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ANALYSIS OF TECHNOLOGICAL
DAMAGEABILITY OF CASTINGS

MANUFACTURED IN SAND MOLDS
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8106e0eHHsL 3MEHUEHIHIO MEXHOJI02IUHOT NOWKOONCYBAHOCME BUIUBKA NPU 3AMEePIiBaHi.

Kmouosi cnosa: mexnonoziuna nowxooxcysanicmo, Koediyicum zomozennocmi Betbyina, npuckopena

Kpucmanisauis, pioxa ¢gasa, ausapmi depexmu.

1. Introduction

In the conditions of market relations, the competi-
tiveness of products, which is determined not only by
qualitative and economic indicators, but also by reliability
characteristics, is of paramount importance. Reliability
characteristics are laid when designing products, they are
provided during their manufacture, but they are manifested
only during the operation of parts and machines [1-6].

Modern machine building, actively developing in the
direction of creating automated systems for obtaining parts,
finished products, requires the use of new or traditional
materials with an increased set of structural and func-
tional characteristics. Strength and reliability of complex
technical products depends on a set of factors associated
with the properties of materials, geometric parameters of
structures and technologies for their production.

The absence of methods for transferring data charac-
terizing the properties of materials to their behavior in
loaded structures in the practice of their calculations is
replaced by insufficiently substantiated safety factors. The
development of information support for machine building
makes it possible to obtain high-tech products using fle-
xible technologies at minimal cost. This approach is based
on the use of multifunctional computer systems, which are
consistently perform volumetric product design (CAD),
the design basis for its reliability and availability (CAE),
preparation of manufacturing processes (CAM) and product
data management (PDM).

CAE computer-aided engineering analysis software al-
lows to formulate the new approaches to the selection of
materials and the improvement of processing technologies
to improve the operational durability of products based on
the calculated justification. It should be noted that the use
of these programs is limited to the lack of established inter-
relationships of technological heredity with the life cycle of
parts and machines, so research in this direction is relevant.

2. The ohject of research
and its technological audit

The object of research is the technological damageability
of castings made from aluminum alloy BKJKJIC-2, obtained
in sand molds. Castings made from the investigated al-

loy are used for the manufacture of parts, in particular
pistons of internal combustion engines, operating under
alternating loads, contact interaction and wear. As a re-
sult of structural heredity, damages resulting from casting
conditions can develop during subsequent machining and
operation of products.

In the problem of general analysis of materials, tech-
nologies and structures, heterogeneity of the structure is of
considerable interest that are formed during the crystallization
of alloys, depending on the conditions of heat removal. Ele-
ments of such structure are primary grains, their boundaries,
caverns, formation and properties of which depend on the
liquation of the components of the alloys and the features
of their crystallization. In the design of parts, the design
strength calculation is carried out from the standpoint of
the mechanics of continuous media without taking into ac-
count the technological defectiveness of the metallic material
and the uneven distribution of properties in macrovolumes.

At the same time, heterogeneity of physicochemical and
technological origin influences the structural strength of
parts and products, but its influence is not fully understood.
Forecasting of the reliability of parts and machines based
on the introduction of PLM-concepts requires experimen-
tal research and theoretical analysis of the effect of the
properties of local volumes of structural materials on their
behavior during technological processing and operation.

3. The aim and ohjectives of research

The aim of research is to determine the technological
damageability of the various zones of castings made from
aluminum alloys obtained by casting into sand molds.

To achieve this aim, the following tasks are accomplished:

1. Conducting analysis of modern concepts of assessing
the damageability of metallic materials.

2. Planning and implementation of microstructural stu-
dies and technological damageability of various zones of
cast billets.

4. Research of existing solutions
of the prohlem

The priority task in the design of rational technologi-
cal processes for the manufacture of machine parts is the
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interaction (alignment) of their qualitative and quantitative
indicators with the provision of high process producti-
vity and the maximum possible loading of technological
equipment [2].

