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PREFACE

Foundry industry as a base branch represents an important factor contributing to the economic
potential of each country. Current market development as well as technical and economic
objective, the production of high-quality, low-cost and environmentally friendly casting, requires
application of recent and advanced materials, as well as production technologies, followed and
supported by understanding of production process.

Production imperative is pointed into the recent technologies and improved materials for
everyday usage in our homes, workplaces, as well as materials with special requirements for
specific applications such as those for the automotive or space industry. Industrial activities, which
are defined as strategic activities in the Republic of Croatia are Metal Casting and Production of
Final Metal Products, recognized as "economic growth drivers" because they are expected to
realize higher rates of growth and employment.

According to the data of the Central Bureau of Statistics (DZS) and Financial Agency (FINA) and on
the basis of analysis of the Sector for Financial Institutions, Business Information and Economic
Analysis of the Croatian Chamber of Commerce and for the last analyzed 2017, the primary
production of metals in the structure of Croatian industrial production is only 1.35% due to lack of
economically viable primary raw materials and market fluctuations in their prices but also of the
lack of modern production capacities. However, the valorization and export component of finished
metal products stands out with a high share of almost 8.78%. Overall, this represents 10.13% of
the industrial production of the Republic of Croatia.

Croatia is also included yearly World Competitiveness Yearbook issued by Institute for
Management Development (IMD) in Lausanne. "The World Year of Competitiveness" has been
published every year since 1989 for the purpose of analysing and ranking the nation's ability to
create and maintain an environment that maintains the company's competitiveness. In 2018
report, Croatia has ranked at 61™" place from 63 world economy. The IMD methodology is based
on an analysis of 4 factors of competitiveness, namely: economic results, public sector efficiency,
business sector efficiency and infrastructure, and 5 indices for each area. Also, an overview of the
status of the Republic of Croatia in the period from 2006 to 2018 is presented in the following
graph.
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An overview of the status changes suggests that the economic crisis with its negative effects since
2008 for many comparable countries ended in 2014, while the Republic of Croatia in 2018 shows
no recovery. Economic results are based on high revenues from tourism but also on exports.
Despite a skilled workforce, a high level of education and a reliable infrastructure, a bad business
environment, a slow administration and the burden of parafiscal charges still dictate a relatively



low labor price. Progress can be expected through stronger collaboration between the academic
community and the economy, with emphasis on investment in innovation, knowledge transfer and
technology optimization, with the prerequisite for the management structure to recognize the
importance of such cooperation. In addition, the "Competitiveness Report" for 2017-2018 goes to
this year, according to which the Republic of Croatia shows a continuous decline and this year it
has 74" position out of 137 world economies, as shown in the following graph.
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The problematic pillars of competitiveness are the continuity of business and innovation. The 5
most problematic factors for doing business in terms of efficiency valorization are identified:
inefficient public administration, instability of legal regulation, tax regulations, and corruption and
tax rates. These 5 factors can be regulated by public policy. Thereafter, there are four factors that
the economy needs to recognize and impose as prerequisites for its competitiveness: inadequate
capacity for innovation, availability of funding, limiting labor regulations, inadequately educated
workforce. Identifying their own niche for competitiveness on the global market and following the
stated public policy requirements for recognizing and incorporating them into development and
funding strategies, as well as the education system in designing competent, creative and
innovative workforce, can provide a synergy of positive moves towards increasing
competitiveness.

Therefore, the importance of coexistence of material science and sustainable technology in
economic growth reveals in collaboration between small and medium enterprises’ (SMEs’),
industry and higher education institutions (HEI). International Foundrymen Conference organized
by University of Zagreb Faculty of Metallurgy, Sisak, Croatia in cooperation with University of
Ljubljana Faculty of Natural Sciences and Engineering, Ljubljana, Slovenia, University North,
Koprivnica, Croatia, Technical University of KoSice Faculty of Materials, Metallurgy and Recycling,
KosSice, Slovakia, and ELKEM ASA, Norway found its significant position due to aforementioned
reasons.

Coexistence of material science and sustainable technology in economic growth comprehends to
recent technology and educated and skilled engineers. The Conference topics were designed as
presentations of the current "state of the art" research in collaboration with industry, and
production innovation with the aim to improve the competitiveness.

The scope of 18™ International Foundrymen Conference (IFC) covers scientific, technological and
practical aspects concerning research, development and application of casting technology with the
common perspective — increase of competitiveness. Special attention will be focused towards the




competitiveness ability of foundries, improvement of materials features and casting technologies,
environmental protection as well as subjects connected to the application of castings.

During this Conference 35 paper will be presented. Book of Abstracts of the 18" International
Foundrymen Conference includes summaries of the papers. The Proceedings book consists of
papers in extenso published in electronic format (USB). Full length papers have undergone the
international review procedure, done by eminent experts from corresponding fields, but have not
undergone linguistic proof reading. Sequence of papers in Proceedings book has been done by
category of papers in following order: plenary lectures, invited lectures, oral and poster
presentation, and inside the category alphabetically by the first author’s surname.

Within the Conference Student section is organized. This is an opportunity for industry to meet
and recruit human resources as a main potential for business development. Coexistence of
material science and sustainable technology in economic growth represent a knowledge transfer
between small and medium enterprises’ (SMEs’), industry and higher education institutions.
Higher education at the Faculty of Metallurgy (HEI), conceived through the program and the
learning outcomes, is based, inter alia, on promoting students’ scientific and research work on
applied topics, enabling ambitious and creative young people to become independent problem
solvers, developing and supporting their curiosity, analytics and communication: Graduates like
the labour market need!

This occasion represents an opportunity to discuss and increase the mutual collaboration between
HEIs’ and industry with the aim of information exchange related to advanced experience in
foundry processes and technologies, gaining the new experience in presentation and / or teaching
process within lifelong learning process.

The organizers of the Conference would like to thank all participants, reviewers, sponsors,

auspices, media coverage and all those who have contributed to this Conference in any way.

President of Organizing Board

o fwoclera

Assoc.Prof. Zdenka Zovko Brodarac, PhD
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GRAPHITE DEGENERATION IN THE SURFACE LAYER OF Mg-TREATED IRON
CASTINGS — INFLUENCING FACTORS AND PRACTICAL SOLUTIONS

lulian Riposan*, Mihai Chisamera, Stelian Stan, Mihail Firican
Politehnica University of Bucharest, Bucharest, Romania

Plenary lecture
Subject review

Abstract

Graphite degeneration, in terms of graphite becoming less compact, in the surface layer of Mg-
treated cast irons is a common defect, which can occur with any moulding technique. This abnormal
surface layer [0.1 to 3.0 mm thickness] may be present in any casting section thickness. However, it
becomes most critical for thin wall castings, where it can easily be more than 10% of the total
thickness, but also is a concern in heavy castings, due to the prolonged solidification time extending
the metal-mould interaction time. The surface layer with degenerated graphite has a similar effect to
a notch in the casting, reducing all the properties, especially as the fatigue limit and impact
resistance.

