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Abstract

The main objective of the foundry is to produce castings with a surface of high quality, considering the immediate prob-
lem involving burn on and surface roughness. An effective way to address the challenge is the creation and application of
effective non-stick coatings on the surface of casting molds and cores. For cast iron castings, non-stick coatings based on
cryptocrystalline graphites became widely adopted, though not always these graphites ensure iron castings with the adequate
surface quality. For the purpose of the study, a self-drying non-stick coating based on natural and mechanically activated
cryptocrystalline graphite was selected. The previous studies have shown the results of the effect of mechanical activation
modes on the properties of non-stick coatings. This paper investigates the effect of the quality of the non-stick coating on
the structure and properties of the surface layer of cast iron castings. The thickening of the cover layer and the thinning
down of the penetrating layers have been proven. The dependence of the burn-on value on the wall thickness of the casting
and the content of natural and activated graphite in the coating filler on a stepwise test has been investigated. When using
coatings based on a mixture of natural and activated graphites, the “heat erosion” defect is not observed, the heat removal
from the castings increases, so the transition ferrite layer has lower values. It has been found that the core of all castings is
ferrite-pearlite. All samples have demonstrated a propensity to a decrease in microhardness from the periphery to the center.
Thus, the application of mixture of natural and activated graphite-bearing coatings allows us to control the structure of the
surface layer, which leads to a decrease in burn-on on the surface of ductile iron castings.

Keywords Non-stick coating - Cast iron - Activation - General properties - Technological Properties - Casting mold -
Surface of castings
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— have a high level of general and technological properties:
sedimentation stability, covering power, fire resistance,
abrasion resistance, etc.;

— contain refractory filler with a low coefficient of thermal
expansion;

— be non-toxic during their manufacture and application
on the surface of the mold, as well as not emitting toxic
gases during casting into the mold;

— contain no additives which can melt on contact with lig-
uid metal;

— not be gas-generating in contact with liquid metal;

— not form compounds with metal at a low melting point 1,
its inclusions or oxides;

— be cost effective.

The formation of a high-quality coating layer occurs in
two stages (Table 1).

The formation of the properties of non-stick coatings
(density, viscosity, sedimentation stability) in the liquid state
during the preparation stage occurs due to the proceeding
of such physicochemical processes as wettability, adhesive-
cohesive interactions, adsorption, absorption, and others
[7-10].

The formation of properties in the solid state runs as fol-
lows: during drying out, the process of forming the adhesion
strength of the coatings on the surface of the casting mold
occurs due to the evaporation of water (from aqueous coat-
ings) or solvents (from self-drying coatings).Therefore, the
coatings tend to shrink, which result in shrinkage stresses
in the coating, thus reducing the adhesion of the coatings to
the casting mold. This process in its turn causes cracking
and delaminating, which leads to the surface defects of the
castings such as burn-ins, scrubbings and cuts [11-17].

The high level of properties of coatings in the liquid state
ensures high-quality coating on the surface of the casting
mold, and in the solid state during the contact interaction of
the melt and the casting mold, it helps to mitigate the forma-
tion of defects on the surface of the castings.

The course of the processes in liquid and solid states is
determined by the composition of the coating, the method of

Table 1 Stages of formation of coatings

its application and drying, as well as the state of the surface
of the casting mold and the core.

At present, a wide variety of compositions of non-stick
coatings have been developed [18-22], though non-stick
natural graphite-based coatings used for producing iron
castings are the most prevalent. As outlined in the litera-
ture, the greatest preference is given to cryptocrystalline
graphite [23-25]. However, this graphite does not always
ensure the adequate quality of the surface of iron castings
on account of the close intergrowth of ash inclusions and
graphite particles, as well as the low activity of the particles
of the graphite itself.

To solve this problem, special and integrated technolo-
gies for the activation of molding materials (including cryp-
tocrystalline graphite) have been developed, coming with
deformation of particles, a change in the interplanar distance
and crystal system lattice, the formation of a new surface,
and a number of other physical and chemical processes that
ensure the required properties of non-stick coatings [26—34].

In a number of works, the interrelation of process param-
eters with molding, quality, microstructure, and properties
of castings has been noted [35-37].

