1. Sequence of design procedures of the tool using QForm Extrusion simulation software

Puc. 1. Cxema nmocie10oBaTeIbHOCTH IPOLEAYP MPOEKTUPOBAHUS MHCTPYMEHTA
C MMPpUMEHEHUEM TTPOTpaMMbl KOMITbIOTEpHOTO MoaeupoBaHus «QForm Extrusion»
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Fig. 2. General view of profile from alloy 6063

Puc. 2. O6uiunii Bug npodusst u3 crasa 6063

a container diameter of 247 mm, a workpiece (ingot)
diameter of 242 mm, a length of 1000 mm for the work-
piece, a workpiece temperature of 450 °C, a matrix
set temperature of 480 °C, a container temperature of
430 °C, and a pressing velocity of 2 mm/s.

The boundary conditions for calculating friction
stresses at the contact between the metal and the tool
were determined using the Levanov equation [26; 27].
The rheological and thermal technical properties of
alloy 6063 were obtained from the library within the
QForm Extrusion software.

The pressing tool material used was Grade 4Kh5SMFS
steel, chosen for its superior heat resistance in comp-
liance with the specifications for hot pressing. The mate-
rial hardness was measured at HRC = 55+58.

Figure 3 presents the 3D models of the tool for the
selected profile. The first model (Fig. 3, a), represents
the initial configuration used for simulation, while the
second model (Fig. 3, b) shows the adjusted configura-
tion based on the results obtained from the simulation.

The diameter of the sets used in the pressing process
was 340 mm. Each splitter was equipped with 6 boxes,
which effectively divided the continuous workpiece into
6 metal flows. These individual flows were subsequent-
ly combined within the welding chamber, resulting in
the formation of 7 joints along the entire profile length.
In the second design iteration, specific adjustments
were made to ensure an equal amount of metal flowed
through each box per unit of time. This was achieved by
increasing the total surface area of the splitter boxes at
the input to 11416 mm?. Furthermore, the extrusion at
the input of the splitter was reduced to 4.2 units. As a
consequence, these modifications improved the overall
strength of the tool and led to a decrease in the required
pressing force.

Following the development of the 3D model using
QExDD software, a grid was generated for the calcula-
tion region and the tool using QShape software, as de-
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picted in Fig. 4. The models were represented by trian-
gles, with the initial design consisting of approximately
825000 elements, and the second design consisting of
around 900 000 elements. Once the grid was generated,
the models were imported into QForm Extrusion soft-
ware. Within the QForm Extrusion software, the main
process parameters, rheological and thermal technical
properties of alloy 6063, and boundary friction condi-
tions were defined. Subsequently, the necessary calcula-
tions were performed using these predefined parameters
and conditions.

Figure 5 presents the velocity distribution at different
elements of the profile obtained using QForm Extrusion
software with the first design of the tool. It is observed
that the velocity of the square part of the profile (part 1)
is measured at 220 mm/s, and there is no deviation from
straightness. However, the velocity of the rectangular
segment of the profile (part 2) is actually approximately
half of that, resulting in the occurrence of defects.

During the analysis of the metal temperature across
the profile elements (Fig. 6), it was determined that when
utilizing the initial design of the pressing tool, the tem-
perature distribution is non-uniform and ranges from
520 to 570 °C. Such variation in temperature can result
in thermal deformation of the profile, as well as poten-
tial overheating and the formation of thermal cracks in
specific segments of the profile, particularly at higher
temperatures.

The calculations of the stress-strain state revealed
that the elastic deformation of the pressing tool reach-
es 1 mm along the pressing axis, with deflection of the
working bands reaching up to 0.5 degrees. These fac-
tors can contribute to the accelerated deterioration of the
matrix component, including wear of the working bands
and the potential development of cracks. Attempts to en-
hance the initial design of the tool such as adjusting the

Fig. 3. 3D models of pressing tool

a — the initial variant; b — the second variant

Puc. 3. 3D-Moaenu npeccoBoro MHCTPyMEHTa

a — TIepBblii BApUAHT; b — BTOPOIi BApUAHT



3BecTisl By30B. LiBeTHOSI METAAAYPIUST o 2023 o T.29 o N23 e C. 67-78

CupensHuikos C.b., Konockos C.C., AosxeHko H.H. v Ap. NprMeHeHe MOAEAMPOBAHNS NP MPOEKTUPOBAHUN MHCTRYMEHTA AASI TPECCOBAHASI...

