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Absract The paper analyzes melt shop and caster scheduling at special steel maker — Trinecke Zelezarny. The main optimization objectives
of melt shop and caster scheduling are defined as: minimization of earliness and lateness of orders, maximization of tundish utilization,
minimization of steel grade changes and minimization of mold width changes, minimization of stock, minimization of over grading,
management of iron inventory. The following key problems of scheduling are defined: underdeveloped optimization algorithms and
insufficient computer performance. Based on this the key provisions of a new method of melt shop and caster scheduling are proposed. The
method significantly improves quality of planning. It includes the following three stages: production capacity allocation; heat building;
sequencing. An experience of successful practical development and implementation of specialized software solution based on the new method

at Czech special steel maker is provided.
KEYWORDS: MELT SHOP AND CASTER SCHEDULING

1. Introduction

The efficiency and effectiveness of melting, steelmaking and
continuous casting management hasa profound effect on
competitive advantages of a steel company and in most aspects
defines its financial performance. Permanently strengthening
intensity of competitive struggle of steel companies and rise of
volatility on the ferrous metals market define importance of
development and implementation of new approaches to solving a
task of qualitative melt shop and caster scheduling. This task is a
NP kind problem. In fact, it is a combination of complex problems
that has historically been somewhat impervious to practical,
optimized solutions. Often steel companies with their partners tried
to develop new methods in this area. Partners were scientific
institutes and leading software vendors. Many initiatives in the area
of development of specialized solution independently or in
cooperation with partners have not brought desired results or fail
despite significant financial and labor investments. Main reasons for
that were underdeveloped optimization algorithms for the problem
and insufficient computer processing speeds. Recent advances in
this area allowed LOGIS specialists to develop a method and
solution which let planners to create qualitative melt shop and caster
schedules to directly drive efficient shop floor operations at large
steel producers. The development of the new scheduling method
and solution was based on data of Czech special steel maker —
Trinecke Zelezarny.

2. Preconditions and means for resolving the problem

2.1. Czech steel maker description

Trinecke Zelezarny is one of the leading producers in Europe. Its
production assortment includes: wire rods, rebars, rails, flat
products, seamless pipes, and sections. The company produces
hundreds of steel grades. Its annual production is about 2.4 million
tons. The staff is about 5 500 employees. The production supply
chain of the company includes integrated facilities of iron and steel
making. (see Figure 1).

Steel is produced in basic oxygen furnaces (BOF) and in electric
arc furnaces (EAF). Steel casting is done through continuous
casters and by ingot teeming. Depending on method of casting,
profiles, and sizes, semi-products (ingots, blooms, billets) are
transported downstream through production supply chain. As could
be seen from the scheme the melting and casting are the key stages
of production. That is why melt shop and casting scheduling is so
important for the company.
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Fig 1 Supply chain scheme

The old scheduling process was arranged in the following way.
Input data was prepared in manual mode by 5 specialists, who
prepared requirements for casting based on planned orders of
rolling mills. Based on the requirements, specialists created melt
shop and caster schedules. These schedules had sufficient accuracy
on the horizon of 4 — 7 days. Beyond this horizon the accuracy
significantly deteriorated. Scheduling took much time and efforts.
Rolling mills requirements changes or deviations from the schedule
in many cases lead to rescheduling. Often because of high
laboriousness rescheduling was done after the end of working days
or on weekends. Absence of rolling mills requirements beyond 1-2
week horizon significantly reduces efficiency of decision making
of planners. Also data quality needed to be improved.
Manufacturing execution systems monitored only general volumes
of production without accounting for heats, heats sequencing, and
without information about allocated orders.

As a result the company had high level of work in process and low
due date performance. It was logical that the issue of rearranging of
scheduling process and improving its efficiency was open.

2.2. General task formulation of melt shop and caster
scheduling

Melt shop and caster schedules are normally generated at least once
a day—sometimes more often. Thousands of orders must be
combined and sequenced for production through iron making,
steelmaking, and continuous casting. Each time this occurs, the
planner tries to balance multiple business objectives, which exist in
a tradeoff relationship.



The first goal of melt shop and caster scheduling is to produce
orders on time, that is, to minimize order earliness and order
lateness . The desired production time for each order at casting is
usually given by some higher level production planning function,
which balances order loads across the entire plant. Planners try to
respect this requirement by scheduling each order for production on
the day that it was requested. If orders are produced too early,
unnecessary inventory may result. If orders are produced late,
customer delivery performance suffers and unnecessary expediting
costs may be incurred.

The second goal of melt shop and caster scheduling is to maximize
tundish utilization . For each steelmaking grade, there is some
maximum number of heats that can be cast using a single tundish.
When the maximum is reached, the tundish must be switched out
and relined with new refractory. Maximizing tundish utilization
reduces operating cost per ton, minimizes the number of “top” and
“bottom” slabs (or blooms, or billets) as a percent of total
production, and helps keep liquid steel flowing for as much
calendar time as possible. The Czech plant has several casters, and
some portion of the order book is often considered to be “swing
orders,” able to be produced at alternative casters. Tundish
utilization can normally be improved by intelligent allocation of
swing orders to casters during the caster scheduling process.

The third goal is to minimize grade and width transitions within the
tundish.  Minimizing grade transitions improves prime yield, as
material from the chemical transition zone may have limited
usefulness for customer orders. Reducing the number and severity
of slab width transitions is important for flat products producers, as
it reduces wear on both casting and hot rolling equipment, reduces
breakout risk, and can improve prime yield.

The fourth goal is to minimize the amount of stock within the melt
shop and caster schedule, and focus production on current demand.
As manufacturing orders are combined into heats, and heats into
tundish sequences, stock (or  “open order”) material must
sometimes be inserted, to fill out a heat or extend tundish length.
Production of stock is usually a waste of precious manufacturing
time, since it cannot be converted immediately into revenue, but
lingers in inventory.

The fifth goal of melt shop and caster scheduling is to minimize
over-grading. Each customer order has alloy requirements that
must be satisfied. In order to fill out heats, extend tundish length or
avoid grade transitions, orders are sometimes “over-graded,” that is,
a more expensive chemistry is used to satisfy an order than is
actually required by the customer. Thus minimization of over-
grading reduces alloy costs.

For integrated steelmaking plants—those with  blast furnace
operations—there is a sixth goal: control of liquid iron inventory.
In every such plant, the fleet of torpedo cars that transport liquid
iron from the blast furnace to steelmaking (see Figure 7) is finite:
there are only a certain number of cars available at any given time.
Ironmaking is the input to this liquid iron inventory, and
steelmaking consumes it.  Steelmaking production volumes are
driven by caster schedules—wide schedules consume more iron,
narrow schedules consume less. Since blast furnace production is
difficult to modulate rapidly, caster schedules must be continuously
adjusted to control the amount of liquid iron “on wheels.” This
helps avoid costly or environmentally irresponsible methods of
disposing of excess iron.

For those steel plants that are capable of significant amounts of hot
charge rolling, two additional goals help define the quality of
integrated casting and rolling schedules: material charge
temperature into the reheat furnace, and hot mill asset utilization.
Retaining as much heat as possible in the semi-finished product
reduces fuel costs per ton, and increases throughput for furnace
limited mills.  Hot mill utilization improves when rolling
campaigns are planned at the maximum length for each campaign
type, minimizing the number of required roll changes.

All of these goals exist in a complex tradeoff relationship (see
Figure 2).

Delivery Caster  Plant  Primary Operating Inventory  Alloy
OnTime Utilization Utilization  Yield Cost Cost Cost

Positive W Very Positive

6. Control liquid iron
inventory

I Negative Neutral

Fig 2 Six key goals of melt shop and caster scheduling

Minimizing order earliness and lateness supports good customer
delivery performance, but may hurt tundish utilization and increase
operating costs. Maximizing tundish length reduces operating
costs, but may result in stock production and over-grading.
Maximizing hot charge rolling may reduce tundish utilization, etc.
The complexity of balancing above-mentioned goals taking into
account specific technological constraints and rules prevented for a
long time companies from achievement of efficient results in the
area of melt shop and caster scheduling. Existing methods usually
targeted only one of the goals. There was no method available for
complex and efficient balancing of all the goals. The necessity for
development of such a method was obvious for specialists at the
Czech steel maker.

2.3. The key provisions of a new method

The complexity of melt shop and caster scheduling problem defines
necessity to apply a decomposition method to it. Using problem
structure this scientific method allows decomposing original
problem into set of small interrelated and more simple tasks.
The main idea of the new method is as follows: a) proper
decomposition of the problem into layers; b) application of the
most useful optimization techniques for each layer; and c) rapid
iteration between layers until the model converges on a solution
that respects the planner’s business goal priorities. The proposed
method solves the problem using three layers of optimization (see
Figure 3).

 Distribute orders over time by due date

* Load level demand over capacity constraints
* Allocate swing orders to casters

* Satisfy other ,global’ constraints

* Load detailed heats into capacity model s |
= Group orders into heats 55 E

* Concatenate similar heats

* Respect all constraints % b

* Create the final, detailed casting sequence,

including the plan for converters, EAFs, ladle :___'l_,i..y
metallurgy EE=—=—r
* Manage liquid iron balance | ——

Fig 3 Decomposition of melt shop and caster scheduling problem

The first layer handles capacity allocation. This layer distributes
orders over time by due date at casting, levels casting demand
loads respecting major capacity constraints, allocates “swing
orders” to multiple casters, and generally satisfies global
constraints.

The second layer is the heat building model, which combines
orders into heats, loads heats into available capacity, and
concatenates similar heats, while respecting the next level of
capacity constraints.

The third and final layer creates the detailed production sequence at
steelmaking, ladle treatment and continuous casting, manages the



liquid iron inventory balance, and respects the most detailed
constraints.

The optimization layers iterate until the total KPI balance is
achieved. The first layer executes, and control is passed to the next
level down. If infeasibility is detected at the second or third layer,
control is returned to the next level up for resolution. The model
cycles up and down between layers until the total KPI balance
requested by the planner is achieved.

Thanks to the decomposition of the scheduling problem into layers
and the usage of the best fitting combinations of solvers for each
layer the computations are executed as efficiently as possible.
Scheduling information system

The new method of scheduling was used as a base for development
of a solution for the Czech production company. Also the Czech
company specialists and LOGIS project team members defined a
set of key requirements for a new solution.

Whether assessing the relative merits of multiple scheduling
scenarios, or reacting to shop floor problems that require
immediate schedule changes, model execution speed is simply
fundamental, and must be accomplished without compromising
schedule quality.

No model, however sophisticated, can fully represent the richness
and variation of physical reality. Therefore the planner must be
able to easily make manual adjustments, with complete visibility to
any potential constraint violations.

The quality of any melt shop and caster schedule can be measured
along vectors that correspond to the goals for scheduling. The
planner must have real-time visibility to the full set of Key
Performance Indicators that reflect the value of the schedule, after
every model run and after every manual adjustment.

The goals for melt shop and caster scheduling can have different
relative importance for different steel plants, and can vary for the
same plant as business conditions change. For example, when
alloy prices are high relative to steel prices, it’s more important to
control over-grading. The planner must be able to adjust the
priority of caster scheduling goals, and have the model produce
schedules that comply.

The planning environment evolves constantly: new facilities added,
new products introduced, changed commercial priorities, etc. The
melt shop and caster scheduling model must represent constraints
in a way that allows planners to make model changes without long
IT wait times. Constraints should be represented in the model as
data and the planner should be able to add, change or delete
constraints as needed.

To implement these and other requirements LOGIS specialists
developed a new solution. During the implementation project the
model of melt shop and caster scheduling was set up in the solution.
To solve a complex problem, one must be able to represent the
problem. The Ul representation of scheduling data structures,
constraints, and the schedule itself is another critical component of
usability. The developed solution has a number of standard reports
that characterize the schedule, including views of tundish
utilization, over-grading, production to stock, and order earliness
and |

Fig 4 l\)liater.’iral flow through casters

The system was developed in C++ and it uses memory resident
architecture which means that the solution doesn’t use hard drive
during calculations and thus it has high performance. The system
uses for modeling constraint satisfaction programming algorithms

including linear and mixed integer programming, constraint-based
search, heuristics and other OR algorithms (Taha H., 2005).

The key results of the implementation of the developed system are:
significant rise in speed of calculation (it takes minutes not hours
now); improvement of schedule quality thanks to detail modeling
of steel making rules, application of contemporary optimization
algorithm and friendly user interface for manual changes of a
schedule.

3. Results and discussion

The process of melt shop and caster scheduling was completely
renewed at Trinecke Zelezarny thanks to implementation of the
new solution. Today casting requirements are generated
automatically based on a valid calendar production plan. This
allows a planner to work on the complete calendar production plan
horizon — up to 4 months. Currently melt shop and caster schedules
are created for 40 days. The first 14 days of the horizon are planned
in detail. The schedule is updated regularly based on real situation
in production. The visibility of schedules and wide planning horizon
significantly improved economic and technological reasonableness
of planners’ decisions.

The result of new process implementation was efficiency
improvement not only in melting and casting but also at the
company in general. One of the key performance indicators of
steelmaking is the level of wasted tundish life at continuous
casting. An improvement of this indicator enables a decrease in the
costs of production, with simultaneous increase of the total
performance of the steel plant. The achievement of a good level for
this indicator is especially difficult due to the following factors:
necessity to produce a large variety of steel grades, taking into
account special requirements of individual customer orders; high
share of small orders in proportion to one heat, let alone to the
minimal size of a tundish lot. The level of wasted tundish life at
continuous casting is evaluated as the difference between the
theoretical maximum and the planned sequence length for
individual steel grades, where the theoretical sequence length
derives from the maximum length of sequence given by the
technology of production and the planned sequence length derives
from the casting schedule at the continuous casters. Statistics of
average tundish continuous casting is provided on Figure 5.
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Fig 5 Statistics of wasted tundish life at continuous casting

In 2007 when go-live of the solution started the company was able
to lower tundish life wasting at continuous casting to 60%
comparing with 2006. Although crisis happened in 2008 the
indicator was improved by more than 70% comparing with 2006. It
is worth mentioning that using specialized solution in crisis period
allowed the company using achieved additional competitive
advantages to get leading positions on the market in its segment.
Thus the implementation effect was obvious even during the
uneasy period when supply on the steel market was much higher
than demand.

In general the integration of the new process of melt shop and
caster scheduling into the process of order fulfilment planning
significantly improved quality of customer service. In 2007 the
company was able to achieve due date performance (daily
accuracy) of 91% keeping high operational excellence. Then the
indicator only improved though significant increase in number of



Fig 6 Finishing of Demand Orders in relation to the Quoted Day
(2013)

4, Conclusion

The quality of melt shop and caster schedules has a profound effect
on competitive advantages of a steel company and in most aspects
defines its financial performance. Steelmaking constraints are
specifically important in order fulfilment planning for companies
which have hundreds and thousands grades of steel.

The developed method and the solution help planners to effectively
solve problem of melt shop and caster scheduling in short time.
These method and solution were implemented at a set of
international industrial companies. They proved their efficiency
and they are recommended for use at similar companies.
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OPTIMIZATION OF THE CIRCULAR MANHOLE COVER MADE OF DUCTILE
CAST IRON USING FINITE ELEMENT METHOD
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Abstract: In this paper, in order to dimension the position and the number of vertical reinforcement, several numerical linear static
simulations of bending circular manhole cover of ductile cast iron (grade EN-GJS-500-7) with 600 mm diameter are performed. The
analysis of displacement and stress using the finite element method in the software package Autodesk Simulation Mechanical were
conducted. Verification of numerical results for the solution of thin circular plate was performed with analytical bending solutions. After
checking the numerical procedure on the thin circular plate, two circular vertical reinforcements were added on the underside: internal and
external. Numerical simulations investigated the influence of the inner circular reinforcement position on the strength of the circular
manhole cover, while equivalent stresses followed by energy theory of strength (von Mises) were monitored. Since maximal equivalent
stresses remain on the plate by varying the position of the inner circular reinforcement, simulations with added radial reinforcements are
performed. Finally, by optimizing the number of radial reinforcements, the optimum plate design is chosen.

Keywords: CIRCULAR MANHOLE COVER, VERTICAL REINFORCEMENTS, LINEAR ANALYSIS, FINITE ELEMENT

METHOD, DUCTILE CAST IRON

1. Introduction

Modern civilization cannot be imagined without a system of
drainage of waste and precipitation water. Manhole covers are
essential functional and safety parts of the system. They must allow
access to the system, i.e. to be mobile, but also must have the
required strength.

Manhole covers are circular or square plates, which are
generally located on pavements or roads. They must be very strong
and durable to be able to withstand the load and impact of
pedestrians and/or vehicles’ constant weight upon them. They are
generally made out of cast iron. The circular shape for the manhole
cover allows easier transporting by rolling as well as manufacturing,
installing and maintaining [1,2].

Installation place according to classes of manhole cover are
presents in [3]. Covers class D 400 (Fig. 1), placed on the roads and
parking lots for cars and for heavy goods vehicles, should endure a
load of 400 kN. Since there is a lack of literature data of manhole
cover optimization, this paper deals with analytical solution
followed by numerical simulations.
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Fig. 1 Circular manhole cover Class D 400 [3].

2. Material and design

In this paper cover made of ductile iron (grade EN-GJS-500-7)
with following dimensions was analyzed: diameter A=600 mm,
height Hp=50 mm, thickness 22 mm. The dimensions of the circular
ribs are shown by the radial cross section on Fig. 2, while the
position of the inner rib is variable at r = 80, 100, 120, 140, 160,
180, 200 mm.

According to EN 1563:2011 [4] mechanical properties of ductile
iron grade EN-GJS-500-7 are following: modulus of elasticity

E=169 GPa, Poisson’s ratio v =0.275, minimum tensile strength
Rn=500 MPa, minimum 0.2% proof stress Rp,=320 MPa,
minimum elongation A=7%. The microstructure of ductile iron
grade EN-GJS-500-7 was observed by light microscope Olympus
GX-51A. It consists of ferrite and pearlite (Fig.3).

300
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M

Fig. 2 Dimensions of circular ribs (reinforcements) of manhole cover.

iy W

Fig. 3 Microstructure of ductile iron‘grae‘EN—GJS—E;aO—?

Firstly, the analytical analysis for bending of thin circular plate
was conducted. Then, the same analysis was performed numerically
using the software package Autodesk Simulation Mechanical [5]
based on the finite element method. Results of the vertical
displacement and radial and circular stresses, obtained by the
numerical simulation, were compared with analytical solution. After
the verification of numerical results of the bending of thin circular
plate with analytical solution, the ribs on the bottom side of plate
were gradually added. Optimal position of circular ribs and number
of radial ribs will be calculated numerically using finite element
method.

3. Analytical solution

Analytical solutions are only applicable for simple geometric
problems such as bending of thin circular plate. A thin circular plate
with a radius of R=300 mm by simply supported edge and loaded by
uniformly continuous load q is presented in Fig. 4.



Internal transverse force Q was determined using the
equilibrium condition for the radius r of the plate element according
to Fig. 3b

YF =2rzQ+r’zq=0. 1)
The differential equation of bending the thin circular plate [6] is
given by relation:

d{1d Q
| =—(a-r)|==< 2
dr [ rdr (a )} D @)
where D is flexural stiffness of the thin plate expressed by
Eh®
- 3
12(1-v?) )

Rotation of the normal to the elastic line is represented by an angle
a, which is variable in the radial direction [6] determined by the
following expression:
dw
o=——, 4
ar (4)
and represents the slope of the tangent to the elastic line (Fig. 4c).

a)

b)

C) ” w=w(r) * ~

Fig. 4 Bending of thin circular plate [6]: a) simply supported on the edge, b)
internal transverse forces and c) elastic bending lines.

Terms of normal stresses [6] in the radial (o;) and circular (o)

direction are expressed with the following expressions:
o, = E (d—a+vg]z o, = E [z+vd—ajz (5)
To1-v?dr r) 7 1vAlr dr )

Inserting equations (1) and (3) into the equation (2), followed by its
integration, and inserting two boundary conditions result in the
expression for angle a: (i) complete plate (for r=0 — a=0) and (ii)
there is no the bending moment on the outer edge (for r=R — M,
=0).
The necessary information about vertical displacement (deflection)
w could be defined by rearranging equations (4) and by including
the boundary condition of inability of deflection on the outer plate
edge (for r=R — w=0). It is known that on the center of the plate the
vertical displacement is maximal, as shown by the following
expression

4
= S+v QR )
1+v 64-D

Incorporating all known values for the material (E, v), the load

(9=F/(R*n)) and the geometry of the plate (D and h), the analytical

solution of the maximal vertical displacement is achieved. Maximal

vertical displacement for ductile iron grade EN-GJS-500-7 is 4.59
mm.

The design process has to ensure that the maximum calculated

(equivalent) stress (o) is less than the allowable stress

( O_equ < Taliow

). For ductile materials, such as nodular cast iron, the

allowed stress ( a,,,, ) is calculated according to the expression
— Rp0.2 (7)

o, X
allow fS

llow

where f is the safety factor. In this paper taken safety factor is f;=2.
Allowed stress for ductile iron grade EN-GJS-500-7 are 160 MPa.

4. Numerical solution

The analysis of the circular manhole covers was being
conducted by software package Autodesk Simulation Mechanical
[5] based on the finite element method. The purpose of this paper
was to analyse the influence of ribs on strength of circular manhole
cover in three variants of circular plates:

(1) thin circular plate without ribs (Fig. 5a),

(1) thin circular plate with two circular ribs added on the
bottom side: lower on the outer circumference and higher on
the inner circumference the radius that will change (Fig. 5b).
Position of the internal rib is variable at r = 80, 100, 120, 140,
160, 180 and 200 mm.

(1) thin circular plate with several (6,7 and 8) radial ribs

connected with the circular ribs on the bottom side (Fig. 5c).

a) b) c)
Fig. 5 Circular manhole cover: a) Variant |, b) Variant 11, c) Variant IlI.

In numerical analysis it is not necessary to model the entire
manhole covers in all three variants. Variants | and 1l of the covers
are axially symmetric and the analysis can be conducted by the
axisymmetric elements. Because of radial ribs, the Variant 111 of the
manhole cover is not completely axisymmetric. Therefore, all
numerical analyses will be conducted in such a way that the cover
on the upper surface is divided into equal parts in the circular
direction. The plate geometry of Variants | and Il was observed at
an angle of 60 °, while in Variant III depending on the number of
added radial ribs angle varied as follows: 360°/6, 360°/7 and
360°/8.

All geometries of circular covers was being modeled by the
software package Autodesk Inventor Professional [7], and imported
to the software package Autodesk Simulation Mechanical [5] to be
performed the preprocessing. Imported geometric domain is divided
into a network of finite elements on which are associated material
properties, natural boundary conditions (q) and geometric boundary
conditions shown in Fig. 6. Before defining the boundary
conditions, it is necessary to set up a cylindrical coordinate system.

F_F N

g="=—_=14147—
A Rrm mm”

)
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Fig. 6 Natural and geometric boundary condition applied on thin circular

plate (Variant I).

Load of F=400 kN in the form of pressure q (q=F/(R?)) over
the entire upper surface of circular manhole cover is added (Figure
5) and the following boundary conditions are defined as follows: (i)
at the outer bottom periphery edge the condition of prevented
displacement in z direction (T,=0) and (ii) based on a cylindrical
coordinate system at the radial sections the boundary conditions of
p-symmetry (T,=0, R,=0 and R,=0).

In the numerical simulations the equivalent stresses based on
the energy theory of strength (von Mises) were monitored. After
preprocessing, the three-dimensional linear static analyses of all
three variants of cover are performed. The results of these analyses
are presented in the next section.



5. Results and discussion

Results of numerical analysis of bended thin circular plate
(Variant 1) displacement in the z direction (deflection) and
equivalent stress are shown in Figure 7a and 7b, respectively.

a)

b)

Fig. 7 Results of vertical displacement (a) and equivalent stress (b) for
bending of thin circular plate (Variant I).

It is obvious that deflection and equivalent stress are greatest in
the center of the plate. Results of radial and circular stresses are
presented in Figure 8a and 8b, respectively.

a)

b)

Fig. 8 Results of radial (a) and circular (b) stresses for bending of thin
circular plate (Variant I).

Analytical and numerical solutions for maximal deflection and
maximal radial and circular stresses are compared in Table 1. It can
be seen a very good agreement of numerical results with analytical
which implies a verification of numerical analysis by analytical
solution.

Table 1: Comparison of analytical and numerical solutions for bending the
thin circular plates (Variant 1).

Analytical solution Numerical solution
Wmax, MM 457 4.59
2 +328.27
oy, N/mm +323.08 -328.07
2 +328.27
o, NImm +323.08 328,07

The maximal equivalent stress, obtained numerically using the
energy theory of strength (von Mises), is 343.17 N/mm? (Fig. 7b). It
could be seen that in case of the analysis of Variant | (Fig. 5a) the
condition of strength is not achieved.

For this reason, two circular vertical ribs are added on the
bottom side of existing thin circular plate (Fig. 4b, Variant II):
internal and external. The dimensions of the circular ribs are shown
on the radial cross section of Fig. 2, while the position of the
internal rib is variable at r = 80, 100, 120, 140, 160, 180 and 200
mm.

Results of several numerical analysis of bending of circular
manhole cover with two circular ribs (Variant 1) of maximal

displacement (deflection) in the z direction are shown in Fig. 9a. On
Fig. 9b for position of internal circular ribs of r=120 mm vertical
displacement magnitude are presented.
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a)

maximal deflection, W, (mm)
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the position of the circular rib, r (mm)

b)

Fig. 9 (a) Dependence of the maximal vertical displacement on the position
of the inner circular rib and (b) numerical results of vertical displacement
for bending circular manhole cover with two circular ribs (r=120 mm)
(Variant I1).

The analysis of results of maximal deflection at center of cover
shows that by increasing the radius of the internal circular rib (Fig.
9a) maximal vertical displacement decrease.

Results of several numerical analysis of bending of circular
manhole cover with two circular ribs (Variant Il) of equivalent
stress are shown in Fig. 10a. On Fig. 10b for position of internal
circular ribs of r=120 mm equivalent stress are present.
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Fig. 10 (a) Dependence of the maximal vertical displacement on the position
of the inner circular rib and (b) numerical results of vertical displacement
for bending circular manhole cover with two circular ribs (r=120 mm)
(Variant I1).

The analysis of results of equivalent stresses shows that by
increasing the radius of the internal circular rib (Fig. 10a), stresses
decrease in the positions 1, 3 and 4, while at the center of cover
(position 2) increase. In the diagram (Fig. 10a) the area of allowable
stress is indicated by another color (beige). For further analysis,
based on the Fig.1 the position of the internal rib at r = 120 mm is
chosen. The stresses which are greater than those allowed in
positions 1 and 3 will be reduced by addition of radial ribs.