Changes in the properties and composition of graphite in
terms of activation entail changes in phase transformations
that occur in the coating during pouring metal into a casting
mold [38, 39].

At the same time, in previous studies, the effect of the
quality of non-stick coatings on the structure of the surface
layer of cast iron castings has not been studied. This is of
particular importance for the castings that are not machined.

Therefore, the purpose of this work is to study the effect
of the quality of the non-stick coating on the structure and
properties of the surface layer of cast iron castings.

2 Methods of carrying out research

For the research, a self-drying non-stick coating was cho-
sen based on cryptocrystalline graphite from the deposits of
the Krasnoyarsk Territory, following 1:1 ratio of graphite to

Stage of formation
of coating property

Processing factors

Properties of the coatings

Physical and chemical factors defining
the interaction of coating components

Liquid stage Composition
Mixing method
Preparation mode (intensity and time of
mixing)
Solid stage Composition

Application way (brush, spray)

Mold characteristics (mold composition,
roughness, porosity, temperature)

Drying conditions (temperature, time)

Density, viscosity, sedimentation
resistance

Abrasion resistance, the thickness of
coating layer, and the depth of the
penetration layer, gas permeability

Wettability, adsorption, absorbtion,
interfacial tension, adhesive and
cohesive interaction, electric double
layer

Filtration of pain through the pores
of the mold, cohesive and adhesive
force
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polyvinyl butyral lacquer. The coating making technology,
including the manufacture of varnish by dissolving polyvinyl
butyral in alcohol and mixing it with graphite, is described
in [40, 41].

The most promising method for improving the quality of
graphite is mechanical activation, which was carried out in
a planetary-centrifugal mill RETSCH PM 400 MA.

The average particle size of natural graphite (GLS-2) is
equal to 60 pm; the mechanically activated graphite (GLS-
2A) corresponds to 18 microns. The particle size was deter-
mined by the method of light-laser sieving by means of
FRITSCHAN ALYSETTE 22 MicroTecPLUS.

The contents of elements of graphites GLS-2 and GLS-
2A are given in Table 2 [42].

The phase composition of graphite is represented by
graphite, calcite, quartz, cristobalite, pyrite, kaolinite, and
illite. Mechanical activation proved not to change the phase
composition of graphite.

The quality of the coating was assessed by change in den-
sity, abrasion resistance, viscosity, thickness of the coating,
and the depth of the penetrating layer.

The density and abrasion resistance of the coatings were
assessed according to the methods described in GOST 10,772-78.

The viscosity of the coatings was measured with a VZ-4
viscometer according to the method described in GOST
8420-74.

In order to assess the thickness of the coating and the
depth of the penetrating layers, samples were prepared
according to GOST 23,409.7-78, intended for studying the
tensile strength of wet molding sands. The samples were pre-
pared in a special metal sleeve pipe, after which the coating
was applied on the surface of the samples, once the coating
has dried the samples were cut to the middle and broken

(Fig. ).

Table2 The content of elements of natural and mechanically acti-
vated graphites

Element The content of elements (%) in graphite
Natural graphite Mechanically
(GLS-2) activated graphite

(GLS-2A)

Fe 2.10 2.50

Mn 0.08 0.09

Ti 0.17 0.16

Zn 0.02 0.02

Ca 2.4 2.6

K 0.65 0.7

S 0.75 0.7

Si 4.5 3.6

Al 2.6 2.5

Mg <0.05 0.8

Fig.1 The sample prepared for measuring the thickness and the
depth of the penetrating layers of the coating

The thickness of the cover and the depth of the penetrat-
ing layers were studied on the broken side of the sample
using the microscope Axio OBSERVER.DIm.

To assess the impact of all factors affecting the formation
of defects on the surface of castings, the technological sam-
ple must reproduce the real process conditions of the interac-
tion of the surface of the mold with the melt (Fig. 2) [37].

The microstructure was analyzed using a stereomicro-
scope Stemi 2000-C, and the macrostructure of castings was
analyzed using a microscope CarlZeiss AxioOBSERVERT.
Dlm.

To determine the microhardness of the alloys, a micro-
hardness tester DM8 was used.