Fig. 4. Subdivision of calculated region into finite elements

a — for the initial design of the tool; b — for the second design of the tool

Puc. 4. Paz6bueHue pacueTHOI 00J1aCTU Ha KOHEYHBIC 3JIEMEHTHI

a — J1J1 11IE€PpBOro BaprvaHTa KOHCTPYKI MU MHCTPYMEHTA, b — nns BTOPOTIO BapuaHTa

First part

Second part

-120
- -140
-160
180
-200

=220

Max: 7.42772
Min: 224,079

Fig. 5. Velocity distribution over the profile cross section for the initial tool design

Puc. 5. Pactipenesnienue ckopocTeil o ceueHU10 MpoduIs IS IePBOTO BapraHTa KOHCTPYKIIUY MHCTPYMEHTA

height of the working band or creating additional metal
inflows, were unsuccessful in addressing these issues.
Consequently, the decision was made to utilize the se-
cond design variant of the tool for further simulations, as
depicted in Fig. 3, b.

The radius of the circumcircle across input boxes
of the splitter remained at 210 mm, while the contain-
er diameter was set at 247 mm. As a result, defects and
variations in chemical composition [29; 30] observed in
the peripheral layers of the ingot were positioned out-

side the profile and remained in the inactive areas of the
container (Fig. 7). The height of the splitter tab was re-
duced to 16.5 mm, thereby increasing the design rigidi-
ty and decreasing the torque due to a shorter lever arm.
The difference in thickness between the working bands
of the matrix and the splitter was 0.5 mm. The welding
chamber and prechamber were designed using the same
algorithm as in the initial tool design, with a height of
12 mm for the welding chamber and 5 mm for the pre-
chamber. As the redesigned welding chamber had a
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Fig. 6. Temperature distribution over profile elements for the initial variant of the tool design

Puc. 6. Pacripenenenue teMmniepatyp 1mo 3jieMeHTaM TpodUIIs 1151 TIEPBOTO BapraHTa KOHCTPYKIIMY WHCTPYMEHTA

smaller surface area, it was expected that the changes
in the shape of the splitter boxes would increase the
strength of the tool. The fillet and output section of the
matrix remained unchanged from the initial design. The
working bands of the matrix and splitter (Fig. 8) were
adjusted, taking into account the new design of the split-
ter boxes and the actual geometry of the profile obtained
from the initial tool design.

Figures 9, 10 present the simulation results of the
pressing process using the second variant of the pressing
tool design, with the same technological parameters as
before.

The analysis of the simulation results demonstrates
that the new tool design greatly improves the homoge-
neity of profile outflow. However, it is observed that the
metal velocity in the first part of the profile is slightly
higher than the average velocity of the profile (Fig. 9).
To address this, the surface area of the square box was
reduced by 10 % and the height of the working band was
adjusted in the subsequent simulation. The simulation
results using the latest tool design (see Fig. 10) show
a homogeneous velocity distribution across the entire
profile cross section, with a velocity of 212 mm/s. This
efficiency is further confirmed by the temperature
distribution (see Fig. 11), where the temperature fluc-
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¥
Fig. 7. Schematic view of formation of dead zones
in container in front of input to splitter boxes

Puc. 7. Cxema ¢hopMupoBaHUs MEPTBBIX 30H B KOHTEHEepe
nepes BXOJAOM B KapMaHbl pacceKaTess
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Fig. 8. Working bands of matrix (a) and splitter (b)

Puc. 8. PaGouue nosicku maTpuiibl (@) u paccekarens (b)

-120

~140

~160

-180

=200

Max: 2,95697
Min: ~220,402

=220

Fig. 9. Velocity distribution over the profile cross section for the second variant of the tool design