On the model of Variant Il with r = 120 mm radial ribs located
from the inner to outer circular ribs, is added. The radial ribs are 15
mm thick. Numerical simulation of bending of circular manhole



cover with 6, 7 and 8 radial ribs is performed. The results of the
numerical analysis of the vertical displacement and the equivalent
stresses with seven radial ribs are shown at Fig. 11 and Fig. 12,
respectively.

a)

maximal deflection, wiy, (mm)

6,5 7 75 8 8,5

number of radial ribs

b)

Fig. 11 (a) Dependence of the maximal vertical displacement on the
number of radial ribs and (b) numerical results of vertical
displacement for bending circular manhole cover with two circular ribs
(r=120 mm) and seven radial ribs (Variant I11).

The analysis of results of maximal deflection at the center of
cover shows that by increasing the number of radial ribs (Fig. 11a)
maximal vertical displacement decreases.
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Fig. 12 (a) Dependence of the maximal equivalent stress on the number of
radial ribs and (b) numerical results of equivalent stress for bending
circular manhole cover with two circular ribs (r=120 mm) and seven radial
ribs (Variant I11).

The analysis of results of equivalent stresses show that by
increasing number of radial ribs (Fig. 12a) maximal stresses
decrease. In the diagram presented in Fig. 12a the area of allowable
stress is indicated by another color (beige). Design of circular
manhole cover of Variant Il with more than six radial ribs is
allowed, because equivalent stresses are less than the allowable

Stress (o, < 0, )- Design of circular manhole cover with seven

allow

radial ribs is optimal.

Schematic representation of all numerical results of maximal
equivalent stresses on Variant I, 11 and 111 in stress-strain diagram of
used ductile iron on Fig. 13 is presented.
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Fig. 13 Schematic representation of numerical results of maximal equivalent
stress in stress-strain diagram of ductile iron.

By adding the circular and radial ribs on the bottom side of the
thin circular plate, the maximum deflection at the centre of the
cover decreases (Wmax,1 > Wnax.11 > Wmax,11)-

6. Conclusions

The purpose of this paper was to analyse the influence of ribs
on strength of circular manhole cover in three variants of thin
circular plate:

(1) thin circular plate without ribs (Fig. 5a) — Variant I,

(1) thin circular plate with two circular ribs added on the
bottom side: lower on the outer circumference and higher on
the inner circumference the radius that will change (Fig. 5b).
Position of the internal rib is variable at r = 80, 100, 120, 140,
160, 180 and 200 mm — Variant Il.

(1) thin circular plate with several (6,7 and 8) radial ribs

connected with the circular ribs on the bottom side (Fig. 5¢)
— Variant Il1.

Numerical solution for bending thin circular plate (Variant I) is
compared with analytical solution. For Variant Il and Il of manhole
cover numerical simulation of bending are conducted.

It is important to note that the equivalent stresses in the plate of
Variant | exist in the center of the plate, in Variant 1l are moved
closer to the internal circular rib and in Variant 111 lower to the top
of the circular rib. Results of numerical simulations showed that
increase in number of radial ribs decrease the maximal vertical
displacement and equivalent stress. Finally, it can be concluded that
optimal design of circular manhole cover is made of seven radial
ribs connected with the circular ribs on the bottom side of cover.

7. References

[1] El Haggar S., El Hotow L., Reinforcement of thermoplastic
reject in the production of manhole covers, Journal of Cleaner
Production, 17(2009), 440-446.

[2] Draman, W.N.AW., Majid, D.L., Ishak, M.l., Rosli, M.U.,
Lailina, N.M., Ismail, R.l., An auto lifting device to
lift manhole cover with ergonomics consideration, (2017) AIP
Conference Proceedings 1885, 020067, doi: 10.1063/1.5002261

[3] Kanalska galanterija (HRN EN-124:2005), Accessible on
Internet: http://www.aqua-
invest.hr/images/stories/down/kanalska_galanterija.pdf, 2.11.2017.

[4] ... EN 1563:2011, Founding - Spheroidal graphite cast irons,
European committee for standardization, 2011.

[5] Autodesk Simulation Mechanical: Tutorial, Accessible on
Internet: https://knowledge.autodesk.com/support/simulation-
mechanical, 2.11.2017.

[6] Alfirevi¢ 1., Nauka o ¢vrsto¢i II, Golden marketing, Zagreb,
1999.

[7] Autodesk Inventor Professional: Tools and Design, Accessible
on Internet:  http://www.sdcpublications.com/pdfsample/978-1-
58503-958-6-7.pdf, 2.11.2017.



https://www.scopus.com/authid/detail.uri?authorId=57193319164&amp;eid=2-s2.0-85030661416
https://www.scopus.com/authid/detail.uri?authorId=57195982479&amp;eid=2-s2.0-85030661416
https://www.scopus.com/authid/detail.uri?authorId=37107980200&amp;eid=2-s2.0-85030661416
https://www.scopus.com/authid/detail.uri?authorId=57193311051&amp;eid=2-s2.0-85030661416
https://www.scopus.com/authid/detail.uri?authorId=57193317089&amp;eid=2-s2.0-85030661416
https://www.scopus.com/authid/detail.uri?authorId=57193309626&amp;eid=2-s2.0-85030661416
https://www.scopus.com/sourceid/26916?origin=resultslist
https://www.scopus.com/sourceid/26916?origin=resultslist
http://www.aqua-invest.hr/images/stories/down/kanalska_galanterija.pdf
http://www.aqua-invest.hr/images/stories/down/kanalska_galanterija.pdf
https://knowledge.autodesk.com/support/simulation-mechanical
https://knowledge.autodesk.com/support/simulation-mechanical
http://www.sdcpublications.com/pdfsample/978-1-58503-958-6-7.pdf
http://www.sdcpublications.com/pdfsample/978-1-58503-958-6-7.pdf

HNCCIEJOBAHUE TBEPJOCTHU OBOJIOYKOBBIX ®OPM,
NNOJYYEHHBIX ITPU BAPUATUBHOM JIABJIEHUU

RESEARCH OF HARDNESS OF SHELL FORMS, MADE WITH A VARIABLE PRESSURE
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Omckmuit roCyJapCTBEHHBIN TEXHUYECKUI YHUBEpCUTET, I'. OMck, Poccuiickas denepanus
mlpikm@mail.ru, svetlana.1311@mail.ru, sagilit@mail.ru

Abstract: results of a research of influence of various technological parameters on the hardness of shell forms are given. It is defined that
change of size of pressure in the course of shaping of a cover promotes increase in its mechanical properties and alignment of these

properties on form volume

KEYWORDS: HARDNESS, A FORM, SAND, PITCH, A COVER, PRESSURE, PULVERBAKELIT

1. Beeoenue

B Hacrosmee BpeMs OXHOH U3 HEPEMIEHHBIX MHpoOIEeM B
H3TOTOBJICHHH JIUTEHHBIX (OpM SBISIETCS HEPaBHOMEPHOCTH HX
TEXHOJIOTMYECKUX XapaKTepUCTUK 1o o0beMy dopmy. IIpuuem sto
HNPUMEHMMO HE TOJNBKO K IEeCYaHO-TIIMHUCTBIM (opmam. B
COBEpIICHCTBOBAHMU TEXHOJOTHYECKHX MPOLIECCOB HYXKIAIOTCS U
CrelMaNbHble CHOCOOBI JHTBS. B 4YacTHOCTH, IJI YCpPEIHEHUS
CBOWCTB TECYaHO-TJIMHUCTBIX (HOPM, MOJIYYCHHBIX BCTPSIXUBAHHEM
HCTIONB3YIOT IOTIPECCOBKY.

OnauM U3 mpeacraBuTeneil OPMOBOYHBIX CMECEH SIBISIOTCS
TecYaHoO-CMOJIsIHBIE cMecH. Mcronp3oBanue JUTEHHBIX (GopM H3
MoJOOHBIX CcMecell 00ecreunBaloT IOJIyYeHHE KaueCTBEHHBIX
onnBoK. IloBbleHne 3¢ QeKTUBHOCTH Npolecca H3rOTOBICHUS
OTIMBOK  BBI3BIBAET  HEOOXOIMMOCTb  COBEPLICHCTBOBAHUS
TEXHOJIOTMH U3TOTOBJICHUS JIUTEHHBIX (HOPM.

Bmecre ¢ TeM, aHaJIOrMYHbIE TEXHOJIOTHYECKHE 3aJa4U CTOST
W TPH H3TOTOBJICHUH OOOJIOYKOBBIX MHECYAHO-CMOJITHBIX (OpM.
Hecmotpst Ha TO, 9TO BBICOTa 000JIOYKOBOH (OPMBI 3HAUUTEIHHO
MEHBIIIE BBICOTHI IECYAHO-TIIMHUCTBIX (DOPM, HEPaBHOMEPHOCTH
MEXaHNYECKHUX CBOICTB 000JI0YKH (B YaCTHOCTH, TBEPJJOCTH) UMEET
MecTo. B wYacTHOCTH, BCIEACTBHE HEPABHOMEPHOCTH Harpena
¢dbopmupyromeiicst o6omouku (B OoJblieil creneHn y aaaa Gopmbl),
BHYTPEHHSs 4acThb OOOJIOYKHM HMeeT OOJbIIyI0 TBEPAOCTh U
HPOYHOCTh B OTJINYME OT BHEIIHEl 4acTH 000I0UKH.

B cBa3m c 3TUM HcclenoBaHUS, HalpaBICHHBIE Ha
COBEpLICHCTBOBaHUE TEXHOJIOTMYECKOT O mpouecca,
00eCIeunBaONIero  PeryjJupoBaHue CBOHCTB (OPMBI M HX

PaBHOMCEPHOCTH I10 BCEMY O6’b€My, SBJISIFOTCS aKTyaJIbHBIMU.

2. IIpeonocviniku u cpedocmea O0ns peuwieHus

npoonemot

Wcnons3oBanue  ans ¢dopmoobpazoBaHus 00011049KH
O/IHOBPEMEHHO C HarpeBOM I1E€CYaHO-CMOJITHOW CMECH CTaTHYECKOH
Harpys3KH CroCOOCTBYIOT BBIPAaBHHBAHHIO CBOWCTB 110 ee 00beMy. B
TO K€ BPEMs MMOBBIIIAIOTCS U MEXaHHYECKUE CBOMCTBA MOJIYYCHHBIX
000JI0YKOBBIX ~ (OpPM, YTO JaeT BO3MOXHOCTH COKpAaTUTh
HCIIOJIb30BaHUE JOPOTOCTOSIIETO CBsA3yromero [1].

VI3roTOBIEHHIO MECYaHO-CMOJISTHBIX cpel ((OpMBI, CTEpIKHH,
OpUKeTB) C TOBBILICHHBIMH TBEPAOCTBIO W MNPOYHOCTBIO B
OTCYECTBCHHOH U 3apyOexHOI Hayke TIOCBSIIEH psix pador.
IpoBoasiTes HCCIICI0BaHUS o COBEPLICHCTBOBAHHUIO
000py/I0BaHHs, TEXHOJNOTMH W COCTABOB, MPHMEHSIOLIUXCS MPH
H3rOTOBJIEHHHU TaKux cpej [2-3].

3. Pewenue paccmampusaemoii npooaemol

Hmeercss BO3MOXKHOCTH YBEIMUYHUTH CTENCHb DPETyIHPOBAHHS
TapaMeTpoB HM3TOTAaBIMBaEMON 000JIOUKOBOM (OpPMBI. YUHUTHIBAs
U3MCHEHHE  arperaTHoro  COCTOSHUSL ~ CMOJII B TEYCHHUE
¢dbopmooOpazoBanusi 000IOUKHM (TBepaas — JKUIKas — TBEpAas),
Lenecoo0pa3sHo  M3MEHATh  BENMYMHY JaBleHus (TO  ecTh
HCIIOJIb30BaTh BAPHATHBHYIO BEMYHMHY NaBienus) [4-5].

IIpn BBIOOpPE TEXHOJOTMYECKHX MAapaMeTPOB H3TOTOBICHUS
000JIOYKH W3 TOrO, YTO NpH OOpa30BaHMM OOOJIOYKH BCIEACTBHE
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BO3JEHCTBHS TeMIepaTypel TepMOpEaKTUBHAs cMmona
(mynbBepbakenut) mocie mporpesa 1o 100-150 °C mmaButcs u
MEePEXOAUT B JKHIKOE COCTOsIHHE. IlmaBneHme mnpuieramomux K
HarpeBaeMoi MOJIENH CJIOEB CMECH MPOUCXOAUT MPUMEPHO uepes3 §-
10 cexynn mnocne Havana ¢opmooOpasoBanus. B manbHelmmem,
npumepHo depe3 18-20 cexynn mocie Hadana ¢popMooOpa3oBaHus,
npu Harpese 10 200-250 °C cMoma HeoGpaTHMO 3aTBEpIEBACT.

OnHHMM U3 OCHOBHBIX ITapaMeTPOB JIUTEIHON (HOPMEI Hapsiy C
MPOYHOCTh SABIAETCS TBEPAOCTb, KOTOpask B TOJNHIMCIEPCHBIX
CMECSX 3aBHUCHUT OT CPEHEro pa3Mepa 4acTull, a TAKXKe OT BEpXHEH
W HWKHEH rpaHul pa3MepoB 4yactull. IIpoyHOCT M TBEpOOCTH
MONUAUCIEPCHBIX CMeCEH YAOBIETBOPUTENBHO KOPPENUPYIOT C
00BEMHO-TIOBEPXHOCTHBIM THAMETPOM.

Kpome TOro, u3BeCTHO, 4YTO C YBEIHYECHHEM YHACIBHOU
MOBEPXHOCTH CHITy4ero Marepuaja B IEJIOM HMEET MeCTo
MOBBIIIEHHe TPOYHOCTH. OJHAKO B 3aBHCHMOCTH OT XapakTepa
pacmpefeneHus YacTWI[ IO pa3MepaM MOTYT HMETb MeCTO
3aMeTHbIE OTKJIOHEHHS OT 3TOH 3aKOHOMEPHOCTH.

4. Pesynomamul u OucKyccus

Usrorosnenue ¢opmbl npoBogmwiock Ha TOO «KM3 um.
[Tapxomenko»  (r. Kaparamma) Ha  MOJEpHH3HPOBAHHOM
¢dopmoBouHoit mammae mapku S51713. Tlocie mnepeMeninBaHus
MecyaHoO-CMOJIsTHAsl CMeCh 3achlnanach B OyHkep MammuHbl [locne
MIPOM3BOIMIIN ONPOKHABIBAHHE OYHKEpa CO CMEChI0O Ha Harperyro
10 230 °C MOJICJIBHYIO IIUTY C MOJAEISAMU paguaropos. IIpu sTom
OJIHOBPEMEHHO 4epe3 IUIMTy MojaaBajock aasienue 0,25 MlIla.
UYepes 10 cexynn nasnenue cHusunu ao 0,2 Mlla, a temneparypy
mo 210 °C. A eme wuepes 10 cexyHI TemmepaTypy Harpesa
nossici 10 0,35 MITa, a Temmepatypy mo 260 °C . Ilpu stom
¢dopmupoBanacs 06os0ukoBas Gopma TomumHoH 10-12 MM.

Bo Bcex wuccrenoBaHHMAX ~HCIONB30BAIM B KadyecTBE
HATOJIHUTENS KBapleBblid necok Mapok 1K02A — 30 %, 1KO315A -
70 %. Brina ucciieroBana TBEpAOCTh IIECYAHO-CMOJISHBIX (hOPM IIpH
muThe B 00onoukoBble  (Gopmbl  (pucyHok 1). OOpasen
M3TOTaBIMBAIA B (hopMe UIHHIpa. OCOOCHHOCTEIO H3TOTOBIICHHS
(GOopMBI ABISUIOCH TO, YTO VIS €¢ 00pa30BaHMs HCIOJIb30BAJICA HE
TONBKO TepMuueckmii HarpeB 10 250 °C, HO u crarmueckoe
JaBJI€HHE IJIsI TIOBBIIIEHHS MPOYHOCTH M TBEPAOCTH OOOIOUKH.
Ompenensinu  3aBUCUMOCTh  TBEPIOCTH IOBEPXHOCTHOTO  CIIOS
0007104K0BOH (DOPMBI OT BENMYMHBI JABICHUS, BO3AEHCTBYIONIETO
Ha (hopMUPYIOIIYIOCS 000T0UKY.

TBepaoCTh HOBEPXHOCTH  II€CYAHO-CMOJISTHOH — 000JIOUKH
olpeJelsuld ¢ NoMolbo TBepaomepa Mapku 073 1M. TlomydenHble
pe3yabTaTHl IPUBEAEHEI Ha PUCYHKE 1.

OueBUIHO, YTO YBEIMYCHHE JaBICHHUS  CIIOCOOCTBYET
TIOBBIILICHUIO TBEPJOCTU OOOJIOYKH 32 CUET TOBBIIIEHHS MIOTHOCTH
YacTHUIl Tecka. YBenudeHue nasienus cpoime 0,25...0,3 MIla we
OKa3bIBAa€T 3HAUUTENLHOTO BIHUSHUS Ha TBEPAOCTh, TaK Kak IpU
9TOM JOCTHTAeTCsl TpeAeNbHasi IDIOTHOCTh YIIAKOBKH IECKa H
cs3yromiero. JlanpHelmee e M30BITOYHOE JaBlIeHHe TIPUBOJUT K
nedopMaruy 1 pa3pyIIeHHIO YacTHIl ecKa, YTO B KOHEYHOM HTOTe
BEZIeT K CHIDKEHUIO TBEPJIOCTH.
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1 — Ha moBepXHOCTH (OPMBI B LIEHTPE MOJCIH; 2 — HA TOBEPXHOCTH
¢bopmsl Ha epudepun; 3 — Ha gage GOPMBbI B LIEHTPE MOJEIH;
4 — na nmaze Gopmel Ha Tepudepun
Pucynok 1 — BiusiHue BenM4MHBL AaBIEHUS [IPU
(hopMooOpa3zoBaHNY IIECYAHO-CMOJISTHOM 000JIOUKH Ha €€ TBEPIOCTh

B npyroii cepum 3KCHEPUMEHTOB ONpEAEISUIN  BIMSAHUE
CoZiepKaHus MMyJbBepOaKeIMTa Ha TBEPJOCTh 000JI0UKOBO (hOPMBI.
IIpu stom wuccienoBanmm o0Opasubl GopM, MONMYyYEHHBIX Kak HpU
HCIIONb30BaHUM JIABJICHUS, TaK U 0e3 Hero (TOJBKO TepMUYECKOoe
BO3JeHcTBHE). Pe3ypTaTsl MpUBEIEHB! HA PHCYHKE 2.
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C UCIIOJIL30BAHUEM BAPUATHBHOTO JIABIICHUS:
1 — Ha moBepxHOCTH (QOPMBI; 2 — Ha J1aje GOPMBI
0e3 UCIOIB30BaHMs TaBIICHUS:
3 — Ha noBepxHOCTH (HOpMBI; 4 — Ha J1azie HOpPMEI
PucyHok 2 — BiusiHUe KOHIIEHTpAIMH Ty IbBepOaKInTa Ha
TBEPAOCTH 000IOYKOBOH (HOPMBI

TemnepaTypHblii pexHuM, @pH KOTOpoM (opmupyemcs
obomouka Hapsgy C JaBICHHEM TaKKe BIUSIET Ha TBEPAOCTh
¢dopmer. O6omouky, hopMooOpa3oBaHNE KOTOPBIX IPOUCXOAUT NIPH
temneparype Hmwke 200 °C, wumeror MEHBIIYI0 TBEPIOCTb
BCJIEJCTBUEC HEJOCTaTOYHOIO CIEKaHUS BCEX YACTHL[ IeCKa U
cMmonbl. Temmeparypa Bbime 350 °c NIPUBOJUT K BBITOPAHHUIO
MyJabBepOaKenuTa U TaKKe NPUBOAUT K YMEHBIICHHIO TBEPIOCTH

(pucyHok 3).
IIpn sTOM Kak npu HM3KOHM, TaKk M BBICOKOHM TemImepaTypax
(OTHOCHTENBHO TEXHOIOTHUECKH Heobxomumoi — 220-250 °C)

HaOofaeTcsl pasaudyMe B TBEPJAOCTU IO BBICOTE€ OO0OJIOYKOBOM
¢dopmer. [Ipn 3TOM IpH HHU3KOH TemIepaType TBEpPIOCTH BEINIE B
clloe, KOHTaKTHUPYIOMIEM C MOJENbHOH IumTod (71axm (opmel)
BCJIC/ICTBAE pACIUIAaBICHUM CMOJBL, a TIpH OoJiee BBICOKHX
TeMIlepaTypax TBEPJOCTb B CIOAX Ha jane (OpMbI HIXKE H3-3a
Hayaja BBITOPAHHS B HUX CMOJIBI.

12

110
105
100
95
90
85
80

0

TBepAOCTh, A,

70

65

60 T T T T T
150 200 250 300 350

400
Temnepatypa chopmooGpasosaHus o6onoukn T,° C
1 — na nage GopMsl; 2 — HA HOBEPXHOCTH (HOPMBI
Pucynok 3 — Brnusinue Temnepatypsl popmMooOpa3oBaHus 000I09KH
Ha ee TBEpJOCTh

5. 3aknrwuenue

DKCIepUMEHTAIBLHO OImpeesieHo, 4TO BapHUaTHBHOE
(HecTaMOHApHOE) [aBJICHHE B COYETAaHHMH C TEPMUYECKUM
HarpeBOM MOBBIIAET TBEPAOCTh U €€ PAaBHOMEPHOCTH IO 00BEMY
0001109K0BOH ()OPMBI, YTO B KOHEYHOM HTOTe CKAa3bIBAaeTCS Ha
KadecTBE  M3TOTABIMBAEMBIX B  O9THX  (OpMax  OTIIHMBOK.
YCTaHOBIIEHO, YTO C IIENBIO IOBBIMICHHS IUIOTHOCTH M IIPOYHOCTH
MOJTy4aeMoil 000J0UKH, JaBICHHE HAa CMECh HE JOJDKHO OCTAThCS
MOCTOSHHBIM B TEYEHHWE Bcero Ipouecca  (GopMUpOBaHUS
0007109KOBO ¢dopms, a  HM3MEHAThCA B nporecce
(dhopmooOpa3zoBanHus: BHAYaANE LeecO00pa3HO MOAaBaTh HAYaIbHOE
JlaBJIeHHe Ha cMech, cocrasisitomee nopsaka 0,30...0,40 Mlla,
KOTOpOE BapbHpyeTcs B TedeHHe Bcero mumkma: cmycrs 10 ¢
nonwkaercs Ha 0,05-0,08 MIla, 3arem cnycrst 20 ¢ yBenuuuBaercst
Ha BexmunHy 0,08-0,12 MIla. B xoHume ¢opMupoBanus 000JI0YKH
tommuuHON 10-15 MM (3a 5-10 cexkyHA 1O OKOHYAaHUS ILIHKIA)
JTaBJICHHE 11€JeCO00Pa3HO CHU3UTD 0 HYJIS.

Takum oOpazoMm, TpPWIOKEHHE HAarpy3kd B Ipolecce
(hopmooOpazoBaHus 0007109KHI MOBBIIIAET HE  TOJBKO
MEXaHMYEeCKHEe CBOWCTBAa O0OJIOYKOBOH (OPMBI, HO W YHCTOTY
MOBEPXHOCTH OTIIMBOK M KOJMYECTBO NpHUrapa Ha HUX (PHCYHOK 4).

Pucynok 4 — Omausxa «36eno» co ciodicHoll ceomempuetl
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MEASURMENT OF THE VELOCITY PROPAGATION OF ULTRASONIC WAVES IN
CASTINGS

N3MEPEHUE PACITPOCTPAHEHU A CKOPOCTU YVJIbTPA3ZBYKOBBIX BOJIH B OTJIMBKAX

Assoc. Prof, PhD. Alexander Popov1
YInstitute of Mechanics - BAS, Sofia, Bulgaria
E-mail: alpopov@abv.bg

Abstract: Ultrasonic testing (UT) of castings is common foundary practice. For the correct calibration of UT, it is necessary to
measure the velocity propagation of the ultrasound waves in the castings. It is inverse ultrasonic problem. A method for velocity
measurement, according to ASTM E 494: 2015, with one-sided access to the casting, is being considered.

In this article the equations for determined of transversal and longitudinal velocities propagation - (VT;VL), through

. . - X .
measurement: distance between transducers (source-reflector) - 2W X and the time of propagation - (tT ) are obtained.

KEY WORDS: ULTRASONIC WAVES, CASTING

1. Introduction

Ultrasonic testing (UT) of castings is common foundary practice
[1,2,5]. For the correct calibration of UT, it is necessary to
measure the velocity propagation (VT;VL) of the longitudinal

and transversal ultrasound waves in the castings. It is inverse
ultrasonic problem. A method for velocity measurement,
according to ASTM E 494:2015, with one-sided access to the
casting, is being considered.

2. Evaluation of the velocity V;
The measurement of the velocity of transverse ultrasound wave

. X . . .
propagation - VT EVT in castings at one-sided access to the

casting is been considered, The velocity VTX by Snellius’s
law,[3], fig.1. is calculated i.e.

v W
\/<V ® )2 _(VTX )2 sin? 9, tfsing,

@

where V @ - ultrasonic velocity of the protector in the

I X .
transducer, 9, - incidence angle, W~ - distance between

X .o .
transducers (source-reflector), tT is time of propagation of

transversal ultrasonic wave . The value 2\W * s calculated
through expression 2W * =W, +W, +W,, where W, is

distance between foreheads of transducers, W, and Wy are

distances between foreheads and centers of left and right
transducers respectively.

The Snellius’s law, (1), in pitch and catch ultrasonic technique,
fig.1., is transformed to

@ olpv)-w*/(pt})=0

VX 2
where ¢(p’VTX ):L)Xz’ pP=""m -
1= (pv;")

parameter.
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Fig 1. Pitch and Catch ultrasonic technique

The value of VTX in (2) by means the Newton’s method [4] in

(2000 + 5000).m /'S is looking for.

The algorithm ZEROIN [4]. is used .This algorithm is fast
approaching and robust .

The velocity Vl_X of propagation of longitudinal ultrasonic wave
is calculated by equation [3].