Dependence of the operational properties of products
on their quality indicators is complex for the following
reasons |7, 8]:

1) the process of disability, having a certain physical
nature, is subject to the laws of random functions through
the variability of operating conditions and the instability
of the technological process;

2) through the complexity of most technological pro-
cesses and emerging side effects it is difficult to identify
all those process parameters that really affect the opera-
tional properties of products.

Researches [8] found that the inadequate quality of
the development of the concept of the product and the
preparation of its production accounts for 80 % of all
defects in production and use of products. The refusal
during the warranty period of machine parts is affected
in 60 % of cases directly related to erroneous, unfinished
developments and non-compliance with technical require-
ments.

Therefore, ISO 9001:2008 standard emphasizes the in-
tegration of all actions (operations). At the same time, the
center of gravity of works is transferred from functions
to a process that ensures the unity of management, the
improvement of the organizational culture and allows PLM
technologies to be effectively implemented [9].

Heredity plays an important role in assurance of qua-
lity indicators (Fig. 1) — the transfer of properties of the
processed object (billet) from the previous design stages
to subsequent that affected the performance characteristics
of the final product [9, 10].

Environmem's — o
- Heredlt Operator's influence
Blankmg Technologlca

Fig. 1. Types of heredity in the life cycles of the machine (6]

However, when analyzing the influence of technological
heredity on the quality parameters of the final product,
the role of blanking operations is not sufficiently taken
into account [3, 9]. Researches [11] found that the struc-
ture and properties of blanks are closely related to the
heredity of the metal in the liquid state. Only 25 % of
the properties of the charge are transferred to the billet,
and 75 % is formed during the pouring and curing of the
alloy upon cooling.

Thanks to the success of the theory and practice of
foundry production, in particular, the achievement of foundry
metallurgy, cast billets are widely used in the engineering
industry instead of deformed ones.

A fundamentally important feature of foundry alloys in
comparison with deformed ones is their ability to provide
high characteristics of the mechanical properties of cast
metal without the use of plastic deformation, on which
a high level of strength and plasticity depends upon de-
formation. This is due to the fact that during plastic
deformation there are significant qualitative changes in

the cast structure. In particular, primary grains are broken
and ground, nonmetallic inclusions in the grain volume, as
well as non-metallic layers at the boundaries of primary
grains, porosity is eliminated and chemical heterogeneity
is reduced.

In the absence of plastic deformation of castings, their
behavior during technological processing and operation is
determined by the structure that is deformed after the
primary crystallization and complete curing of the metal.

The development of modern machine building is cha-
racterized by an increasing role of providing project stages
with information about the properties and behavior of
materials under certain technological regimes for their
processing and operation. This requires the development of
methods for computer modeling of the structure, properties
and processing of materials, as well as interpreting the
transferring into CAE computer models. It should be noted
that the relationship between the factors influencing the
quality of products and their behavior during operation at
the level of mathematical models is not fully developed,
which makes computer designing difficult [12, 13].

At all stages of designing and preparing production of
engineering products in integrated CAD/CAE/CAM/PLM
environments, there is a need to take into account and
analyze the behavior of materials [14], questions are raised
about the joint design of materials and engineering pro-
ducts [15, 16]. Modern methods of modeling foundry
technologies allow to accurately calculate the temperature
fields and predict shrinkage defects in castings. But existing
software can’t reliably determine the fracture zones in
foundry alloys, taking into account the factors affecting
the nucleation and development of cracks. In this case,
experimental and theoretical developments are necessary
to refine mathematical models and develop such computer
programs.

High-temperature defects are formed upon cooling of
the alloys as a result of a stepwise increase in the density
of the metal during the phase transition from the liquid to
the solid state. At the final stage of solidification, with the
approach to solidus temperature, when a certain amount
of solid is reached, a rigid frame with isolated volumes
of the liquid phase appears.

The stretching of the liquid phase within the two-phase
zone increases with the growth of the solid phase that
facilitates the filtration of the melt into the interdendritic
space. When liquid access ceases, conditions are created
for the formation of micropores and release of gases into
them. With the formation of a rigid framework, foundry
shrinkage begins. From the beginning of shrinkage to
solidus temperature, there is an effective crystallization
interval in which shrinkage defects are formed in the form
of caverns, micropores and crystallization cracks. Such
defects are an integral part of the heterogeneous structure
of casting alloys. They have a significant impact on the
lifetime of cast parts that is reflected in calculations of
reliability and serviceability of products.