Puc. 9. PacnipenesieHre CKOPOCTEil 110 ceueHU 0 MpoduIIst IJisi BTOPOTro BApUaHTa KOHCTPYKLIMU HHCTPYMEHTA

tuation does not exceed 10 °C and the average profile
temperature is 550 °C, in line with the technological
specifications for semicontinuous pressing of hollow
profiles from alloy 6063. In order to validate the simu-
lation results in an industrial setting, pilot pressing of
hollow profiles with the specified dimensions and alloy
6063 was conducted using a 33 MN horizontal hydrau-
lic press at a Russian metallurgical plant. It was found
that the design intervals of the combined pressing tool
were effectively reduced by half, and the proposed tool
design successfully produced profiles of the desired
quality.

The calculated results of elastic deformation and
stress intensity, obtained using QForm Extrusion soft-
ware, are presented in Fig. 12. is evident that the tool
undergoes significant elastic deformation during press-
ing, with a deflection of 1 mm along the pressing axis.
Consequently, due to high stress intensity, there is a pos-
sibility of defects such as cracks.

Based on the simulation data, a decision was made to
redesign the chamber at the splitter input and increase
the rounding radii of the splitter. This modification led
to a reduction in the loads on the tool and the required
pressing force.
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Fig. 10. Velocity distribution over the profile cross section for the second variant of the tool design after its modification

Puc. 10. Pacnipeaenernue ckopocTeii Mo cedyeHu o mpoduisi 1Jsi BTOPOro BapuaHTa KOHCTPYKIIMU MHCTPYMEHTA
rocJe ee 10paboTKM1

t,°C

580

575
570
565
560
555
550

545

540

Fig. 11. Temperature distribution over the profile elements for the second variant of the tool design

Puc. 11. PacnipeneneHue TemmepaTyphbl 10 3j1eMeHTaM poduis A1l BTOPOro BapraHTa KOHCTPYKIIMU MHCTPYMEHTa
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Fig. 12. Tool deformation (@) and stress intensity (b)
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Puc. 12. leopmanivisgs mHCTpYMeHTA (@) U UHTEHCUBHOCTD HaTIpsikeH U (b)

Conclusions

The proposed design procedure, combined with the
utilization of QForm Extrusion software, successfully
simulated the pressing of hollow profiles from aluminum
alloys. This approach eliminated the need for repeated
adjustments of newly fabricated matrix sets through tri-
al pressing, thereby reducing the time required for the
production of new profile ranges. In order to validate the
simulation results in an industrial setting (Russian me-
tallurgical plant), pilot pressing of hollow profiles made
from alloy 6063 was conducted using a 33 MN horizon-
tal hydraulic press (see Fig. 2). The results confirmed
that no major modifications to the matrix and splitter
were necessary, and the proposed design of the pressing
tool enabled the production of industrial-grade pro-
ducts that met the requirements specified in the techni-
cal specifications.
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Abstract: This article describes the features of determining strain curves in true stress—true strain coordinates, using samples of circular
cross section from Al—Cu—Mg—Zn aluminum alloy. The calculation and experimental methods of determining true stresses and strains were
compared. Calculation methods based on the condition of volume constancy may not reflect actual regularities of deformation at the stage of
strain localization in the considered material. Nevertheless, the use of systems of digital image correlation (DIC) allows measurements of both
the geometrical sizes of deformed sample and strain fields on its surface to be performed, including on the sample neck. It was demonstrated
that the measurement error of the sample diameter by the coordinate field was 0.02 mm at the instance of destruction. In order to improve the
measurement precision, an increase in the recording frequency in proportion to increase in strain rate was proposed, as well as measuring the
surface coordinates from both sides of the sample. It is also possible to supplement the strain curves obtained by DIC optical systems with the
measurements of true fracture stress, and the true fracture strain determined by calculations on the destructed sample. The presented methods
of analysis of plastic flow by direct measurement of field displacements and strains allow actual regularities between true stresses and strains at
the interval of irregular plastic strain to be established. This cannot be achieved by analytical conversion of conventional curve. The obtained
hardening coefficients and strain curves can be used for simulation and design of machinery structures and parts.

