S&l

54

https://doi.org/10.15407/scine21.02.054

TSURKIN, V. M. (https:/forcid.org/0000-0003-2697-579X),
CHESTNYKH, M. V.! (https://orcid.org/0000-0001-5553-8076),
IVANOV, A. V. (https://orcid.org/0000-0002-3247-6121),

and CHERNO, O. 0.2 (https://orcid.org/0000-0003-1670-8276)
TInstitute of Pulse Processes and Technologies

of the Nationale Academy of Science of Ukraine,

43-A, Bohoyavlensky Ave., Mykolayiv, 54018, Ukraine,

+380 51 255 8252, dpta@iipt.com.ua

2 Admiral Makarov National University of Shipbuilding,

9, Heroiv Ukrainy Ave., Mykolayiv, 54025, Ukraine,

+380 51 242 4280, university@nuos.edu.ua

THE PARADIGM FOR BUILDING A SIMPLIFIED
END-TO-END QUALITY MANAGEMENT SYSTEM
FOR TECHNICAL INNOVATION IN FOUNDRY PRODUCTION

Introduction. To transition from technical novelty to innovation, a robust management strategy for product qua-
lity shall be established to enhance commercial viability.

Problem Statement. In the foundry industry, achieving high-quality castings remains a challenge within the
end-to-end material system of the charge-melt-casting triad, which limits the scope for unconventional solutions.

Purpose. This study has aimed to define the conditions for a conceptual approach to building a simplified end-
to-end quality management system for castings using an innovative method of conductive electric current melt
treatment.

Materials and Methods. The research has utilized previously obtained data, supplemented by system analy-
sis, simulation modeling, and quality management principles within the “object-regulator” framework.

Results. A simplified paradigm for end-to-end casting quality management has been proposed, structured
around the abstract “design-production-consumption” system. In the first stage, simulation modeling and field
experiments have laid the groundwork for defect-free production. The second stage has introduced an electromag-
netic control method for regulating treatment intensity parameters, replacing the conventional online control prin-
ciple to stabilize processes within the object-regulator system. Algorithms for this process have been defined. In the
third stage, selective testing of finished castings has confirmed defect-free quality, ensuring product competitiveness.

Conclusions. The study has demonstrated that a simplified end-to-end casting quality management system
can effectively identify critical conditions and factors for quality enhancement. This system, based on the abstract
“design-production-consumption” framework, provides a practical foundation for achieving high-quality castings
with sufficient intensity.
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The transformation of any technical novelty into
an innovation requires addressing a range of tech-
nical, economic, and legal challenges to achieve
the critical characteristic of innovation: market
relevance. An innovation must satisfy current mar-
ket demands and possess the capacity for compe-
titiveness and commercialization to generate pro-
fit [1—3]. To enhance this feature, it is essential
to define the conditions and methods for mana-
ging the quality of the final product. Addressing
these issues typically involves physical, cyber, ana-
lytical, and software components, necessitating a
comprehensive and systematic approach.

At a minimum, this process requires identi-
tying, analyzing, and structuring the object to be
controlled, selecting appropriate computing and
communication equipment, and developing effec-
tive information-processing algorithms alongside
suitable software. These requirements are particu-
larly pressing for complex, multi-stage, and multi-
factor production processes, such as those found
in the foundry industry. The production stages are
traditionally framed within the charge-melt-cas-
ting (CMC) triad. In the melt stage, encompassing
liquid and two-phase temperature states, various
processing methods and tools are employed to
mitigate the adverse effects of the charge and en-
sure eflicient solid-phase packing.

Despite these efforts, universal melt processing
methods do not exist, nor has a generally accep-
ted strategy for end-to-end casting quality mana-
gement been developed to encompass all compo-
nents of the CMC triad. Consequently, existing
approaches primarily address local solutions [4—7],
failing to define comprehensive conditions for end-
to-end casting quality management. Moreover, the-
se approaches often neglect the specific character-
istics, mechanisms, and properties of melt proces-
sing methods, whose primary objective is to ensure
high casting quality by establishing control pa-
rameters for their effects on the processed object.