When manufacturing machine parts, it should be borne
in mind that the structure of materials is formed under
the influence of technological processes in non-identical
conditions for individual microbes and regions. This leads
to a spatial heterogeneity of the structure and fields of
physical and mechanical properties at all dimensional le-
vels from macro to microscopic. To optimize technological
processes and increase the operational reliability of casting
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materials, it is necessary to establish a connection between
their heterogeneous structure and mechanical properties,
to give a quantitative estimate of the strength effective-
ness of the finished part macrovolumes.

The effective strength of the heterogeneously struc-
tured material reflects the minimal destructive load and is
limited by the local strength of non-weakened microbes.
Micropores and microcracks appearing in the alloys du-
ring crystallization can reduce the strength of cast billets
and initiate fractures when the subsequent processing of
billets or the operation of finished products after casting.

An important role in the machining of parts is played
by constructive heredity. It should be taken into account
in the development of technological processes, as well as
at the stage of designing high-precision parts. This allows
to predict and control the shape error and the relative
position of the surfaces of the products [13].

Already at blanking operations, in particular with me-
chanical and thermal treatments, structure defects are formed,
which during the operation of the structure begin to de-
velop intensively, causing dangerous damage in the form
of pores and microcracks. The development of the theory
of accumulation of scattered damages (defects) makes it
possible to analyze the causes of deterioration in the cha-
racteristics of the physical and mechanical properties of the
products.

Formation of technological damages in blanking opera-
tions, in particular foundries, their development during
machining and operation and the change in reliability
of parts and machines under these conditions have not
been adequately studied.

5. Methods of research

The local nature of the formation of defects and cracks
in casting conditions necessitates a study of the process
of accumulation of damages and formation of cracks in
materials in the preparation of castings.

The multistage process of metal disintegration contains
the following stages [17-20]:

1) accumulation of damage and disruption of the con-
tinuity of the material in the stress and strain field,;

2) development of microcracks in a medium with defects;

3) growth of cracks and separation of material with
loads and movements set at the boundaries of the billet.

Damageability W in most studies of the causes of ma-
terial destruction during operation is not associated with
the structure. Only with the use of energy approaches to
describe the processes of accumulation of damage [21, 22],
it is considered that as a result of viscoplastic deforma-
tion, two types of microdamages develop — along the body
and along the grain boundaries. Internal variables that
determine the processes of damage accumulation are sca-
lar parameters — the energy of damageability along the
grain body W, and the energy of damage along the grain
boundaries W,:

W, =[w, k=p,n. )
0

The damageability W, depends on the history of vis-
coplastic deformation of the material. Damageability along
the body and along the grain boundaries is characterized
by the relative damage parameters W, and W, respectively.

0<W, <1, (2)
0<W,<1. (3)
Total damageability of the material W:

0<W<1. (4)
Increase in damageability:

AW =dW, +dW,, ()

where dW, =dW,(T,W,,W,) and dW,=dW,(T,W,,W,).
Total increase in damageability:

AW =dW, +dW,, (6)
AW, = AW,z + AW, (7)
AW, = AW, 5+ AW, (8)

where AW,,, AW,; — the increment of grain-boundary dam-
ageability, respectively, due to viscoplastic deformation and
as a result of changes in the conditions of deformation;
AW,r, AW, — the increment of intragranular damageability,
respectively, due to viscoplastic deformation and as a result
of a change in the form of the stressed state and temperature.

To determine the damageability degree of the material W,
during the operating time, direct (methods of metallography,
weighing) and side (acoustic emission, electric resistance)
methods of measuring the mechanical properties of metal
without destruction are used. Their application leads to
large errors, since the relationship between the measured
parameters and the characteristics of the structural state
for a wide class of materials is ambiguous.