The objective of the present work is to summarize the obtained results using selected data from
some of the previous papers plus some unpublished data. It was considered residual Mg content
[from compacted to nodular graphite formation], mould media chemistry [with/without S-content),
with/without mould coatings [with/without S-content, with/without desulphurization agents (CaO,
MgO, Talc, Mg..: or FeSiCaMg alloy)], with/without inoculation, at different inoculating variants.
Furan resin sand - PTSA mould, including sulphur, aggravated graphite degeneration, with the layer
thickness increasing up to ten times compared to the Novolak resin coated sand moulds, without
included sulphur, with higher surface layer thickness at lower Mg,.. Lower graphite nodularity,
higher the size of the surface layer with degenerated graphite.

The application of a S-bearing mould coating strongly promoted graphite deterioration, or
conversely, limited this process using desulphurization type coatings. MgO, (CaO + MgO + Talc) or
Mg-FeSi bearing coating protected the graphite shape at the metal — mould interface, decreasing the
average layer thickness. The Mg-FeSi coatings had an additional role to desulphurization providing
supplementary Mg to raise the nodularising potential. The graphite characteristics within the section
of the analyzed samples evolved in a clear relationship with the changes in the degenerate graphite
surface layer, for the prevailing solidification conditions.

Inoculation increased graphite nodularity in the surface layer and decreased the surface layer
thickness, at a strong relationship between these two parameters. The Inoculation Specific Factor,
ISF [the ratio between increased nodularity/decreased surface layer thickness and total inoculant
consumption for this effect] was used to evaluate the efficiency of inoculation variants.

Keywords: nodular graphite, compacted graphite, graphite nodularity, casting skin, degenerated
graphite layer, ferritic rim, inoculation, inoculation specific factor

*Corresponding author (e-mail address): iulian.riposan@upb.ro
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The objective of the present work

is to summarize the obtained results
- using selected data from some of the previous published proprietary papers
- plus some unpublished data

BACKGROUND
- residual Mg content [0.019 - 0.054%Mg,., from CG to NG graphite formation],

- mould media chemistry [with & without S - content),

- with & without mould coatings:

- coatings with & without S-content,
- coatings with & without desulphurizers (CaO, MgO, Talc, Mg,,.,, FeSiCaMg),

NEW EXPERIMENTS

- with & without inoculation, at different inoculating variants:

- conventional inoculants [Ca / Ca,Ba / Ca,RE / Ca,Ce,S,O - FeSi alloys]
- conventional inoculants + inoculation enhancing [S,0,Al,Mg — CaSi alloy]
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Mg - TREATED IRON CASTINGS SKIN
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DETRIMENTAL EFFECTS OF CASTING SKIN - CGI

[AC: As Cast; Mz Machined; AC — SB: As Cast + Shot Blasted; M — SB: Machined + Shot Blasted]
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Samples: I. Furan resin (3.0wt.%) - P-Toluol Sulphonic Acid
FRS - PTSA Moulds [S - bearing mould]

Each mould includes 4 identical semi-cylindrical samples
with corners rounded to avoid end effect

0.56 kg, cooling modulus CM = 7.1 mm

SRRV 3T A NI
. RITSJ R S T T

055 255

i w % S R T T T e
Il. NRS Moulds: Standard Quik-cup™ cups [No S mould]
Phenol- formaldehyde resin sand (Novolak) 0.35 kg, CM = 7.3mm
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3 Coatings were applied to:

- concave surface of semi-cylindrical samples, and
- inner surface of the Quik-cups
- up to 0.01lmm grain size materials in a 0.35 — 0.40 mm thick coating

- same coating binder, using expanded polystyrene - toluene solution

. S - bearing coatings:

- FRS-PTSA mould (S in binder) + FeS, powder (49 — 52 %S), as added S

- NRS mould (no S) + FeS, powder or variable Elemental S addition (organic)

Il. Desulfurizing type Coatings :

- MgO or (CaO + MgO + Talc) mixture / beneficial in heavy section DI castings

lIl. Desulfurizing Coating with supplementary Mg

- fine sized FeSiCaMgRE alloy or (Mg,,.iy + F€SI75) powder
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*Structure Analysis
- FRS-PTSA mould semi-cylindrical samples

Surface layer thickness Structure in the Surface Layer and Center

On 30mm total length 10 individual analysis directions 3 directions / 5 positions
100 MM between measurements 800 mm? total area analyzed 2mm apart
300 total measurements 58 |

analysis detail

IR o layer layer detail
W, thickness

transition 4

k! £ A '

Zone - . " b
K " transibion
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surface directions

=

#TT~ detail

-
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.
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4
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layer

end effect  thickness
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layer
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end effect thickness

- NRS Moulds: Standard Quik-cup™ cups - Similar procedure
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Un-coating

Un-coating I

Layer Thickness, jun

Layer Thickness, pum

Degenerated Graphite Surface

Degenerated Graphite Surface

FRS-PTSA: Furan resin sand —
P-Toluol Sulphonic Acid
[S-bearing mould]

NRS: (Novolak) Phenol -
formaldehyde resin coated sand
(Croning process)

[No S-bearing moulid]

Degenerated Graphite Surface

Layer Thickness, pm

700
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=
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500
400
300

N
0.0
Residu

FRS-PTSA

NRS

0.040
Magnesium,

BT

MgO — bearing
coating
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CENTRE GRAPHITE NODULARITY -
SURFACE LAYER THICKNESS - NODULIZING
POTENTIAL - MOULD COATING

100
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5 2, _0.054% Mg
= 80
3 027% M
Z 19 d:020% Mg
% 50 .O:qZU% Mg
@ R S
g 50 4
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0 100 200 300 400 500 600

Abnormal Surface Layer Thickness, um
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GENERAL VIEW: FURAN RESIN (PTSA) MOULD -
Mg,.. VARIATION - MOULD COATING POTENTIAL
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GENERAL VIEW: CENTRE GRAPHITE NODULARITY -
Mg,.. VARIATION - MOULD COATING POTENTIAL

100
Mq-FeSi

50
-
= T L eXToo=== wemmsem=SIIZ
P - ¥ A
= MO e mmmemmmmTT
et . # rF P
E 70 :.r :j%! S
& #
= R
= 60 e 7
° o
db
= 50
3

10 wUC 4S5 @Mgl o Ca0+MgO+Tale [ FeSiCaMgRE @ Mog+FeSi73

| | | |
0.01 0.02 0.03 0.04 0.05 0.06

Residual Magnesium, %

12



It was re - confirmed that for the Furan Resin - PTSA moulds

- S delivered by the mould: graphite degeneration, skin of Mg-lron Casting

] It was found that the iron nodularising potential [Mg, Ce, La]

- and Mould coatings, with S content, or with Desulphurization capab.,

are important factors for graphite degeneration in the castings skin

J Uncoated FRS - PTSA moulds, which have S in the binder
- skin thickness increasing as Mg, decreased:
- CGl is more sensitive compared to NGI, and similarly

- DI with a marginal nodularising potential versus normal DI

- for the specific solidification conditions

13



U The application of a mould coating
- strongly influenced graphite deterioration in the surface layer of castings

- either driving graphite degeneration further to less compact morphologies,
- when using S - bearing coatings,

- limiting the graphite degeneration to a narrower surface layer
- when desulphurization type coatings were employed

O If the coatings employed desulphurization materials,

- such as MgO, or a mixture (CaO + MgO + Talc) or active Mg - bearing FeSi,

- protected the graphite at the metal — mould interface
- decreasing the average layer thickness in FRS - PTSA moulds and