One promising technique is the method of con-
ductive electric current treatment (CECT) of the
melt, which emerged as an area of active research
toward the end of the 20th century. While CECT
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exhibits significant innovative features, its current
status — based on an analysis of scientific, techni-
cal, and patent information—positions it as a novel
method rather than a fully realized innovation.

The challenge of simplifying a complex, multi-
factorial quality management system, which re-
mains poorly defined, by focusing on the primary
factors influencing quality, is highly relevant. Wi-
thin the framework of system analysis methodo-
logy, adapted to management principles, it is es-
sential to select a system with sufficient intensity,
characterized by a robust information component
and optimal methods of information exchange.

This study aims to establish the conditions for
a conceptual approach to developing a simplified
end-to-end quality management system for cas-
tings, utilizing the innovative method of conduc-
tive electric current melt treatment.

COMMON QUALITY
MANAGEMENT ISSUES

Modern definitions of the concept of “quality” em-
phasize its multifaceted nature. Philosophically,
quality is understood as a characteristic that ma-
nifests with varying degrees of intensity [8]. The
international standard ISO 9000 pragmatically
defines quality as “a set of characteristics of an
object that relate to its ability to meet the identi-
fied and anticipated needs of the user” [9]. These
definitions classify “quality,” “intensity,” and “needs”
as abstract terms, which are inherently challen-
ging to measure or quantify through uniform cha-
racteristics. However, this abstraction allows de-
cision-makers to make nuanced choices tailored
to specific production conditions and goals.

A discrepancy exists in how casting quality is
characterized. From the manufacturer’s perspec-
tive, quality equates to a defect-free product. From
the user’s perspective, quality is defined by a pro-
duct’s ability to meet their needs [10]. This dis-
tinction introduces the abstract concept of “com-
petitiveness,” which is not solely determined by
quality and cost but also by the supplier’s (manu-
facturer’s) reputation [10, 11]. Proving competi-
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tiveness in specific market segments can there-
fore be challenging, as it transcends measurable
attributes of the product.

In the first half of the 20th century, empirical
methods emerged to quantify the abstract concept
of “quality,” giving rise to the scientific discipline
of qualimetrics [12]. Within qualimetrics, indust-
rial product quality is analyzed as both a technical
and economic category. This has led to the exten-
sion of the monad “quality” into the triad “quality-
cost-competitiveness” (QCC). To operationalize
this framework, qualimetrics introduced the con-
cept of the “Quality Cycle,” represented by another
triad: “design-manufacture-consumption” (DMC).

Recent advancements in foundational research
have enabled the integration of these triads into a
broader “control-system-information” (CSI) fra-
mework. This integration, grounded in the prin-
ciples of a systematic approach, provides a more
holistic perspective on managing and measuring
quality [13—15]. However, only if the following
are ensured: identifying the reasons and objec-
tives of management, determining the scope of
controlling factors and parameters for optimizing
management functions, and agreeing on sub-ob-
jectives that enable achieving the objective. Such
a development allows us to form a fundamental
approach to the control algorithm, which will con-
tain a set of objectives {C}, functions {F}, works
{R} and commands {C}, in order to create an ap-
proximation to the control function ¥ = {{C}, {F},
{R}, {C}}.

Thus, the monad “quality,” which corresponds
to the ultimate goal of the CMC, structured by
specific unambiguous material concepts and defi-
nitions, is transferred to the level of abstract for-
malizations of the subsystems QCC, DMC and
CSI. According to the concepts of system analy-
sis methodology, these subsystems achieve sub-
goals that reflect their component concepts for
achieving the ultimate goal [14]. The QCC sub-
system allows us to define what we are aiming for
in accordance with the overall strategy of quality
research and its achievement. The DMC allows
us to identify ways to achieve it. CSI, in turn, al-
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lows the selection of alternatives to these ways
that can actually achieve the goal.

Unfortunately for the foundry industry, such
an end-to-end management system consisting of
these subsystems is complex, multi-factorial and
poorly defined [14]. It can be assumed that large
companies can build such a system. However, it
can hardly be universal.

For this reason, laboratories and production
facilities are currently focusing on finding local
quality management systems, with particular em-
phasis on organizing efficient and stable produc-
tion and identifying reserves for quality improve-
ment. At the same time, it is necessary to identity,
if possible, the common interests of those who pro-
duce and use foundry products.