Keywords: true stress, true strain, plastic strain, strain field, correlation of digital images, strain hardening.
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9KCMEPUMEHTAIBHBIX METOOB OINpee]eHUsI ICTUHHBIX HaNpsikKeHU 1 nedopmauuii. PacueTHble METOABI, OCHOBaHHbIE HA TPUMEHEHU U
YCJIOBUSI TIOCTOSTHCTBA 00beMa, MOTYT He OTPaXKaTh NeCTBUTEIbHBIX 3aKOHOMepPHOCTel nehOpMUpPOBaHUSI Ha dTalle JJoKaau3auu aedop-
MalllK B Matepua’ie UCCcieqyeMoro oopasiia, B TO BpeMsi Kak MCIOIb30BaHKe CUCTEM Koppesiini b possix nodpaxeruit (KL[1) mo3so-
JISIET IPOBOAMTH U3MEPEHHUSI KaK FeOMETPUUYECKUX Pa3MepoB jaedopMupyeMoro obpasiia, Tak u mnoJieii nedopMalinii Ha ero MOBEPXHOCTH,
B TOM YHCJIe HEMOCPEICTBEHHO B IIeiike oopasiia. [TokasaHo, 4To omrmbka u3MepeHus auamMerpa obpasia 1o Mmoo KOOPAUHAT B MOMEHT
paspymeHust coctasuia 0,02 MM. C 1IeJTbIO MTOBBITLIEH U] TOYHOCTU U3MEPEHM ST ITPENJIOKEHO yBeJIMUEHNE YACTOTHI CheMKH ITPOITOPIIMOHATBEHO
BO3pACTAaHUIO CKOPOCTH Ae(hOPMUPOBAHUS, & TAKKE MIPOBEACHUE U3MEPEHU ST KOOPAMHAT MIOBEPXHOCTH C ABYX CTOPOH 06pa3iia. Takke BO3-
MOKHO JOTIOJHSITh MOJNyYeHHbIe C MoMoIibio onTrudeckux cuctem KLU kpuBbie nedopMupoBaHus pe3yibraTaMyu U3MEPEHUsT UCTMHHOTO
pa3pyLIaloLIero HapsIKeH ST M MICTUHHOM pa3pyliatolieii recdopmalivei, orpeaeaeHHbIMU pacieTHBIM CIIOCOOOM 110 pa3pylieHHOMY 00pa3-
1y. [IpencraBieHHbIE CTIOCOOBI UCCIIEAOBAHMSI TIJIACTMYECKOTO TeUCHU ST MaTepraia HeMoCcpeICTBEHHBIM U3MEPEHMEM TI0JIe TepeMeIieH it
u nedopMannii MO3BOJISIIOT YCTAHABIUBATH ECTBUTEIbHBIE 3aKOHOMEPHOCTH MEXIY UCTUHHBIMU HATIPSIKEHUSIMU U IehOpMaLMsIMU Ha
y4acTKe HepaBHOMEPHOTO IJIACTUYECKOro Ae(OpMUPOBAHM S, YETO TOCTUYb AHATUTHUUECKUM MEPECUETOM YCIOBHOI TUarpaMMbl HEBO3ZMOX-
Ho. [TosryyeHHBIe KO3 GOULIMEHTHI YIIPOUYEHUSI M KPUBBIE 1e(hOPMIPOBAHUSI MOTYT OBITh UCITOJIb30BaHbI IPU MOJIEJIMPOBAHUU U IIPOEKTHPO-
BaHUU KOHCTPYKIIU U leTaIeil MalTuH.

KuxioueBbie cioBa: MCTUHHOE HaNpsiKeHUWeE, MCTUHHAS Jedopmalus, niactTuueckas aedopmanus, noje aedpopmaiuu, Koppensius uud-
POBBIX U300paXkeH M, 1eOpMaIMOHHOE YITPOYHEHHE.