VA 1-2v
(3) X = !
V, 2-2v
where V - Poison’s ratio. For most castings, the reference values

for v may be adopted v € (0.23+0.28) [1]. In this case the
equation (3) is reduced to

@ VIV ~(0.592+0.553).
Therefore
G) V. ~(1.689+1.808).V,".

3. Calibration at UT of castings
The basic parameter of the UT calibration, for ultrasonic flaw

detector, is the velocity of ultrasonic propagation VTX = (MTL

VEL), fig.2. The values of W X and th in (2) are measured
[3].
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Fig.2. Display of calibration parameters
for UT of castings

The other calibration parameters at UT: (dB, RANGE, D-
DELAY, P-DELAY), fig.2. are clear.

4. UT of castings
The main task at UT of casting, the reflected area of unknown

discontinuity - S x is evaluated. The result from the analysis of

acoustical tract [2] is the equation (6) for Sx .

® q(X).s, = Ps(x) -0

~ D,.Sp,.cos S8
e O0X) = Ty R0+ )

In (6) the parameters are two groups:

A/ Assignment parameters: D j - energy transmission factor,
SPP - area of piezo ceramic plate, ﬂ - angle of refraction, f —
frequency.

X .
B/ Evaluated parameters: VT - the evaluated value for velocity
of transversal ultrasonic wave in the casting for calibration,

(R(X) + I ) distance “source — reflector”.
The ratio of acoustical pressure - (ﬁs (X)) by the amplification
N,dB =-20 Ig('f)s (X)) is evaluated.

The solution of (6) is Sy , where C{(X) and ﬁs (X) are

known.
The equation (6) is inverse problem at UT for sensitivity [2,5].

5. Sizing error at UT of castings
If done incorrect calibration, there is error of sizing. The

relationship between error of refracted area - AS X ,% and

error of ultrasonic velocity - AV ,% is

7 ASy % =(AV %) +2.(AV,%),

where
_c(m
AS, % = Sx =S 100m,
S
AV % = %100%.
T

14

(S )((m);SX) are respectively measurement and used area of
reflectors,

(VTm ;VT ) are respectively measurement and used velocity of
transversal ultrasonic waves.

For example:

A/ Iftake it AV ,% = (1-2) % (which is acceptable accuracy for

velocity V" measurement), then, according (7), AS, ,% ~
(3-8) %, which is a good result.
B/ If take it AV ,%> (3-5) % ( which is not acceptable

accuracy for velocity VTm measurement ), then , according (7),

AS . ,% > (15-35) %., which is a bad result.

6. Conclusion
The calibration condition at UT of castings was obtained. The
main parameter of calibration is wvelocity of ultrasonic

propagation VTX . An equation (6) for determining of VTX is
obtain. The velocity of propagation VTX is measured through
the time of propagation - th of transversal ultrasonic wave and

. X
distance between transducers ( source — reflector ) - W ” The

sizing of unknown discontinuity - Sx is evaluated by (6) after

S . X
correct calibration at known velocity VT .

By its very nature, the calibration process at UT of castings is
essentially the inverse ultrasonic problem [5].
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N3CIEJABAHE BJIUAHUETO HA MOANPUITUPAHETO C HAHOKOMIIO3ULINHN
BBPXY KPUCTAIM3AIIMOHHUA ITPOLHEC U CTPYKTYPATA HA AIYMUHUEBA
CIJIAB ALSI7TMG

Investigation of the influence of modifying with nanocompositions on the crystallization process and the structure
of aluminum alloy AlSi7Mg
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Pestome: Paspabomena e mexnono2us 3a ieene na maaku oopasyu om cniag AISITMQ, modupuyupana ¢ paznuunu 6u006e HAHOKOMROZUYUU
(HK). Hsnonzeéanu ca creonume HK: SiC+Cu,. AIN+ Cu+Al, TiN+Cu, SiC +Al, SiC+Ag. Cu, Ag u Al ca nraxupawu memanu.
ITnaxupanemo ce uzsvpuida upes: 6e3mMOKOBO NOKpUSAHe, eKCMPY3Us 3a NOIYYABaHe HA KOMNO3UMEH NPbM, Npecysane 3a NOIYYaéaHe Ha
mabremupana cmec u 06pabomKa 8 niaHemapHa meaHuyd. Bvsexcoanemo Ha HAHOKOMNO3UYUUME Ce OCHUECMBABA 6 Mu2end Ha newma.
Omausanemo Ha obpasyume ce OCbWECMBABA CbC CHeyuamHo npucnocobnenue. Ilo epeme Ha oxnadxcoamemo u KpUCMAamu3ayus Ha
obpasyume e O0CbUWeCmEeH0 HenpeKbLCHamo usmepeane Ha memnepamypama. Ilonyuenu ca mabnuuny u epaguunu OamHu 3a
memnepamypHume 3a6UCUMOCINU OM 8PEMEMO, KAMo ca ONnpedeileHu 6adiCHY Napamempy Ha KPUCMAnu3ayuoHHUs npoyec, GKIOUUMENHO
senuyuHama Ha npeoxaascoane ¢ u 6e3 HK. Yemanogeno e namanasane na npeoxiaxcoanemo 3a npooume ¢ HK 6 cpasuenue ¢ mesu ez HK
u uzopebHAsane Ha 3bPHAMA, Kamo cpeoHuam ouamemuvp Hamanasa medxcoy 21% u 60%, é cpasnenue c oopasyume o6e3 HK.

Knrouosu oymu: HAHOYACTHLIH, HAHOKOMIIO3ULUA, MOJUPHLIUPAHE, KPUCTAJIN3ALUA

1. Bweeoenue

EdexruBHocTTa Ha METO/IVKA, chUeTaBala
TEeMIepaTypHU U CTPYKTYPHH H3CIEBAaHUS € JO0Ka3aHa OT peluiia
apropu. B [1] upe3 TepmuueH ananu3 e wu3cienBaH edekra Ha
Pa3NIMYHOTO KOJMYECTBO OT Kiacuuecku Mmoaudukarop Al-5Ti-1B
BBPXYy MaKpOo ¥  MHKPOCTPYKTYPHHTE XapaKTePUCTHKH W
XapakTepHUTE TMapaMeTpu Ha KpUBaTa Ha OXJaXJaHe Ha
anymuHueBa crmiaB 319. YcraHoBeHO e, ue mapaMeTpUTe Ha
3aTBBP/ABAHE 3aBUCAT OT M3APEOHABAHETO HAa 3BPHOTO U €
MOTYy4YEeHO YCKOpSIBaHE HAa KPHCTAIM3aIMATa IPH BBBEXKIAHE HA
Moaudukatopa. [Ipoyusanero na Biamstauero Ha 0,2% Ti n 0,03%
Sr BBpPXy TeMmmepaTypHUTE KPHBH Ha OXJXKAAaHE M MHKPO- U
MaKpoCTpyKTypaTa Ha cmiaaB A356 moka3Ba HU3MEHEHHE B
XapakTepa Ha KpHUBUTE M U3/ApeOHsABaHE Ha Makpo3bpHaTa B
pe3ynTar Ha BhBEeXIaHeTo Ha joOaekara [2]. B [3] ca uscnensanu
e(eKTHTe Ha CKOPOCTTa HAa OXJAXJaHE BbPXY BTBBP/SIBAHETO HA
AlSi u AIMg cmaBu. OmpeneneHo € ChbIbPKaHUETO Ha TBHpIATa
(da3za B AByda3HaTa 30HA 32 PA3TUIHUTE BHUAOBE CIIABU, KaToO €
YCTaHOBEHO II0JI00psIBAHE HA MHKPOCTPYKTypara IpH BHCOKH
CKOpOCTH Ha oXJIaklaHe. B HacTosimara pabora e mpeacTaBeHa
TEXHOJIOTHS 3a JICCHE W TepMOAHAIN3 Ha MaJIKM 00pas3Iy OT CILIaB
AISi7TMg, moaudunmnpana ¢ manokomnosurmu (HK). IToiaydenu ca
TaONUYHY ¥ rpaUUHU AAHHHU 3@ TEMIEPaTYpHHUTE 3aBUCHMOCTH OT
BPEMETO M BaXHH MapaMeTpH Ha KPHCTAIU3ALMOHHUS MpOILEC.
YcraHOBEHO € Kak MOAU(DUIMPAHETO C HAHOKOMIIO3UIIMH BIIUsiE
BBPXY T€3U MTapaMeTPU U BbPXY CTPYKTypaTa Ha CILIaBTa.

2. Excnepumenmannu uscneosanus

B wu3cnenBanusita ¢ u3nosn3Bana sesipcka cruias AlSi7Mg
¢ xuMudeH cbcraB: 6.65wit% Si; 0.49wt% Fe; 0.05wt% Cu;
0,28wt% Mg; 0.07wt% Zn, ompeneneH Upe3 CIEKTpajeH aHAJIH3.
CrutaBra e moguduimpana cbe ciaeaHute Hanompaxose: SiC, TiN,
TiCN u AIN. Kakro e u3BeCTHO 3a 10J00psiBaHE Ha OMOKPSIHETO Ha
HAHOYACTHIMTE OT METAIHATA CTOIMIIKA € HEOOXOAUMO Te a Obaat
IUNIAKUpaHU ¢ MeTand. [lpuiarat ce MeToauM Ha IUIaKMpaHe ¢
U3II0JI3BaHE Ha IUIAHETapHA MENHMIIA, Tpeca 3a TableTHpaHe WIH
eKCTpY3Hs. 3a LiedTa ce MPaBu CMeC OT HAaHOYACTHLM M YaCTHIHM C
mukpoHHH pasmepu ot Al, Ti u Cu. M3mon3sa ce ChI0 MUIAKUpaHe
ype3 OE3TOKOB XMMHYECKH METOJA. B HammTe wu3cienBaHus ca
W3MON3BaHM  cieiHMTe  BHAOBe  HaHokommnosuumu  (HK):
14.SiC+4u4.Cu, 14. TICN+24.Ti, 1. AIN+149.Cu+124.Al,
19.TiN+1.54.Cu, 14.SiC +44.Al, 14.SiC+14.Ag.
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a)
Que.1 a) Dopma c paznonodicena no ocmma mepmoogoiixa, 6) Oowy
6UO0 HA MAHMENHA MEePMOOBOUKA

3a OTIMBAHETO HA MIPOOUTE € KOHCTPYUpaHa ThHKOCTEHHA

6)

(dopmMa oT HepBKAaeMa CTOMaHa, KOsITO € CHab/ieHa ¢ pa3IoJIoKeHa
no ocrra Ha mpoGara Gbp3ojeiicTBamia TepMoaBoika (¢ur.la).
M3nomsBana e MaHTeIHA TEPMOJIBOMKA C TOpella CIoHKa, 3aBapeHa
3a KopIyca ¢ BpHIICH AnaMersp | mm, mokasana Ha ¢ur. 16. Taka
Ce OCHTypsiBAa MHHHMaJIHA HHEpIMsS NIPH PErHcTpanus Ha OBp30
HM3MEHSIaTa ce TeMIeparypa. TepMojBoiikata € IOCTaBeHa B
TBHKOCTEHHAa CTOMaHEHa TpBOMYKA, 3a Ja C€ 3alluTH OT
QTyMHHHEBaTa CTONMWIKA. [locnemoBaTenHOCTTa Ha e€TAaNHMTE HA
eKCIIEpHMEHTa € KaKTO Clie[Ba: TOIIEHE Ha allyMHHHEBAa CIUIaB B
turen, BbBexpaHe Ha HK, xomorenmsamms ¢ wu3moi3BaHe Ha
uMIenep, INoTamssHe Ha ¢GopMara B CTONWIKATa, HEHHOTO
3alb/IBaHE, W3BaXJaHE OT IElITa M 3aKpelBaHE ChC CTOHWKAa 10
IbJIHATA KpUCTaNM3alus Ha cronmikara. IIpe3 memust mpomec ce
OCBIIECTBABA 3allMC, C M3MOJ3BAHE HAa apXHBAaTOpP, KOMTO naBa
BB3MOKHOCT Ipe3 uHTepBai ot 0.2S ma ce moixydn HHpOpMAaIus 3a
TeMIieparypaTta Ha mpobara karo (QyHKIHs OT BpemeTo. TomeHeTo
Ce OCBILIECTBABA B €JIECKTPOCHIPOTHBUTENHA Meml ¢ MolnHocT 11
kBT. B Hes e MonTHpaH THren ¢ BMectumoct 1.0 Kg. Cromnmikara ce
nerasupa npu 730-740°C upe3 Bnarane Ha TaGJETUPaH [ErasaTop
«lerazep», npomsBoactBo Ha «Permon CM». Tabnerkara ce
BBBEXKIAa I0J] HHBOTO Ha CIEIHATHO

CTOIIMJIKaTa CbC

npucnocobienne. Bpemero Ha nerasupade e okoio 1min. Cruen



TOBa CE OCBIIECTBABA BHACAHETO Ha choTBeTHaTa HK. 3a menrta HK
ce KalcyJoBa B aAIyMUHHEB MAaTPOH M CE 3aKPErBa KbM HMIIEIEpa.
MmnenepbT ce moTomsBa MO HUBOTO Ha crommikara. CrenBa

MCXaHUYHO p336'I>pKBaHe 3a CTOIIIBaHC Ha naTpoHa u

XOMOTCHHM3AllMs Ha CTOIMMJIKATA B MpOIAbIDKeHHe Ha 3-5 min ¢
oGoporu oxono 150 min™ mpu Temmeparypa ma crommikara 720-
740°C.

@ue.2a) xomozenuzayus na cmonunkama b) ésumane na npoba

Ha ¢uwur.2a
XOMOTEHHU3alLlMs Ha CTONMMJIKATa. B pe3ynrtar Ha XOMOreHH3auusTa
HeliHaTa TeMIepaTypa ce IOHIKaBa. ToBa H3UCKBA J]a c€ U3BBPIIH

€ [IIOKasaH MOMEHT OT IIpoueca Ha

MOBTOPHO HAarpsBaHe 3a [OCTHraHE TeMIlepaTrypaTa Ha JIeeHe
720°C. Jleemero ma TpoOHM Ce H3BBPIIBA Upe3 MOTANSHE HA
¢dopmara m 3arpebBaHe Ha cTomWiIKa OT Turena. Ha ¢wur.26 e
MOKa3aH MOMEHT OT B3€MaHETO Ha Ipo0a OT TUreja ChC CTOIMIKA.
Bcenuky ekcriepuMeHTH ca MPOBEAEHH IPH OJIM3KH TeMIIepaTypy Ha
cTonmikara. 3a chOIr0laBaHe Ha TE3W YCIOBHS TeMIeparypaTa Ha
CTOIIMIIKATa HEMPEKbCHATO € KOHTPOJMpA C MOTONEHATa B THTela
ChC CTONMIIKA, 3AIUTCHA C KOPYHIOB YOXBJ, TepMOJBOIKa (dur.
20), 4MiATO CUTHAJI Ce BU3yallM3HUpa Ha eKpaHa Ha apXUBATOPA.

10PL_TH{'C)

tfhh:mm]

Que.3 Temnepamypna 3agucumocm om 6pememo Ha CHORUIKAMA 6
mueena na newma, 1- navano Ha oecazayusma, 2- Kpail Ha dez2azayusmad,
3. ewvseacoane na HK u xomocenuzayus, 4. kpaii na xomozenuzayusma, 5.
83emane na npoba.

3aBHCHMOCTTA Ha TEMIIEpaTypaTa Ha CTONMIIKATa B MELITa
0 BpeME Ha OIepalMuTe 3a MOATOTOBKA M JIECHE Ha

CKCIIEpUMEHTATHUTE POOH € TIoKa3aHa Ha (ur.3.
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Que. 4 Omnama npoba 3aedno ¢ hopmama

dopmara, 3ambiIHEHa ¢ KpucTanusupaia ciuias AlSi7Mg
e rmokaszana Ha ¢ur.4. Crnex 3aBbpIIBaHe Ha BCEKU €KCIEPUMEHT €
HOJIy4eH MacUB JIaHHH 3a TEMIICPAaTYPHUTE Ha CTONWIIKATA U Ipobara
M ca IOCTPOSHU TpadMKM ChC 3aBHCHMOCTH Ha TeMIlepaTypara OT
BpeMeTo. 3a 3aCHEMaHe M aHAJIM3 Ha MAaKPOCTPYKTypaTa oOpasLure
ca TOArOTBEHM IO CTaHAApTHA Ipolexypa — OUTH(OBaHH Ha
mKypku ¢ HoMepa 120, 220, 400 u 600, n nposiBeHN C peakTUB Ha
Poulton. 3a 3acHemaHe U aHaNNM3 Ha MHUKPOCTPYKTypara oOpasiuTe
ca numpoBaHn Ha mMKypkud m0 4000, 1 MEXaHHYHO IOJMPAHH C
JuaMaHTeHa rnacta. MUKpocTpyKkTypara e nposibeHa ¢ 0,5 % Bozen
pastBop Ha HF. MakpoobOpasuure ca 3acHeTH C IOMOINTa Ha
mupposa kamepa Canon PowerShot G7, karo 3a ompenensiHe Ha
Maiaba M KOJIMYECTBEH aHAJIN3 € 3aCHeTa 4acT OT MU3MepBaTesHa
muHuA. KoNnuecTBeHWAT aHaNW3 € HampaBeH C MOMOINTa Ha
JMIEH3UpaH codryep 3a aHanu3 Ha wu3obpaxeHuero Olympus
Microlmage. OnpezenieHu ca OCPEHEHUTE CTOWHOCTH HA CPEIHUTE
JMaMeTpU Ha Makpo3bpHaTa (CpeieH IuaMeTbp — CpelHara
IBDKMHA Ha IUAMETPHUTE, U3MEPCHU IIpe3 2-TpalyCOBH UHTEPBAIH
M MHHABallM IIpe3 LEHTHhpa Ha O00EKTa) M pa3CTOSHHETO MEXIy
BTOPUYHHTE OCH Ha JACHAPUTHUTE DPA3KIOHEHHS Ha O-TBBPAUSL
pastBop  (SDAS). I3mepeHa e  MHKPOTBBPAOCT  Upe3
MHKpOTBBpAOMep MicroDuromat 4000 ¢ ToBap 10 g, Bpeme Ha
JocTurane Ha HatoBapBaHeTo 10 s m Bpeme 3a 3agppxkane 10 s.
JlaneHuTe CTOMHOCTH ca OCPEJHEHH OT 5 W3MEpBaHMS 3a BCEKH
obpazen. KauecTBeHO € 0XapaKkTepu3npaHa BU/a Ha eBTEKTHKATA.

3. Ekcnepumenmannu pe3yimamu
720
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t,s
Due.56) 3asucumocm na memnepamypama om epememo 3a npoda S6N ¢
HK 0.05wt% TiN

300 400

3asucumocture  T(t),
eKcriepuMeHTH ca rnokasanu Ha ®ur.5a) 3a npoba 6e3 HK u na
®ur.56) 3a npoba ¢ HK: 1.9.TiN+1.54.Cu npu KoHIeHTpanus Ha
0.05wt% TiN. Iloxo6uu
HOCTPOCHH 33 BCHUKH €KCIIEPUMEHTH, HOCOYEHH 110-TOpE.

MOJIy4CHHU oT HOPOBEACHUTC

HaHOYaCTULUTC 3aBUCUMOCTH  Ca

TL

min

Att

min

ts
Due.6 Cxema 3a onpedensine HA GeAUYUHUME

Ot TabnIMYHUTE TAaHHU 33 TEMIIEpaTypuTe, MOIYYeHU OT
eKCIICpPIMEHTHTE Ca ONpeeNIeHH HIKOH BEINYUHH, OT KOUTO MOXe
Ja ce ChAM 3a Tpoleca Ha KPHUCTAIM3alUs Ha CIUIABTA, CIEX
BeBeknaHe Ha HK. Toma ca: T, —Hawanna TemmepaTypa Ha

CTONIJIKaTa, 1| - TeMIeparypa Ha JTUKBHIyca, DT =TT -

MIPEOXJIaXJaHe IIPH TeMIIepaTypara Ha JIMKBHIYCA, |,-TeMIepaTrypa
Ha eBTekTHKara, DT.- mnpeoxnaxknaHe npu TemmepaTypara Ha
eBTeKTUKaTa. CxeMa 3a oIpeJeliiHe Ha BEIMYUHUTE € [I0Ka3aHa Ha
¢wr. 6.
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Ta6n. 1 Ilapamempu na kpucmanusayusma na AlSITMg mooupuyupana c
HK

Ne Ha 0 0 0 0 0
obpasert Bup na HK To, C |DT,°C| T, C DT, °C| Te, C
S2 Bes HK 721 351 615 42 | 5719
6e3TOK0BO 713.6 2.74 618.9 2.2 576
[IOKPHUTHE,
S2N .
SiC+Cu,
0.03wt% SiC
EKCTpY3us, 685 24 614.1 14 | 5711
449 AIN+14.Cu+
S5N
+124.Al
0.05wt% AIN
IUIaHeTapHa 682 0.5 612.7 0.7 | 5704
MEJTHULA,
S6N “
149.TiN+1.54.Cu
0.05wt% TiN
tabnetupaHe, 676 1.0 614.8 09 | 5732
SON 14.SiC +4u.Al
0.04wt% SiC
6e3TOKOBO 675 0.2 613.8 1.0 | 574.2
S10 TIOKPUTHE
N SiC+Ag,
0.03wt% SiC
Pesynrarure oT oOpaboTkara Ha JaHHHTE ca MMOKa3aHHU B
Tabn.l. HabmomaBa ce HamasiBaHe Ha NPEOXJIAXKAAHETO, B

pesynrat ot Mmogudurmpaneto ¢ HK.

y.Cu,
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TETTETH

I

Komn.np..

| | VETIAT |
9 e ij\‘Clu e 2) S8N-1 - Ju. TiCN+24.Ti,

o Ti
0.05wt% SiC 0.04wt% TiCN
Que.7 Maxpocmpykmypu na npobu 6e3 u ¢ HK

Ha @ur.7 ca pnageHn HoMepara Ha M3CIEABAHUTE
o6pasnu, n3nonsBanute HK 1 MmakpocTpykrypure Ha oOpasuure.



Tabn. 2. Pesynmamu 3a cpeOHUusim ouamemvp HA 3bpHAMA Ha 06pasyu om B Ta6n. 3 ca magenm pesynrature 3a SDAS u 3a

cnnas AISITMg MHUKpPOTBBpAOCTHTE. Bmxma ce, ye 3a momudpummpanata ¢ HK
OGpaszen Msnomssan HK Dave, HPOMﬂHOaB npo6a SDAS mamanssa ¢ okono 14%, a MHMKPOTBBPIOCTTA C€
Ne mm Dave, % noBuIIaBa csc 7.7%, B cpaBHeHHE ¢ HeMoauuunpaHata. BuabT Ha
S2-1 Bes HK 2,812 - eBTEKTHKaTa ce 3amnassa (¢ur.6 0, r).
6E3TOKOBO IOKpUTHE,
S2N-1 14.SiC+4u.Cu 2,206 -21,6
0.03W%SIC 4. 3aknrouenue
eKCTpy3Hs, 4q. AIN+14.Cu+ B pesyirar Ha MPOBEACHUTEC PI3CIIeIIBaH'I/I$[ Ha
S5N-1 +124.Al 2,034 =277 momudpumupadero ¢ HK Ha amymunumeBa crmas AISiTMg e
0.05wWt%AIN YCTaHOBEHO HaMajsiBaHe Ha IpeoxiaxaaHero 3a mpooure ¢ HK B
6N “Halﬂefre}lfilﬂall";eﬂgﬂuaa 416 296 cpaBuenue ¢ Te3u 6e3 HK. [Tonyueno e u3apeOHsBaHe Ha 3bpHATA,
- 4. TiN+1,54.Cu , -4,
0.05WI%TIN HamaisiBane SDAS 1 yBenn4yaBaHe Ha MHKPOTBBPIOCTTA.
EKCTPY3Hs,
S7N-1 44.SiC+1u.Cut124.Al 1,2 57,3 5. Jlumepamypa
0.05Wt%AIN 1. S.G.Shabestari, M.Malekan Assessment of the effect of
IJIaHETAPHA MEJTHHIIA, grain refinement on the solidification characteristics of
S8N-1 19.TiCN+ 24.Ti 1,114 -60,4 319 aluminum alloy using thermal analysis Journal of
0.04wt% TiCN Alloys and Compounds Volume 492, Issues 1-2, 4 March
SON-1 Taﬁnem(l;gm };ggﬂwl 171 39,2 2010, Pages 134-142. ] _
: 0ol 2. Gutierrez V., G. Gonzélez A. Garcia, Thermal Analysis of

S10N 6"““0“0‘:)00“30&,[(’;2",% SiCtAg 183 -34.9 Grain Refinement and Modificati on of an A356 Cast
- ool Alloy, Chemistry and Materials Researchwww.iiste.org
ISSN 2224-3224 (Print) ISSN 2225-0956 (Online) Vol.6

B Tab. 2 ca qaneHu pe3yiTaTHTE 3a CPEIHUS JUAMEThp No.6. 2014

Ha  MaKpo3bpHaTa OT TMPOBCIACHHUA  KOJHYECTBCH aHAIM3  Ha 3. Marchwica, Paul, "Microstructual and Thermal Analysis

obpasuure ot cmiaB AlSi7Mg. Kato 06a3a 3a u3uucnsiBaHe Ha of Aluminum-Silicon and Magnesium-Aluminum Alloys

NpoLeHTHaTa TpoMsiHa B Dy, € B3eT obpasen S2-1. Haii-romsmo Subjected to High Cooling Rates” (2012). Electronic

n3peOHsABaHEe HA MaKpo3bpHaTa ce HabmoxaBa B obpasim S8N-1, Theses and Dissertations. Paper 5572.

S7N-1 1 S6N-1. Hamanenuero B cpenHute quaMetpu e Mexay 21%

1 60%. PaGorata e momkpeneHa OT OPOEKT IO JOTOBOP
Ne/TH07/20/15.12.2016 1, ¢unancupan ot ¢oun ,Hayuuu
U3CIeIBaHA .

a) obwy 6uo0 Ha
MuKpocmpykmypama na oopasey
S

6) 00w 6uo Ha 2) eemexmuKa 6 o6pa3e14 S8N l
MuKpocmpykmypama na oopasey

Que.8. Mukpocmpyxkmypu Ha o6paszyu S2-1 u SBN-1

Or mpobure S2-1 wu S8N-1 ca moarorBeHn
MuKporlundoBe. 3acHeTa € MUKPOCTPYKTYpaTa UM IPH yBEIHYEHUE
x50 (mo 3 monera 3a u3umcasBane Ha SDAS) u npu yBennueHue
x200 - 3a  KadecTBEHa  OILEHKA HAa  EBTEKTHKATa.
Mukpon3obpaxkeHHsTa ca II0Ka3aH! Ha ¢ur.8.