FEATURES OF ELECTRIC
CURRENT MELT TREATMENT

Any melt treatment in the liquid state has the fol-
lowing tasks: in addition to eliminating the nega-
tive effects of the charge, it is necessary to ensure
degassing of the treatment object, its homogeni-
zation in the macro-volume, and to create condi-
tions for the effective formation of crystallization
germs throughout its space. Taken together, this
can be defined as an improvement in the crystalli-
zation capacity of the liquid metal system (LMS).
During the subsequent processing of the already
two-phase state in the crystallization temperature
interval, it is necessary to ensure effective pa-
cking of the solid phase with signs of structural
homogeneity and crushed eutectic elements [16].

Methods of processing both the liquid single-
phase state and the two-phase state can be classi-
fied into two categories: reagent and energy me-
thods. Reagent methods involve the use of small
doses of various chemical elements, which have a
selective effect and allow for specific results. Energy
methods, on the other hand, use various physical
fields to influence the melt, resulting in integral
and multi-purpose effects. In the case of CECT, it
is a basic electromagnetic field that forms secon-
dary fields in the melt: induced electromagnetic,
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sound based on the principles of electromagnetic-
acoustic energy conversion, thermal due to joule
heating, and the metal flow field formed by the
cooperative thermal and force action of the fields
formed [17—20].

The effect of any energy impact on any mate-
rial, including a melt, is demonstrated through its
reaction. In the case of LMS, this reaction is for-
med by restructuring the short-range energy bonds
of the structural elements (clusters, atoms, and
electrons). When dealing with a two-phase zone,
it is also necessary to break the long-range energy
bonds of the solid phase, which requires a more
powerful action. Furthermore, although the LMS
is shaky, it is relatively thermodynamically stab-
le [6, 7]. This does not require changing the load
characteristics over time. Meanwhile, the two-
phase state transitions from liquid-solid to solid.
Therefore, it is reasonable to process it by adjus-
ting the load power over time.

Therefore, from an energy point of view, it is
more rational to process LMS, creating the con-
ditions for improving its crystallization capacity.

It is important to note that the use of a certain
dose of energy density (w) introduced into the melt
during processing has been experimentally prov-
en for CECT of LMS [19, 21, 22]. Concurrently,
the value of w is nearly identical to the density of
the latent heat of crystallization of the melt of a
specific alloy (F). That is, w = E. This makes it
possible to significantly reduce the number of ex-
periments and to transfer their results (on the ba-
sis of similarity) to the real production platform.

Different types of currents can be used for CECT:
constant in magnitude (CC), constant in sign
(DC), alternating (AC) and pulsed (PC). They are
characterized by different functional capabilities
and their separate action on the LMS provides
different changes in the quality characteristics of
the casting [17]. Therefore, an innovative method
of simultaneous melt treatment with currents of
different amplitude and frequency characteristics,
called multivariate, has been proposed. In this ca-
se, we have the opportunity to significantly extend
the functionality of CECT to influence the quali-
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ty of the casting in a polivariate manner, depen-
ding on the structure of the system “types of cur-
rents-electrode systems” [22].

It has been experimentally established that in
the case of CECT LMS, its response shows signs
of self-organization with a synergistic effect. In
other words, the whole is greater than the sum of
its parts. In order to achieve this, it is necessary
to select LMS loading modes that lead to the ge-
neration of significantly non-linear, heterogeneous
physical fields in the object to be treated. Their
effect leads to active amplification of energy fluc-
tuations in certain zones of the LMS. These effects
determine the formation of three states: bistable,
easily excited and self-oscillating. Thus, dissipati-
ve structures are formed in an open thermodyna-
mic LMS. Their energy effect enhances the direct
electromagnetic influence on the energy bonds at
the cluster, atomic and electronic levels, which are
electromagnetic in nature. Thus, the energy bonds
of the LMS elements are reformatted, changing
their activation capabilities [22—24]. As a result,
the crystallization ability of LMS changes.