Jlng uutupoBanusa: Monaxos A 1., I'ynsieB M.M., I'manbimeBa H.E., Konrenbuesa O.10., Asraes B.B., fIkosnes H.O., 'ynuna U.B. [1pu-
MEHEHME MeToa KOppeasiiuu LHU(GPOBbIX U300paxXeHU ISl MOCTPOEHUS nuarpaMm aeopMUpOBaHUSI B UCTUHHBIX KOOpAMHATaX.
Hszeecmus 8y306. Lleemnas memannypeus. 2023;29(3):79—88.

https://doi.org/10.17073/0021-3438-2023-3-79-88

Introduction

Machinery structures and parts should be designed
with consideration for provision of their safe opera-
tion. Permissible operation stresses are determined by
criteria of ultimate stress state [1; 2]. This in their turn
are compared with the results obtained upon uniaxial
strain [3—6]. Standard tension or compression state
allow strain curve in stress—strain coordinates to be
established (curve I in Fig. 1) [7]. Stress strain curves
can also be referred to as conditional, since the sur-
face area of transversal cross section and strain meas-
urement base are assumed to be constant throughput
the test. In order to establish true regularities between

Stress, MPa
1400

12004
10004

8004
600+
4004
2004

0 T T T T T T T

0 2 4 6 8 10 12 14
Strain, %

Fig. 1. Conditional (1) and true (2) strain curves

Puc. 1. YcnosHas (1) v uctTuHHast (2) nuarpamMmMbl
neopMUpoOBaHUS
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stress and strain [8], as well as during simulation of
plasticity problems by finite element method [9; 10],
true stresses and true strains (curve 2 in Fig. 1) need
to be applied in operations. These are calculated by
correlating the load and the absolute elongation of the
sample to the actual area of true surface area of trans-
versal cross section and the length of working part,
respectively.

The development of computation devices has al-
lowed the regularities of material flow to be studied
not only by analytical methods [8; 11], but also by di-
rect measurements of displacements, strains or geom-
etry of the object in the region of local stability loss.
This work considers the use of optical contactless ten-
sometry systems in determining strain curves in true
coordinates. The calculations of true stresses by ana-
lytical and experimental methods of direct recording
of strain and surface area of transversal cross section
in the region of plastic flow were compared for iso-
tropic materials.

Calculation method
of determination of strain curves
in true coordinates

Three characteristic segments in conditional strain
curve of plastic material can be highlighted. The seg-
ment of elastic plastic strain (region A4 in Fig. 1) is cha-
racterized by an insignificant difference in the con-
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ditional and true curves due to moderate strains. The
hardening segment (region B in Fig. 1) is characterized
by a monotonous increase in stress both in true and in
conditional coordinates, due to a the limitation of ul-
timate strength (c,). In the segment of localization of
plastic strain (region C in Fig. 1) neck formation can be
observed. This can be seen in the transfer from uniform
strain, acting along the entire length of working part,
to a localized one resulting in load drop upon strain
growth. The region of neck formation is also charac-
terized by the transfer from a uniaxial (simple) stressed
state to complex stress strain state. This exerts signifi-
cant influence on strain [12; 13].

Using the calculation method, the surface area of
transversal cross section during test for the segments of
elastic plastic strain and hardening can be determined
from the condition of volume constancy [11]:

Fydz = F(1 + ¢)dz, (M

where £ is the surface area of transversal cross section at
initial test time; Fis the surface area of transversal cross
section during strain; € is the relative strain; dz is the ab-
solute change of length during strain.

The surface area of transversal cross section can be
expressed using Eq. (1):

F=Fy/(1 +¢). 2

True stresses upon uniform strain equal to the ra-
tio of load upon strain to the surface area of transversal
cross section can be determined by Eq. (2):

s=P/F=0o(l +¢), 3)

where s is the true stress; P is the load during strain; ¢ is
the conditional stress.

True strains can be determined as the ratio of ab-
solute elongation to total length of canulated zone

[1]:

¢ =J1,dij/i=1n(l/l) = In(1 +¢), @)

where @ is the true strain; / is the total length of calcula-
ted zone; /; is the initial length of working zone.