3 Research results based on the effect
of GLS-2A content on the properties
of a non-stick coating

In order to improve the quality of the non-stick coating, it
was decided to replace GLS-2 with GLA-2A one partially.
The properties of self-drying non-stick composite coatings
are given in Table 3 [40, 44].

There has been observed that with an increase in the con-
tent of GLS-2A, the density, strength, and abrasion resist-
ance of the coatings increase. In this case, the most signifi-
cant increase in properties is observed when the content of
GLS-2A in the filler is up to 50%. An increase in GLS-2A
in the filler from 50 to 100% does not lead to a significant
improvement of the properties.

To study the thickness of the cover and the depth of the
penetrating layers of self-drying coatings and the thick-
ness of the burn-on one of the surface of the castings, we
chose cold-hardening mixtures cured with ester catalysts

@ Springer
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Fig.2 The sample to study burn-on on the surface of castings: a drawing and b appearance [43]

(Alphset-process), the composition of which is presented in
Table 4. The samples were coated in one layer with a spray
gun and dried in the air.

With an increase in the content of GLS-2A, the density,
viscosity, abrasion resistance of coatings, and the depth of

Table 3 Dependence of self-drying non-stick composite coatings
properties on the content of GLA-2A in the filler [40, 44]

Content of GLS-
2A in filler, %

Property

Density, g/cm3 Viscosity, s Abrasion

resistance, g/
mm

0 1220 34 175

25 1232 38 180

50 1239 41 187

75 1243 42 189

100 1245 46 190

@ Springer

the penetrating layer of the coating increase, whereas the
thickness of the coating layer decreases.

The change in properties can be explained by the fact
that particles of GLS-2A graphite have a smaller size than
particles of GLS-2 graphite. An increase in the content of
GLS-2A graphite in the filler leads to the fact that the coat-
ing contains more small particles, providing the coating with
a higher density, viscosity, abrasion resistance of coatings,
and the depth of the penetrating layer.

In this case, the introduction of 50% of GLS-2A graph-
ite into the filler results in increasing the density by 1.6%,
the viscosity by 21%, and the abrasion resistance of the
coatings by 7%; a further increase in GLS-2A graphite (up
to 100%) leads to an increase in density by 2.0%, viscosity
by 35%, and abrasion resistance of coatings by 8%; i.e.,
no significant increase in properties is observed. There-
fore, for further research, we selected a coating, which
filler contains 50% of GLS-2 graphite and 50% of GLS-2A
graphite.
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Table 4 Compositions of cold-

i _ Component
hardening mixtures

Properties

Name

Content, pts. wt

Durability, min Tensile strength limit (1 h later), MPa

Quartz sand 2K;0,03 100
Alfabond resin 2.4
Hardener T-01 0.4

32 0.19

4 Research results based on the effect
of coating quality on the surface layer
structure of cast iron castings

In terms of the research, the following three cases have been
studied:

— no coating was applied to the surface of the mold (herein
after referred to without coating);

— acoating based on GLS-2 graphite (herein after referred
to “GLS-2”) was applied to the surface of the mold;

— a coating based on GLS-2 and GLS-2A graphites was
applied to the surface of the mold at a ratio of GLS-2 and
GLS-2A graphites equal to 50% and 50% (herein after
referred to “GLS-2 + GLS-2A”).

The coatings were applied to the surface of the mold
(Fig. 3), made of a mixture, the composition of which is
given in Table 4, according to the model shown in Fig. 2.

The mold was poured with gray cast iron (composition,
weight %: C 2.90-2.97; Mn 0.92-0.93; P 0.019-0.021; Si
2.41-2.60; Cu 0.120-0.130; Sn<0.01; V 0.049-0.052;
Ti 0.021-0.024; Ni 0.084-0.086; S 0.042-0.044; Cr
0.100-0.110) at a temperature of 1400 °C.

a

Investigations of the dependence of the burn-on value on
the wall thickness of the casting and the content of GLS-2
and GLS-2A in the coating filler were carried out on a step-
wise test (Table 5; Fig. 4).

The minimum thickness for all investigated sections of
the casting is observed when using a coating based on a
mixture of GLS-2+ GLS-2A.

The thickness of the sticky layer on the bottom of the
castings has greater values than on the sides for all investi-
gated sections and non-stick coatings.