Analysis and assessment of the physical heterogeneity
of the structure, damageability of various zones of cast
billets are carried out using the LM-hardness method.
According to this method, the dispersion degree of the
characteristics of the mechanical properties of the material
after operating at different stress levels is taken as the
parameter of damage. Scattering of measurement results
made by identical instruments under identical conditions
is more representative of the correlation between the me-
chanical properties of the material characteristic and the
state of the structure than the absolute values of the
characteristics. This method is easier to implement, using
as a mechanical characteristic the hardness, the value of
which is used for indirect evaluation of properties [21, 22].

Parameter that integrally characterizes the state of the
material when processing the results of hardness measure-
ments is homogeneity, which is estimated by the Weibull
coefficient (m). A large value of the coefficient m corresponds
to a low level of dispersion of the hardness characteristics
and a low damageability degree; for the lower value, on the
contrary, the damageability degree is higher [21, 22].

The Weibull homogeneity coefficient (m) is calculated
by the formula [21]:

L dl)
2,30259-S(fg(H))’

)

where d(n) — a parameter that is determined by the number
of measurements, n;
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S(fg(H))=J,% 3 (rg(r)- (1)) (10)

i=1
1
=—- 2. (g (H;)
i=1

The effect of the material structure on its damageabi-
lity W is also investigated in the article. It is estimated
by the formula:

(1D

Myax — M;
W
Miax

(12)
where m; — the value of the Weibull coefficient on the i-th
measurement line (plane); My,.x — the maximum value of the
Weibull coefficient for a series of measurements.

6. Research results

For experimental studies, the billets are cast in a sand
mold with dimensions of 165x155x20 mm made from the
material AK21M2.5H2.5 (BKJXJIC-2) GOST 1853-93.
A sample of 155x20x20 mm is cut from the billet and
the base surface is milled using the 6P12 vertical milling
machine with an end milling cutter @30 mm (cutting
modes: £=2 mm, $=270 mm/min, 7=300 min~!).

On two surfaces opposite the base, preparations for
microstructural studies are carried out according to the
standard procedure described in [17, 18].

After that, the hardness is measured in sections parallel
to the base plane from both sides (casting edge and inner
side) on the TP-5006 (Russia) using a ball &3.175 mm
at a load of 588.4N. The billet after the hardness mea-
surement is shown in Fig. 2.

Fig. 2. Billet after hardness measurements
on the device TP-5006 (Russia)

Based on the results of the study, the Weibull homo-
geneity coefficient (m) is calculated from the formula (9)
and the damage of the casting material W by formula (12)
in the Mathcad 15 environment. According to the obtained
data, the curves of the dependence m=f(h) and W= f(h)
are built (Fig. 3, 4).

m
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Fig. 3. Dependence graph of the homogeneity coefficient (m) on the depth
of measurement for the billet sides: 1 — internal; 2 — external

Ti6oUTHERT Fm

Fig. 4. Dependence graph of material damageability W on the depth
of measurement for the billet sides: 1 — internal;, 2 — external

After that, intensity (density) of surface defects is stu-
died for the inner side of the billet using an electron
microscope (magnification 15 times) (Fig. 5-8). Based
on the results of the studies, the dependences N=f(d)
are plotted (N, d are the number and size of structure
defects, respectively), which are shown in Fig. 9.

Applying the grid with a 10 mm step on the photo
of material structure in the zones I-1V, the relative po-
rosity (defectiveness) of the structure P, %, is calculated
according to the formula:

Ldef .

P= ,
Llal

(13)

where L, — the total length of grid lines with defects; L,, —
the total length of the grid lines.

The plot of P=f(h) for the inner side of the casting
is shown in Fig. 10.