- increasing graphite nodularity over the casting section

d It is presumed that the MgO or (MgO + CaO + Talc) coatings
- acted locally to remove or capture any S released by the mould

The coating mixes with Mg-FeSi, derived from nodulizers

- had an additional role to desulphurization, by providing supplementary active Mg,
- to raise the nodularising potential prior to solidification
14
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- Ladle Mg-treated & In-mould inoculation [0.019 — 0.023%Mg, ., 4.3 — 4.4%CE]
- Ca-FeSi, Ca,Ba-FeSi & Ca,RE-FeSi alloys, 0.08-0.1wt.% consumption
- 5,0,Al,Mg-CaSi addition to Ca/ Ca,Ba/ Ca,RE alloys [1/3 ratio, 0.04wt%)]
 30-50% graphite nodularity and 60 — 70% Pearlite / 30 — 40%Ferrite ratio

-in 25mm diameter bars, in furan resin-bonded sand moulds

Down sprue;

4,5 - Reaction Chamber;
8, 9 - Runner;
0, 11, 12, 13 - Bar sample [25mm];
14, 15, 16, 17 - Plate sample [4mm];
18, 19, 20, 21 - W; Wedge sample
[ASTM A 347]

1-
2, 3,
6, 7,
1

15
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CASTING SKIN




It was found in the done treatment and solidification conditions:
- a complex surface layer, including different sublayers as Graphite Morphology &
Pearlite / Ferrite ratio formed for all of test castings;

- a general lower graphite nodularity, at 10 — 25% vs 30 — 50% in the casting body

- an outer Pearlitic rim associated with type A / E graphite is followed by a

- Ferritic rim associated with Fine type graphite [like coral or type D], and

\ \ - finally a Ferutlc rim associated with Compacted Graphite,
- beforb the l\ody casting base structure
- 30 - 5‘0% NG\/ 50 — 70% CG; 60-70% P / 30-40% F; more F amount in CG area

Pearlitic rim Total rim




Average Surface Layer Thickness

[surface layer, un-etched samples]

Average Surface Layer Thickness, um
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Influence of inoculant type in the surface layer of castings [un-etched samples]

Average graphite nodularity
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Influence of inoculant type in the surface layer of castings [un-etched samples]

Average skin thickness Inoculation Specific Factor to decrease skin size
450 m
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Surface layer thickness & sublayers characteristics, from
both graphite & metal matrix point of view:

-  Are different for un-inoculated & inoculated irons and are depending on the
inoculant variant;
- Generally, inoculation - increased graphite nodularity in the surface layer and
- decreased the surface layer thickness,
- at a strong relationship between these two parameters.

- Pearlitic / Ferritic rim sublayers ratio in the surface layer is also dependent on
the inoculant type:
- thicker Pearlitic rim in conventional inoculation and
- thicker Ferritic rim in inoculation enhancing variants

- As it was expected, in conventional inoculation variants,
- Ca,Ba-FeSi & Ca,RE-FeSi alloys performed Ca-FeSi alloy,
- but the best results were obtained for inoculation enhancing
variants,
- despite the reducing with 50% of consumption alloy.

21



ISF [Inoculation Specific Factor] was used to evaluate
inoculation efficiency to improve iron castings quality

- ISF refers to the capacity of inoculants to increase the graphite nodularity

in the surface layer and to decrease its thickness

- ISF compares the ratio between increased nodularity / decreased surface
layer thickness and total inoculant consumption for this effect

- $,0,Al,Mg-CasSi alloy improved the potency of all of the conventional
inoculants, with Ca,Ba-FeSi alloy as performance

- The combination of inoculant & enhancer had the highest ISF level

- It appears that by this way is possible

- to optimize the efficiency of simple conventional inoculants [Ca-FeSi]
- or to obtain a higher performance of more potent inoculants [Ca,Ba-FeSi]

- instead of use of Rare Earth bearing inoculants [Ca,RE-FeSi]

22



GENERAL CONCLUSIONS

e Casting skin is present in all of Mg - treated iron castings:
- Higher in lower Mg, content [CGI versus DlI]
- Higher in higher wall thickness level

Sulphur - the most detrimental influencing factor
S - bearing mould / core media
S - bearing coating materials

Desulphurization action of the applied coatings
Practical solution to limit / avoid casting skin

Mg - bearing coating the most effective

Efficient Inoculation to decrease skin sensitiveness
More potent inoculants

Inoculation Enhancing

23



Make Good Iron Castings !!!
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Abstract

Mechanical properties of metallic materials strongly depend on microstructure. Microstructure
changing of metallic parts on elevated temperatures highly limits possibilities of their application.
The research in this paper is focused on microstructure changing of austempered ductile iron
samples in case of reheating in temperature range between 250 °C and 700 °C. Decreasing of volume
fraction of carbon enriched austenite was a measure of decomposition process.

Keywords: austempered ductile iron, phase transformation, ausferrite, carbon enriched austenite

*Corresponding author (e-mail address): hasan.avdusinovic@mtf.unze.ba

INTRODUCTION

Mechanical properties of the Austempered Ductile Iron (ADI) depend on the microstructure
of the material after the heat treatment processes. Microstructure of metallic matrix
strongly depends on the mechanism and kinetics of phase transformation developing
successively during the austempering heat treatment [1,2]. Microstructure of the metallic
matrix after the heat treatment, known as ausferrite, consists of the acicular ferrite and
room-stable carbon enriched austenite. Austempering heat treatment consists of
austenitizing and quenching followed by isothermal transformation. Important parameters
for setting heat treatment are: temperature and holding time of the austenitizing and
temperature and holding time of the isothermal transformation [3].

Scheme of the austempering heat treatment process is presented on Figure 1.
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Figure 1. Scheme of the austempering heat treatment process

ADI is often used where high strength is needed and where excellent wear resistance and
fatigue strength are required, such as gears and other similar products. The superior
tribological properties of ADI will allow the gears to run temporarily without lubrication.
Some applications of ADI include: timing gears, CV joints, steering knuckles sprockets, rollers,
idlers, suspension housings and brackets, wear plates, wheel hubs, crankshafts, flanged
shafts, etc.

All cases of application (mentioned earlier) require stability of the microstructure which
depends of temperature range of application. Any type of microstructure decomposition
leads to changing of mechanical properties. In a study performed by G. Nadkarni et al.,
volumetric changes associated to decomposition of the ausferritic microstructure were
observed [4].

MATERIALS AND METHODS

The objective of this study was to determine the stability of the ausferrite during reheating
at elevated temperature conditions. The main question was how ADI will change its
microstructure after being exposed to elevated temperatures and on which temperature
range the microstructure change is going to happen. Carbon enriched austenite
decomposition during reheating at elevated temperature was a measure of ADI
microstructure stability in this research task. Chemical composition of the base ductile iron is
presented in Table 1.

Table 1. Chemical composition of the base ductile iron

Chemical element C Si Mn Cu Ni

Wt. % 3.30 2.53 0.31 0.51 0.81

Base ductile iron was cast in standard “U” shape cast pieces. For characterization of the
quality of the base ductile iron ten metallographic samples were cut and tested according to

3
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standard BAS ISO/TR 945-2 [5]. Optical microscopy “Olympus” equipped with software for
image analysis was used for microstructure investigation. On each samples five different
locations were observed. Form of the graphite was dominantly VI and graphite particle size
was 3/4. Average value of the volume fraction of the graphite phase was 9.45.
Microstructure of the base ductile iron is shown in Figure 2a and b.