In the absence of a non-stick coating on the surface of
the castings, there is a “heat cracking” defect (a network of
small cracks) arising from the slow heat removal from the
casting. The “heat” defect has been detected on all sections
under study.

In the heat defect area, the metal is found to be highly
oxidized.

Casting metal has ferritic structure with numerous oxide
inclusions. Local chill zones are observed in the boundary
layer of the casting.

Considering all the findings, it is safe to assume that the
process of forming the casting is uncontrollable.

When using GLS-2-based coatings and a mixture of
GLS-2 and GLA-2A, the “heat” defect has not been detected.

Fig.3 Manufacturing technology: a bottom half-mold with a model; b mold prepared for pouring
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Table 5 Burn-on value (the
composition of the mixture in
Table 4)

Coating base

Section, mm

Burn-on value (um) on the side of the

casting
Lateral Bottom
Without coating 25 68.76-128.18 76.83-199.23
50 86.44-191.22 123.3-198.22
75 116.66-251.08 131.84-408.79
GLS-2 25 40.77-66.31 39.88-171.71
50 60.77-170.81 64.71-265.97
75 78.77-223.83 82.56-276.84
GLS-2: GLS-2A =50:50 25 18.97-47.66 22.76-71.13
50 37.55-49.87 48.41-78.74
75 50.3-70.18 58.39-131.83

The characteristics of graphite inclusions in casting centre
are presented in Fig. 5 and Table 6.

On all castings, surface under investigation the transition
layer is visible (Tables 7 and 8; Fig. 6), where the graphite
inclusions are smaller compared to those ones of the core.

At the same time, in the surface layer of castings, where
the coating was not used, graphite inclusions have a larger
size and occupy a smaller area compared with the castings,
where the coating was used.

In order to study the metal base of the transition layer,
metallographic tests were carried out (Table 9; Fig. 7).

The samples were etched with a 4% solution of nitric
acid in alcohol.

The structure of the transition layer of the corner parts
casting samples obtained without the use of non-stick coat-
ings and with the use of a non-stick GLS-2 graphite-based
coating, for all investigated sections, consists of two layers:

; Casting bottom
Casting surface s

, Casting side surface

Casting
centre

Fig.4 A fragment of the castings for which coatings were not used

@ Springer

— finely dispersed pearlite layer;
— amixture of fine pearlite and ferrite with a predominance
of ferrite.

The ratio of the thicknesses of these layers is different:
with an increase in the thickness of the casting section, the
thickness of the structural layer of a mixture of fine pearlite
and ferrite is greater (on average by 10-15%).

In the corner part of the castings obtained using a non-
stick coating based on a mixture of GLS-2 and GLS-2A,
the transition layer consists mainly of fine pearlite and fine
granular pearlite, but there are also ferrite segments (Fig. 8).

In castings obtained without the use of a non-stick coating
(Sect. 25 mm), a transition layer is observed along the entire
length of the casting. While in the castings obtained with
the use of coatings based on GLS-2, the transition layer is
available only in areas with increased roughness. The pres-
ence of a ferrite transition layer on the surface of castings
obtained with the use of non-stick coatings based on GLS-2
and GLS-2A was not observed/

For castings with a wall thickness of 50 mm and 75 mm,
a transition layer was present for all investigated coatings.
The thickness of the transition layer is found to increase with
an increase in the wall thickness of the casting from 25 to
75 mm. However, the smallest values of the transition layer
were noted for castings obtained with the use of a non-stick
coating based on GLS-2 and GLS-2A.

The analysis allows us to assert that at the first stage of
the formation of the structure from the liquid, crystalliza-
tion of austenite begins, then an austenite-graphite eutectic
is formed. In the case of accelerated cooling in the interval
of eutectoid transformation, austenite turns into pearlite
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Fig.5 Microstructure of cast-
ings centre (zooming 100 X),
obtained with the use of coating
based on GLS-2+GLS-2A
(casting wall thickness is

25 mm) a and without coat-

ing (casting wall thickness is

50 mm) b

and gray cast iron on a pearlite base is formed; in the case
of delayed cooling, austenite decomposes into ferrite and
graphite, and a structure of gray cast iron on a ferritic base
is formed.