L OnekTpoHHoe mo6pa»<eHwe 1

Fig. 5. Structure in the zone I from the casting surface

BnekTpoHHoe n3obpaxeHue 1

3mm

Fig. B. Structure in the zone II from the casting surface
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L 3neKkTpoHHoe nsobpaxeHue 1
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Fig. 7. Structure in the zone III from the casting surface
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3mm BnekTpoHHoe usobpaxeHue 1

Fig. 8. Structure in the zone IV from the casting surface
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Fig. 9. Dependence of the number of defects N on their dimensions 4
for zones from the casting surface: 1 - [ 2 -1 3 -1II, 4 - IV
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Fig. 10. Dependence of the relative porosity (defectiveness)
of the structure P of the test sample

The obtained results show that the greatest amount of
technological damage in the cast billet is formed at a depth
of 2 mm from the surface that is crystallized last (zone I).
This is due to the specifics of the curing process of the
metal, the presence of impurities and inhomogeneities in
the surface layer, and is confirmed by the small values

of the Weibull homogeneity coefficient (m) (Fig. 3), and
by the large damageability values W (Fig. 4).

With the further movement of the material deep into
the material (from 2 to 4 mm) in the zone I, a decrease
in the damageability is observed, as well as its stabiliza-
tion for the inner side and its relative oscillations for the
outer side of the billet. This is due to the conditions of
the crystallization process of the casting. At a distance of
4—6 mm, the damage is significantly reduced. The difference
in damageability for the inner and outer sides of the billet
at a distance of 10 mm from the surface (Fig. 4) is due
to the fact that the inner side is 40 mm from the feeder
and the outer side at a distance of 60 mm. That is, during
crystallization, the inner side of the billet is better fed with
liquid metal than the outer one. The growth of damage at
a distance of 12 mm from the casting surface is due to the
fact that this zone is in the center of the casting, where the
microstructure of the primary crystals is disoriented in all
directions as a result of the heat removing. Damageability
is less in the zones of formation of directed crystallites.

Technological defects are present in all investigated
areas of the material (Fig. 5-9). However, if the pore
size does not exceed 0.22 mm in the zone II, 0.27 mm
in zones III-1V, then in the zone I there are single pores
with a size of 1.5 mm. The relative defectiveness of the
structure P also indicates a greater number of casting
damages, which is almost 10 times larger in the zone II
than in the other zones (Fig. 10).

Spectral analysis shows an increase in oxygen content and
a decrease in aluminum in the upper part of the cast (zone I)
as compared to the lower part (zone IV) (Fig. 5, 8, Table 1).

Tahle 1
The content of elements in zones I, IV of the test casting
The content of chemical elements | The content of chemical elements
in the zone I in the zone IV

Element Weight Atomic Element Weight Atomic
0K 8.46 13.70 0K 6.12 10.21
Al K 69.73 66.96 Al K 69.78 69.04
5iK 20.28 18.71 5i K 19.86 18.87

The distribution of other elements in all zones is gen-
erally uniform.

7. SWOT analysis of research results

Strengths. 1t is proposed to use the LM hardness method
to assess the damage of castings, since an irregular structure
is formed in the preparation of billets and defects are formed.
This method is developed at the Frantsevich Institute of
Problems of Materials Science (Kyiv, Ukraine) [21, 22]
for the study of deformed materials. The LM hardness
method will make it possible to quantitatively determine
the technological damages of castings depending on the
features of the designs of the molds, heat removal, prepa-
ration of melts, and the conditions for their casting into
molds. The quantitative assessment of damageability also
makes it possible to select economically feasible techno-
logical solutions to improve the longevity of products.

Weaknesses. The weakness of the LM hardness method
is the necessary to cut out samples from individual casting
volumes, the damageability of which must be investigated.
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Opportunities. The introduction of the LM hardness
method at the enterprises of the machine-building profile
will allow reducing the time for the design and technologi-
cal preparation of the production with the introduction of
casting technologies, and will contribute to the development
of information support of machine building in Ukraine.
Further research in this direction should be directed to
the establishment of direct links between certain reliability
indicators, which integrally describe the damageability of
the material W and the technological parameters of the
blanking operations of machining.

Threats. The existing methods do not allow quantifying
the damageability of cast materials, since the relationship
between the measured parameters and the structural state is
ambiguous. When the material is dissected by the indenter
of the hardness tester, the delay can be evaluated for the
ability of local areas whose damageability is different.
Therefore, it is necessary to develop the LM hardness
method for computer research of phenomena affecting the
reliability and conditions of destruction of cast billets
during their preparation and processing.