.
View felct 403 pm Det: 56 1% pn
SEN NAD: S00ks  Date(rmeary): G ORNG

a) Optical Microscope, Mag: 100x, Nital etched, b) SEM, Mag: 5000x, Nital etched
Figure 2. Microstructure of investigated ductile iron

Heat treatment of the base ductile iron was performed with following parameters:
austenitization temperature — 870 °C, austenitization time — 90 min, isothermal
transformation temperature — 350 °C, and isothermal transformation time — 90 min.
Isothermal transformation was finished in salt bath (KNO3s) [6]. Samples of base ductile iron
for heat treatment were prepared in prismatic shape (10x20x50 mm). Microstructure of the
base material after heat treatment (ADI) is presented on Figure 3a and b.

LS ORER B0 W OGS w7
SEM HV: 20.0 kV WD: 8.40 mm L b MIRA3 TESCAN
View field: 21.7 pm Det: SE 5pm
SEM MAG: 10.0 kx  Date(m/diy): 03/26/19

)Optlcal Microscope, Mag 100x, Nltal etched, b) SEM, Mag: 10000x, Nital etched

Figure 3. Ausferrite microstructure of ADI samples
4
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Microstructure decomposition of the ausferrite microstructure during reheating is
characterized by linear changes. Dilatometric qualitative analysis of the ADI samples during
reheating was performed on the dilatometer Netzsch 402/C/7. Heating and cooling rates for
dilatometric investigation were 5 K/min.

RESULTS AND DISCUSSION

The thermal expansion curves of the tested ADI sample are presented in Figure 4.

dL /um dL/dt /(um/min)

iR

160 |
140 |
120 4;
100-"
80 A
60
40 -

20 -

100 200 300 400 500 600 700 800
Temperature /°C

Figure 4. Dilatometric curve of ADI sample
(Solid line - thermal expansion curve; dashed line - first derivation of the thermal expansion curve)

Within the analysis of the first derivation curve of the ADI sample three different
temperature ranges of the microstructure decomposition were observed. First temperature
range between 200 °C and 400 °C, second between 400 °C and 500 °C and third temperature
range above 500 °C. First temperature region is characterized by several effects (peaks)
showing certain decomposition process within treated material. Second temperature region
is characterized by most intensive effect (peak) indicating an intense process of
transformation within the tested material. Third temperature region (similar to first
temperature region) is characterized by several effects (peaks). To follow decomposition
process of the ADI sample, six different reheating temperatures had been chosen to reveal
carbon enriched austenite transformation: 250 °C, 350 °C, 450 °C, 500 °C, 600 °C, and 700 °C.
In order to achieve that, simple experiment was performed. Six ADI samples were prepared
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(heat treatment parameters explained in previous chapter) and reheated up to six chosen
temperatures. Then, as soon as required decomposition effects had been achieved, the
samples were rapidly removed from the furnace. After cooling in the air, the hardness
measurements were carried out and volume fraction of the carbon enriched austenite was
calculated using equation 1 [2].

Vo =100 — (Vi + V) (1)

where V;is volume fraction of the ferromagnetic phase (ferrite) and V, is volume fraction of
the graphite phase (considered constant for examined alloy).

Volume fraction of the ferromagnetic phase is measured using FERITSCOPE FMP30. Brinell
hardness of the tested samples was measured according BAS EN 6507-1/2007 [7]. Five
measurements of the ferromagnetic phase fraction and hardness were carried out on each
treated samples. Average values of the carbon enriched austenite volume fraction and
hardness of the treated samples were presented in Table 2 and Figures 5 and 6.

Table 2. Average values of the volume fraction of the carbon enriched austenite and
hardness of the treated samples

. . Volume fraction of
Reheating Volume fraction .
. the carbon Brinell Hardness
Sample No. temperature of the ferrite . .
[°C] (%] enriched austenite [HB]
[%]
1 250 55.2 35.35 352
2 350 54.7 35.85 331
3 450 71.3 19.25 321
4 500 76.6 13.95 293
5 600 81.3 9.25 283
6 700 89.8 0.75 183
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Figure 5. The effect of reheating temperature on the volume fraction of the carbon enriched
austenite of the tested samples
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N \\0\
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Figure 6. The effect of reheating temperature on the hardness of the tested samples

Decomposition process of carbon enriched austenite is accompanied with Fe carbide
formation and increasing content of the ferrite in the microstructure. Although the decrease
in carbon enriched austenite content in the microstructure is noticeable in the temperature
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range above 350 °C, hardness of the material does not follow this trend due to the presence
of the carbides in microstructures. Noticeable drop of the hardness of the tested material is
visible only above 600 °C. The effect corresponds to the graphitization of cementite below
A.1 temperature.

CONCLUSIONS

The aim of this paper was to present the possibilities of determining the changes of the
ausferrite microstructure at the elevated temperature by measuring volume fraction of
carbon enriched austenite in the reheated samples. After analyzing of the experimental
results the following can be concluded:
- Dilatometric curve (dashed line) for ADI sample shows three temperature ranges of
ausferrite microstructure decomposition.
- The linear changes in the temperature range of 400 °C-500 °C indicate the most
intense decomposition of the ausfferite microstructure.
- The amount of the carbon enriched austenite in reheated samples decreases with
increasing the temperature.
- Noticeable drop of the hardness of the reheated samples is visible only above 600 °C.
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Abstract

Corrosion of metallic materials are known as strongly non-linear process due to the dependence on
several factors concerning application environment such as temperature, humidity, amount of
rainfall, pH, concentration of pollutants etc. Prediction of corrosion phenomena by classical statistical
or mathematical methods often appears unsatisfying which is due to the complexity associated with
the numerous physical-chemical processes. Nowadays, one of key enable technology such as artificial
neural network can achieve promising approach to get more precise results.

The aim of corrosion monitoring is in development of corrosion sensor for prediction of atmospheric
corrosion of basic structural metallic materials such as steel, zinc, copper using hyphenation of
screening electrochemical technique with artificial neural network. The signal of sensor is caused by
the corrosion reaction and corrosion reaction of structural metals depends on series of
metereochemical variables (temperature, relative humidity, time of wetness, concentration of main
pollutants, exposition time). Thus, based on robust database of values from field we could predict
corrosion behavior from known variables under local atmospheric sites.

Keywords: corrosion monitoring, prediction of life-time, run-off of metals, atmospheric aggressivity
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Estimation of atmospheric corrosion based on ISO 9223 and 1SO 9224
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corrosivity, determination and
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losses measured with standard
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environmental information
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Measured parameters

» environmental parameters - temperature, relative humidity, concentration of gaseous
pollutants (SO,, NO,, O,) and precipitation (amount, pH, conductivity, amount of SO,?, NO,,
Ch)

» corrosion mass loss — carbon steel and other structural metals (zinc, aluminum, copper)




** new materials, selection of materials «» corrosion research (testing is necessary)
+» rational application of metallic materials — known way of degradation
» prolongation of lifetime

Atmospheric corrosion — depends on series of factors:

atmospheric: temperature, relative humidity, time of wetness, wind velocity,
pH of rainfall, concentration of main pollutants (SO,, NO,,
NO, ), conductivity of surface electrolyte;

material: chemical composition, structure, microgeometry, compactness
of corrosion layer, solubility, hygroscopic properties;

periodic wetness and drying, samples sheltered against
rain, resp. unsheltered, intensity of radiance etc.