Tabn. 3. Pesyimamu 3a SDAS u muxpomevpdocm

O6paser; | SDAS, | IlpomsiHa | MHKpPOTBBPIOCT, Ipomsna B
Ne um B SDAS, MPa MUKPOTBBPAOCT,
% %
S2-1 54,83 - 727.26 -
S8N-1 47,17 -13,97 783.16 +7,7
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WU3CJIEJBAHE BB3JIEICTBUETO HA ®JIFOCH BbPXY SIKOCTHUTE KAYECTBA
HA CILTAB AISi6Cu7Mg

RESEARCH ON IMPACT OF FLUX ON THE STRENGTH OF AISi6Cu7Mg alloy
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Abstract: In the work was studied the influence of different fluxes on the mechanical properties of piston aluminum alloy AISi6Cu7Mg.

Analysis and conclusions were made.

KEYWORDS: ALUMINUM ALLOY, MECHANICAL PROPERTIES, PISTON

Buweeoenue

Du3uKo-MeXaHWYHUTE M TEXHOJIOTHWYHH CBOMCTBa Ha
ATyMUHHMS W aTyMHHHCBHTE CIUIABH B MHOTO TOJIIMa CTEICH
3aBUCAT OT ChIbPKAHUETO HAa HEMETAIHHM BKJIOYEHHs B TsAX [1].
T'azoBe, okcumu, KapOWIW, HUTPUAU, YacTH OT (yTepoBKaTa Ha
MEelUTe ¥ JIp. HapyllaBaT ILTbTHOCTTA HAa OTJIMBKHUTE, HaMmajsiBaT
SAKOCTHUTE WM TIOKa3aTelH, XEPMETHYHOCTTa UM, BIOIIABaT
JIEIPCKUTE CBOWCTBA Ha CIIABUTE W MEXaHMYHATa UM 00padoTKa U
T.H. Hemeranuure BKIIOYEHHS ca €Ha OT OCHOBHUTE MPUYHMHU 32
Opaxa 1o OTIMBKUTE, 0COOCHO 32 OTTOBOPHH TAKHBA.

W3znon3BaneTo Ha (IIIOCH 32 HAMAJISIBAHETO HA 3aryOuTe MPH
TOTICHE U MPEIOTBPATIBAHE HAa Opaka ¢ OCHOBEH METO/I.

N3non3sanute (rOCH 3a alyMUHHEBHU CIUTaBU TpsiOBa 1a
OTrOBAapSAT Ha CIICIHUTE U3MNCKBAHUS:
1. Ta mpeama3sar MeTana OT OKUCICHUE M Fa30HACHIIAHE.
2. Jla oTCTpaHsBaT HEMETATHUTE BKIIIOYEHHS B CTOIIMIIKATA.
3. Jla He IPOMEHST ChCTaBa Ha CIUIABTA Ype3 OTCTPAHSBAHE HA
HSIKOM €JIEMEHTH OT Hesl WJIM BHACSHE Ha TaKuBa.
4. Jla ce OTAENSAT JIECHO OT TOIMJIHUS arperat 1 OT CTOIMIIKATA, TIPH
MHHHMAITHH 3aryOH Ha MEXaHUYEeCKU BKIIIOUEH B IIJJaKaTa METal.
5. Jla ca MUHMMAaITHO XUTPOCKOIIMYHHY U Ja 3al1a3BaT KauyecTBaTa CH
MPOIBIDKUTEITHO BPEME.
6. la He B3anMozeiicTBaT ¢ GpyTepoBKaTa Ha MEIIUTE U JICIPCKUTE
ycTpoiicTBa 3a 3anmuBaHe (Ko, yepnany u Ap.) WIH C TUTIIHUTE, B
KOHTO C€ TOIH CIUIABTA.
7. Jla 6b1aT Ge30MacHU 3a 3PABETO HA pabOTHHS IIEPCOHAIT.
8. Jla umaT TouKa Ha TOIeHe, OJIM3Ka 0 Ta3d Ha ATyMUHHEBHUTE
CILJIaBH.
9. /la He ca CUJIHO JIETIIUBHU.

10. [a ca cbC CPaBHUTEIIHO HHUCKA LICHA.

ITocTuraHeTo Ha BCHYKH rOpEeH30pOCHH Ka4ecTBa HE €
BB3MOXKHO. 3a pa3IMYHHUTE CIy4ay ce Hajlara NpujIaraHeTo Ha
(harocu ¢ paznmyeH cbeTaB. [lelicTBHETO Ha (IIIOCUTE € TPEeAMET Ha
HENPECTAaHHO U3CJIE/IBaHe.

Ilen

Ienta Ha HacTosiIIaTa paboTa € Ja ce u3cieaBa
BJIMSTHAETO HA PA3JIMYHHM 110 NpoueHTHO chabpxkanue Ha NaCl, KCI,
NazAlFg 1 CaF, ¢irocH, BbpXy MEXaHHYHHUTE TOKA3ATEIN HA
oyranna crwia AlSi6Cu7Mg. BeripocHara cruias € moaopana
Mopay TOBa, Ye MPU IPOU3BOJICTBOTO Ha OyTana (0codeHO pu
TPaBUTAI[MOHHO 3alTbJIBAHE HA METAIHHU (HOPMH), CIIe]] MEXaHHYHA
00paboTKa , 3ary0uTe OT CTPYXKKH, JEIKOBa CUCTEMA, MbPTBU
TJIaBY U MPEJMBHUIIM € ChIECTBEHA. 32 OMOI30TBOPSIBAHE Ha
MeTaia, OCTaThK ClIe[l MeXaHHIHa 00paboTKa, € HeOOXOIIMO
HETOBOTO CTOIsIBaHe, 00paboTKa M MocieaABanio u3nonspane. Tyk
ce MPOosIBSBA POJIATA HA TOPEOTTMCAHUTE (DITFOCH.

Excnepumenmwma uacm

WzcnenpanHusTa ce mpoBeaoXa MO cleHaTa METOINKA:

MertanHaTa IMKUXTa CE ChCTOCIIEC OT CBEXK METal, 00pe3KH
(Jresty, MBPTBH TJIABH U TIPEITUBHULIN) U CTPYKKH, B CHOTHOIIICHNE
3:1:1, kKaTo BTOPUYHUST META He O€ rmojaraH Ha peBapUTEITHO
obe3macisiBaHe U cylieHe. TomeHeTo ce mpoBee B TUTIIOBA
€JIEKTPOCHIIPOTHBUTEINHA TICII] C UyryHeH THrea. Turenst Oe
MpeBapUTEIIHO 00Ma3aH ¢ OTHEYIIOpHA 00Ma3Ka, 3a Ja ce
MPEIOTBPATH Pa3TBAPSHETO HA JKENA30 B CTOMHIIKATA.

Tabnuya 1.
No ChcraB B TeraoBu %
Ha dmoc NaCl KCI NazAlF, CaF,
| 50 50 - -
1l 60 25 10 5
11 60 25 15 -

®drocute Osixa HOII6paHI/I I10 CbCTAaB B TCIJIOBHU MTPOLUEHTH, YUUTO CTOWHOCTH ca MMOMECTEHH B Ta0JI. 1.

Bsixa mpoBenieHn oceM TUTaBKH, KaTo JBE OT TAX- 0e3 (urocoBa 00paboTKa, a BCEKH JIBE OT OCTAHAIUTE TUIABKH 0s1Xa 00paboTeHH C
¢umocose [, 1l u 111, B xonnuectBo 15 % OT KOMHMYECTBOTO HA METAJIHUTE OTNAIAbLU U METAITHUTE CTPYXKKHU. [1maBkuTe Osxa Mo /B, 3a 1a ce

IOJIY4YX U3BECTHA MOBTOPSACMOCT U OT TaM- I10-TOJIsIMa TOCTOBEPHOCT Ha PE3YIITATUTE.

Crief CTONsABAHE, CINTABTA OT LIECTE IUIABKH O¢ TPETHPAHA ChC CHOTBETHHS (IIOC TPH TeMIepaTypa Ha Metana 730°C.
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Due. 1.

IIpo6HHTE 06pasIH GsXa OTIATH B CIISIHATHO H3paGOTeHN MeTanHu popmi (dur. 1), moarpsTh 1o Temmeparypa 200°C.

Ha ¢ur.2 ca moxazanu oTiiaTa npoOHHA 00pasIu.

Due. 2

Cnen MexaHn4Ha o0paboTKa Ha 3arOTOBKHTE 3a €NPYBETKH, Te 0sfXa M3MUTaHM HAa MAallMHA 3a SKOCT Ha OmbH ,,Amsler’ B
P py 5 »

NMCTIXA-BAH.

Pesynrarute ot m3nutanusaTa Ha RM u A5 ca momectenu B Tabm.2.

Tabnuya 2
6e3 daroc ¢roc 1 ¢uroc 11 taroc 111

Ne
Ha R A R A R A R A
TIaBKa [MPa] [%] [MPa] [%] [MPa] [%] [MPa] [%]

1,234 201 2.0 219.4 2.6 242 2.7 240 2.6

56,78 194.5 2.4 221.1 2.6 214 2.7 240 2.6

CpEIHO 197.7 2.2 220.7 2.6 228 2.7 240 2.6

H3ze00u: Jumepamypa:

1.ITpu crutaB AISi6CU7MQ SICHO JIMYH MOJIOKUTEITHOTO
BB3/eiicTBHE Ha (hmrocoBaTta 0O0paboTka BHPXY SIKOCTTA Ha OI'BH
Rm u oTHOCHTENHOTO yaBmKEeHHE AS.

2.Pe3ynTaTurte OT M3CIEABAHMATA ca IT0-100pHU IpH
¢uttocu cve cpabpikanne Ha kpuoaut (NazAlFg) 10- 15%.

1.CnaBoB P. u np. ,HapbuHuk 3a JiecHe Ha IIBETHH
Metanu ¥ criaBu’.“Texuuka“.C.1976.
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PABPABOTBAHE HA TEXHOJIOI'UA 3A OTJIMBAHE HA ,,MACA -22 TOHA” OT
COEPOI'PA®PUTEH UYT'YH

DEVELOPMENT OF TECHNOLOGY FOR CASTING OF "MASS - 22 TONS" OF DUCTILE IRON

riL. ac. g-p umx. Kpym Ilerpos, unx. Anekcannbp JlaHauios
nou. a-p Panren Panrenos
Texunuecku ynusepcurer- Codpus

K. Petrov, A. Danailov, R. Rangelov

E-mail: kpetrov@tu-sofia.bg

Abstract: The purpose of the work is to compare the virtual with the experimentally obtained data in the production of a ductile iron casting.

KEYWORDS: SIMULATION MODELING, PROCAST

1. YBox

B Hamm gHU TOAMIIHOTO KOJMYECTBO HA TPOU3BEICHH
OTJINBKH OT DPa3in4HH BHIOBe cdeporpapureH 4yryH e okomno 20
MHJIHOHa TOHa B rioOaneH Mamab. Exna ot ¢upmure B EBpoma
BB3IIOJ3BANNA CE OT M3KIIOYUTENHUTE KauecTBa HA OTJIMBKHUTE OT
cheporpeauTeH YYryH € HTATHAHCKUAT mpousBomuren SACMI -
MEXIyHapoiHa Tpyla 3a IPOM3BOACTBO HAa MAIIMHH H IIBJIHO
M3rpakJaHe Ha 3aBOAM 32 KepaMuKa, ONAKOBKH 32 XPaHHUTEIHO

®ur. 1 XunpasianyHa npeca 3a KepaMUIHH JETAIIIN OT Cepust
2000 - PH3020

2. MopeaupaHe npoueca
JesipckaTta (popma ¢ momomra na ProCast
Cren cp3naBane Ha 3D momen B cpema Solid Edge
TpsiOBa (palmbT na ce 3amaMeTH B MOAXOIsI ¢opMaT 3a pabora B
cpenara Ha ProCAST (IGS). Toa ce mpaBu ¢ el crioMaraTeTHHs
copryep MeshCAST na mpodere moBbEpXHOCTTA Ha oOekra. Ciex

Ha 3anbJiBaHe Ha

BKYCOBaTa MHAYCTPUS M MPOU3BOJCTBOTO HA IUIACTMACOBH JETAMIIH.
Heiinata cuia e B NpwiaraHeto Ha HHOBAaTHBHM TEXHOJOTHMH, C
AHTOKUMEHTA 3a HayyHOM3CIIE[OBaTEICKa W pa3BOMHA JEMHOCT,
HpEIoCTaBsla Hail-BUCOKO Ka4yeCTBO M OOCIY)KBaHE Ha KJIMEHTUTE
cu. KoHkpereH mpumep € M3roj3BaHaTa B XHMIpaBIMYHATA MM IIpeca
3a kepamuaHH getaim ot cepus 2000 — PH3020 (¢ur. 1) 22 Tonna
Maca (¢ur. 2).

®ur. 2 22 ToHHA Maca Ha XUpaBINYHA TIpeca

KaTo ce OTBOpH (ailiIbT, ako € He0OXOJUMO, ce HaNPaBH ,,pEMOHT”
Ha reomerpusara Ha obekra. C 6yrona CHECK GEOMETRY ce
npoBepsiBa  Ka4yecTBOTO Ha reoMeTpusaTa Ha (aiima u ce
UICHTUGUIUpAT TNPOMYCKH B MOJENa, KOMTO Morar jaa Objar
orctpaHeHd. Ciex OTCTpaHsSBaHE HA TPEIIKUTE B T'€OMETPHSATA,
MOJIEITBT Ce OMPEKBA U ClIe/(Ba N3UNCIIIBaHE HAa Mpexkara (dur. 3).

Pur. 3
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Crie1 OMpEKBAHETO SICHO Ce pa3rpaHuvaBaT OTACIHUTE
KOMIIOHEHTH — TisichuHa (opma, chpua u ornueka (pur. 4). Tosa
J1aBa Bb3MOXHOCT 3a JeUHUpaHE HA PA3IUIHA TPAHIUYHU YCIOBHUS
U 3aJaBaHe Ha MaTepUaUTe OT KOMTO Ca HM3TPAJeHH ChOTBETHO
(dopmara, cepuara U OTIHMBKara. | paHUYHUTE yCIOBUS ce U30Upar

B cienBamoro MeHIO ce Cb3IaBaT BPB3KUTE MEXIY
pa3IMYHUTE MaTepHaluTe, uYpe3 H30upaHe Ha KOe(DUIUECHT Ha
tomnonpenapane. ClieBa MCEHIOTO 3a IPaHMYHHM YCJIOBHUSL: -
OXJIa)K/IaHE Ha BHHIIHATA YacT Ha KOKHJIATa C Bb3/yXa; ONpe/ICisHe
Ha TOpHaTa MOBBPXHOCT Ha OTJIMBKarta. BUIBT Ha TIPaHUYHOTO
ycnoBue ce u3bupa oT 6a3a maHHM Ha mporpamara. M3bupa ce
rpaHuYHO ycnoBue ,heat” KoeTo IM03BOJIsABa Ja ce OIpEAeH
KOS(UIMEHT Ha TOILIONpEAaBaHEe MEXIy Mojiena U arMoc(epHHs
BB3/IyX, KaKTO M TeMIleparypara Ha Bb3ayxa. Onpezens ce ropHara
MOBBPXHOCT Ha OTJIHMBKAaTa M C€ 3aJaBa OT KbIE Ja 3alovHe
3aJMBAHETO Ha MeTaja

Ot caemBamoro MeHO “Process” ce
YCKOPEHHETO Ha Te4HHs MeTai (rpaBuranusTa 9.8 m/sec?)

HavannaTta TemiepaTypa Ha MaTepUalIUTe ce 3a1aBaT
ot menro “Initial Conditions”. Temmneparypure ca 3a1aJeHu, KaKTO

OIpeacys

@ur. 4
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oT 06a3a JaHHM Ha Mmporpamata. MatepuanbT Ha popmaTa € KBapLoB
ICBK M CMOJa, Ha ChpIATa € XPOMHTOB ISICBK M CMONA, a
ornBkara e GGG 40, koeTo choTBeTCBa Ha cheporpahuTeH 4yryH
mapka EN-GJS-400-18.

cmena: Ha ¢opmara n cepuara 25°C; a Ha TedeHus Meran —
1280°C

Haxpas ce mocodBaT W3YHCIMTENHUTE MapaMeTpH B
MEHIOTO ,,Run Parameters”, 3aabIDKUTENHO CE 3ajaBa CTOMHOCTTA
na TSTOP(750° C) no »xenama Temmeparypa ¢ men codryepa na
CIpe U3UUCIEHHATA Ha MPoIieca MPH JOCTHIAHETO H.

[Ipy npuknrouBaHe Ha HACTPOWKHUTE Ha MOJENa OT
MeHIoTO ,,File” ce n3dupa moamento ,,Exit”. Codryepa 3anamersisa
Monena W u3nu3a. Taka mpenBapuTenHaTa (aza Ha mpepaboTka
(PreCAST) e 3aBbplieHa U MOXeE []a CE€ CTAPTHPAT U3YHCICHHUATA.
3a menra ce craprupa ProCAST, moxa3Ba ce mposoper 3a
notebpikaenue. ITonero ,,Execute DataCAST first” TpsoBa na 6b1e
aktuBupano. Craprupa ce ¢ 6yrona “Run” (¢ur.5).



Pun
F Exscute DataCAST first _I

Cancel I
T |
o F* =l
Casting Durwetary ©
ProCAST [e  Fem
®@ur. 5

CJ'[e,H KaTO HU3YUCILIBAHETO € 3aB’I>pH.IeHO, WINK 110 BpeMe Ha HU3YHUCJICHHUETO, MOXE Ja C€ BHIAT pe3ynTaTHTe B IIOCT - Hpouecop
VisualCAST (ur.6).

Pur. 6

ITporpamara MOKe J1a ONpeeId MACTOTO U roJIeMUHATa Ha BCMyKHATHHUTE (GUT. 7) U 30HUTE € BeposiTHa nmopuctoct (¢ur.8).

®ur. 7 Pur. 8
3. CpaBHsiBaHe HAa BUPTYAJIHUTE C €KCIEPUMEHTATHO MOJyYeHUTe TaHHH.
BwB pupma ,,UyryHoneene” — rp. xTuMaH e m3paboTeHa YyryHEHa OTIUBKA, IPH YCIOBUATA 3aI0KEHH B CHMYJIAIUAATA.
CuMynanusTa TOKa3Ba M3Y€3BaHE Ha MeTana B JISSIKOBUTE Yalld OT CBHBAaHETO MPH KpHCTamM3anus, (akT KOHTO ce JIoKa3Ba OT
peanHus eKCIePUMEHT.
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®ur. 9 [lo oTHOIIEHNE HA BCMYKHATHHHUTE
IMonyyenara npu cumynanusita nopucroct (¢pur. 8) ce HabmonaBa u B peanHara oTiauBka (¢ur. 10), karo rojeMuHara 1 MecraTa Ha
HOsBABAHE CHBHAAAT 10 roisima creneH. [lomyuenure nedeKTH ca IONPaBUMU M OTCPAHSABAHETO MM B Ipolieca Ha JjeeHe OM JI0BENO 10

JOIIBJIHUTCIIHO OCKBIISIBAHE HA OTJIMBKATa.

®@ur. 10 ITo oTHOLIEHHE HA TOPUCTOCT

4. 3aka4yeHne

W36panure yciaoBus (pasnosioKeHHE Ha OTJIMBKATa BbB (hopMaTa, BUA M OJIEMHHA HA JIeIKOBaTa CHCTEMa, TeMIIepaTypa Ha TCUHHUS
MeTall M BpeMe 3a 3ajJKBaHe) 3a CHMYyJIMpaHe Ha Ipolieca Ha jeeHe Ha 22 ToHHa ,,Maca” ot cdeporpaduren uyryn mapka EN-GJS-400-18 e
HOJIXOISI KOETO Ce JI0Ka3a ¢ peanHa oTiaueka (pur. 11).

@ur. 11 'oToBara oTnBKa
Jlutepatypa:

1. http://www.spacecad.bg/nx/leene-na-metali

2. ESI Group ProCAST User Manual Version 2010.

3. CumynanuoHHO MOJIETHpaHE Ha 3abIBAHETO HAa MeTaHa opma ¢ momornra Ha ProCast - Bapua
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BJIMUSAHUE HA TEPMUYHATA OBPABOTKA BBPXY TBBPJIOCTTA U
KAPBUJIHATA HEEJJHOPOJHOCT B IOJAEBTEKTUYEH BUCOKOXPOMOB BAJI
YYI'YH

HEAT TREATMENT INFLUENCE ON THE HARDNESS AND CARBIDE HETEROGENEITY OF
HYPOEUTECTIC HIGH-CHROMIUM CAST IRON

o, 1-p umx. Mopanos B. AL, umx. Xpucros K. X. ! mo. 1-p umx. Kpscres /[, m.!
XUMHKOTEXHOJIOTHYCH H MeTanyprideH yuusepcuter', Codust, Brarapus
Email: biyordanov@uctm.edu, krastev@uctm.edu

Abstract: At this work change of hardness and carbide heterogeneity according to applied heat treatment of hypoeutectic high-chromium
cast iron with chemical composition C-2.15 %, Mn-0.46%, Si-0.51%, Cr-12.6%, P-0.013%, S-0.045, Ni-0.32%, M0-0.08 u V-0.052% are
examined. Hardness 66-67 HRC after quenching in oil at 980 °C and tempering at 200 °C are obtained. This kind of heat treatment is
applied for element working under friction of grinding and milling with dynamic impact forces. Carbide heterogeneity in microstructure of
hypoeutectic high-chromium cast iron as cast condition is size No 10 which one is reduced to size No 7 after annealing at 870 °C for 180 min
time of isothermal holding and size No 5-6 after quenching at 980 °C in oil with low temperature tempering at 200 °C.

Keywords: MICROSTRUCTURE, HYPOEUTECTIC HIGH-CHROMIUM CAST IRON, CARBIDE HETEROGENEITY

1. Bveeoenue

N3HOCOYCTOIYMBUTE XPOMOBH IIOJIEBTEKTUYHH UYTYHH C€
XapaKTepU3upaT KaTo CIUIABM Ha JKEeIA30TO W BBIJIEPOJA,
cpabpiKaiiy nouskora no 30% Cr, KOUTO NPHTEXABaT MHOTO
BHCOKA TBBPAOCT ¥ H3HOCOYCTOIYMBOCT, HO CBHIEBPEMEHHO C TOBA
ca HOCHTENW Ha BHCOKAa KPEXKOCT U ITOHIDKEHA yJapHa >KMJIaBOCT.
IIpon3BOACTBEHMAT OMUT HAa METAIyp3uUTe€ IO OTHONICHWE Ha
MOTyYaBaHETO M EKCIUIOATalMsATa Ha TaKbB aOpa3sWBHO yCTOMYMB
MaTepual € MoKa3ajl ChIIECTBCHO MOA0OpABaHE Ha eNaCTUYHOCTTA
U yJapHarta O KWIABOCT 4Ype3 JONBJIHUTEIHO JIeTMpaHe Ha
aeneOypuTHAaTa €BTEKTHKA. [0 TO3M HAauMH BHCOKO XPOMOBHUTE
YyryHH C€ HPEBPBLIAT B MEPCHEKTHBEH MaTepHal C YHHKAJIHU
eKCIUIOaTAMOHHM cBoMcTBa. Te3m Marepuanu ce IOA3BaT 3a
HalpaBaTa Ha IIOMIIM, TNPHUABWXBAIIM aOpa3sUBHU CYCICH3UH,
OOJIMIIOBBYHM TUIOYH Ha TPOIIAYKHU 32 MHEPTEH MaTepHuall, BaJIH 3a
BaJIIlyBaHE HA METAJH B METAIypIHYHUTE IPOU3BOACTBA, IAMIIH 32
CTyZIeHO AeopMUpaHe Ha MeTalH, JPOOOMETHHU M ISICHKOCTPYHHU
MaIlMHHU U T.H. Bb3aeiicTBue BbPXy MUKPOCTPYKTYPTa, a OT TaM H
Ha KpallHMTE CBOMCTBA Ha TE€3M YYT'YHHM MOXE Ja CE€ OCBILIECTBU
HPHHIHUITHO, Ype3 MOAM(HUIMpaHEe Ha TEYHHS METall, TEPMHYHO
0o0paboTBaHE Ha W3IENUATa WIM 4Ype3 JOKAIHA IUIACTHYHA
nebopmarmsi[1-4].

W3HocoycTOWYMBOCTTa M MEXaHMYHUTE  CBOMCTBA  Ha
BHCOKOXPOMOBHTE YYI'YHH 3aBHUCAT OT ¢opmara u Opos Ha
KapOuanTe, BIM3AIIM B MHKPOCTPYKTypata Ha TE3M CIUIABH,
TSAXHATA BPB3Ka C HOCCLaTa MATpPHLA W HE Ha IOCIEJHO MSCTO
AKOCTTa Ha BpbB3KaTa MEXAy MaTpumata W Te3um Kapommu. C
MOBHIIIABaHE KOJMYECTBOTO HA BBIVIEPOJA M XpOMa CE MOBHIIABA U
KOJIMYECTBOTO HAa NPUCHCTBAIINTE KapOuWmHu (a3m, KOeTo
MOBHIIABAa TBBPJAOCTTA M HM3HOCOYCTOHYMBOCTTa HA OTJIMBAHUTE
JleTaliiny, HO BJOIIABa €JaCTMYHOCTTA W yJapHaTa >KuiaBocT. B
NpaKTUKaTa Ce HM3MOJ3BAT IOJEBTEKTHYHU M EBTEKTHYHU YYT'YHU
ChC ChIbp)KaHHE Ha BBIVIEPON B aAuamnazoHa 2-4 % u 13-28 % Cr.
TIporechT Ha KpUCTANIU3ALMS TIPU TTOJEBTEKTHYHNATE OEMHM 4yryHH
3aI04YBa C OTJAEISHETO Ha JICHIPUTH OT ayCTCHUTHHU KPUCTAJIH, ClIe]
KOETO Ce II0Jly4aBa CMEC OT €BTEKTHKa, IPEACTABIIsIBAIA KICTHYHO
CTPyKTYpHpaHa W wu3pacTBamia mnox ¢opmara Ha KOJOHHH
aycreHUTHM u  kKapoumaum  (M;C;)  kpucramm.  Taxsata
MHKPOCTPYKTYpa ChbpiKa kapouan ot tuna M;C; OCHOBHO U B TO-
MaJIKi KOJIM4decTBa Kapoumu ot tuna My3Cs. ['pyOute eBTekTHIHH
KapOMIM ca TpPUYMHA 33 BHUCOKA KPEXKOCT HAa MeTajla U IIpH
abpa3MBHU HAaTOBAapBaHUS CE€ OTKBPTBAT OT Marpuuara. 3a jaa ce
eTMMUHUPA TO3U e(eKT YacT OT XpoMa ce 3aMecTBa ¢ 10 5% apyru
aerdpaiy enementd, kato Mo, Ti, V unu W. Te ot cBos crTpaHa
copmupar Taka HapedeHHTe crenuanHu kapouau, kato WC, VC,
MoC unu TiC B MHKPOCTPYKTYpaTa Ha M3/ENUiTa U HapacTBar Ipu
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HO-BHCOKH TEMIIEPATYpH HE3aBUCUMO OT CIIOMEHATHTE IO-TOpe
KapOMIM, XapaKTepHH 3a Xpoma. TsAXHATa MUCHEPCHOCT € IO-
roisiMa B Ch4eTaHHe C MO-MaJIKHs MM pa3Mep M He OKPEXKOCTSIBAT
Marepuaia B TAKaBa CTCIICH.