1. Based on the analysis of modern concepts of the da-
mageability assessment of metallic materials, it is shown
that it is expedient to evaluate the technological damage-
ability of various zones of cast billets with complex spatial
geometry that contain massive thermal assemblies and thin
walls, according to the dispersion degree of the hardness
characteristics. The technological damageability of the billets
obtained in sand molds varies widely and mainly depends
on the crystallization conditions of their individual volumes:

— distribution of temperature fields;

— direction of the heat removing;

— the features of the metal feeder with a liquid phase

during crystallization.

The influence of the mold design on the formation of
technological damage is analyzed. Increasing the distance from
the feeder promotes growth, and accelerated crystallization
and directed heat removing promote reduce in technological
damage to the volume of the casting when cured.

2. Based on the planning and implementation of micro-
structural studies, it has been established that the damage-
ability of the material W both at the blanking operation and
at further machining operations serves as a parameter that
quantitatively evaluates the product reliability characteristics,
in particular, no-failure operation. In particular, the techno-
logical damageability is 1.3-6.5 times higher than for the
base material in the near-surface layer at a depth of 2 mm.
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AHAJIM3 TEXHONOIMYECKOi MOBPEMIAEMOCTH OTNMBOK,
H3TrOTOB/IEHHBIX B NECYAHBIX POPMAX

C ncnosib3oBaHUEM pe3yJIbTaTOB OIIEHKN pPacCeuBaHUs Xa-
PaKTEePUCTHK TBEPJAOCTH YCTAHOBJEHO, YTO TEXHOJIOTHYECKas I10-
BPEKIAEMOCTh OTAEIbHBIX 00BEMOB OTJIUBKH 3aBUCUT OT Pac-
npejieJIeHs] TeMIIePATypPHBIX I10JIell, HAIPaBJIEHUs TeIIOOTBO/A,
0COGEHHOCTEN MUTAHUS JKUAKON (ha3oil KPUCTAIIU3UPYIOMErocst
MeTa/lia. YBeJUUYeHNe PACCTOSHUsI OT MuUTaTeseil crnocobeTByer
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1. Introduction

When creating modern internal combustion engines
(ICE) and improving the quality of existing ones, special
attention is paid to the design and technological prepara-
tion of the production of their parts, primarily pistons,
which from all engine parts work in the most difficult
conditions. Pistons determine the reliability and life of
the engine as a whole.

Advances in the production of castings of high-strength
cast iron with globular and vermicular graphite in recent
decades cause increased attention and interest in cast iron
as a material for highly loaded parts of diesel internal
combustion engines. In the late 80s of the last century,
joint research of the departments of internal combustion
engines and foundry of the National Technical Univer-
sity «Kharkiv Polytechnic Institute> (Ukraine) carried
out research work on the use of cast iron for pistons of
perspective diesel engines. As a result of these studies,
thin-walled monolithic and composite pistons made from
CGI are developed and manufactured.

Traditionally, these works are carried out consistently
from the design of the piston to the design of its produc-
tion technology. Currently, the design and manufacture of
internal combustion engines is impossible without taking

into account the technological aspects of manufacturing
parts and engine components. This can provide a modern
technical level of design and technological design of ICE
and is the justification of the relevance of conducted re-
search in this direction.

2. The ohject of research and its
technological audit

The object of research is the process of design and
technological preparation for the manufacture of ICE
cast pistons. Characteristic feature of this object is the
complexity of taking into account the interrelationships
of individual design elements and the technology of cast
ICE pistons production. To identify these relationships,
a technological audit of the standard design process is
carried out using expert assessments, aimed at identify-
ing the significant factors that determine the bottlenecks
in the design system. The rationale for this approach is
that in fact there is no uniform opinion on the priority
of an element in the design. The design part, based on
the use of fundamental design principles from the field of
resistance of materials, dynamics and strength of machines,
heat transfer, etc. does not take into account the features
of the manufacturing technology. In this case, as practice
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