For the investigated castings, an intermediate case is
characteristic, when a part of the austenite decomposes
into ferrite and graphite, and part transformed into pearlite;
therefore, gray cast iron on a pearlitoferrite base is formed.
Elements such as manganese, chromium, nickel, copper, and
tin present in the cast iron weaken the iron ferritization pro-
cess and contribute to the formation of pearlite. Therefore,
pearlite predominates in the perlitoferrite mixture.

Table 6 Graphite inclusions size in the casting centre

The formation of ferrite in the transition zone of the cast-
ing can probably be explained by the fact that during the
course of the eutectoid transformation (at the moment of
decomposition of austenite), the rate of heat removal by the
mold from the casting is much lower than the rate of heat
removal from the central part of the casting to the peripheral
one. This hypothesis is confirmed by the fact that graphite
inclusions in the transition layer, as shown above, occupy a
large surface, while the graphite inclusions themselves are
somewhat coarser.

The application of non-stick coatings to the surface of the
casting mold increases the heat removal from the castings,

Section, mm Cover filler Shape of. graphite inclusions Length of graphite Distribution Squire
inclusions, pm of graphite occupied by
inclusions graphite, %
25 Without coating Laminar straight-lined 60-120 Colonies of 3-5
GLS-2 lamellar
GLS-2+GLS-2A graphite
50 Without coating Laminar straight-lined 120-250 Uniform <3
GLS-2
GLS-2+GLS-2A
75 Without coating Laminar straight-lined 120-250 Uniform <3
GLS-2

GLS-2+GLS-2A

@ Springer



7806 The International Journal of Advanced Manufacturing Technology (2022) 119:7799-7813

Table 7 Transition layer presented on the surface of cast iron castings

Section Coating base Cast surface
thickness, mm -
side bottom
25 W/o coating
GLS-2
GLS-2
+ GLS-2A

@ Springer
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Table 7 (continued)

Section
thickness, mm

Coating base Cast surface

side bottom

50

W/o coating

GLS-2 MR E S |
o T L
W
4 JA ¢
GLS-2
+ GLS-2A
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Table 7 (continued)

Section
thickness, mm

Coating base

Cast surface

side

bottom

75

W/o coating

GLS-2

GLS-2
+ GLS-2A

Table 8 Dimensions of graphite inclusions in the transition layer

Section, mm

Cover filler

Shape of graphite inclusions

Length of graphite Distribution of graphite inclusions

inclusions, pm

Squire occupied
by graphite, %

25

50

75

Without coating
GLS-2
GLS-2+GLS-2A
Without coating
GLS-2
GLS-2+GLS-2A
Without coating
GLS-2
GLS-2+GLS-2A

Laminar exploded
Laminar exploded
Laminar exploded
Laminar straight-lined
Laminar exploded
Laminar exploded
Laminar straight-lined
Laminar exploded

Laminar exploded

60-120
35-60
35-60
60-120
60-120
35-60
60-120
60-120
35-90

Colonies of lamellar graphite
Colonies of lamellar graphite
Colonies of lamellar graphite
Uniform
Colonies of lamellar graphite
Colonies of lamellar graphite
Uniform
Uniform
Colonies of lamellar graphite

3-5
5-8
8-12
3-5
5-8
5-8
3-5
3-5
5-8

@ Springer



The International Journal of Advanced Manufacturing Technology (2022) 119:7799-7813 7809

Fig.6 Dependence of the
transition layer thickness on the
castings surface (7] — bottom;
— side) from the wall thick-
ness of the casting, millimeter:
a25;b50;¢c75

N
(9]
(=]

[\
(=]
(=]

—
(9]
(e

(2]
(e

[w)

Transition layer thinckness, mm
—
o
S

w/o coating GLC-2 GLS-2+ GLS-2A
Coating base

350
300
250
200
150
100

50

Transition layer thickness,
mm

w/o coating GLS-2 GLS-2+GLS-2A

Coating base

450
400
350
300
250
200
150
100

50

Transition layer thickness, mm

w/o coating GLS-2 GLS-2+GLS-2A

Coating base

Table 9 Place thickness in grey Filler

iron castings (Sect. 25 mm,

corner), pm Ferrite layer Mixtures of fine perlite and fine Core
ferrite

Place

Without coating 10 20 The rest
GLS-2 18 720
GLS-2:GLS-2A =50:50 Not detected 500

@ Springer
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Fig. 7 Structure of cast iron castings (Sect. 25 mm, corner part): a without coating; coating based on GLS-2 b and a mixture of GLS -2 and