Amnamm3upaiiku GazoBus ChCTaB Ha CIUIaBH C nosede oT 2% C u
13% Cr B paBHOBECHU YCIIOBHS, KAKTO € TIOKa3aHO B TUarpaMuTe Ha
ChCTOSTHUETO UM B [5, 6], ce BIKa, 4e BB3MOKHOCTUTE 32 MPOMSIHA
Ha MUKPOCTPYKTypaTa Ha MarpulaTa ¢ HPHIaraHe Ha TEPMHYHO
Bb3JeiicTBHe ¢ 3HaumTenHa. Ciex KaTo NPUKIIOYM MPOLEChT Ha
KpHCTaJM3alysi € TPYJHO M CKBIIOCTPYBAILIO Ja ce BiUse BBPXY
MopdoorusiTa U KOJMYECTBOTO Ha IOJydeHaTa kapOumHa ¢asa,
KOSITO Ipefonpenens cBoiicTBata Ha m3jenuero. Ho marpuunara
CTPYKTypa MOXeE Jla C€ N3MEHST B IOJISIM JHAaNa30H, B 3aBUCUMOCT
OT TOBa JIalil MOJIydaBaMe MapTCH3HMT 3a MaKCHMallHa TBBPJOCT,
MEpJIUT WIM TPOOCTHTHA  CTPYKTypa, 000coOsBamia BHCOKa
eJIACTUYHOCT OT €/lHAa CTpaHa M BTOPHYHO OTJIEJCHUTE KapOuau,
JlaBallld BHUCOKa TOIUIMHHA M a0pa3uBHA W3HOCOYCTOWYMBOCT OT
npyra [7, 8]. KonuuecTBOTO Ha OCTaThYHHS ayCTEHHUT OT CBOS
CTpaHa BIMsie BBPXY aOpa3uWBHATa H3HOCOYCTOHYHMBOCT, KaTro s
MOBUINIABA 32 CMETKAa Ha IOJydeHaTa TBBPAOCT. JONBIHUTETHHUTE
JIETHpAIH eJIeMeHTH, kKaTo MO 1 V ¥ TSXHOTO KOJIMYECTBO, BIUSAT
CBIIO CHIIECTBEHO BHPXY TBBPJIOCTTA Ha OENUTE BHCOKOXPOMOBH
YyryHH KaTo CIIOMarar 3a OTJEJISHETO Ha BTOPMYHM KapOWIH C IO
BHUCOKA TBBPJIOCT OT Ta3d HA IbPBUYHHTE HIM EBTEKTHYHU
JErupaHd C XpOM KapOWOu cieji NPOBEXAAHETO Ha IMOAXOJSINA
TepMUIHa 00paboTKa.

B HacrosiuaTa paboTa ce ey Ja ce IPocIe A U3MECHCHHETO Ha
TBBPJOCTTA U KapOMIHA HEEAHOPOIHOCT B 3aBUCHMOCT OT BHJIA Ha
TepMHUYHO 00pabOTBaHE HA OTJIMBKH OT BHCOKOXPOMOB OsUI YyTr'yH
cbe cvera C-2.15 %, Mn-0.46%, Si-0.51%, Cr-12.6%, P-0.013%,
S-0.045, Ni-0.32%, M0-0.08 u V-0.052%.

2. Memoouka na uscieoeanemo

3a ochINecTBSIBaHE HA EKCIICPHMEHTHTE € H3IOJI3BaH
MOJIEBTEKTUYEH Os1 YyryH, OT KOWTO ca OTJIATH NPOOHH Tena ¢
napajenunensa ¢opma u pasmepu B:IILJT = 50:100:12 mm.
ITomobHa dopma Ha mpoOHHUTE Tena e u3bpaHa mopaau Qakra, Ue
HOBEYETO OOJIMIOBBYHM IUIOYM M JIONATKH 3a IE€CHKOCTPYHHH
MAaIllMH{ TpUTeX)aBaT OJM3KH 10 Ta3u ¢popma pabOTHH TUMEHCHH.
IoaroTBeHNAT MeTajeH CKpal € pa3TONeH B MHAYKIHMOHHA Il U
oTAT B TpaduTeHn TUM. Ha monydeHnTe OTIMBKM € HampaBeH
CIIEKTpaJIeH aHajM3, KaTo ChIbPXKAHHETO Ha eJIEMEHTHTE € KaKTO
cnensa: C-2.15 %, Mn-0.46%, Si-0.51%, Cr-12.6%, P-0.013%, S-
0.045, Ni-0.32%, Mo0-0.08 u V-0.052%. W3crenanero Ha
MHKDPOCTPYKTYypaTa € MpPOBEICHO Che CBETIMHEH MeTanorpadceku
mukpockon “Neophot 2”7, cHabieH ¢ mpuCTaBKa 3a U3MEpBaHE Ha
MHUKpPOTBBpAOCT “Hanemann” u komOnHupan TBEpAOMep bpunen —



PokBen. KauectBeH a3oB aHamM3 Ha  CTpyKTypaTa Ha
MOATOTBEHUTE HPOOU € OCBIIECTBEH C IIOMOINTA Ha PEHTICHOB
amapatr TUR M62, paborteny ¢ XapakTepUCTHYHO PEHTICHOBO
JTBYCHHE OT MeHa TPhOa ¢ mapamerpu Ha Bh30yxaaHe U = 26 kV u
I = 20 mA. KoHTposbT Ha HPORYKTUTE OT EKCIEPUMEHTUTE Ce
0a3upa Ha omIpeleNsiHe MEXIYIUIOCKOCTHO pascTosHue Oyg. B
3aBUCHMOCT OT BbI'bJla O Ha NOJy4YCHHTE IMKOBE B CHOTBETHUTE
PEHTTeHOTPaMH.

OO6pa3uure 3a U3BbPIIBAHE HA H3CIICIBAHUATA CE MOATOTBAT 10
KJIacH4ecka TexHoyorusi 3a mpobooraensine no cravgapt ['OCT
5950-2000. Ot oTieruTe OTIMBKH C Hapaienenuneqna gopma ce
OTpsI3BaT HAUTEXKHU 00pa3y, KakTo € Moka3aHo Ha ¢ur. 1.

| 100 mm
| 12mm
LI/
12 mm 10mm
E IR
g
3 25 mm

Quz. 1 Dopma u pasmepu na omiemume obpasyu 3a uscredéane
CBOUICMBAMA HA NOLYYEHUsI BUCOKOXPOMO8 YY2YH U NOO20mEeHume 3a
MUKPOGHANU3 NPOOHU mead.

Ha Taka noAroTBeHUTe Mpodu ca eKCIepUMEHTUPAHH PA3IHIHI
BHIOBE TEPMUYHK 0OPabOTKH € 1€ a Ce MPOCIEAH BIHSHHETO UM
BBPXY MHKPOCTPYKTypara CjeJ OT/IMBaHe. PeXUMHUTEe HAa TEPMUIHO
obpaboTBaHe Ha M3CieABaHUTE OOpaslM ca MocodeHH B Tadd. 1,
KaTo rpaduvHO ca BU3yaju3upanu Ha ¢ur. 3.

Tabnuya 1: Pedcumu Ha mepMuuHo 06pabomeare HA BUCOKO XPOMOS
noJesmeKmuieHr Yy2yH.

Bun repmudno Temneparypa M3orepmuyHO M3mepena
o0paboTBaHe °C, oxJlaxaama | 3amabpiKae, min TBBPIOCT,
cpena, HRC
3akajsiBaHe 980, macio 40 67
OTBpblIaHe 200, ¢ nemra 120 67
OrtrpsiBane 870, ¢ nemnrra 180 25
A

— _\
T 3ak. = 980 °C/ t3ax.

= 40min T otrp. = 870 °C/ 13a1. = 180min

Oxnaxxiane c
T orB. = 200 ° newira

a1 = 120min

OxJaxaane B Macio ‘\\A
\4 S
>

Bpewme, [min]

TenmenaTuna [0

Quez. 2 Pedxcum Ha mepmuyHo 06pabomeane 3a 3aKaisA6aHe, OMePvUjaHe U
omepsasane Ha NOOeGMEKMUUEH GUCOKOXPOMOG D5l UY2YH.

3. Excnepumenmannu 0aHHU U OUCKYCUSL

MUuKpOCTpYKTYpaTa Ha BHCOKOXPOMOB IIOJEBTCKTHYEH Osi1
YyryH € TII0OKa3aHa Ha CHUMKUTE [O-JIOJly NPH Pa3InYHU
yBenuueHuss ¢ur. 4. Ta e THUIM4YHA 3a TO3M BUJ MarepHal H ce
CBCTOM OT ITBPBOHAYAJIHO OTAENECHU OT CTONMJIKATa JIETHPAaHU C
XpOM ayCTeHUTHH AeHApuTH (Oenn 30HH), Jene0ypuTHA eATeKTHKA
(TBMHH MpeXH) M KOMIUIeKcHH KapOumu ot tuma (Cr, Fe);Cs,
JHCIeprupanu B obeMa Ha ASHAPUTHTE W KapOHIW OT IEMEHTHTCH
tun FesC,, KOMTO ca 4acT OT eBTEKTHKATa, KaKTo €€ BHXKAA U OT
peutrenorpamara Ha ¢ur. 3. Ilopamu dakra, ye obOpasuure ca
OTJIMBAaHU B Irpa)MTEH THIell, CKOPOCTTa Ha OXJIAXKJAHE € MO-HUCKa
OT KpPMTHYHATa 3a TO3M BHJ| CIUIABM M HacT OT obemMa Ha
dyCTeHUTHHUTE 3bPHA CE 3aKajisiBa 10 MapTeH3HuT. To3u ¢akT ce
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MOTBBpPXKJaBa OT M3MepeHara TBbpaocT kosito ¢ 44 HRC, karo B
3bpHAaTa C€ 3aras3Ba JOCTAThYHO KOJMYECTBO OCTAThYEH ayCTCHMT,
KOITO € cTaOMIIM3MpPaH OT MApTEH3UTHOTO MPEBPBIIAHE U BUCOKATa
CTeIeH Ha JierupaHe ¢ XxpoM. Ha CHUMKHTE ce BHXKZIAT, KaTo CBETIH
y4acTBIM HENpOSBEHH IIOpagyl BHCOKaTa CH KOPO3HOHHA
ycroiuuocT. Ha Te3sun 3ppHAa € HampaBeHO M3MEpBaHE Ha
MHKpOTBBpOCTTa, Kosito € Hp = 3720 MPa, xoero moTBbprkaaBa
Hapesl ¢ PEeHTTeHOCTPYKTYPHOTO uciensane (¢pur. 3) 3akaiasBaHETO
Ha 4acT OT ayCTCHUTHHUTE 3bpPHA NP OXJKAAHE Cle]] OTIMBAHE U
3ama3BaHe Ha OCTaTh4yeH ayCTeHHUT B paMkute Ha 20-25%. ITogobuu
ca u u3cieaBaHuATa Ha [7, 9] B oOnacTra Ha HEKOHBEHIIMOHAIHOTO
TEPMUYHO 00pabOTBaHE HAa CIUIaBH C MOJOOCH XUMHYEH CBHCTAaB.
Ilpu 1ax B Onmu3oct no kapOuaHara Qasa Ha sexedypuTHarTa
eBTEKTHKa ce 0o0pa3yBa TPOCTHT IPH M30TEPMHYHO OXJIAXJaHEe Ha
crwasra ipu 600 °C 3a 16 min.

¢ Cre oTnHBaHe
1600 2
0. | e
-y .-Fe
o= Me G
"g_ 12004 ¥ - MeC
E © B
2 1000 -
i .
c -
2 |3
£ 5004 'l‘ II .
5 . ' g
AL . s Fl
. A T B
600 Bi|E|RE gq RE:\ 8t |
| =" - KR - 7 |
400 L “-WMW"?'W" bt e \."'LM
T T T T T T T T T 1
20 30 40 50 60
Degrees(0),K
& J
1400 — 2
1200+ T, =980°C
T, =200°C
1000 - hl
"
g ooy ‘
2 600 | )
£ £ o s ¢ g
£ z % o o U i B
400 4 Ldese FEE] o € &
g8yt §2%g i i -
| 3P4 2ath 58 A
200 Y i " |
[ e e A T T
04
T T T T T
20 a0 40 50 60

Degrees(),K

Que. 3 Penmeenoepamu, nokazeauju azosus cbCmag Ha GUCOKOXPOMOG
nooesmexkmuyen 4Yy2yH cled OmMIUSAHe 6 2pagumer mueein, U cieod
saxanasane om 980 °C u omspvuwane npu 200 °C.

a)



@Duz. 4 Muxpocmpykmypa na nodesmexmuuen 651 uyeyn ¢ 12.6 % Cr e
asamo cvemosnue, nposeen, 800x a) u 1200x 6).

@uz. 5 Muxpocmpykmypa na nodesmexmuuen 651 uyeyn ¢ 12.6 % Cr e
aamo cvecmosinue, cieo omepsasane npu 870 °C u 180 min na uzomepmuuno
3a0vporcane, nposasen, 800x a) u 1200x 6).

27

@uz. 6 Muxpocmpykmypa na nodesmexmuuen 651 uyeyn ¢ 12.6 % Cr e
Mo cvcmosiHue, cied 3akansearwe om 980 °C 6 macno u omepvujane
nuckomemnepamypro npu 200 °C 3a 120 min na uzomepmuuno 3a0vpoicane,
nposigen, 800x a) u 1200x oscno 6).

Onenka Ha KapOugHaTa HEETHOPOTHOCT B CTPYKTypaTa Ha
MOJICBTEKTUYHAST BICOKOXPOMOB UYT'YH MOXeE Ja C€ HalpaBH IO
necerobanHa ckana, rokasana B craugapt TOCT 5950-2000 [10],
OT KBJIETO C€ BIXKJIA 4e JiATaTa CTPYKTypa choTBeTCTBa Ha Oan NO
10. 3a okauecTBsiBaHE Ha METAJOMPOAYKIHSITA MO OTHOLICHHE Ha
KapOuIHaTa  HECJHOPOJHOCT B 3aBUCHUMOCT OT  HEHWHHS
XapaKTepUCTHYEH pa3Mep To3u Oam He TpsAOBa 1a IpeBHIaBa
TIPE/IeITHO JIOMYCTUMATa CTOWHOCT OT 5-6.

MukpocTpykTypaTa Ha 0oOpasIuTe, HOMIOKEHNM HA OTTpsBaHe
npu Temneparypa 870 °C 3a BpeMe Ha U30TEPMUYHO 3aJbPHKAHE OT
180 min e mnokasaHo Ha Gur. 5 UpPH PA3NUYHH YBEIHYCHUS U
NPOSIBEHO ChCTOsiHME. HaOmonaBa ce IEHIPHTEH CTPOEX OT
I'bPBOHAYAIHO  3aTBBPIENUTE OT  CTONMWIKATa  ayCTCHUTHHU
KPHCTaJIM, KOMTO Ca IPEBbPHATH B JICTHPAH C XPOM IIEPJIUT (TbMHHU
y4acThIM) 3200MKOJICHH OT BUIOM3MEHEHA JIeAeOypUTHA EBTEKTHKA
W OCeSHM C BTOPWYHM KapOMIHM BKJIIOYBAHHMS HA KOMIUIEKCHH
JIETHpaHU ¢ XpoM Kapbumu (Oemm kapOuam ¢ brioBara (opma),
pa3NoJIOKeHN TNPEIMMHO B OJHM30CT A0 TPAaHUIMTE Ha 3bpHATA.
Crex oTrpsiBaHeTO Ha NMPOOHHTE Tela ce HAONI0JaBa HaMajsBaHe,
Ha KOJIMYECTBO M M3THHABaHE Ha CBTEKTHMYHHTE KapOWAM B
neneOypuTHATa €BTEKTHKA, 3a00MKansda OWBIIMTE ayCTEHUTHH
3bpHA. KapOupnata HeemgHOpPOZHOCT B  CTPYKTypara Ha
TIOJICBTEKTUYHHS BUCOKOXPOMOB UYyT'YH cief oTrpaBaHe ¢ 6ain No 7.

MukpocTpyKTypara Ha nmojeBTeKTuueH Osut uyryH ¢ 12.6 % Cr
B JIATO CBCTOsiHME, cien 3akansBaHe or 980 °C B macio u
HHCKOoTeMIeparypHo otBpbimane npu 200 °C 3a 120 min Ha
W30TEPMUYHO 3aIbp)KaHe, MOXe Ja ce BHAM Ha ¢ur. 6. B
oreppHarata npu 200 °C crpykrypa, mokasaHa Ha ¢ur. 6, ce
HaOMI0ZIaBa MAapTEH3UT Ha OTBPBLIAHE, OCTATBUCH ayCTCHWT,
neneOypuTHA €BTEKTHKAa M BTOPHYHH KapOumu (¢ur. 3) c mo-
pPaBHOMEPHO pa3MpeiesieHHe U CTPEeMSIIM ce KbM DPaBHOOCHA
¢opma xpucramu. Camure 3bppHa ca 0e3 ocTpu puOOBE N
H3IBIDKEeHH GopmH, KoeTo o0yciaBsi HaMalsiBaHE Ha €HEprusira W
HalperHaTrocTTa Ha CTpykTypara. KapOuaHata HETHOPOIHOCT ce
ompenens ¢ 6an NO 6, a B HOBBPXHOCTHUTE 30HU Ha 00pasIuTe U ¢
6as No 5, koero knacuduuupa MHKPOCTPYKTYypaTa Ha Marepuala
1oJ| MpEeAeNTHO [OIMyCTHMaTa CTOWHOCT, 3a TO3H pa3Mep Ha
METAIONPOAYKIMATa. TakbB BHI TEepMHYHO 00OpaboTBaHe B
MIPaKTHKaTa € W3BECTHO KAaTO 3aKajsBaHE 3a IMBPBUYHA TBBPJOCT
[11]. TTpu Hero meraiiiuTe MOCTUraT BUCOKA TBHPAOCT OT MOPSABKA
Ha 67 HRC, koero ce ABDKM Ha IOJMydeHaTa MapTEH3MTHA
CTPYKTYpa M TOJSAMOTO KOJMYECTBO BTOPUYHM KapOMAM OT THIIA
(Cr, Fe);C; nucmeprupanu B obemMa Ha JACHAPUTHTE H MO
TpaHUIUTE Ha 3bpHara. V3moi3BaHEeTO HAa  TEPMHYHOTO
oOpaboTBaHe 3akansiBaHe oOOe3leuaBa INpPEeMaxBaHE Ha MecTa U
peayluupaHe Ha JApYrd Ha KapOuaHata HEeIHOPOAHOCT U
pPAaBHOMEPHO paslpejieiieHne Ha JefeOypUTHAaTa eBTEKTHKAa I10
CeUYEHHE Ha JeTaiinTe Hapel C pa3TBapsHe Ha KapOMauTe H
PaBHOMEPHOTO UM pa3IpesielieHne B o0eMa Ha 3bpHara. B pesynrar
Ha TOBa C€ MOJNy4YaBaT CTPYKTYpH C IO-BHCOKM MEXaHHWYHH,



eKCIUIOATalMOHHU U SIKOCTHU NOKa3aTeNId B yCJIOBHATA HA YIapHH,
BUOpAIMOHHN M (DPUKIMOHHHU CHIIH Ha paboTa.

4. 3aknrouenue

IIpocneneHo e W3MEHEHHETO Ha TBBPAOCTTa M KapOuaHarta
HEEJHOPOAHOCT B 3aBUCHMOCT OT BH/A HA TEPMHUYHO 00paboTBaHEe
Ha MOJEBTEKTHYCH BHCOKOXPOMOB 051 4yryH cbe cberaB C-2.15 %,
Mn-0.46%, Si-0.51%, Cr-12.6%, P-0.013%, S-0.045, Ni-0.32%,
Mo0-0.08 u V-0.052%. ITomy4eHn ca MakCUMAalHH TBBPAOCTTH OT
66 — 67 HRC crnen 3akansBane ot 980 °C B Macio u OTBpbIIaHE
npu 200 °C, TepMuyHO 00paboTBaHe MOAXOMAIIO 33 HAIpaBaTa Ha
JeTaliiin Ha TIOMIIM, NPHUIBIDKBAINM a0pa3WBHH CYCIICH3UH,
OOJIMIIOBBYHH IUIOYH 33 TPOLIAYKY 32 MHEPTEH MaTepHal, Bajly 3a
BaJIIlyBaHE HA METAJIH B METAIypIHYHUTE IIPOU3BOACTBA, IAMIIH 32
CTyAeHO AedopMHUpaHe Ha METalu, APOOOMETHH M MSACHKOCTPYHHH
Mammad. KapOugHata HEeOZHOPOAHOCT B CTPYKTypara Ha
HOJCBTEKTHYHHUSA BHCOKOXPOMOB YYI'yH B JITO CBCTOSHHUE
cpotBercTBa Ha 6aix No 10, koiito ce peayunpa Ha 6an No 7 cren
orrpsiade npu 870 °C u Bpeme Ha 3aappkane or 180 min u Ha Gan
No 5-6 cmex mpoBexnane Ha 3akaniBaHe rnpu 980 °C B macno u
HHCKOTeMIepaTypHo oTBpbmoiaHe npu 200 °C. BwusnelictBuero
BBPXY MHUKPOCTPYKTypaTa, a OT TaM M Ha KpallHHTe CBOICTBa Ha
TE3M YYT'yHH, TIOJIY4YECHH ClIe]] OTJIMBAHE MOXE Ja CE OCBILECTBU
Yype3 MpuilaraHe Ha pa3iIuyHH PeXHMH Ha TEPMHYHO oOpaboTBaHe,
JaBalli  IIMPOKM  BB3MOXKHOCTH 33  IIOBUIIABAaHE  Ha
eKCIUIOATalHIOHHUTE XapaKTePHCTUKH Ha JeTailuTe.
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N3CJIEJIBAHE MEXAHUYHUTE U KOPO3UOHHU XAPAKTEPUCTUKHU HA
JIATU I/ KAHTHU OT ALSITMG

RESEARCH OF MECHANICAL AND CORROSION CHARACTERISTICS OF ALLOY WHEELS FROM
AlSi7Mg
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Abstract: : In this paper is examines the problems linked with improving the mechanical properties of alloy wheels AISi7Mg. In this
purpose, mechanical and physical tests were done on heat -treated and not heat-treated alloy wheels. Defined are strength mechanical
properties (hardness, strength, plasticity). Fractographic and corrosion tests were conducted, too.
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1. Bveeoenue

AJYyMUHHUAT € C OTHOCHTENIHO HHUCKA ITBTHOCT U € YCTOWYMB
Ha KOpO3usl Thil KaTo Ce CaMOIacHBUpa upe3 00pa3yBaHe Ha ITbTCH
MOBBPXHOCTEH CJIOM OT oOKcuau. KOHCTPYKTMBHHMTE €JIEeMEHTH,
HM3TOTBEHH OT aJlyMMHUEBHU CIUIaBH, UTPasiT OCHOBHA POJIS B peIulia
OTpaciii Ha MPOMUILIEHOCTTA.

B Hamm aHM ce mpenmouyuTa JEEHETO IOJ HUCKO HajsraHe.
To3u MeTon ocurypsiBa 6€3KOMIPOMUCHA HAJISKIHOCT U OTTOBapst
Ha Hall-BUCOKUTE W3UCKBAHUS 3a KadyecTBO. B cpaBHEHME cCbC
CTOMaHEHHUTE [DKAHTH — JITHTE MMAaT 37paB U A00Bp €CTETHYCH
Buz. [1,4,6]

AJyMUHHEBHTE CIUIABH C€ TOApAa3AeiiaT Ha TpH TPYyNu:
NeSIPCKH, 1eHOPMHUPYEMH H ySIKYACMHU.

HeyskuaBamure ce upe3 TEPMHYHO obpaboTBaHe
neopMUpYEeMH aTyMHHHEBH CIUIABH CCE XapaKTEPH3HpaT ChbC
CPaBHUTEJIHO HHMCKa SIKOCT, BHCOKa IUIACTUYHOCT M KOPO3UOHHA
ycroituusocr. [1,2,3,5]

2. H3noxcenue

OOexkr Ha wu3cnenBaHe: AjymuHHeBa kaHTa oT AlSi7Mg
npeacraseHa Ha dur. 1.
- oy X

Due. 1 Anymunuesa niama dncanma AISi7Mg nonyuen

IloBeueTo amyMHHHEBH [DKAaHTH CE€ HMPOU3BEXKAAT C JEEHE IO
HHUCKO HaJsAraHe. 3a pa3iMKa OT JIECHETO I10J] BUCOKO HAIISITaHEe TO3H
METO/I TIprJIara Hajisirane camo 2 6apa. TexHoJIoTHsATa 32 JIEeHE 10T
HHCKO HalAraHe HOCH TIOBEYE pa3Xodd, HO OCHUTYypsBa
0€3KOMIPOMICHA HAJSKAHOCT U OTroBapss Ha HaW-BHCOKHUTE
M3UCKBaHUA 3a KayecTBo.[1,4,6]

CmmaBute oT cucremara Al-Si He ce mojylarat Ha ysKYaBalla
TepMHYHa 00paboTKa M ca NMpegHa3sHAYeHH 32 OTJIMBAaHE Ha MAJIKO
HaTOBapeHH Jeraiimn. Axo kbM cucremara Al-Si ce mpubasu Mg
(mox 1%, cmmaB AlSi7Mg), ysK4aBaHETO ClIe[l 3aKalsiBaHE W
CTapecHe € Bb3MOXHO, Thil KaTo ce OTAENs ysK4aBallla BTOPHYHA
¢aza - Mg2Si. [1,4,5]

Ilenra nHa paboTata € na ce  M3CIEIBAT MEXaHUYHHTE
XapaKTePUCTUKU HA aTyMUHHMEBH JDKAHTH CIie]l OTIMBaHE U Clel
JOIIBJIHUTENHA TEPMOOOpaboTKa cTanAapTU3npaHa Kato ,, T5. [5]

IlocTaBenu ca ciemHUTE OCHOBHH 331auyl IIPU pasriexkIaHe Ha
mpobriema:  ompenensHe Ha ~ MEXaHWYHUTE W (U3UYHH
XapaKTePUCTHKN HA M3PsI3aHU 00pasly OT W3CIEABAHUTE JIATH
mkanta oT AlSi7Mg (TepmooOpaboTeHH U HE-TepMOOOPabOTEHNM).
3oHuTE ca 0603HaueHH Ha Dur.2.
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EMEMEHT
Duz.2. Anymunuesa isma oocanma AlSi7Mg nonyuen
Mecrata Ha u3psi3anuTe 00pasny ca 0003HaueHU B Tabimma 1.