The strain curve in true coordinates for uniform
strain is plotted by Egs. (3), (4). True fracture strain and
true fracture stress are applied to the strain curve and
calculated as follows [11; 12]:

sp=0;/ (1 —v), ®)

where s; are the true fracture stresses; o, are the condi-

True stress, MPa
1400

1200
10004
800~
600
400
200

0 2 4 6 8 10 12 14

True strain, %

Fig. 2. Schematic strain curve in true coordinates obtained
by calculations

Puc. 2. CxematuyHast nuarpaMmma neopMrupOBaHUS
B UCTUHHBIX KOOPAWHATAX, MIOJyYeHHAasT PACUETHBIM
cnocobom

tional stresses upon rupture;  is the relative reduction of
area after rupture;

¢;=1In(1 — )7, (6)

where @ is the true fracture strain.

The calculation method of plotting strain curves
in true coordinates (Fig. 2) does not require special
equipment, and can be characterized by its simplicity.
However, the curve may not reflect actual regulari-
ties of strain at the segment of localization of plastic
strain. This method is recommended for brittle ma-
terials.

Determining strain curves
in true coordinates
using strain fields

Observation of the fields of strains and displace-
ments allows the true stresses and strains for all strain
segments to be calculated. Several methods are availa-
ble to determine the fields of strains and displacements
[14; 15]. For reasons of precision [16] and simplicity,
the method of digital image correlation (DIC) was se-
lected.

The DIC method is based on video recording the
sample during the test and alternate comparison of
frames before and after strain, The aim was to de-
termine displacements of uniformly subdivided field
segments (subregions). A chaotic spotted structure
(speckle pattern) is applied beforehand onto a sam-
ple so that each sub-region differs from the others.
The fields of displacements and strains are calcula-
ted using the displacement of sub-regions. Two ca-
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meras allow the position of points to be determined
and their displacement in three coordinates to be
calculated.

The DIC systems allow local strain fields to be formed
over the entire analyzed surface, including the neck zone,
while extensometers perform measurements between
two predefined points. Thus, the strain determined by
extensometers at the segment of neck formation is the
arithmetic mean between localized and uniform plastic
strain according to measurements. A uniform or loca-
lized deformation cannot be distinguished from a gene-
ral deformation.

Substituting the mean arithmetic value of longitudi-
nal strain (g};") along the transversal section of sample
neck (Fig. 3) into Egs. (3) and (4) in place of the relative
strain (€), we can obtain equations for determining true
stresses and strains along longitudinal component of
strain tensor for any strain stage [17]:

s=o(l + e;“yax , 7)
¢ = In(1 + ™). ®)

This method allows analysis at all strain stages to
be performed. However, Egs. (7) and (8) were derived
assuming the volume constancy for isotropic materials.
Therefore, the possibility of applying these interrelations
for orthotropic and anisotropic materials should be stu-
died in more detail.

When observing the positions of sub-regions in the
calculation of the fields of displacements and strains,
the sample diameter at any time of tests along the en-
tire length of the considered region can be measured.
A circle was inscribed using the least square method
into the coordinates of transversal section in the plane
of the maximum reduction of sample area. The sam-
ple diameter in the course of strain was determined
by Eq. (9):

d;=2[(x—a + (y = )12, ©)
where x, y are the coordinates of circumference point
along the respective axes; a, b are the coordinates of cir-
cumference center along the axes X, Y, respectively.

Experimental

Strain curves in true coordinates were determined
on a sample of circle cross section from aluminum
alloy Al—Cu—Mg—Zn. The sample diameter was
5.92 mm, and the length of working part: 30 mm.

82

max
Eyy

Fig. 3. Field of longitudinal component
of strain tensor €,

Puc. 3. INosie mpomgoibHOM KOMIIOHEHTHI
TeH30pa AeopMalni g,

The tests were carried out using an electromechanical
test machine with a rated load of 100 kN at constant
speed of active clamp, equal to 2 mm/min. Through-
out the test, the longitudinal strain (¢) was recorded
using a contactless extensometer. The strain fields
were determined using a DIC system comprising of
two cameras with a resolution of 3 megapixels, pro-
viding a pixel density of 31 dot/mm. The subregion
step was 8 dots, and the subregion size: 25x25 dots.
The recording frequency was 5 Hz. The physicome-
chanical properties determined by conditional strain
curve (Fig. 4) are summarized in Table 1, the relative
elongation (95) and the relative reduction of area (y)
were determined in accordance with the State stan-
dard GOST 1497-84.