Vietivation:




Different prediction technigues:

» contemporary model of atmospheric corrosion — D/R functions

K = Kgr(T, RH, SO,, NO,, O3) + K,(Rain, H*)

» new model for prediction of atmospheric corrosion — huge environmental database —
D/R functions

K = Kgn(T, RH, SO,, NO,, O, HNO,, PM10) + K,(Rain, H)
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» application of artificial neural network (ANN)
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“Dose-response” functions :

» standard technique for modeling of atmospheric corrosion —
classical mathematical function

D =f[C]
Dy, =1 (K, [H,0], T, M) ki i [C]

D,, — rate of material degradation m;

K - coefficient of mass loss;

[H,O] - invariable (covering relative humidity, rainfall,, time of wetness, etc.)
of available water on the material surface,

T - ambient temperature;

M - parameter covering surface morphology,

ki m — reaction rate between corrodant and material m

SeNa Ah [um] = 1,92 + 2,97SO,TOW.1237 + 0,89S0,TOW.v.t037 + 0,150,137

where t [year]; SO, [ug.m3]; O; [ug.m3]; TOW (time of wetness/exposition time);
v (wind velocity) [m.s]; R.h.[%].

O prediction by mathematical equations have still big ,lacks® (in MICAT errors = 60%)



VS.

Why new approach ?

History

measurements of corrosion processes - time depended,
inadequately sensitive,

required permanent presence of experimentator,
manual evaluation,

= technical support in the form of programs absented ...

Present time

* huge amount of data,

* extract necessary information,
* programme support...

Partial solution in application of Al (ANN):

» extraction of important information
» prediction of time-depended events and their modeling



Artificial neural network:

» motivation from biological systems, similar to function of human brain
(governing of information, storing, processing) => adaptive network

axon hillock

dendrides

"IE,CIITIiH;J axons

Advantages:

v absence of exact mathematical characterization of system,

v’ presence of strong non-linearities in atmosphere (complexity of physical-
chemical processes in industry etc.),

v’ robust enough, able to generalize, elimination of errors (minimization),

v" ability of learning on the basis of inputs from environment,

v" ability to improve own performance




Choice of input parameters:

+» for different metals could differ (strong or weak sensitivity on pollutants, etc.)

¢ theoretical and practical skills determine input variables:
T - temperature, TOW — time of wetness, R.h - relative humidity, rainfall,
concentration of [CI], [SO,] (weathering steel)

% suitable software: MATLAB — esp. toolbox NeuralSolution
Neural Tools by PALISADE

Choice of output parameters:

= corrosion process determined by :
mass loss Am [g.year], thickness loss Ah [um.year]

» experimental database of input and output values —
part of training network

= ANN with selected architecture have ability ,,to learn®
minimization of errors in model

min Error (V,W) = % //Opi— £/ /2



Tab.1l Example of datasheet of environmental and corrosion values

exposure
years

8,0
9,0
8,7
8,0
9,6
7,5
9,9
8,9
9,7
8,7
9,7
9,2
8,0
8,3
8,0
8,8
8,8
8,2
9,7

8,2

yearly average environmental data

RH
76,5
70,2
74,8
72,5
73,0
77,8
72,0
71,0
75,0
72,9
76,3
80,0
73,7
76,0
76,3
74,1
74,1
73,1
73,0

76,8

SO,
151,6
168,2
145,6
120,0

83,3
36,4
78,4
49,0
49,2
29,5
18,3
17,9
10,9
18,1
166,8
165,0
140,3
116,3
88,9

315

NOx

42,2
32,2
36,0
35,6
27,4
35,6
30,8
24,8
25,4

25,2

40,7

32,7

rain

393,6
295,2

50,0
350,4
626,0
500,4
416,6
431,6
512,7
4247
380,0
510,0
316,8
4422
505,2
409,2

39,6
463,2
438,0

4524

pH

4,4
4,1
4,6
4,2
43
45
4,7
4,4
6,3

59

4,6

4,4

corrosion losses [g.m2]

steel
764,0
878,6
691,6
483,7
557,0

2927

350,0
352,0
293,0
239,0
223,6
184,4
183,1
1118,6
1093,5
728,8

630,7

copper
62,0
55,6
59,3
38,5

27,5

12,45
89,0
79,3
70,6
63,0

49,0

zinc

26,3
32,1
23,88
28,7
16,2

7,8

11,5
11,6
12,1

8,8

4,6

8,8
48,4
48,8

38,17
56,7
29,6

12,4

aluminium
1,7

1,8

2,93

1.4

2,8
2,2
3,28
1.9

1,3




Neural network architecture:

« 3 layer hierarchy: input, hidden and output
» joined with links, weight signalized about strength of connection

steeal
comresion

Fig. 1 Schematic illustration of experimental ANN model (multi-layer perceptron) [3]

» learning process — algorithm, gradient optimization procedure called BP
» calculation of RMS errors — checking recognition ability for prediction by new
unknown inputs




The prototype of artificial neural model:

> historical data (period 1969-2006) from repeated one-year (6 series) and short-
term exposures - maximum 5 years (5 series) of unalloyed carbon steel
» at 3 different atmospheric test sites in the Czech and Slovak Republic (Kopisty,

Prague, Kasperske Hory, KoSice) covering rural, industrial-urban and heavy industrial
atmospheric environments (training data)

0 5 UN ICP test sites (in Europe) in period 1997/98 (testing data)
0 4 UN ICP test sites (in Europe) in period 2002/03 (testing data)



Tab.2 The range of environmental parameters for different exposure periods

environmental parameters

Czech test sites”

UN ICP Materials test sites™

1969 -2006 1997/98 2002/03
temperature (°C) 53-10,2 0,2-24,6 0,1-17,6
relative humidity (%) 70 - 80 61 - 87 30 - 82
amount of precipitation (mm) 284 - 1320 252 - 1744 196 - 1390
SO, (ug.m3) 53-182,0 0,2 - 35,0 0,3-38,6
ClI- (mg/l) 0,5-7,6 0,1-13,3 0,1-13,1
pH of precipitation 4,1-6,4 4,3 -6,7 4,3 - 6,6
PM, (ug.m3) - - 6,6 - 61,3

" training data

* data for whole UN ICP Materials test sites network




» our prototype of interactive ANN model

1580
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Exposure Time [years] [g.m]
Fig. 2 Output of corrosion rate prediction in mass loss [g.m2]
of carbon steel exposed under long-term atmospheric conditions
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Tab. 3 Results of predicted vs. real of corrosion losses of carbon steel [Q.Warly)

test site real mass loss | D/R function 1 | D/R function 2 [/ANN model N
97/98
Prague, CZ 182,0 262,2 163,5 181,2
Kopisty, CZ 241,4 287,4 176,1 239,4
Hurbanovo, SR 418,0 379,4 195,3 391,5
Kosice, SR 397,1 288,3 264,3 387,6
Waldhof, GE 144,0 100,4 60,9 128,2
Paris, FR 136,9 179,6 90,8 144 .4
Tel Aviv, IS 323,5 217.8 173,7 N\ 3310 /
02/03 T
Prague, CZ 103,2 142,6 103,1 153,8
Kopisty, CZ 184.,4 177,5 124,4 92,4
Waldhof, GE 84,8 79,9 91,6 220,1
Paris, FR 94,2 166,0 110,7 1445