Tabnuya 1. Obo3nauenue na uzciredganume npoou

Enementn Mertog na | OGo3HaueHne Mertoa Ha O0o3HaueHue
noJiyuyaBaHe ToJiyyaBaHe
pedpo JICCHE/HUCKO JI1 JICCHE/HUCKO T1
HaJIsraHe Hansrane+TO
(T5)
cpenHa JICCHE/HUCKO JI2 JICCHE/HUCKO T2
yact HaJIsraHe Hansrane+TO
(T5)
BBTPELICH | JICCHE/HHCKO JI3 JICCHE/HUCKO T3
€JIEMEHT HaJIsraHe Hansrane+TO
(T5)

3. Pesynmamu u ananusu

MexaHHYHUTE W3MHTaHUS Cca TPOBEICHH Ha M3MUTBATEIHA
mammaa (WPM ZDM25/91 - 5t). Ot ormemnure mnpodu ca
H3CJIeIBAaHU TI0 TPU 30HU, KaTO Pe3yNTaTHTE Ca OCPEIHEHHW M ca
IpeAcTaBeHH B Tabiuma 2.

Tabnuya 2. SAxocmuu xapakmepucmuku Ha U3cie08anume npoou.

O6paszuu Rm/Mpa Ry/Mpa A% Z%
JI 162,7 151,8 191 55
2 146,9 131 11 33
JI3 140,88 132,28 0,5 1.2
Tl 2348 2145 25 1,7
T2 253 218,8 12,5 9,7
T3 220,3 169,7 1,6 14




IMony4yenute rpaduaHN Pe3ynTaTH OT U3MUTBATEIHATA MALIHHA
ca obpaborenu ¢ nporpamuu npoxyktu (Graph, Bytescout Graph
Digitizer Scout), ¢ kxouto ca npepaboTenu B uudppoB Gopmar u ca

TOKa3aHu Ha Qur.3.
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@uz.3  Hznumeane Ha onvH Ha  o0pazeya  (namu U

mepmoobpabomenu) ¢ omoennume 30na 0603naveHU HA Zpadukama

CpaBHsBaiiki [BaTa THIA MaTepHall Ce YCTAHOBsBA, Y€ IO
OTHOILICHHE HAa SKOCTHHUTE MapaMeTpu TepMooOpaboTeHHTe ca c
3HAYUTEITHO 110 BUCOKHU MOKA3aTeNd U B TPUTE 30HH HA U3MUTBAHE.

IIpu moutokeHHUTE HAa TEPMOOOPabOTKa 00pa3IH ce HaOII01aBa
MajJKoO IO TOJSIMO pa3ceiiBaHe Ha [aHHUTE 10 OTHOLICHHE Ha
miactugHuTe napameTrpu (A%). SIkocrta Ha ombH (Rm) mpu Te3u
mpo0u € ¢ Malika CTENeH Ha pa3ceiiBaHe.

Ilpu He-tepmooOpaboTenuTe 00pa3uu pasceiBaHETO
OTHOILICHUE SIKOCTHUTE XapaKTEPUCTHUKH € OILe 1Mo Manko. Ot
rpadukara Ha ¢ur.3 e BUAHO Ye HE MOXKE Jia Ce OTYETE IPaHHUIIATa
Ha eNacTUYHOCT Re, Opaau CpaBHUTEIHO HUCKATa ITACTUYHOCT Ha
u3cieABaHUTe MpoOH. 3aToBa € Ompe/elicHa YCIOBHATA IPaHHULa Ha
nposinayBaHe Rp.

IIpu He-TepMooOpaboTeHaTa mpoba ce Hab0JaBa eAPO3HPHECT
JIOM C HalW4yKhe Ha eIbp HEpa3TBOPEH CHIIMIHM, KOWTO ce sBsiBa
KaTO KOHLICHTPATOP MPH pa3pyIlIaBaHeTo.

Ha TtepmooGpaboTenure u He-TepMOOOpaboTeHUTE 00pasiy €
omnpenenena tBbpaocrra nmo bpuuen (HB5/250/30), momecrena B

Ta01.3.

o

Ta6..3. MI3mepBaHe Ha TBBPAOCT

O6pasiu HB5/250/30
g 62,3
T 88,3

HampaBenn ca ¢paxrorpackn u3ciaeBaHHs B 30HUTE Ha
paspyliaBaHe TpH HM3IHMTBaHE HA ONBH Ha HE-TEPMOOOpabOTeHH

(¢ur.4-6) n repmoobpadorenu (¢pur.4-a) npoodu.

Duz.4. Jlom 6 obracmma na paspyuasane na a/npoéa ¢
mepmoobpabomra 6/npoba 6e3-mepmoobpabomka

Ot HampaBeHUs aHAIN3 NpH npobure 6e3 TepMoodpadoTKa ce
rmoidydaBa  KJjacMdecka OEHIpHUAHA CTPYKTypa C  HU3paseH
eBTekTUKyM EB(0+Si) okono o TBepmust paztBop. CTpykTypara e
CPaBHUTEIIHO PaBHOMEPHA U €JHOPOJIHA B OT/ACITHATE 30HM.

TIpu TepmoobpaboTeHnTe MPOOU YacT OT Si OT eBTEKTUKATa ce
pasTBaps B o TBBpAMs pa3TBOp . IIpn MOBTOpHO HarpsiBaHe Ha o
MpPECUTEHNsT Pa3TBOP C€ OTAENAT JIUCHEPCHH 30HM KOUTO ca
KOXEpPEHTHO CBBP3aHU C MaTpHuaTa . To3M KIacHIeCKH MEXaHU3bM
JIOBeXJa N0 YysdKYaBaHe Ha Marpumata. HepastBopenus Si
Koaronmpa M JOBSXKAA A0 yeIpsBaHe Ha Si-BHTe KpPHUCTaIH HO
3HAYUTEHO HaMaJlsiBa KaTo KOJNIMYecTBO. EBTeKTHKATA Cce pasnana u
KOaroJMpaiTe CHINIHMEBH KPUCTAIH Ce HOAPEXAT 10 TPAHUIINATE
Ha o TBBpAMs pa3TBop. ToBa e BeposiTHaTa MPUYMHA 32 3HAYUTEITHO
MOBHIIABaHE HAa MEXaHWYHUTE CBOWMCTBA Ha TepMooOpaboTeHara
JUKaHTa.

M3BbpuIeHO € U u3cieqBaHe Ha KOPO3MOHHATA YCTOMYMBOCT Ha
eInH OT TepMooOpaboreHute oOpasmu. M3BecTHo € dYe cien
TepMo0oOpaboTKa, KOPO3HOHHATA YCTOWYMBOCT HamaisiBa. Tosa ce
IBJDKA Ha BTOPUYHOTO OTAeNsHe Ha  Mg2Si crnex crapecHe.
W3scnenBaneTo € mpoBeieHO B cpefa OT (HU3MOJOTHYEH Pa3TBOP
(pa3TBOpeHa MOpCKa €O B BOAa C KOHIEHTpaiwms -15%o), ¢
temmeparypa 50°C u BpemeTpacHeTo 72 daca. M3momsBan e
TPaBUTOMETPUYCH METOZ, KOHTO ce CBhCTOM B H3MEpBaHEe
MpOMsIHATa Ha TErJIoTo Ha mpobute. [5,7]

Ha ¢ur.5. e mokazam wmakpopeneda Ha KOPOIHPAIUAT
noBbpxHocteH ciod. C  HaOirogeHHWeT0 Ha  HM3HOCBaHATa
MOBBPXHOCT CE OTYUTAT aKTMBHUTE KOPO3HOHHHU IIEHTPOBE, KAKTO U
BB3MOYKHOCTHTE 32 ITACHBUPaHE Ha HOBBPXHOCTTA.

OT npoBeleHUs] EKCIIEpUMEHT CTaHa SCHO, Y€ B 30HUTE C
3aBHUIIECHA I'PAaBOCT Pa3BUTHETO HA KOPO3MATA € IMO-aKTHBHO H
TaM ce 3apakaaT IbPBUTE IEHTpOBE Ha Koposus ¢ur.5.(0).

@ue.5.1Ipoba noonosicena na koposus.: a/ u3xoona npooa;
b/axmueen yenmuvp Ha KOPO3UsL

Criexr 24 daca OT NpPOBEXAaHe HA M3MUTAHUETO B KOPO3HMOHHA
cpema ce HaOIIOaBa IMACHBHPAHE MOBBPXHOCTHUs cioi Dwur.S.
kato ce nonyuaBa Al,Oz. OKHUCHT ce OTIENsI 0 TOBBPXHOCTTA MO/
(dopmara Ha THHBK GuaM (¢ur.6), KOWTO 3amUTaBa MOBHPXHOCTTA
Ha Tpobara OT MO-HATATHUIHO PAa3BUTHE HA KOpO3us. ToBa ¢
HOTBBPICHO W Ype3 KOHTPOJIMPAHE TErJIOTO Ha mpobara U3pa3eHo

rpaduuno Ha Dur.7.
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@Due.6. Ilacusupana npoba cned 24 uaca npecmoti 6v6
QusunocuuHUs pazsmeop.

:‘H!ilmnallt. sl
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@Due.7. Koposuonno usnoceane na npoba JI2 é 3agucumocm om
spememo

4. 3axknouenue

CpaBHsBalikM [BaTa THIA MaTepHAl Ce YCTAHOBSBA, Y€ IO
OTHOIIICHNE Ha SKOCTHUTE NapaMeTpH TepMooOpaboTeHHTe IpodH
Ca C 3HAYUTENIHO II0-BHCOKM MOKa3aTeId M B TPUTE 30HH Ha
U3MUTBAHE.

OT npoBeleHNUTE KOPO3HMOHHH H3CIICJBAHUS CE YCTAHOBH, 4e
cien 24 waca ce wm3rpaxkaa nacuBupam  GHIM, KOWTO
TIPEOTBPATSIBA AKTHBHO Pa3BHUTHE HA KOPO3MATA.

HeszaBucumo or mo-ciabara KOpPO3HOHHA YCTOWYMBOCT HPH
TeMooOpaborennte cmiaBu AlSi7Mg, ot ¢wur.6 u ¢ur.7 ce oTunra,
4ye IMOJNydYeHUs [aCHBHpaH CIIOH OT arpecMBHaTa cpena,
HpeoBpaTsBa BPb3KaTa Ha OCHOBHMS Marepuall ¢ OKOJIHATa cpeja
U TOKa3Ba J00pa 3alIiuTeHOCT.
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INVESTIGATION OF THE PRODUCTION OF ,,IN VITRO“ TIPE METAL MATRIX COMPOSITE WITH
LOW MELTING ALLOYS MATRIX

Assist. Prof. Dr. Eng. Spasova D., Assoc. Prof. Dr. Eng.Atanasov N.
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Abstract: The main purpose of this study is relevant of possibilities for the production of cast metal matrix composites(MMCs) with a
matrix of low melting alloys of type “in vitro™. In this case the investigated MMCs is with metal matrix ZnAl4Cul alloy and Sn which are
reinforced with Cu, Al203 and SiC particles. The research on the methods of metal matrix composites development in this paper has been
brought to the application of different space vacuum schemes for composite synthesis of vacuuming the space for composites synthesis by
using the notion of the “capillary forming”. In this method the metal matrix was infiltrated forcedly in the space between the particles of
reinforcement phase, whereas the classical method adopted for the obtaining MMCs “in vitro™, uses a mechanism of forced insertion of the

reinforcement phase into the ready for use melt, followed by homogenization of the composite structure.

investigated by metallographic analysis.

The obtained MMCs were

Keywords: MMCs, ZnAl4Cul ALLOY, Sn, Cn, Al,O3 SiC, CAPILLARY FORMING, VACUUM

1. Bveeoenue

Ilonmy4yaBaneto Ha st MetainHu kommodutu (MMCs) e enHO
OT CHbBPEMCHHHTE HAIPABICHUS B Pa3BUTHETO HAa TEXHOJIOTHATA Ha
Marepuanute. Te3n MaTepuanyd 3HAYUTENHO IPEBB3XOXKIAT MO
eKCIUIOATAllHOHHN XapaKTEepUCTHKH METaIuTe M CIUIaBUTE, B
YaCTHOCT MO OTHEYNOPHOCT, TBBPAOCT, OTHOCHUTETHA SKOCT.
ITonyyaBaHeTo Ha KOMIIO3MTHM MaTepuaayd Ha MeTaJdHa OCHOBA C
yak4aBaimia ¢a3a 4Upe3 METOIUTE Ha JIeeHe € CTBIIKa KbM IIO-
OIMPOKOTO MPOMHIUICHO TMpWIAaraHe Ha HOBH IOJAXOAM 3a
TIPOM3BOJICTBOTO Ha NO-(QYHKIIMOHAIHH JETaiIIH, IPUTEKaBalH
MO-BHCOKH TEXHHKO-MKOHOMUYECKH IIOKa3arenu. l3mon3Banure
TEXHOJIOTMH HEIAT OCBIIECTBSIBAHETO HA TOYEH KOHTPON H
nomoOpsiBaHE HAa KOMIUIEKCAa OT CBOMCTBA, MEXaHUYHHTE U
(U3MYHUTE XapaKTEepUCTHKM Ha METAlOCIIaBHATa MaTpHIa, 3a
pasnuka oT apyrurte Matepuanu [4,5].

MMCs ce knacupuuupaT Cope] CbCTOSHUETO Ha yCHIIBAIIATa
¢dasza ma: ,in Vitro“ - korato B IeNUs IMKBJI HA MPOU3BOJCTBO
ycwiBamara ¢aza € B TBBPIO CBCTOSHHE, ,in Situ* - korato
ycuiBamiata (¢a3a ce TmoilydaBa B pe3ynTaT Ha  (ha3oBH
B3aMMOJICHCTBYS B IIpoleca Ha KPUCTAIM3aIMs WM IIPH IPOTHYaHE
Ha XUMHYHH peakuuw; ,,hybrid“ - momyuasamm ce B pesynrar Ha
MO-CJIOKHO B3aMMOJEHCTBHE, BKIIOYBAINO EIEMEHTH M Ha JBara
BapuaHTa. B mpoBeneHHTe W3CIEABAaHMS IOTYYCHHUTE METaIIHH
KOMIIO3UTH YCJIOBHO MOrar Ja ObgaT NPUYHCICHH KbM
KOMITO3UTHUTE ,,iN Vitro”,

ExcnepuMenTannute uscieBaHus 3a noiaydyasane Ha MMCs
B HacTosara paboTa, ca CBBbP3aHU C M3IOJ3BaHE HA Pa3iIMYHU
CXeMHU Ha OMOKpsIHE Ha ysKyaBamara (asa OT MeTaJHaTa MaTpula
B KOMOHMHAIMS ¢ BaKyyMHUpaHe Ha o0eMa Ha JiesipckaTta hopma, KaTo
ce M3I0M3Ba HAEATA HA METOa ,,KammwisipHo popmoBane” [1].

2. H3no0xcenue

Ilenra Ha mnpoBeNEHUTE H3CIEABAHUS € Ja C€ H3CIeABaT
BBH3MOKHOCTHTE 32 MOJTy4aBaHE Ha IPHHLUIIHO HOBH MHOro(dasHU
KOMIIO3MTH, KaTO CE M3I0JI3Ba MPUHIHIA Ha METOJa ,KAMIIPHO
¢opmoBane”. B KOHKpeTHHS cirydail TO3M IIPOLEC € CBBP3aH C
HOJIy4aBaHe Ha JIATH METaJHU KOMIIO3UTH OT THIA ,,in Vitro* c
MeTalHa MaTpulla ¢ HHCKa TeMIeparypa Ha TOINEHE — LIMHKOBA
cwiaB [IAM 4-1 (ZnAl4Cul) u xanaii (Sn) u ysk4asama dasa Cu,
Al,O3, SiC [5,7]. IIpeauMcTBO B pasrienaaHara MOCTaHOBKA €, Y€ Ce
HOJIy4aBaT UKOHOMHMYECKHU LIeIeChOOPAa3HO M SAMHUYHU 3arOTOBKH
C CKWINPOBKA, JIeCHa 3a H3paboTBaHe, 4Ype3 H3MOI3BaHE Ha
KOHBCHIIMOHAJIHH METOAM 3a IOJy4aBaHe Ha JIeIpckH (GopMu U
CHHTE3MpaHeTo B TsX Ha m3ciensanure MMCs. He e HeoOxonnmo
(dopmute, B KOUTO Ce CHHTE3UPAHM KOMIIO3UTHUTE, J]a Ca MCTAIIHH.
Te morat na 6baaT KepaMU4HH, Ha THIICOBA, IMMEHTOBA WX JpYTa,
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MOAXO/ISI1IIA 32 KOHKPETHHS cliydail ocHoBa[2].
IIpn xmacwyeckust MeTox 3a MONTy4YaBaHE Ha JIATH KOMIO3UTH ,,in
vitro” ce mpmiara MeXaHH3bM Ha IPUHYJUTEIHO BHACSIHE Ha
ycwiBamata (asa B IOATOTBEHAaTa CTONMIKA M CIEABAILO
XOMOTEHU3UpaHE Ha KOMIIO3UTHATa CTPYKTypa. B KOHKpeTHHsA
cirydaif caMOTO CMecBaHE Ha MaTpuIiata ¢ ycunBsamara ¢asa ce
OCBILECTBSABA Ha MPUHIMIA HA ,,KanmIIpHOTO (hopmoBaHe”. ITbpBO
BbB (hopMaTa ce ocTaBs ycwiBamata (asa, a ciie]] ToBa MeTajHaTa
MaTpHIa BbB BHUJ Ha CTOIMIKA, Ce MHQWITpUpa NPUHYAUTEIHO B
MIPOCTPAHCTBAaTa MEXAY CJIEMEHTHTE Ha yskdaBamara asa upes
BaKkyymupase [2,3].

IIpuanunHara cxema Ha aboparopHa ypenda, paspaboTeHa 3a
peanu3upaHe Ha IOCTaBeHAaTa 3ajaJa € Ioka3zaHa Ha ¢ur. 1.

E
:
1P
B
HF
H

To the vacuum system 14

@Due. 1 Cxema na nabopamopnama ypeoba 3a nonyuasame na MMCs

1- ynnomnenue; 2- mescounen kanax; 3- nacpesamenu, 4- ocnosna xaca; 5-
MONNOU30NAYUOHEH — KOJICYX;  6-  ¢hopma;  7- evHwna  raca;, 8-
Moniou3oNayuoHHa niova, 9- noonopa; 10- xoocyx, 11- yniemuenue; 12-
onopa; 13- eana; 14- ocnoena naoua; 15- mepmoosoiika; 16-
monaouzonayuonno  ynavmuenue; 17- yakuasawa pasa; 18- cmonuixa

BwB ¢opmara 6 ce macumnBa ycunBamara ¢asza (B ciydas Cu,
Al,O3 uu SiC), cinen koero opMara ce MOHTHPA B 1abopaTopHaTa
ypenba. dopmara ce HarpsiBa 0 TeMmIlepaTypa Ha IperpsiBaHe Ha
cromuikara (Marpuuara) - 480°C 3a IIAM 4-1 u 350 °C 3a xanas,
ype3 HarpeBaTelure 3, KOETO OT CBOS CTpaHa cromara
uHpUITpanusITa HA CTOMWIKAaTa (Marpui@ara) B KAWLIPHUTE
MPOCTPAHCTBA MEXIY eJeMCHTHTE Ha yskdaBamiata (asza. Cien



JOCTHI'aHE Ha HeoOXO0aAMuMara TeMreparypa, Ghopmara ce 3ajuBa ChC
crommwikara 18 (cmmaB ZnAl4Cul, win kanaif), eTHOBPEMEHHO C
TOBA C€ BKIOYBA M BaKyyMmcHcTeMmara. V3paBHABaHETO Ha

HalsAraHero BbB (Qopmara mpe3 CTPaHMYHUTE W JIOJIHATA
MOBBPXHHHY, Ype3 KOETO €€ IIOCTUra JONBIHUTEIHO YILIbTHIBAHE
Ha CTONMJIKAaTa M  CIEMEHTHUTE, U3rpaXJalld KOMIIO3UTA,

CEeOCHINECTBsIBA Upe3 rephoprpaHe Ha KacaTa Ha Jiesipckara popma.

EnHOo oT riaBHMTE mpeiMMCTBa Ha H3MOJI3BAaHATAa CXeMa IPH
MPOBEICHUTE E€KCIEPUMEHTH €, 4Ye CJeJ CTOISBAHE HAa MeTajHaTa
MaTpuia TA HU3NbJIHABA (YHKUMMTE W HA YIUIBTHCHHE MEXIY
MpOoCTpaHCTBaTa HaJ Hes U mon Hes. Han cromumikara nelictBa
arMoc()epHO HajAraHe, a NOJ Hes HaJAraHeTo € I10-HUCKO, Thid
KaTo TMPOCTPAHCTBOTO B Ta3U 30HA € CBBP3aHO C BAKyyMCHCTEMaTa-
Ap= pa- ps. Bcnencreue Ha ch3ma/ieHaTa pa3iHKa B HAIATAHETO
HaJl CTONMJIKaTa M NOA Hes, T (cTommikara) ce HHQUWITPHpa
MPUHYIUTEIHO B IPOCTPAHCTBATA MEXAy €JIEeMEHTUTE Ha
yak4aBamara ¢asa, B pe3ysnTaT Ha KOETO Ce M3TpaXk[a KOMIIO3HTA.
C omnucanara jabopaTopHa ypenba ca NpOBEICHH IOpEMIA OT
eKCIepyMeHTH 3a monydaBaHe Ha MMCs c¢ wmarpuma oT
HHCKOTOMMMH METaldM M CIUIaBH. 3a MoydaBaHE HAa KyXWHaTa Ha
¢dbopmaTa e U3MON3BaH LWIMHAPUYEH Mojen ¢ pa3Mepu L=80mm,
D=10mm, a espckure QopmMu ca  u3pabOTEHH  OT
OBp30BTBBPAABaMmIA ce (POPMOBBUHA CMEC OT KBAapIOB IICHK U
BOJIHO CTBKJIO. HsikoM OT M3rpaskiaHnTe KOMIIO3UTH Ca ChC CI0KHA
penedHOCT M ce MoiydJaBaT MO CTOISIEMH MOZIENN B KEepaMHYHU
(GbopMH OT TEYHO HAIMBHH LIMMEHTOBH CMECH C JAOCTATBYHO 100pa
SIKOCT U Ta30IPOIyCKINBOCT. ExcriepuMeHTHpaHy ca IBa BapHaHTa
Ha m3rpaxkgade Ha MMCs. IIpu mbpBUAT BapuaHT B KyXHHAaTa Ha
nespckara ¢popMa ce HACHIBAT €IEMEHTHTE Ha ysKdaBamara asa
(Cu, Al,O3 umu SiC), hopmara ce mocTaBs B ypeadaTa U ce HarpsiBa
0 TeMIepaTypara Ha 3alMBaHE Ha MaTpHUIaTa, Clie]] KOeTo ce
3a]MBa C pa3ToleHara ciuiaB. Ilo Ta3m cxema Ha B3auMMOJEHCTBHE
MEXAy ysKkdaBamarta (aza M MaTpumara ce OCBHIIECTBSIBA H
NPHUIBMKBAHE HA CTONMWIIKTAa KbM CTEHHTE Ha (hopmara, KaTo Io
TO3M HAYMH MOYTH IIAJ1aTa MOBBPXHOCT HAa M3TPaACHUS KOMIIO3UT €
OT MeTajHaTa MaTpuIla.

IIpu BTOpMs BapuaHT MeTalHaTa MaTpPHULA CE W3rpax/a Ha JABa
eTalma — IBPBO B KyXHHaTa Ha Jiespckara ¢opMa ce HacHIBaT
eJIEMEHTUTE Ha ysKkdaBamarta (asa (mpaxosm vactumu ot Cu c
pasmep 50- 100um, mpaxosu wactumu ot Al,O3 ¢ pasmep 100-
120um wmm npaxoBu wactuuu ot SiC ¢ pasmep 180um) B
KOJIMYeCTBO okono 60% 3aenHO ¢ MeTalleH Mpax OT MaTepHana Ha
MaTpuiata B KoiamuecTBo okoio 10%, dopmara ce mocTas B
ypenbata u ce HarpsBa JO TeMmIepaTypara Ha 3alMBaHe Ha
MaTpuIlaTa, MpU KOETO YaCTHUIUTE OT MaTepHana Ha MaTpHLaTa ce
CTOIISIBAT M OMOKPSAT ysK4aBamara ¢asa. [Ipm BTOpHs eram, Hax
JBYKOMIIOHEHTHATa ,,CMec*, ChCTOSIIAa C€ OT MAaTpUlla B TBBPIO
chCTOsIHUE (BBB BHJ Ha METAJHH IpaHylH) + ysakuapaimia ¢asa, ce
00aBsi IpeABapUTENIHO IOJATOTBEHAa CTONMJIKA OT MaTepuaja Ha
MaTpHIaTa, BCJICACTBHE HAa KOETO CE IOJy4YaBa MOIBIHUTEIHOTO
MIPUTHUCKAHE HA HU3TPAXKIAMUAT C€ KOMIIO3HT OT CTONMIKATa H
clefBamia  MHQWITpAnMs HA  ChIIaTa B  HE3aIbIHEHUTE
MIPOCTPAHCTBA MEXIY €IEMEHTUTE Ha ysIKJaBaiara ¢asa.