THE PARADIGM OF A SIMPLIFIED SYSTEM
FOR END-TO-END QUALITY CONTROL

OF CASTINGS USING THE CONDUCTIVE
CURRENT MELT TREATMENT METHOD

Consider the quality cycle in the chain of the “de-
sign — production — consumption” system in a
simplified form, guided by the accumulated sci-
entific experience described in part above. In this
case, the principles of quality management can be
considered in two aspects. On the one hand, there
are the organizational measures that ensure the
production of high-quality castings at the design,
production and consumption stages; on the other
hand, there are the technical measures that, with
the aid of special equipment, automatically carry
out on-line control tasks according to a given al-
gorithm, either without the intervention of an
operator or with the intervention of an operator.

At the design stage, the purpose of which is to
organize the conditions for effective quality ma-
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parameters, structure
and properties.
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Methodology
and techniques

Fig. 1. Generalized system of features for selecting the method of energy impact on liquid and two-phase states

nagement, it is logical to propose a system of re-
levant conditions and factors for analyzing the
potential functionality and intended consequen-
ces of using the melt energy treatment method
(Fig. 1). Such a system allows finding rational
practical solutions in order to design a suitable
technological module and technological regula-
tions. It also determines the conditions and fac-
tors for the production of high-quality castings.
The principles of simulation and physical mode-
ling of processes, influence parameters, structural
and phase transformations, etc. play a role at this
stage. With their help, the conditions and charac-
teristics of reliable, stable and efficient operation
of the process module are determined.

In the case of CECT, the scientific advances ma-
de possible by research allow us to choose the ty-
pe of current for single treatment and the types of
current and electrode system for the multivariate
CECT method. Of course, this involves selecting
the appropriate current sources, which do not need
to be designed, as a wide range of currents have
been developed for different electrical technologies.
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In the design phase it is also necessary to deter-
mine the electrical energy dose (w) introduced in-
to the melt. In the case of the multivariate CECT
method, the value w is the sum of the current cha-
racteristics.

For simulation modeling methods, the analy-
tical and computational method, the finite ele-
ment method, and the method of dividing mas-
sive conductors into elementary cells (circle-
field problem) are used [18—20, 25]. It should be
noted that it is the latter that allows for a rapid
analysis of the characteristics of the basic elect-
romagnetic field using a simple calculation pro-
cedure. Its methodology and some results are
described in [25]. Here are the data obtained by
dividing massive conductors into elementary
cells (Fig. 2). They show that the zones of fluc-
tuation activation are concentrated near the
electrodes.

Figure 2 shows that the multivariate CECT me-
thod is more effective than the single current me-
thod in generating more active fluctuations in
certain LMS zones.
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Fig. 2. Electrical power at the electrode feed level for single and dual current processing of an aluminum alloy melt: ¢ — two
electrode system, 100 A DC; b — four electrode system, 50 A DC on each pair of electrodes
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Fig. 3. General functional diagram of the deviation control
system: 7 — program setter; 2 — control device; 3 — object of
influence; 4 — measuring device; ¢, — functioning algorithm;
& — control influence; A — disturbing action; ¢ — output ele-
ment; T — totalizer

9
—>

It is also necessary to use field testing methods
at the design stage. Their results allow us to veri-
fy the simulation data and prove the defect-free
nature of the resulting product — the casting.

The design stage requires an analysis of the spe-
cific features of metallurgical processing, person-
nel training and process instructions.

As for the manufacturing stage of foundry pro-
ducts, it is for this stage that the principles of on-
line quality management need to be defined.

The design stage requires an analysis of the spe-
cific features of metallurgical processing, person-
nel training and process instructions.

As for the manufacturing stage of foundry pro-
ducts, it is for this stage that the principles of on-
line quality management need to be defined.
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Taking into account the multifactoriality, the
multifunctionality of the production itself and the
multifunctional characteristics of the LMS, the
control problem should be reduced to the prob-
lem of regulation. The reason for this is that, to sol-
ve the on-line control problem, it is problematic
(so far) to use real-time optimization procedures,
without which control by automated systems is
impossible. On the contrary, the problem of regu-
lation is solved as a problem of stability and qua-
lity (intensity) of processes occurring in the sys-
tem “object — regulator” [26].