Predicted vs. Actual (Training)
700
+ o+
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o 500 A bt
5 400 - + 45 .
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£ 300 For Weadehic Use Only
200 e+
+H+
100
0 . . : .
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Predicted vs. Actual (Testing)

From database:

ratio 80%/20%
training/testing

The best ANN models (carbon steel):

-3 neurons in hidden layer with 2058000 trials (local
database)

-7 neurons in hidden layer with 1235236 trials (larger
database - e.g. middle European)

It means:

(1997-98): 0.44 — 10.97% errors in prediction on
unknown values and 2-8% errors on trained values
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Innovative approach via corrosion sensors:

) S "":-;‘/
ructural' m 3 e.‘;‘ g IcE!
» exposition: base, 0.5 year, 1 a :

» thin layer measurements (SARS solution

-



Conclusions:

» the D/R functions have statistical deviations between 30 - 50%, they are applicable for
mapping purposes. On the local scale the corrosion maps are overinterpreted depending
on the density of grid of input data

» live prediction ANN models with output in the form of 2D maps allow prediction of the
metal corrosion rate under various future climate scenarios with errors below 20% for

carbon steel P> higher efficiency

» ANN models should determine majority of environmental and chemical variables and
suggest about their potential synergic effects

» on a regional scale the corrosion rate prediction is fitting well. It gives high potential to
create prediction model for larger area or climatic zone but the training set of data should
be extended (errors 32-61%)

» using ANN method for prediction of atmospheric corrosion of metals need to be

improved by expanding database of training values (robustness = quality)

» perspective application of hyphenation of corrosion traditional methods with ANN
in construction industry (selection of the best metal material to local atmosphere,
corrosion sensors)
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Abstract

Promising approach for fast inspection of inclusions in wrought aluminium alloys is the optical
emission spectroscopy (OES). However, in order to separate the peaks corresponding to particular
inclusions from the peaks obtained from various microstructural features in the matrix, an advanced
filtering of the OES spectrum is necessary. The methodology developed in this work is based on big-
data-driven predictions of whether the on-line analysing sample is good or bad. A sufficient amount
of relevant data necessary for data-driven predictions was established by the systematic quality
control of samples of AA6082 using optical and SEM microscopy and by analysing the same surface
using OES. By following a machine-learning process, an algorithm was developed enabling the on-line
division of the samples into good and bad, based on criteria received from the casting house.
Although the obtained results are promising, the further improvements are necessary before this
method could be validated.

Keywords: wrought aluminium, quality prediction, inclusions analysis, optical emission spectroscopy,
big data, machine learning

*Corresponding author (e-mail address): varuzan.kevorkijan@impol.si

INTRODUCTION

Numerous research efforts have already been made to develop an on-line, industrial method
of determining the non-metallic inclusions in wrought aluminium alloys [1-3]. A very
promising approach is to use data obtained with optical emission spectroscopy (OES). The
main concept is based on the difference in the concentrations of the observed element(s) in

10
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the ablated sample and in the matrix, resulting in a different intensity between the baseline
signal, obtained from the matrix, and the signal from the inclusion.

The suggested method is a software-based upgrading of the existing OES; however, it is only
useful if the matrix is highly uniform, providing a sufficiently flat, noise-free, baseline signal
for all the chemical elements appearing in the inclusions. Unfortunately, in the case of
wrought aluminium alloys, the matrix is most often non-homogeneous, consisting of the
primary dendrites, the eutectic intermetallic phases, the precipitates, as well as the crystal
grains and crystallographic textures of different morphologies. In this case the baseline
signal is not flat, but consists of several, or rather many, different peaks caused by the matrix
non-uniformity. As result of that, determining the inclusions becomes difficult and more
uncertain.

In order to obtain a reliable prediction model based on OES data, two steps had to be taken.
First, a custom OES data-acquisition procedure was introduced in order to extract as much
data as possible from each sample. After the OES data was analysed, it became clear that
computer-assisted filtering of the OES spectrum of wrought aluminium alloys is necessary.
Custom filtering of the OES data was developed and machine-learning methods used to
construct a high-quality prediction model that achieves a high level of prediction accuracy on
a large set of AA6082 samples.

METHOD

The research work can be divided into two complementary parts, both of which are crucial
to obtain the optimal prediction of sample quality — OES data acquisition and OES data
processing.

OES data acquisition

Samples of AA6082 were taken during the molten phase of wrought aluminium and
prepared in the shape of discs with a diameter of 40 mm. The surface of the samples was
first inspected using optical microscopy. The area and the number of inclusions on the
inspected surface were determined using automatic image-recognition software and the
quality of each sample was determined. Good samples have lower ratio between inclusion
area and sample surface, than it is specified by casting house. Bad samples have higher value
then specified.

After the optical inspection, the same surface of the samples was inspected using OES
operated in the so-called Spark-DAT mode. In this mode the OES machine records the time
evolution of the signal, as shown in Figure 1. The Spark-DAT signal can roughly be described
by two values. The mean value of the signal is proportional to the average concentration of
the corresponding chemical element in the aluminium alloy. The peaks in the signal, on the
other hand, correspond to small parts of the inspected volume with an increased
concentration of the corresponding chemical element.

11
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The most prominent features of the Spark-DAT signal are peaks that correspond to volume
parts with increased concentrations of the given chemical element (in this case Ti). For
correlation we used signals from elements Ca, K, B, Fe, Ti, C, Al, N, Si, Mg, P and O. The
number and magnitude of the peaks should be strongly correlated with the impurity of the
sample, but our analysis showed that the correlation between the OES signal’s purity and
the sample quality determined on the basis of criteria from the casting house is much more
demanding as stated in the literature.

Ca K

1000
1200}

1000 800
800} 600

600}
400

400

200t 200

500 1000 1500 2000 2500 500 1000 1500 2000 2500

2000 3000F
2500
1500
2000F
1000 1500}
1000 F

500+
500F |

500 1000 1500 2000 2500 500 1000 1500 2000 2500

Figure 1. Example of OES Spark-DAT signal for chemical elements Ca, K, B and Ti

Traditional quality-control methods, like visual inspection, optical microscopy and
metallography, rely on an inspection of the sample surface. In order to detect inclusions,
they must, therefore, be present on the surface of the sample. The OES method, on the
other hand, ablates a part of the sample and penetrates beneath the surface. The
penetration depth and the area of one OES measurement in Spark-DAT mode was measured
using a Zeiss Smartzoom 5 digital microscope (Figure 2).

In order to extract as much data as possible from one sample a special OES sampling
procedure was performed on a large number of samples. Each sample was measured with
16 Spark-DAT measurements that were uniformly spaced over the whole area of the sample.
The spacing pattern was selected so that the maximum amount of surface was inspected by
the OES measurement and that there was minimal cross-contamination between
neighbouring Spark-DAT measurements. Sampling was performed over a period of 18
months and included samples from regular production.