In Fig. 5, numbers 7/ and 2 denote the coordinates of
points of section in initial state and preceding the sam-
ple destruction, respectively. The diameter of inscribed
circle for a sample before strain (line /7 in Fig. 5) was
equal to 5.92 mm, and for a sample before destruction
(2in Fig. 5) to 5.24 mm.

The actual sample diameter after rupture was
assumed to be higher than that measured along in-
scribed circle by the elastic constituent of €. It was
also assumed to be equal to 5.25 mm, since during
measuring of diameter the sample was still in stressed
state. However, the actual sample diameter after rup-
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Table 1. Physicomechanical properties

Ta6auma 1. ®u3nko-MexaHMYECKUE XapaKTePUCTUKHU UCClIeayeMOoro obpasiia

Poisson Elasticity Yield Ultimate tensile Rupture Relative Relau.ve
: . reduction
ratio modulus stress strength stress elongation of area
il E, GPa Gy 2, MPa G,, MPa G, MPa 35, % v, %
b , %
0.32 72 600 640 593 10.0 20.0
0 Stress, MPa Z, mm
600 - 54
1
500+
4 -
400
300 34
200
2 -
100
O T T T T T T T T 1 7
1 2 3 4 5 6 7 8 9
Strain, %
Fig. 4. Strain curve in conditional coordinates 0 '1 '2 é ;l g X, mm

Puc. 4. Iluarpamma nepopMupoBaHu st
B YCJIOBHBIX KOOpIMHATAX

ture was lower than that measured along the inscribed
circle and was equal to 5.23 mm. This can be attri-
buted to the fact that the test was carried out at a con-
stant active clamp speed and constant recording fre-
quency. Thus, as a consequence of strain localization
the strain rate was increased from 0.0002 s~! at the
elastic segment to 0.018 s~! at the instance preceding
destruction. Thus, Fig. 6 illustrated true strain as a
function of test time (curve /) and its derivative of
time: strain rate (curve 2) for segments of elastic plas-
tic strain (A4), hardening (B) and localization of plastic
flow (C). Respectively, the recording at the frequency
of 5 Hz allowed true strain to be resolved with a preci-
sion of 0.0036 m/m per frame at the instance preced-
ing destruction.

The true stresses were calculated using the deter-
mined diameters:

S= P/F=4P/(nd?), (10)

where P is the load during strain, d; is the sample dia-
meter during strain.

Fig. 5. Diameter measurement by inscribed circle

Puc. 5. UsmepeHue nuameTpa odpasua
10 BIIMCAHHOM OKPY>KHOCTH

As a consequence of complicated and heterogene-
ous stress strain state, occurring in the region of strain
localization [12; 13], the strain can be heterogeneous.
Therefore, the profile of transversal cross section will
differ from a circle. In order to account for eccentri-
city when calculating the surface area of transversal
cross section during strain, it is recommended that
the fields of displacement and strain on two opposite
sides be studied by four cameras calibrated as a single
system [18].

Based on test results, the strain curves in true coor-
dinates were plotted Fig. 7 shows Curve 1, based on cal-
culations, curve segment (dashed line), linearly interpo-
lated up to the points determined by Egs. (5), (6), as well
as Curve 2, plotted on the basis of longitudinal Lagrange
strain, €, as well as curve 3, calculated by actual change
in diameter during strain.

The elastic segments of loading in the strain curves
in true coordinates coincide for all calculation methods.
Differences are observed in the hardening segment.
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Puc. 6. Jluarpamma 3aBUCUMOCTH
OTHOCHUTEJILHOI NeopMaIiuy OT BpeMeHU UCTTBITAH U ST
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Fig. 7. Strain curves in in true coordinates

Puc. 7. Auarpammbl 1echopMUpOBaHU S
B UCTUHHBIX KOOPAWHATAX

Table 2. Calculations of strain curves in true coordinates

The most common and simplest approximation
method of plastic behavior is the strain hardening ex-
ponent [19—21], Its coefficients can be also used to
describe strain hardening of material in the course of fi-
nite element simulation:

S =Kp", (11)
where K is the strength coefficient determined by the
least square method, MPa; n is the coefficient of strain
hardening determined by the least square method; p is
the true plastic strain; S'is the true stress, M Pa.