Depending on the task, one of its basic principles
can be used: open-loop control, disturbance cont-
rol and deviation control.

In solving the control problem, it is necessary
to maintain a stable value of the energy input to
the melt w. It has been experimentally proven that
it is of the order of 10® J/m? for Al-based alloys
[19, 21]. The value of the coefficient is determi-
ned by the alloy grade, for which, in accordance
with the value of the crystallization energy, it ran-
ges from 3 to 8.6 [27]. Simple formulas were ob-
tained to calculate the dependence of @ on the
current parameters. For PC:

cu?
2

w =

1
.k.f.t.v, (1)
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Fig. 4. Cognitive map of the end-to-end quality management based on the abstract PQM system

platform

where C is the capacitance of the capacitor bank,
F; U, is the voltage across the capacitor covers, V;
k is the coefficient that takes into account the
energy conversion in the discharge circuit; /is the
pulse repetition rate, Hz; ¢ is the processing ti-
me, s; Vis the volume of the LMS, m?®.

For DC, AC and CC:

Ut
w=—“
1%

where U, I are the voltage and current at the elect-
rodes, respectively, V, A.

do h
=f AQ,—, .A(pdt .
¢ ( dt 9 )

Therefore, the process of regulating stable ex-
citation of LMS through an electromagnetic field
at CECT is solely determined by the parameters
of the current source in a specific electrode sys-
tem. The processing time, z, is determined by for-
mulas (1) and (2). This method can be referred to
as electromagnetic control. In principle, it enables
the organization of a favourable thermodynamic
state in the LMS. This improves its ability to crys-
tallize efficiently during casting, resulting in high-
quality castings.

During the third stage of production, the manu-
facturer selectively tests the quality characteristics
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: (2)

of the finished casting for defects. This approach,
however, only allows for post-factum detection
and rejection of low-quality castings. The final tes-
ting of the product’s quality determines its com-
petitiveness.

This integrates the paradigm of a simplified
end-to-end quality management system for a
technical innovation in foundry production. The
basic data about the system selected for analysis
is connected by a causal network of conditions,
processes and factors in a cognitive map (Fig. 4).
The intensity of the system is determined by
the information component and the optimal
ways of information exchange, which are dem-
onstrated through their synthesis in the system
under study.

The analysis of the peculiarities of quality ma-
nagement in technological applications and the
characteristics of Conductive Electric Current
Treatment (CECT) has revealed that the global
end-to-end quality management system lacks suf-
ficient scientific advancements for effective im-
plementation in foundry production.

In response, this study has proposed employing
a single subsystem of the global end-to-end sys-
tem — the Quality Management System (QMS) —
which is characterized as an abstract system. The
QMS has been shown to possess substantial in-
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formational intensity, enabling both the predic-
tion of quality improvement effects and the regu-
lation of electromagnetic excitation processes du-
ring CECT. The abstract framework of the “de-
sign-manufacture-consumption” (DMC) system
provides flexibility, facilitating alternative solu-
tions for achieving casting quality.

Further research is required to examine the con-
ditions for quality management in foundry pro-
duction by integrating abstract subsystems, inc-
luding the “quality-cost-competitiveness” (QCC),
DMC, and “control-system-information” (CSI)
frameworks. Additionally, it is essential to ad-
vance the circular field method of simulation
modeling for processes in the liquid metal system
(LMS) under CECT. This modeling will enable
the rapid analysis of conditions and factors that
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IMAPAJINTMA TOBY/JIOBU CIIPOIIIEHOT CUCTEMU HACKPISHOTO KEPYBAHHS SIKICTIO
JUUISI TEXHTYHOT HOBAIIIT Y IMBAPHOMY BUPOBHUIITBI

Beryn. /liis1 nepese/ieH s TeXHIUHOT HOBaIlil /10 iHHOBAIIIT TOTPIGHO BUSHAYNTH CTPATEriI0 KEPYBaHHS SIKICTIO IPOAYKILIL, IKa
MJICUIATD 11 KOMEPIIHHY 3/IaTHICTb.