OT moNy4YeHUTE EKCIEePUMEHTAIHH 00pa3uu ca Hu3paboTeHH
Metanorpadcky numMdoBe, KOUTO ca M3CIEIBAaHU ¢ MeTaIorpad)cKu
mukpockon “Neophot32”.

3. Pezynmamu u ananusu

IIpoBeneHNTE CKCIEPUMEHTAHN H3CIACABAHMS TTOTBBPIKIABAT
BB3MOXKHOCTTa 3a mosy4aBane Ha MMCs ot tuma “in vitro” mo
M3JI0’KEHATa I10-TOPEe METOUKA.

B CBOTBETCTBHE C ONHCAHOTO II0-TOPE,
W3CJICBAHUTE JBA BApHAHTA, [T0KA3BaT:

pe3yaTaTure OoOT

3.1. ExcnepumeHnmu, npogederu no nvpeusam eapuaHm Ha
usepasicoane na MMCs

BapuanTsT Ha msrpaxgane Ha MMCs, npu KoiiTo MarpuuaTa
(cronmikara) ce MHGMITPHpa B Ienus o0eM Ha MPOCTPAHCTBATA
MEX]Iy YacTHIMTE Ha ysk4aBaiiata (asza, MOXe Ja ce ImpHeme 3a
HeycCIeleH, T.K. ce HaOJoJaBaT MHOXXECTBOTO HE3aITbIHEHH ChC
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CTONMJIKA y4acThLM B obeMa Ha M3TrpakaaHus kommnosuT. (Pwur.2,
®ur.3).

Ha ¢wr. 2 ca nokazanu mukpoctpykrypa Ha JIMK ¢ marpuia ot
uunkoBa ciiaB LIAM 4-1 u yskuaBamia dasa SiC (a) u o011 Bux Ha
noiaydeHust kommnosutr (6). B To3m cmywait He e momydeHo
JOCTaTh4YHO JOOPO OMOKpSIHE Ha ysKyaBaiara (aza OT MeTajaHara
MaTpHIla U ce HaOJIoJaBaT MHOXKECTBO HE3AIIbJIHEHH KalWISIpPHU
npocTtpaHcTBa. ToBa e MpUYMHA U 3a NOJNTydYaBaHe Ha HecraOMIIHA
BPb3Ka MEXAY €JIEeMEHTHTe Ha ysk4aBamiara (asa, KOETo ¢
NPUYMHA 33 HUCKA SKOCT HA OTJIATHSA KOMIIO3UT M CBBP3aHOTO C
TOBA HapyIlaBaHE Ha IIEJIOCTTa MY.

6
Due.2 a)- mukpocmpyxmypa na MMCs ¢ mampuya LHAM 4-1 u ysxuasawa
¢hasa SiC x500, 6)-001y 6u0 Ha noxyuenus KOMnNO3UM

o
Due.3 a)- mukpocmpyxmypa na MMCs c mampuya Sn u yaxuasawa ¢gasa
Cu, pasadena x500, 6)-cnumKka Ha NOLYYEHUSIM KOMRO3UM

Ot mukpoctpykrypute Ha MMCs ¢ Marpuna Sn u ysk4aBamia
¢daza Cu (dur. 3) ce BIKAa, Ye € MOTyYCHA 3HAUYUTEIHO MO-I00pa
MHQUITPAIKS HA CTONMWIKATA B KAITWISPHUTE MIPOCTPAHCTBA MEKIY
eJIEMEHTHUTE Ha ysK4aBamiata (haza, HO ce HaOIroJaBaT M Ta30BH
neeKkTH, KaKTO W pa3feluTeIHM WBHIM II0 TpaHUYHATa
MOBBPXHOCT MEXK/Y YacTHLHTE Ha ycuiBamaTa ¢a3a U MeTajHaTa
MaTpHuIa.

3.2.  Excnepumenmu, npogedeHu no 6mopusi 6apuarm Ha
usepasicoane na MMCs.

Ilpu BTOpHs BapuaHT, XapakTepu3Wiall Cce C TOBa, Ye
MeTajHaTa MaTpHla € M3rpajieHa Ha [Ba eTana, ca MOJy4eHH
ChIICCTBCHO HO'Z[06pI/I pe3yiararu. HpI/I HEro € peajn3upHa cxeMma
Ha U3rpaxJiaH€ Ha KOMIIO3UTa, IPU KOATO ME€TalHaTa MaTpulla c€
ONpUABHMKBa Ha MajJKU pas3CTOsAHUA B MHKpOOGeMHTe OKOJIO
HaCTUIUTE Ha ysKYaBallaTa (ba3a. To3u BapvaHT Ha CMCECBAHC Ha
nBete (as3u ce MoKa3Ba 3HAYUTEITHO M0-100pa eheKTHBHOCT.



OT MHKpPOCTpYyKTypuTe Ha ¢ur. 4 ce BWXKIa, 4Ye HE Ce
HaOJII0/1aBaT 30HH C HAMAJICHO ChIbpXKaHUE Ha ycuiBamata dasa, B
pe3ynTaT Ha HPOLECH Ha MNpepaslpeieieHHe Ha IOCIeqHaTa MpU
UHOUITPUPAHETO Ha CTONMMWIKaTa. Hanuie e II0CTHO 3ambiiBaHe
Ha KalWJIIPHUTE KYXHHH OKOJIO YCHJIBAIIUTE YACTHIM OT TEUHHUS
MeTajJ, TpPH TOBa ChYETaHO C MHOro J00pO OMOKpsHE Ha
eJIEMEHTHUTE Ha ysiK4yaBaiiaTta ¢asza OT CTONMUIIKATA.

Due.4 Muxpocmpyxmypa na MMCs ¢ mampuya Sn u yaxuasawa pasza Cu
a)- pazaoena- x250, 6)- paszsdena- x500

Ha ¢wur. 5 ca nokaszanu MukpocTpyktypu Ha MMCs ¢ MaTpuiia
IAM (ZnAl4Cul) u yskuaBama ¢asza kopyun (Al,Oz). Bmxna ce,
4Ye U B TO3M CIIydail € IOJIydmIeHa MHOTO J00pa MH(MITpanus Ha
CTONMWIKaTa B KaNMIIPHUTE INIPOCTPAHCTBA, (OPMHPAHH MEXIY
IpoOHMHKHTE Ha ysk4aBamiata ¢asa. Hammme e u nobpo omokpsiHe
Ha ysK4aBammaTa ¢a3a oT CTONMIKATa, IPEABU PAa3HOPOIHOCTTA Ha
MaTepuaInTe, U3MOI3BaHy 3a MaTpHLA U ysaK4yaBsaiia ¢asa.

B 3akmoueHue Moxke Ja ce Kake, 4e BTOpaTa METOAMKA 3a
mirpaxaane Ha MMCs paBa  1o-goOpu  pe3yiaratd W
MPOABJDKABAaHETO Ha U3CIICABAHHATA BTa3M HACOKa TpsiOBa na Obae
OCHOBAHO Ha Hesl.

@uz.4 Muxpocmpykmypa na MMCs ¢ mampuya I[AM (ZnAl4Cul) u
yaxuasawa ¢paza kopyno (Al,03) a)- passoena- x500, 6)- pazsoena- x1000
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5. H3600u

Or MPOBEACHUTE MU3CJICABAHUS 3a I10JIydaBaHC Ha MMCs morat
Ja CC HAIPaBAT CICIHUTC U3BOJU:

» W3non3BaHaTa cxema Ha ,KamwispHo ¢opmoBaHe” naBa
BB3MOXHOCT 32 M3rpaxkaaHe Ha MMCs 1o MeTol M TeXHOJIOTHf,
PA3INYHU OT KOHBEHIIMOHAIHUTE.

» Or paspaboTeHuTe ABE METOAMKH 3a MOJNy4aBaHEe Ha
MMCs (cbc u 0e3 mpenBapUTEHO CMECBAaHE Ha EIEMEHTH Ha
yak4aBamara (asa ¢ MeTaleH Ipax OT MaTpHIara, W CJIEABAIIO
3alMBaHe CbC CTONMJIKA, H3rpaXkJalia Marpuuara) I0-100po
OMOKpsIHE Ha YysKJaBamara asa U CBOTBETHO HO-700pa
uHOUATpanUs ce Mojly4yaBa B CIy4auTe, KOraTo NPEIBapUTEIHO Ce
CMecBaT EJIEMEHTUTE Ha ysk4aBamara ¢aza ¢ METaIeH Hpax OT
MaTpHIIaTa U CE HarpsiBaT Jia TbJIHO CTOMSBAaHE Ha MOCJIEIHATA.

» Tlonyuenute no uscnenBanus Meron MMCs ce oTi4yaBat
ChC 3HAYUTENIHO MO-BHCOKO ChIbPXKaHME Ha ysk4aBaiuara (asa oT
Te3U, MOJY4YEHU upe3 IPUHYAUTEIHO BHACAHE Ha IOCIEeNHAaTa B
TIPEIBAPUTEINTHO CTONIEHATa METaJIHA MaTPHULA.

» Tlomy4enute o H3CIIeIBAaHUS METOJ ST
METAIOMAaTPUYHN KOMIIO3UTH C MaTpula oOT CIUIaBH CBC
CPaBHHUTENIHO HHCKa TEMIEepaTypa Ha TOIEHE MOraT Ja HaMepsT
NPUIOXKEHHUE 3a IOJy4aBaHEe Ha IUIB3TralllM JarepH, paboTely Ipu
crienUYHO HaJsAraHe, CTATMYHO U yJapHO HAaTOBapBaHE M JIIp.
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INTENSITY OF SOLIDIFICATIONI
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Abstract: The identification of the heat exchange intensity at the work surface of the mold is defined by the base information of the type
and movement of the solidification front. Parameters and their influence are shown on the type and movement of the solidification front:
initial melt temperature; initial temperature of the mold; the ceramic coating on the work surface of the mold; distribution of the mass of the
mold. The methodological link of these parameters is shown in the creation of each casting technology.

Keywords: Heat transfer intensity identification, parameters, methodology, technological regime of solidification.

1. Introduction

At work [1] an experimental indirect method for estimating
the thermo-resistance and thickness of the ceramic coating of the
working surface cast/(metal mold) in a cyclic casting process
according to the following methodology: 1. Recorded with
thermocouples non-stationary temperature field in the formation
of cylindrical castings; 2. A 1D thermo-elastic model [2] is used
to describe the non-stationary temperature field of solidification;
3. Time-temperature curves in the mold are used to estimate the
thermo-resistive casting/(metal form); 4. Very important
information is also the type of structures at the surface of the
casting. On Fig. 1 these structures are presented [1]:

¢) Worn ceramic coating (0) = 3164 w/m? K

Fig.1 Cmpyxmypu npu nogwvpxnocm na yurunopuuna omauexa [1] u
UOeHMUPUYUPAHU KoeduyueHmu Ha MONJIoNpedasane npu SpaHuyama
omauska-(memanna gpopma) 6 nauannusm momenm om epeme t=0 sec: a)
— Ge3 kepamuuno nokpumue o(0) = 4932 w/m? K; b) — cwve ceearco
KepamuiHo noKpumue Ha pabomHama noebLpXHOCH Ha MeMAaitHama
dopma of0) = 2174 Wim? K; ¢) — usnoceno xepamuuno nokpumue o(0) =
3164 w/m® K.

On the basis of the methodology [1 and 2], modern software
can be used to solve the non-stationary temperature field in the
case of solidification by Stefan-Schwarz 3D task. In our institute,
non-commercial software products have been created.

a) Without ceramic coating a(0) = 4932 w/m? K; Here is used a software product was created and developed
. e R AL . by M. Dimitrov and S. Bushev for numerical solution of Stefan-
Schwarz's 3D task by Finite Elements Method (FEM). The
methodology of [1 and 2] is developed by numerical
representation of the solidification process — a first-order phase
transition as follows: 1. The numerical 3D task of Stefan-
Schwarz in cylindrical geometry is solved; 2. The most important
is the representation of the movement of the solidification front;
3. The heat transfer coefficients identified at the boundary
casting/(metallic form) of [1] (see Fig. 1) are used; 4. A
technological regime of motion of the hardening front is created.

The aim of this work is to obtain a technological mode of
consolidation through the influence of: 1. the initial thermo-
resistance of the work surface casting-(metal mold); 2. The initial
temperature field of the metal mold; 3. Initial temperature of the
metal melt; 4. Distribution of the mold mass.

b) With fresh ceramic coating (0) = 2174 w/im? K;
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2. Receive technological regime of phase
transition from the first order in casting.

3.1 Comparative analysis of the solidification process at
different initial thermal-resistances at the border casting -
metal form.

In Fig. 2 is a comparative analysis of the solidification with a
heat transfer coefficient without ceramic coating ac(0) = 4932
w/m? K and with a fresh ceramic coating on the work surface of
the metal mold ag(0) = 2174 wim? K (see Fig. 1).

The numerical experiment does not account of the fill
process. The cast is of pure aluminum with thermal coefficients
of cast — melt (m) heat conduction A, = 209 w/m K, heat capacity

MOLD
Ol oy =4932 wim? K

CAST

0.0296 sec

Cm = 1149 J/kg, density pm = 2380 kg/m® and solid phase (s) As =
228 wim K, ps = 2500 kg/m®, ¢, = 1279; steel mold Amoiq = 54,28
w/m K, pmoig = 7900 kg/m® Coolq = 486 J/kg. Temperature melting
point of pure Al is T, = 660,1 ° C and latent heat of melting is Q,_
= 408020 J/m®. The initial temperature of melt is Tc = 720 ° C
and the temperature of mold is Ty = 218 ° C. The thermal
coefficients of heat transfer at boundary cast/mold are shown
above.

It is well known that the thermal resistance of the cast/mold
boundary in during the actual casting process. We choose
constant thermal resistance i.e. constant heat transfer coefficient
for numerical experiments.

= /m?2
(X‘C|M 2174 wim? K

]

10,9927 sec 14.999sec

\

14 sec

16,0017 sec

Fig.2 Geometry view of thermodynamics system. Comparative analysis in free regime of solidification with different coefficients of thermal-resistances

acm(0) = 4932 wim? K and acm(0) = 2174 wim? K at the work surface cast/(metal mold). Contact temperatures of cast TE and mold TE! at the cast/(metal
mold) boundary. Regions 1 and 2 are important interest — Impact of boundary conditions of the mold.

The temperature field of the thermodynamic system at successive moments of time are as follows: at thermal-resistance acm(0) = 4932 w/m? K

t =0,0296 s is the temperature field of the whole cast/mold system; t = 1s obtaining closed isotherm lines; t =3 s open solidification front; t=7s
obtaining of closed melt metal liquid area; t = 14 s end of the solidification process;

at thermal-resistance acm(0) = 2174 w/m? K

t =7 s closing time and formation of a closed melt metal liquid area; t = 10,9927 s closed area and naturally non-filling with liquid metal; t = 14,999 s
solidification of the melt in the closed area; t = 14 s end of the solidification processin the closed zone;

The heat transfer coefficient of the form surface 4932 w/m? K is a real value because the shape surface of the form is not processed for a higher heat
transfer coefficient. The value 4932 w/m? K is much lower than the maximum possible values of 40,000 (or the theoretically possible value of 56,000 [5]). The
coefficient of thermal conductivity of the coating used in work [1] is obtained in the range of 0,22+0,25 w/m K. A ceramic coating with this thermal
conductivity coefficient defines a value of 2174 w/m K by the ratio Aceramic coting/ 6, Where &'is where §is the thickness of the ceramic coating.

In the free solidification regime, closed melt zones are always
formed, creating macro and micro-structural defects. It is not
possible to supply these areas with liquid metal.

Filling the shape cavity is from the bottom (see Fig. 2). This
is the only place to enter the fresh melt, i.e. the end of the metal
pipe is also in the role of the "dead head". It follows that the
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solidification regime to be "technological™ is necessary in such
cases to be opened to the melt inlet. On Fig. 3 we present a
technological regime of solidification by: Different constant
coefficients of heat transfer on the cast/(metal mold) boundary;
different initial temperature; mass distributed of the mold



Solidification front (zone)

OL.=4932 wim2 K
(},m= 500 wm2K

1.00085 s 2,997 sec

Ol =12wm2K
am= 0 wm2K

13,9934 sec 17.99125 sec

6.9967 se

21,9891 sec

9.99555 se

25,98695 sec

Fig. 3 Technological regime of solidification by: 1. Different coefficients of heat transfer at the cast/(metal mold) boundary aci 4932 w/m? K o, = 500 w/m?
K and at mold/environment boundary og; = 4932 w/m? K ag, = 0 w/m? K; 2. Initial temperature of metal melt is T = 777 °C. Three different initial
temperature of the mold 570 °C, 257 °C, 70 °C; 3. Mass distributions of the mold. The solidification process we introduced by solidification zone

[663,6+660,1+656,6]. Technological solidification regime is obtained. Up to a point in time of 9.99555 sec, the hardening zone is open to the hottest part of
the thermodynamic system. At a time of 13.9934 sec, the isotherm line T = 663.6 °C closes, but the remainder of the hardening zone remains open to the hot
end. It is important to note that the solidification zone until the end of the numerical experiment is kept open (see the next Fig.4).
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Figure 4 shows the end of our numerical experiment

g
nT°Cc R
6636 &
H
=]
Ifjﬁ[:l:l g
[ )
656.6 §
Cast &

20 9848 sec

Fig.4 The end of the numerical hardening experiment is the entry of the open
solidification zone into the metal conduit.

3. Material Science — phase transitions, structures.

It is well known that the heat exchange rate influences the local
conditions of polycrystalline structure formation by the local
solidification time (LST) along with the local crystallization time
(LCT). It is assumed that LST ~ LCT. The ultimate casting
structure is most often obtained after heat treatment [3 and 5]. DAS
and SDAS analyzes determine scales that work: SDAS — 40,17 pm
and

LST~LCT= (SDAS/10) sec. (SDAS)

In Fig. 5 is a specific microstructure of casting after curing for
which LCT= (SDAS/10)® sec (40,17/10)° = (4,017)°
64,819472913 sec. This value is decisive for the type of heat
exchange intensity in the foundry process. The presented
methodology in this article specifies precisely separate stages for
estimation of important foundry parameters of the phase transitions
of first and second order i.e. the macro-level micro level
relationship or the relation micro-structure — properties [3, 4, 5, 6].

The idea of scale from this point of view is in Fig. 5
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Fig. 5 Scals: 1 micro-structure 400 #m DAS; 2 SDAS; 3 pixel — min.

The identification of heat exchange [1, 2 and 7] allows the
question of a multi-dimensional description from the classical [3
and 5] to meso-level [4].

4. Conclusions

The presented methodology shows: The identification of the
intensity of the heat exchange during casting is a constructive stage
in the creation of each casting technology. The type and movement
of the solidification front is basic information and control design.
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Abstract: An integral representation of technological parameters of low pressure casting for the production of a car wheel is made. An
algorithm and methodology for communication between micro-foundry and material science induced by the change Industry 4.0.

KEYWORDS: ALGORITHM OF INTEGRAL REPRESENTATION OF LOW PRESSURE CASTING TECHNOLOGY; GENERAL

METHODOLOGY.

1. Introduction — cast care wheels technology.

Full description in material science imposed by [1] and is on
the base of principles [9]:

Processing—Structure—Properties—»>Performance. (PSPP)

Mechanical properties of the care wheel are shown in Table 1

Table 1: Mechanical characteristics in three casting’s zones

Zone

R0z
[MPa]

Rum
[MPa]

AS
X

S

HEW

DAS
LLm

LST
s

Hu

Center

169.0

236.6

3.2

93.6

43.53

8231

91.5

Ribs

156.0

246.0

5.8

91.2

4410

85.77

813

Bed/
Board

175.5

266.0

8.0

014

2438

14.53

835

where: Ry, — yield limit; Ry, — tensile strength; A5 — relative
elongation; HBW — Brinell hardness; DAS — grain size; LST -
local crystallization time; Hu — micro-hardness.

The open thermodynamics system (OTS) is shown on Fig.1:

Fig. 1 Mold for low pressure casting of care wheels with control sensors
— thermocouples T1 and T6.

Technological parameters measured at the casting of 20
automobile wheels are on Fig.2:

T[°C]
720
718
716
714
712 Lnoui
710 L
708
706
704
702
700

6Melt-T2m

1334
1341
1349
1356
1404
1412

1419

1427
1434
1442
1450
1457
1505
1512
1520
1528
1535
1543
1550

= 1558

2 1606

-
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Fig. 2 Technological measured parameters: melt temperature — T2,,; gas
cycle P1; Thermocouples T6_t.m. and T1_b.m. (see Fig. 1).

The quality cast according to (PSPP) the final structure of the
care wheel is obtained after heat treatment:

- Homogenization — (535 * 2 °C)/(6 hours), quenching in
water (up to 45 + 50 °C) not later of 10 sec after removing from
the furnace;

- Aging at room temperature for 10 + 12 hours;

- Artificial aging of (160 * ® °C)/(4 hours), cooling at
room temperature;

but each of the two technologies of casting and heat-treating
itself is subject to the principles (PSPP).



Aim of this paper is integral introduction of technological
information to micro-foundry and scientific support in large and
small scales.

2. Integral representation — basic information.

Integral representation of the baseline information through
the parameters in the previous paragraph: Gas cycle times - P

with temperature control of the mold by the temperatures T1 and
T2, which provides maximum communication with a fast
response capability. The integral representation of the low
pressure casting of a car wheel from an AISi7Mg alloy is shown
in the following Fig. 3:

Low pressure casting of WHEEL 7JX15H2 on machine CPC-1000

tos"| 40| 40 | 40 138 4Py

MAIN CYCLE PARAMETERS ¥
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Fig. 3 Integral representation of the basic information of low pressure casting of wheel AlSi7Mg on machine CPC-1000: The gas cycle — to, t1, to, t3, t4 [S] and
AP1, AP, [bar]; the cooling circuits; the control by temperature with thermocouples T6art = 350 °C and [350-+740 °C], T1r = 350°C and [400-511 °C].

To estimate tolerances of the above parameters (see Fig. 3),
we select the following data for one cycle as follows: 1.
Temperature of the molten metal in the furnace of the machine;
2. one machine gas cycle; 3. Temperature upper mold; 4.
Temperature of lower mold.

Figure 4 shows two parameters 6Melt-T2m [° C] and P [bar]:

Pbar] ppelt 6, casting N219
Tl 6Melt-T2m ;

tlh:mm] [hh:mm:ss]

Fig. 4 Furnace of the Low pressure casting machine: Temperature
6Melt-T2m [° C]; the pressure P change of the gas for the production of
one casting.

On Fig. 5 are shown the date thermocouples T6 and T1 [°C]:
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Fig. 5 Time-temperatures curves in mold: T6_t.m. and T2_b.m. [°C].

The base information is: (6Melt-T2m [° C], P [bar] + T6_t.m.
and T2_h.m. see above). The data shown (Figures 4 and 5) is a



swirl of an optimized Low pressure casting of care wheel
7JX15H2 in machine CPC-1000.

Optimal casting process we understand casting without
defects and with a structure giving the best working properties of
each casting. In principle (PSPP), it follows that the ultimate
performance requirement is the market and the maximum life of

the vehicle here. The aggregate information in Figure 3 suggests
that it integrates into a well-understood scheme as an idea of the
basic standard of micro-foundry communication for assessing the
fundamental results of material science. Such a scheme is
proposed in Fig. 6:
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Fig. 6 Standard scheme for communication between micro-foundry and fundamental scientific results and fundamental results of material science. This

scheme is a computational algorithm for assessing necessary (new and old) knowledge such as mathematics, mathematical physics; the need to assess future

market requirements for castings. Estimates of future requirements are a probabilistic answer to the questions: What structures and working properties are
needed for casting materials? Are secondary alloys used without / (or minimal) losses?
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3. Materials science in Industry 4.0.

The properties of materials are determined by their structures.
A. Balevski's definitions of alloys in article [2] are:

Such a combination of mechanical and technological (and in
some cases, physical and chemical) properties, which no pure
metal possesses, whatever mechanical and thermal treatment it
is subjected to; A1

Such a combination of mechanical and technological (and in
some cases physical and chemical) properties, which does not
have any cast of pure metal, regardless of the mechanical and
thermal treatments it undergoes. (A 2)

The structure of metals and alloys is: an ideal crystal lattice, but
defects are polycrystalline (grains - diameter, orientation) and
carry the working properties (A, 1, 2). (A, 3)

In addition to the phase transitions of first and second order, the

processes of hot and turbid elastic and plastic deformation also
affect the structure. [2]. S. Vodenicharov makes an important
development of the toughness assessment [5]:
Toughness — the ability of the metal structure to resist under impact
conditions in the presence of one or several acute overcuts causing
stress concentration; Measure - the amount of energy needed to
destroy a sample body at a given temperature; Two types:
toughness with cut and toughness against destruction of the
monolithic body. A physical model and calculation algorithm for
the process of destroying metal structures for very short time
intervals is develop in [5].

The material properties will be obtained through design with
new knowledge and technology. For this reason, we offer a general
methodological approach to phase transitions technology in
Material Science of Industry 4.0 on Fig. 7:

Secondary alloy

%@essing casting —» Structure — Properties

@Edmological experimm@

: No [Performance properties
of the cast

.

lYEi
Life of the cast wron

C INDUSTRY 4.0 j“—»
1 Yes
New design in
MATERIAL SCIENCE
with
KNOWLEDGE + TEHNOLOGY

Fig. 7 General methodology to approach the phase transition of first and
second order in Material science of Industry 4.0 [1].

Industry 4.0 is great change [1], which is connected with the
need for very intensive scientific development of material science
and new technologies [12]. The principles of material handling [8]
may change (robots), but general principles remain [9]. Electron
microscopy is intensively developing [6 and 7].

Metal Science [2] developed with the research of the theory of
solidification and crystallization of metals and alloys [4]. The
description of phase transitions requires the use of quantum
mechanics, for example, the methodological connection between
works [2] and work [3]. To day the application of quantum
mechanics in material science is essential for understanding and
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describing the structure and properties of materials [9]. To create a
casting technology, it is necessary to assess the controllability of
solidification and crystallization processes [11].

The use of secondary alloys [10] is essential. The use of
secondary alloys is likely to become a "metal and alloy circle"
based on known and new technologies.