GLS-2A ¢

Fig. 8 Metallic base of the
casting surface layer. The cast-
ing mold was coated based on
GLS-2 and GLS-2A mixtures

lamellar
pearlite

:Jl b‘

[PV

[

o © o o <o <

»
—_
T

Coefficient of thermal
conductivity, W/(m°C)

L 1

<

0 400 800 1200

Temperature, °C

Fig.9 Thermal conductivity b of coatings, containing GLS-2 and
GLS-2A with a ratio, t. %: 1-100: 0; 2-50: 50 in the filler

@ Springer

granular pearlite

ferrite

which leads to a decrease in the thickness of the transition
layer (Fig. 9).

The use of coatings based on a mixture of GLS-2 and
GLS-2A to a greater extent increases the heat removal from
the castings; therefore, the transition ferrite layer has lower
values and the area occupied by graphite has larger values.

Microhardness was measured from the surface to the
center of the sample, with a force of 10 MPa. The measure-
ments were made from the edge of the sample with a 2-mm
internal (the first 2-mm space from the edge was numbered
“1,” the second 2-mm space “2,” and the other further were
numbered, respectively).

The results of measuring the microhardness are shown
in Fig. 10.

All samples tend to decrease microhardness from
the periphery to the center. The highest average value of
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1 1 1 1 1 1 1

Fig. 10 Microhardness of a 350
sample obtained by means of ;
a coating based on GLS-2 (1) =~ 300 r
gl{lsa 2rilgixture of GLS-2 and § 250 -
2A () 2
s
2 200 -
5
= 150 |
100 F
50 F
O 1 1
0 1 2

microhardness is observed in cast iron obtained in a casting
mold, the surface of which is covered by the coating based
on a mixture of GLS-2 and GLS-2A. Therefore, this coating
has proved to have a positive effect on the microhardness of
cast iron SCH20 under investigation.

It has been established that the core of castings (Fig. 11),
made without a non-stick coating, using non-stick coatings
based on GLS-2 and a mixture of GLS-2 and GLS-2A, was
found to have the ferrite-pearlite structure.

Thus, the use of coatings based on a mixture of GLS-2
and GLS-2A makes it possible to control the structure of the
surface layer [45].

5 Summary

According to the results, the possibility of improving prop-
erties of a self-drying non-stick coating has been shown
by partially replacing GLS-2 with GLS-2A one. With an
increase in the content of GLS-2A graphite in the filler up

Fig. 11 Microstructure of the casting core

3 4 5 6 7 8 9 10
Measurement number

to 50%, the density of the non-stick coating increases from
1220 to 1245 kg/m3, the viscosity from 34 to 46 s, the abra-
sion resistance from 175 to 190 g/um of the coating, the
depth of the penetrating layer from 0.63 to 0.93 mm, and
the thickness of the covering layer decreases from 0.46 to
0.06 mm. With a partial replacement of GLS-2 in the filler
with an GLS-2A one, particles of GLS-2 form a coating
layer, and particles of GLS-2A form a penetrating one. When
the metal is poured, the graphite particles are first oxidized
from the covering layer with the formation of a reducing
atmosphere, and then from the penetrating one. Therefore,
the reducing atmosphere appears in the mold cavity from the
moment the first portions of the melt arrive and remains in it
until the end of the chemical interaction between the metal
and mold oxides. This leads to a decrease in burn-on on the
surface of gray iron castings by 1.7-3.6 times on the side
surfaces of the castings and by 1.2-3.5 times on the bottom
surface of the castings, according to the wall thickness of the
castings and the type of coating.

In addition, the coatings have high thermal conductiv-
ity, which leads to an increase in heat transfer. It results in
producing a transition layer on the castings surface, where
the graphite inclusions have a smaller size (the size of the
graphite inclusions decreases by 1.5-2.0 times) and occupy
a large area (by 1.5-2.0 times).
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