12
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OES data processing

The prominent features of a Spark-DAT measurement are the peaks in the time evolution of
the signals for the measured chemical elements (Ca, K, B, Fe, Ti, C, Al, N, Si, Mg, P and O).
The mean value of the signal could be used to determine the average chemical composition
of the measured sample, but our main focus was on the peaks in the signal. The literature
states that there is a strong correlation between the number of peaks and the number of
inclusions, and the peak magnitudes strongly correlate with the size of the inclusions in the
wrought aluminium samples. The established quality control in IMPOL group uses optical
microscopy images to determine the number and the area of inclusions in wrought
aluminium and to determine the sample quality based on criteria set by the casting house.
We would therefore expect that it should be a trivial task to find a correlation between the
number/magnitude of the peaks in the OES signals and the sample quality, as determined by
optical microscopy.

70 ym

Figure 2. Detailed measurement of the volume that is evaporated during one OES
measurement, measured with a Zeiss Smartzoom 5 digital microscope. One can see that
although the sparking process covers a larger area (with an average diameter of 7.8 mm) the
depth-penetrating ablation focuses on a smaller cone with a diameter of 1.2 mm and a
depth of 70 um
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Once we started to compare the OES signals from samples that were characterised as good
and signals from samples that were characterized as bad using optical microscopy, we were
not able to find a clear correlation between the characteristics of the OES signals and the
quality of the samples as determined by the optical microscopy. The problem is graphically
represented in Figure 3, with a comparison of three different Spark-DAT signals. The first two
signals seem to correspond to the expected correlations between the number/magnitude of
the peaks and the sample quality, but the third signal negates the theoretically expected
correlation. The signal that has the highest number and amplitude of peaks belongs to a
sample that was qualified as good based on the optical microscopy.

In order to extract a correlation between the OES signals and the sample quality, as
determined by optical microscopy (OM quality), a detailed analysis of the OES signals was
performed. The signals were filtered and the measurements condensed into several
different types of information, with each type used as the input for a machine-learning
algorithm that constructed a neural-network-based model for predicting the sample quality.
The quality of the prediction model was evaluated for each type of information and based
on those results only four types of condensed information from the OES measurements
were used in the construction of the composite neural-network-based quality-prediction
model:

1. Number of peaks — According to the literature, the number of peaks in the OES
signals should strongly correlate with the number of inclusions that contain the
corresponding chemical element.

2. Average peak amplitude — A higher average peak amplitude should theoretically
indicate larger inclusions.

3. Sum of peak amplitudes — This information combines both previous pieces of
information and should theoretically indicate samples with both higher number and a
larger size of inclusions.

4. Peak correlations — For a list of pairs of chemical elements (for instance B and Ti) the
signals were correlated for peaks that were measured at the same time. The
correlated peaks in the signals theoretically indicate inclusions that contain both
elements of the correlated pair of chemical elements (for instance TiB,).

For each type of information, a neural-network model was constructed using machine-
learning methods. The learning set was constructed by randomly selecting 70% of the
complete dataset, which means that 30% of the dataset was reserved for validation of the
neural network. The combined quality-prediction model is a weighted combination of four
individual neural-network prediction models.
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Figure 3. OES Spark-DAT signals for the element Ti from three different samples. The first

sample (Fig. 3a) was qualified as an OM good sample. The second sample (Fig. 3b) was

qualified as an OM bad sample. The third sample (Fig. 3c) that has the largest number of

peaks with the highest amplitudes and should therefore have the largest number of

inclusions was qualified as an OM good sample
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RESULTS AND DISCUSSION
Optical microscopy quality control

A combination of meticulous OES data acquisition and specially developed OES data
processing was applied to a large set of samples of AA6082 from regular production. The
samples were first inspected using optical microscopy and the quality of the samples was
determined based on criteria received from the casting house. This quality decision serves as
a comparison for sample-quality prediction based on OES data processing. The results are
presented in Table 1.

Table 1. Accuracy of the quality prediction in the case of optical microscopy quality control

Quality of samples | Quality of samples determined Overall prediction quality
predicted by OES by optical microscopy
Good Bad
Good 92% 0% 93%
Bad 8% 100%

As evident, the overall accuracy of the described quality-prediction model is 93% on all
samples (70% learning set and 30% validation set). The prediction quality for the good
samples is 92% and the prediction quality for the bad samples is 100%. This was achieved by
slightly weighting the decision towards bad samples in order to avoid the case where the
prediction model would classify a bad sample as a good one — a scenario that is feared by
the casting house. We are aware that these accuracy numbers are only valid for the given set
of samples and that the 100% prediction accuracy for bad samples will most likely drop with
the inclusion of new samples.

Macroscopic quality control

The excellent agreement between the quality determined by the optical microscopy and the
quality prediction based on the OES data is because the OES data comes from the same
surface that was inspected using optical microscopy. Machine-learning methods were
therefore able to construct a strongly correlated prediction model. What would happen if
the OES measurements were performed on a different surface than the quality control? This
guestion was answered by comparing the OES-based quality prediction with the results of
the macroscopic quality control. The OES measurement is performed on a sample taken
during the molten phase of wrought aluminium. Macroscopic quality control is performed on
a solidified sample of wrought aluminium, which means that the data for the quality control
and the OES quality prediction comes from a different part of the material batch. The results
are compared in Table 2.
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Table 2. Accuracy of the quality prediction in the case of macroscopic quality control

Quality of samples | Quality of samples determined Overall prediction quality
predicted by OES by macroscopic control
Good Bad
Good 78% 21% 78%
Bad 22% 79%

The overall accuracy of the prediction model drops to 78%. The prediction quality for good
samples is 78 % and the prediction quality for bad samples to 79%, which indicates very
balanced behaviour for the quality-prediction model.

CONCLUSIONS

The methodology developed in this work is based on big-data-driven predictions about
whether the on-line analysed sample is good or bad. General customer requirements are
that the total amount of inclusions (the percentage of the surface of the representative
sample covered by the inclusions) should not exceed some critical value, and the maximum
size of the individual inclusions should be smaller than prescribed. The big data with a
sufficient amount of relevant data necessary for data-driven predictions was established by
the systematic quality control of samples of AA6082 performed by optical and SEM
microscopies, and by analysing the same surface using OES. The prediction methodology was
based on the big-data filtering analytics of OES signals. By following a machine-learning
process, an algorithm was developed that is capable of recognising sets of characteristic
peaks in the OES spectrum, enabling the on-line dividing of samples into good and bad,
depending upon the criterion received from the casting house.

The currently achieved quality of the predictions is about 90% when comparing the results of
the quality prediction with a quality decision based on the results of optical microscopy.
However, the recognition of good samples is much better than that of the bad ones and is
close to 100%. This can be partly explained by the prevailing number of good samples in the
data set — around 90% of samples were rated as good by the optical microscopy. The
relatively good agreement between the prediction and the measurement results comes from
the fact that both the optical microscopy and the OES measurement inspected the same
sample surface.