4. Conclusions

The results of technological experiments and the optimal
technology for obtaining a cast wheel type are presented. For
communication micro-foundry and material science are proposed: a
general algorithm for creating a casting technology for low-pressure
casting; and a methodology for a common approach to industrial
change caused by Industry 4.0.
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BJIMAHUE HA KOJIMYECTBOTO KAPBU/ITHA ®A3A 1 BUJA HA
TEPMHUYHATA OBPABOTKA BbPXY MEXAHUYHUTE CBOHCTBA HA
KAPBMJIO-BEMHUTHU COEPOI'PA®UTHU YYT'YHHN

1. ac. a-p Bnagumup TOI[OpOBl, k. Muen CBiIeHOB? 1011, 1-p I'eopru Pawes® ,
Katenpa “MaIHHOCTPONTETHA TeXHIKa 1 TexHoorku” TY-Ta6poso 3, Brmrapus
“Ocem” A/l - HOBB‘JZ, Bbrarapus

Abstract: IJerma na nacmosiyemo usciedsane e 0a ce YCMAHOSU GIUSAHUEMO HA KapOuowama (asza u memnepamypama Ha
U30MEPMUUHO 3AKANABAHE 6bPXY MEXAHUYHUME C8OUCMEA HA KapOuoo-betuHumuu cgepozpagummuu yyeynu. H3ciedsanusma ca nposeoeHu

8vpxy 06e epynu yyeyHu: uzomepmuuno 3axanenu npu 300° , coc cmpykmypa Oonen Geiinum u 400°

, CbC CIMpYKmypa 2oper 6etinum.

Onpe()eﬂ}mu ca: sAkocmma Ha ONbH, cpanuyama Ha npoeiadeane, OmHocumeiHomo y()bmfcenue, ydapﬁama acuiasocm u mgbpdocmma.

KEYWORDS: CARBIDIC AUSTEMPERED DUCTILE IRON, MECHANICAL PROPERTIES, HEAT TREATMENT.

1. Bweeoenue

CpueraBaHeTO Ha OTIMYHH JIGSIPCKH CBOWMCTBA C BHCOK
KOMIUIEKC ~OT MEXaHWYHH XapaKTepUCTHUKH, HENpeKbCHATO
MOJBPXKAT TOBUIIEH WHTEpeC KbM UYTYHHTE ChC cheponmasicH
rpadur (UCT) [1].

C BHeIpsBaHETO Ha M30TEPMHUYHO 3aKaJleHUTE ceporpaduTHU
gyyryan (ADI) B mpakTukata ca TOCTHIHATH CTOWHOCTH 3a
SKOCTHHSI KOMIUIEKC, KOUTO KOHKYPUPAT YCMEIIHO MO-TOJsIMa JacT
OT KOBAaHHTE BBIVIEPOAHH W HHUCKOJETHPAaHH CTOMaHu [2].
OnruManHata KOMOMHAIMS OT BHCOKOBBIVIEPOJECH ayCTEHHT H
OeiiHuTeH (epuUT rapaHTHUpaT OTIMYHM MEXaHWYHHM CBOWMCTBa Ha
TO3H BHJ YyTyHH.

Jlpyra pasHOBHIHOCT Ha OeHHHMTHHTE cheporpadUTHH UyTyHH
ca T. HapedeHure ,KapOumo-Oeiinutau UCI  (Carbidic
Austempered Ductile Iron - CADI). Kpaiinara crpykrypa va CADI
ce opMupa B pe3yaTaTr Ha H30TEPMUYHO 3aKaIsIBaHE B OCHHUTHATA
obmacT Ha chappkamu JaTa kKapOouana daza UCI. duxcupa ce
OeHHNTO-ayCTeHWTHA MeTaJHAa MAaTpHIa, ChABbpPIKAIlA H3BECTHO
KOJIMYECTBO KapOuaHa ¢aza u chepuyHu rpaguTHN BKIIOYBaHU. B
cpaBHeHue ¢ ADI  Tesnm uyryHu mOpuTexkaBaT — BHCOKa
W3HOCOYCTOWYMBOCT, 3a CMETKa Ha IIOHW)KCHUTE YABIDKCHHE H
sxkunaoct[2,3,4].

IIpoBenennre m3cnensanus B obmactra Ha CADI mokassar, ue
KpalHUAT KOMIUIEKC OT CBOWCTBa C€ BIMSAT CHJIHO OT
CTPYKTYPOIIPOMEHSIIUTE (DAKTOPH: TEMIlepaTypa Ha H30TCPMUIHO
3aKkaJsiBaHe, BpeMe Ha 3aabp)KaHe IpPH Ta3M TeMmIeparypa H
KOJINYECTBO Ha KapOuaHara dasza[5,6].

Ilen Ha HacrosIaTa craTusl € Ja ce W3ClielBa BIMSHHETO Ha
KOJIMYECTBOTO KapOHIHaTa (ha3a ¥ TeMIeparypaTa Ha H30TEPMUYHO
3aKajsIBaHE BEPXY KOMIUIEKCa OT MeXxaHW4YHH cBoiicTBa Ha CADI.

2. H3no0xcenue

3a u3cnesBaHe BIMSHHMETO HAa KOJIMYECTBOTO Ha KapOHIHATA
daza ¥ yciOBHATA HAa HW30TEPMHYHO 3aKaIBaHE BBPXY
MEXaHUYHHTE CBOMCTBa Ha KapOmmo-OeifHUTHHTE cheporpadpuTHH
YyTyHH, Ca OTJIATH YEeTHUPH chcraBa 4yryHH. ChIbpKaHHe Ha
xapouHa ¢aza Bapupa ot 0 no 27%. [IpoBenenu ca m3nuTaHUS
BBPXY cTaHAapTHH NpobHHU Tena (dur.l). OnpenensiHu ca SKOCHUTE
XapaKTePUCTUKU: SKOCT Ha ONBbH - Rm, rpaHuma Ha mpopiadyBaHe -
Rpo2, TBBpmocT - HV, oTHOCUTenHO ynbipKeHHE - As M yOapHa
sxwunaBoct - KC.
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W3cnenpanusaTa ca TMpOBEJAEGHH 3a JBETe M30TEPMH Ha
n3orepmudHo 3akaisiane — 300°C, ¢ Bpeme Ha 3aabpikane 90min u
400°C, c BpeMeHa Ha 3axbprkaHe 60 Min, ocurypsiBaiiy B¢ IPynu
OeitHUTHU cdeporpadUTHH UYTYHH; YyIYHH C TOPHOOCHHHMTHA U
JOTHOOEHHUTHA CTPYKTypa Ha MeTalHaTa OCHOBA.

Ilonmydenara cTpykTypa ciel H30TepMUUHO 3akansBaHe Ha YCT
npu 300°C e nmonmHoOeiiHMTHAa. B TO3M TemmepaTypeH HHTEpBaji
YYTyHHTE MPUTEKABAT BUCOKH SIKOCTHHU ITOKA3aTeNH, 32 CMETKa Ha
MOHIWKEHNUTE TIACTUYHU. XapaKTepHO 3a Ta3M M30TepMmara € 4e
OeHHUTHUAT QEPUT € B 3HAYMTEIHO [0-BUCOKA CTENEH IIPECUTEH C
BBIVIEPO],, B CpPAaBHEHHWE C PABHOBECHOTO CBHIbPXKAHHE, KOETO
ocurypsiBa Ha ceporpaduTHUS YyTyH BUCOKA SIKOCT M TBBPIOCT,
NIPU CPAaBHUTEIHO HUCKHA OTHOCHTEIHO YIBIDKEHHE W JKHJIABOCT.
YABKEHHETO JOCTUTA JI0 OKOJO 5%, 3a 0e3 KapOWJHUS ChCTaB.
Hammuauero na xap6unHa ¢asa B crpykrypara Ha 6erinutHus UCT
BOJIH IO 3HAYUTENIHA TIPOMSIHA Ha TKOCTHHUSI KOMIIIIEKC.

WscnegBanmsara TOKa3BaT, dYe SKOCTTa C€ IOHMXKaBa
MpuONIM3UTENHO JBa NBTH C HAPACTBaHE KOJIMYECTBOTO Ha
KkapOuaHata (asa, 3a CMeTKa Ha IIOBHIIABaHE Ha TBBPJOCTTA.
ITocneanara e HapacHana ot 433 HV no 574 HV, 3a cwecraBa ¢ 27%
KapOuaHa ¢a3za — Tabnuma 5. [To-9yBCTBUTENHO € MOHIKEHHETO Ha
OTHOCHTEITHOTO YABIDKeHHe. oT 4,5% 3a cbcTaBa HE ChABPIKAIL
kapouou, mo 0,8% 3a cberaBa ¢ 27%kapounu. M3meHennero Ha
yIapHaTa XHUJIaBOCT 3a JBaTa ChCTaBa € OT mpubmusurenHo 100
Jiem? wa 5 J/em? - tabmima 4.

Pesynratute OoT mpoBenEHUTE M3CNIENBAHUS Ca TMOCOYEHH B
tabmunu 1 - 5 u Ha purypu ot 1 1o 5.

Tabnuya 1. Biusinue Ha KOIUYECMB0MO HA KapOUOHama (hasa 6bpxy
saxkocmma na onvi ha CADI, usomepmuuno saxanen npu 300°C

Tus., CncraB KapOunna ¢asza, SIKocT Ha ONBH,
°C Ne % Rm, MPa
1 0 1430
o 2 9 930
o
™ 3 18 750
4 27 690

Tabnuya 2. Brusinue Ha KOIUYECMBOMO HA KapOuoHama ghasa 6vpxy
epanuyama na nposiayeane na CADI, uzomepmuuno 3axanen npu 300°C

Tus., | CecraB | Kapbunna ¢aza, | I'pannia zHa nposrauBaHe,
°C Ne % Rp0.2, MPa
1 0 1265
g 2 9 780
™ 3 18 726
4 27 680

Taonuya 3. Brusnue na Konuvecmsomo Ha Kapouonama ¢asa ebpxy
omuocumennomo yovaxcenue na CADL uzsomepmuyno saxanen npu 300°C

Tus., | Cberas Kapbuana OTHOCHTEIHO
°C Ne basa, YABIDKEHHE,
% As. %
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L 0 4.5 Tuz., | CecraB | KapOunna dasa, VY napHa xunaBocT,
g |2 9 2 °C | N % KC, Jom?
™ 3 18 1,3
4 27 0,8 1 0 152
o 2 9 254
=)
< 3 18 14,6
Tabauua 4.Brusnue na Konuwecmeomo Ha Kapouonama gasa 6bpxy 4 27 9,6

yoapuama scunasocm na CADI, uzomepmuuno 3axanen npu 300°C

Taénuya 10. Bausinue na xonuuecmeomo na kapouonama ¢pasza 6vpxy

ng" CT);(OT&B Kapﬁlzlléza tbaza, yHaII)? g X}Z“E? ocT, mevpoocmma na CADI, uzomepmuuno 3axanen npu 400°C
1 0 1(30,65 Tus., | CecraB | KapOuana dasa, Tewprocr,
o 2 9 19’57 °C Ne % HV, kgf/mm2
C 18 8,42 1 0 396
4 27 5,25 g 2 9 442
Taoauya 5. Bausinue ha Koauwecmgomo na kapbuonama @asza 6vpxy ¥ 3 18 462
mevpoocmma Ha CADI uzomepmuuno 3axanen npu 300°C 4 27 496
Tus., | CecraB | Kapbuana ¢asa, Tewprocr, © 2000
°C | M % HV, kgf/mm’ =  300°C
1 0 433 e 1500
8 2 9 481 o = 400°C
® 3 18 505 1000
4 27 574 S \
£ 500
XapaktepHo 3a cdeporpa@uUTHUTE UYYTyHH 3aKaleHH B 5
ropHoOeiHuTHUS Temreparypen uHTepBan 400°C, e Bucokara UM 2 0
JKUIABOCT. OTHOCUTEIIHOTO yIBJDKEHHE HAa Ta3W Ipyna MaTepUalld = 0 10 20 30
noctura 10 10 - 15%. To3u KoMILIeKC ce OCHTypsiBa OT CBOOOJHA KkapOuaHa dasa, %
OT KapOMou W Kpexku (asm — OeffHUTO-ayCTeHWTHa MeTalHa
MaTpula.
Hanuuuero Ha kap6umHa (asa, KaKBaTO MpUTEKaBaT KapOuao- @ue. 1. Brusinue na konuwiecmsomo kapouona (asa evpxy
Oeitnuraure cdeporpaputau uyrynu (CADI), npomeHs psi3ko AKOCIMA Ha ONbH
SKOCTHHUAT KOMIUIEKC. OcOOEHO UyBCTBUTEIHU B TOBA OTHOILCHHE
ce sBSABAaT IUIACTUYHUTE XAPAKTEPUCTUKH — OTHOCHUTEIHO ‘L:’“ 1400 .
YABIDKEHUE U YAapHa KUIIaBOCT. g 1200 ——300°C
PesysnraTute OT BIMSHHETO Ha KOJMYECTBOTO HA KapOujHATa s Dcc_slooo ——100°C
(a3za BbpXy MexaHn4HHTE XapakTepucTuku Ha CADI, u3oTepMuaHO g = 800
3akanenu npu 400°C, ca noka3anu B tabmuuu 6 1o 10 u Ha Gurypu £ 600 \\
1-5. £ 2400
S
Tabnuya 6. Brusnue na konuuecmeomo na kapouonama $asa 6vpxy £ 200
saxocmma na onvi ha CADI, uzomepmuuno saxanen npu 400°C §_ 0
- 0 10 20 30
T:IC3., ijfga]s Kap61/1;;;a taza, ﬂK(I)_\::r:] ,H'it/l (I;l;’bH, KapGuHa dasa, %
1 0 969
o 2 9 310 Que. 2. Brusnue na konuyecmsomo kapouona gasza evpxy
=4 3 18 699 2paHuyama Ha nposIaYeaHe
4 27 590 g 14
Tabnuya 7. Buusnue na xonuwecmeomo na kapouonama pasza 6opxy = 12 —300°C
epanuyama na nposiaysare na CADI, uzsomepmuuno saxanen npu 400°C 5 10
Tusz., | CecraB | Kapbunna daza, | I'pannma za npoBrauBane, = ——400°C
°C No % Rp0.2, MPa 2o 6
1 0 760 E< ,
s [2 9 650 g T~
< 3 18 630 e 0
4 27 495 5
0 10 20 30
Tabnuya 8. Bruanue na konuuecmseomo Ha Kapouonama @asa 6vpxy kapOuana pasa, %
omnocumennomo yovaxcenue na CADI, usomepmuuno 3axanen npu 400°C
Tus., | Coeras | KapOuana dasa, | Ornocutenso yrpkerue, Due. 3. Bruanue na koruvecmsomo kapouona gasa 6vpxy
°C Ne % As, % OMHOCUMENTHOMO YOBINHCEHUE
1 0 11,8
= 2 9 7
<~ 3 18 4,2
4 27 2,6

Tabnuya 9. Bruanue na konuvecmseomo Ha Kapouonama @asa 6vpxy
yoapuama scunasocm na CADI, uzomepmuuno 3axanen npu 400°C
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- 160
S . 140 ——300°C
s g 120
==
% — 100 ——1400°C
=0 80
s
=™ 60
S 40
20
0
0 10 20 30
kapOunHa dasa, %
Due. 4. Bruanue na koauvecmsomo kapouona gasa 6vpxy
YOapHAMa Hcunasocm
~ 700
o £
o £ 600
2=
%Q 500 -
&> 400 /—/—
T 300 —300
°C
200 —1400
100 °oC
0

10 20 30

kap6unHa dasa, %

@Due. 5. Buusanue na xoauuvecmeomo kapouona gasa 6vbpxy meopoocmma

3. H3600u

VYcTaHOBEHO € BIMSHHUETO Ha KOJUYECTBOTO KapOuaHa ¢asa 1o
27%, BBpPXy SKOCTHHS KOMIUIEKC Ha KapOHIo-OeiHHTEeH
cdeporpaduteH UyryH, NIpH JABE TEMIIEPAaTypH Ha H30TEPMUIHO
sakamsiBare: 300 u 400°C.

C npomsiHa Ha KOJIMYECTBOTO HAa KapOmaHaTa (hasa, IKOCTHHTE
xapaktepuctuku Ha CADI ce m3menaT cpuiectBeHo. C HapacTBaHe
NpPOLEHTHOTO ¥ ChABPXKAHME C€ TIOHWKaBa IIENUS SKOCTEH
koMmmiekc. IloHmkaBaT ce sAKOCTTa Ha OIBH, TpaHUIA Ha
MpOBJIa4YBaHe, OTHOCUTEIHOTO YABIDKEHHE M yAapHaTa >KUJIaBOCT,
€IMHCTBEHO ce yBeNm4uaBa TBbpHocTTa. OCOOSHO YyBCTBUTEIHO HA
HaJIMYMETO Ha KapOuaHa (a3a ca XapaKTepPHUCTUKUTE — YIbDKCHHE
1 JKHJIaBOCT.

V3ameHenueTo 3a ABeTE H30TEPMH € KaKTO CIeaBa:

- IIpu memnepamypa na usomepmuuno saxanseane 400°C :

SIkoctTa HamaisiBa oT 969MPa, 3a cheraBa Oe3 kapbuaHa da3a,
Ha 590MPa mpu 27% xapbunna ¢aza. Ilo-uyBcTBUTENHO €
U3MEHEHHETO Ha IUIACTUYHHUTE XapaKTEPUCTHKU yIapHa >KUIABOCT
M OTHOCHTEIIHO YABIDKEHHE. YIBIDKEHHETO Ce IIOHWKaBa OT
npubmmsutenHo 12% 3a u3xomHWs CbeTaB 10 2,6%, a yrnapHaTa
xmaBoct ot 152 J/em? Ha 9,6 J/em?, 3a cberaBa ¢ 27% KapOuau.

- I[Ipu memnepamypa na uzomepmuuno 3axanneane 300°C :

Slkocrra HamamsiBa ot 1430MPa, 3a cbcraBa 0Oe3 kapbuaHa
¢daza, nHa 696MPa mnpu 27% kapbunna dasza. YabipkeHHETO ce
nonmwxkasa ot 4,5% nmo 0,8%, a ymapHata KHMJIaBOCT OT
npubamsurento 100 J/em? ma 5,25 J/em?,
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ESI PROCAST - POWERFUL AND PRECISE VIRTUAL OPTIMIZATION TOOL FOR
ALL CASTING TECHNOLOGY

Vlastimil Kolda
MECAS ESI s.r.0., Plzeti, Czech Republic

ESI’s Casting Simulation Suite, ProCAST, provides a complete set of solutions for the foundry industry. An advanced tool which is the
result of more than 25 years of collaboration with major industrial partners and academic institutions across the world, ProCAST offers an
extensive suite of modules and foundry tools to meet today’s challenging industrial requirements. Based on the powerful Finite Element
Technology, ProCAST enables predictive evaluations of the entire casting process, including filling and solidification defects, mechanical
properties and complex part distortion. It enables rapid visualization of effects of design changes and provides a basis for correct decision-
making, from the earliest stages of the manufacturing process. ProCAST enables the modeling of all casting processes for all castable alloys,
and also addresses other foundry relevant manufacturing process like core blowing & heat treatment. ProCAST solvers, fast and efficient
solutions to address the basic of any casting process - filling, solidification, porosity prediction - are available in the ProCAST environment.
Optimization Solvers & Die Design Tools complete the ProCAST suite and are all offered under one single graphical user interface, Visual-
Environment, aided by standard & intuitive workflows. ESI’s Casting Simulation Suite has proven to be an indispensable tool for foundries
to validate decisions during prototyping, improve yield, and reduce manufacturing cost.

Originally created in 1985 by foundry professionals from Aluminum Pechiney, ESI’s QUiKCAST is today fully integrated into ESI’s
ProCAST and available in the Visual-Environment. ESI’s ProCAST meets industrial needs delivering rapid and realistic predictions,
allowing foundrymen the ability to simulate the entire casting process from filling to solidification, including defects prediction. Air back
pressure, filters, mold roughness, thermal exchanges, die coatings and gravity are accounted for to accurately simulate most casting processes
ranging from sand to gravity, high and low pressure die casting, for all kinds of castable alloys. Its validated technology is based on powerful
solvers with efficient self-correction features which result in comprehensive, realistic results without mesh dependence. ESI’s ProCAST has
proven to be an indispensable tool in the foundry. It is also used at an early stage for mold and process development for cast part quality
assessment, and has become a staple in foundries today.
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Gravity casting done by ProCAST
Most gravity casting processes, including sand mold, permanent mold and tilt pouring, can be quickly modeled with ESI’s ProCAST.
Exothermic sleeves, chills and filters (porous or extruded foam filters) are easily and automatically set up according to the process
parameters. The embedded thermodynamic database in Visual CAST offers graphite precipitation, thereby accurately predicting the shrinkage
porosity, taking into account the expansion of cast irons. Misrun, Gate balancing, Thermal Modulus and Hot Spots results can be visualized
to validate the size and the position of the risers. With the use of ESI’s ProCAST you can easily simulate gravity die casting including tilt
pouring processes and can freely define the axis and velocity of rotation.

The key to success in a Sand Casting foundry is the optimization of the gating system and
eliminating the risk of shrinkage porosity. ESI’s ProCAST allows comprehensive modeling of any
sand casting process, including the high pressure molding lines, and allows users to study effects of
feeder locations, filters, chills, insulation & exothermic sleeves on the casting process and quality.
Different aspects, including filling, solidification & residual stresses can also be studied. The
standard porosity model of ProCAST also accounts for the effect of expansion of cast iron during
solidification and mold rigidity which allows or restricts this expansion. A more comprehensive
approach consists of running coupled, thermal microstructure and porosity calculations, including
inoculation. The microstructure solver computes the evolution of different phases and predicts local
density variations which provide more realistic porosity results. Specific microstructure models exist
for different cast irons: GI, SGI, CGI and Ni-Resist.

Low & High-Pressure Die Casting done by ProCAST

ESI’s ProCAST has a complete set of dedicated tools to model the low pressure die casting process.
During solidification simulation, the evolution of the solid fraction is calculated and used to predict
shrinkage locations. Air back pressure calculations together with appropriate user-defined pressure
conditions allow the simulation of vacuum casting processes.
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ESI’s ProCAST allows you to perfectly simulate the piston displacement during the first phase injection as well as its influence on porosities
during the third phase. Visual-CAST allows the definition of the mold cycling sequence, cooling and heating devices through specific menus
of the user interface, allowing faster pre-processing times. Advanced post-processing features, like particle tracing, are available to facilitate
visualizing the metal flow.

Allows for the reproduction of shop floor conditions by performing several production cycles to obtain steady state die temperatures and
thereby study filling, solidification, intensification pressure effect, cooling channel design & process parameters optimization. Vacuum
process, gas porosity - due to undissolved hydrogen, stresses in casting, stress release on die removal & part ejection and die life can all be
predicted in order to reduce manufacturing costs and assess in-service part performance. Specific needs including squeeze, semi-solid
materials, shot sleeve modeling for cold chamber, goose neck modeling for hot chamber machines and riser tube modeling in low pressure
die castings can be achieved.

Investment Casting & Shell Molding done by ProCAST

ProCAST is able to automatically generate a mesh representing the shell mold suitable for
Investment Castings & Shell Molding processes. Furthermore, it has dedicated features to
address the specific needs of investment casting foundries like allowing for non-uniform
shell thickness to be blended and multiple shell layers to be created. Also, radiation with
view factors, including shadowing effects, which are critical for high temperature alloys,
are taken into account.

Additional processes

ProCast provides a complete solution for continuous and semi-continuous casting process.
The software can simulate steady-state conditions as well as the initial and final stages of
continuous casting process.

ProCAST is also capable to model vertical centrifugal castings, including the effect of these
forces on porosity prediction.

ProCAST includes all the required features to take into account the effects of liquid metal
and foam interaction during a lost foam casting process.

One can find here also specific features for simulation of semi-solid modeling and core
blowing module, which predicts blowing and gassing defects including incomplete fills,
low compaction and poorly hardened areas.

Designed by foundry experts to solve foundry problems

You can solve with ProCAST issues that could occur in the casting processes. Some critical processing conditions such as cold mold, slow
filling, and low casting temperature can lead to problems during filling. The fully coupled thermal and flow computation enables the designer
to assess the temperature drop of the melt during mold filling. Premature solidification adversely influences flow behavior: by capturing
these phenomena, ESI’s ProCAST also predicts when and where incomplete filling or cold shuts may occur. The necessary design changes
can be tested and validated, at very low cost, directly on the computer. Next to this cold shuts and misruns ProCAST provides a dedicated
module to model gas porosity by accurately computing interdendritic shrinkage and accounting for gas content.

Also among very often and intensive foundry problems occur air bubbles, or oxide layers, trapped in areas where fluid flow is restricted may
locally weaken the component in service. Turbulence during filling may lead to inclusions. These defects can be precisely analyzed in
software which helps designers optimize their gating system and better position the vents & flow offs. ProCAST provides useful qualitative
criteria like age, length and colored flow to help design & balance the running system, like in the case of multiple ingates. Thermal modulus
is a useful output to redesign the feeding system.
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The simulation can uniquely couple thermal, flow and stress calculations. The full analysis is performed simultaneously on the same mesh.
Therefore, you can investigate the thermal shock on the tooling during mold filling as well as the influence of gap formation between the
casting and the mold during solidification. Hot tears, plastic deformations, residual stresses and distortions are some of the issues which are
being tested by our customers.

What actually does Optimization Mean for Casting?

The answer could be as simple as that — with the optimization you can drive the best design and process conditions and therefore reach the
optimal manufacturing conditions and product quality. Not mentioning that obviously to get the right process the first time saves you not
only the time but as well the money. Numerical software runs an automated trial and error approach instead of real physical test. Then the
computer performs the best chosen trials and makes decisions to improve process conditions and materials properties. This is all based on
user-defined goals. Visual-Environment, which is fully integrated with ProCAST and allows interoperability and chaining between casting
software and other simulation disciplines, provides a set of guided work flows so that users can set-up these computer trials with ease.
Several types of calculations can be set to drive the manufacturing decisions, such as Design of Experiment, Optimization, Process
Robustness and Inverse Modeling.

Design of Experiment allows users to identify the sensitivity of the most influential process variables (e.g. increasing the shell temperature
vs. adding insulation wrap). It also allows users an opportunity to compare these influential variables to the economical (e.g. energy costs for
maintaining higher melt temperatures could be more than production losses) and manufacturable aspects (e.g. creating a specific tool for
feeding could be difficult) during production. This output could also be used to determine the optimization goals, in-line with the known
production constraints of a foundry.

With the design optimization you can automatically find the best design for example for riser locations & dimensions, chill locations, ingate
positions or runner dimensions. As far as process optimization the software finds the best process variables such as pouring temperature,
pouring rate or die temperature.
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