Figure 8 illustrates the hardening segments in true
stress—true plastic strain coordinates for strain curves
in true coordinates. This is obtained by calculations
(Fig. 8, a): by the field of longitudinal strains in the re-
gion of strain localization (Fig. 8, b), as well as calculat-
ing the sample diameter by means of an inscribed circle
in the coordinates of points of the highest longitudinal
strains (Fig. 8, ¢). The dashed line in Fig. 8 shows their
exponential model of approximation obtained by the
least square method on the basis of data of logarithmi-
cally linearized hardening curve. The calculated results
are summarized in Table 2.

The approximation model was determined for the
hardening segment obtained by means of calcula-
tion, but only to ultimate strength. This indicates that
it cannot be used for strains exceeding the ultimate
strength. At the same time, the methods based on DIC
systems allow true stresses to be determined as a func-
tion of true strain up to sample destruction. However,
for the more uniform control of strain in the sample
neck by optical system, the test machine needs to be
controlled by true strains or for the recoding frequency
of DIC system to be increased in proportion to strain
rate. Otherwise, the strain curves obtained by DIC sys-
tems must be supplemented by true fracture stress and

TaGauua 2. Pe3ynbraThl pacyeToB JUarpamMm ae(opMUPOBaHUSI B UCTUHHBIX KOOpAMHATAX

True fracture True fracture
Method of determination K, MPa n stress (Sp), strain (@y),
MPa %

Calculations 792 0.0518 771 25.1

By longltudlpal component ]34 0.0685 761 24.9
of strain tensor
By change 831 0.0687 762 24.9
in diameter
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Fig. 8. Hardening segments of strain curves

in true coordinates obtained by calculations (a),
by field of longitudinal strain in sample neck (b)
and by change in diameter (c)

Puc. 8. YuacTku ynpouHeHUs auarpaMM aeopMupoBaHust
B UCTUHHBIX KOOPAWHATAX, MOJyYeHHBIE pACUETHBIM
METOJIOM (@), TIO TIOJTIO TIPOIOIBHBIX AeOopMaIlnii B Ieiike
o6pa3ua (b) 1 To MIBMEHEHUIO IrMaMeTpa odpasia (c)

true fracture strain determined by calculations using
destructed sample.

Conclusions

The strain curves in true coordinates provide data
on the strain hardening of material and can be used
in the simulation and design of parts and structures
[9; 22].

The research methods of plastic flow by direct

measurement of fields of displacement and strain
allow actual regularities between true stresses and
strains at the interval of irregular plastic strain to be
established. This cannot be achieved by the analyti-
cal conversion of a conventional curve. In addition,
it should be taken into account that after neck for-
mation, the strain rate increases. This results in ad-
ditional errors in the calculation of true stresses and
strains, which at the instance of sample destruction
can reach 1.3 % with respect to the values obtained
by actual measurement of sample after destruction.
However, the calculation method of curve determina-
tion in true coordinates is simple. It does not require
additional hard- or software. True fracture stress
and true strain upon breakage determined by means
of this method can supplement the results of actual
measurements.

The selection of calculation methods of strain
curves in true coordinates is stipulated by the re-
quirement for the completeness of results, as well as
the material type. It should also be mentioned that
both methods based on the use of DIC systems pro-
vide equal amount of data, and the difference between
the results obtained in this work can be neglected (the
difference between true fracture stresses is less than
0.2 %). However, the use of the longitudinal compo-
nent of strain tensor upon analysis of anisotropic ma-
terial can lead to calculation errors. Therefore, the
preferred method is based on measurement of actual
sample diameter in the course of deformation by using
DIC systems on two sides.
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