IIpoGaemaTuka. Y jiMBapHOMY BUPOOHUIITBI IPOOIEMATHKA OTPUMAHHST JINTBA BICOKOI SIKOCTI BUPIIIYETHCSI Y MEKAX Ha-
CKpi3HOT MaTepiaabHOT CHCTeMM TPiaji «IIIMXTA — PO3ILIAB — BHJINBOK». 11 KOHKPETHKA He I03BOJISIE TIPUIHMATH HETPUBIasIb-
Hi pillleHHs.

Mera. BusHaunti yMOBH KOHIENTYaIbHOTO THAXO/LY MO0 TTOGYO0BHU CIPOIIEHOI CHCTEME HACKPIZHOTO KePyBaHHSI sIKic-
TIO BUJIMBKA [IPU 3aCTOCYBaHHI HOBAIIHOTO METOY KOHIAYKIIHHOT eJIEKTPOCTPYMOBOI 06POOKM PO3ILIABY.

Marepiainu it MeToau. BUKOpUCTAHO TIOTIEPEIHBO HAIPAIIbOBAHI ABTOPAMU MaTepiajiu Ta JlaHi HU3KU HAyKOBUX ITy0JliKa-
wii. J{uist nozrasibioi 06poOKY IUX Pe3yJIbraTiB 3aCTOCOBAHO aOCTPAKTHI METO/U CUCTEMHOIO aHaJI3y Ta iMiTalliiiHoro Mojie-
JIIOBAHHSL, & TAKOK IIPUHITUITN KEPYBAHHS SIKICTIO B CUCTEMI «00’€KT — PeryJisiTops.

PesyabraTu. 3anpornoHoBaHo CIIPOIIEHUI BapiaHT MapajurMi HACKPI3HOTO KepyBaHHs sIKicTIo Ha 6a3i abcTpakTHOI cuc-
TEMU <«IIPOEKTYBAHHs — BUPOOHUIITBO — CIOKMBaHHsI». Ha il meprmiii cTazii 3akIaaioThess OCHOBM OpraHisartii sKiCHOTO
BUPOOHUIITBA 32 OTIOMOTOTO METO/IIB iMITAIITHOTO MOIETIOBAHHSI Ta HATYPHUX €KCIEPUMEHTIB, sSIKi TOMePeIHbO TECTYIOTD
GesnedextHicTh BumBKa. Ha Apyriil cTaiii 3anpornoHOBaHO 3aMicTh IPUHIIUILY «KE€PYBaHHS B pexkuMi online» BUKOpUCTO-
BYBaTU [IPUHIIUII €JIEKTPOMATHITHOTO PEryJII0BAHHST apaMeTPiB iHTEHCUBHOCTI 006poOKu. Bin Bupitnye 3aBuants crabisisa-
111 MPOIIECiB, MO BiAOYBAIOTHC B CHCTEMI «00’€KT — peryaaTop». st 1poro BusHadeHo Bianosiani aaropurmu. Ha Tperiit
cTagil XapaKTePUCTUKK SIKOCTI TOTOBOIO BUJIMBKA BUOIPKOBO TECTYIOThCs Ha Ge31eeKTHICTD, a KiHIleBe TeCTYBaHHS sIKOCTI
BUPOOY MiATBEPIKYETHCS HI0T0 KOHKYPEHTO3/IATHICTIO.

BucHoBku. Bukonane focmipkeHHS TTOKa3as0, MO CIPOIIeHa crcTeMa HACKPI3HOTO KepyBaHHS SIKICTIO BIJIMBKA MOXKE
BU3HAYNMTH KJITIOYOBI YMOBH Ta (hakTOpH, SKi MOJKINBO MOOY/YBATH 3 IOCTATHHOIO IHTEHCHBHICTIO Ha 6a3i aGeTpakTHOI cuc-
TEMU «IIPOEKTYBAHHSI — BUPOOHUIITBO — CIIOKMBAHHST».

Kmouosi crosa: HoBallis, iHHOBallis, JUBapHe BUPOOHUIITBO, SKICTh, CUCTEMHUIT aHali3, abCTPAKTHI CUCTEeMU, KepyBaHHS,
PEryJIIOBAHHS, €JIEKTPUIHUIT CTPYM.
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