The question remains as to whether the relatively small sample (disk with a diameter of 40
mm) is representative of the whole batch of the casting mass. This question was addressed
by comparing the results of the OES quality-prediction model with the results of the
macroscopic quality control that is performed on the surface of a solidified billet, which
means that both methods inspected completely different parts of the material in question.
The accuracy of the OES prediction model reached 78 %, which we believe can be further
improved by increasing the number of samples in the learning set that is used to construct
the neural network.
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The currently developed OES data-acquisition method with 16 Spark-DAT measurements is a
time-consuming process that limits the throughput of the OES-based quality-prediction
method. We are currently investigating the effects of decreasing the number of Spark-DAT
measurements, while keeping the level of the prediction quality above 80%. Initial findings
show that it will indeed be possible to decrease the number of Spark-DAT measurements
and thus speed up the OES quality-prediction method.

Further improvements (to the filtration procedure and the algorithm) along with the
continued validation of the predicted quality with established quality-control procedures are
necessary before this method can be validated to use in regular quality control.
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Abstract

PVD coatings of hard compounds reduce adhesion and abrasion wear, and some types of coatings
also reduce the friction factor. The temperature of the PVD process is lower than the tempering
temperature of quenched and tempered steels, there are no deformations of parts and no additional
stresses. During the heat treatment, the PVD process is performed at the end because the PVD
coating does not require subsequent heat treatment. In this paper, the impact of the application of
PVD coatings (cVlc and nACVIc) on the surface roughness of three quenched and tempered structural
steels (45520, C45E and 42CrMo4) was investigated. All the steels were heat-treated by
normalization, quenching and tempering and hardening before the coating process. Measurement
results were statistically analysed. Based on the conducted experimental tests it was determined that
change in the surface roughness of quenched and tempered steels after application of the PVD
coating depends on the previous heat treatment of the steel, the type of coating and initial
roughness, and less on the type of steel.

Keywords: PVD (Physical Vapour Deposition) coatings, quenched and tempered steels, surface
roughness
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Sazetak

PVD prevlake tvrdih spojeva smanjuju adhezijsko i abrazijsko troSenje, a pojedine vrste prevlaka
takoder smanjuju faktor trenja. Temperatura PVD postupka je niZa od temperature popustanja celika
za poboljsavanje, nema deformacija dijelova i unosenja novih naprezanja. Tijekom toplinske obrade,
PVD postupak se izvodi na kraju jer PVD prevlaka ne zahtjeva naknadnu toplinsku obradu. U radu je
ispitan utjecaj nanosenja PVD prevlaka (cVIc i nACVIc) na hrapavost povrsine tri konstrukcijska celika
za poboljSavanje (45520, C45E i 42CrMo4). Svi Celici su prije postupka prevlacenja toplinski obradeni
normalizacijom, poboljSavanjem i kaljenjem. Rezultati mjerenja su obradeni statisticki. Na temelju
provedenih eksperimentalnih ispitivanja utvrdeno je da promjena hrapavosti povrSine celika za
poboljsavanje nakon nanosenja PVD prevlaka ovisi o prethodnoj toplinskoj obradi celika, vrsti
prevlake i pocetnoj hrapavosti, a manje o vrsti Celika.

Kljucne rijeci: PVD (Physical Vapour Deposition) previake, celici za poboljSavanje, povrsinska
hrapavost

uvoD

Poboljsanje uporabnih svojstava strojnih dijelova i alata naj¢eS¢e se ostvaruje izborom
odgovaraju¢eg materijala. Danas se, uz izbor odgovaraju¢eg materijala, sve vise pozornosti
posvecuje razvoju i primjeni razli¢itih postupaka toplinske obrade. Pojedini postupci provode
se s ciliem promjene svojstava, posebno povrsinskih slojeva, kako bi se proSirila upotreba u
razli¢itim uvjetima troSenja.

Postupcima povrsinske toplinske obrade bavi se inZenjerstvo povrSina (eng. Surface
Engineering). Sustina primjene postupaka inZenjerstva povrSina je u tome da se osnovni
materijal (supstrat), prethodno odgovarajuée pripremljen, naknadno obradi jednom od
povrsinskih tehnologija. Dobivena kombinacija svojstava povrSinskog sloja i osnovnog
materijala ne moze se postiéi upotrebom bilo kojeg jednorodnog materijala. Dvije osnovne
grupe postupaka inzenjerstva povrsina su modificiranje i prevlacenje. Kod modificiranja u
povrsinskom sloju obratka dolazi do promjene strukture i svojstava, dok se kod prevlacenja
prevlaka stvara na povrsini obradivanog materijala [1].

Jedan od postupaka prevlacenja povrsina je fizikalno prevlacenje u parnoj fazi, odnosno PVD
postupak (eng. Physical Vapour Deposition). Ovdje se radi o stvaranju povrsinskog sloja koji
je razli¢itog sastava od osnovnog materijala. PVD prevlake nastaju fizikalnim taloZzenjem u
parnoj fazi. Stvaranje prevlake se izvodi transportom cestica (atoma, molekula i iona) u
vakuumu koje se fizikalnim nacinom prevode iz ¢vrste u parnu fazu. Pomoc¢u PVD postupka
moguce je postici tanke previake gotovo od svih kemijskih elemenata. Kemijski spojevi, kao
Sto su metalni karbidi, nitridi ili oksidi, mogu se takoder izluditi reaktivnim vodenjem procesa
i danas su u tehnickoj primjeni od velikog znacaja. PVD prevlake tvrdih spojeva smanjuju
abrazijsko trosenje, a snizenje faktora trenja utje¢e na smanjenje adhezijskog trosenja [2,3].
PVD postupak nacelno ima dobru prionjivost prevlake na osnovni materijal, daje glatke
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povrSine i omoguduje postizanje tankih prevlaka. PVD postupak se izvodi kao zavrsni
postupak obrade jer PVD prevlaka ne zahtjeva naknadnu toplinsku obradu. Provodi se pri
temperaturi ispod 500 °C, tako da su za njega prikladni i ¢elici kojima se popustanje izvodi pri
9p2 500 °C (npr. brzorezni Celici, alatni Celici za topli rad, Celici za poboljsavanje) [4].

U ovisnosti o postupku nanosenja tvrde ili zastitne PVD prevlake hrapavost povrsine se moze
povedati, smanjiti ili ostati nepromijenjena. Hrapavost povrsSine nije jednaka u svim
podrucjima zbog ogrebotina, dimenzionalnih prijelaza, uklju¢aka, onecis¢enja i sl. [5,6].

Primjena PVD prevlaka je viSestruka: strojarska (alati, dijelovi strojeva), automobilska, vojna,
tekstilna (vodilice, igle), prehrambena (puine zavojnice), drvna (profilni alati), zlatarska
(nozevi, pile, kalupi), kemijska (zastita od korozije), industrija papira (noZevi, glodala, igle),
prerada plastike (alati za brizganje), izrada satova (dekorativne prevlake), u medicini (kirurski
alati, protetika), kao zastitne i dekorativne prevlake na staklu, keramici itd. Zbog ekoloskih
razloga PVD prevlake uvode se i kao alternativa za galvansko nanoSenje prevlaka kadmija,
cinka, tvrdog kroma, nikla i sl. [1]. Primjeri primjene PVD postupaka prevlac¢enja metalnih
dijelova prikazani su na slici 1.

Slika 1. Primjeri prevla¢enja metalnih dijelova [7]

EKSPERIMENTALNI RAD

U okviru istraZivanja primjenjivosti PVD prevlaka na konstrukcijskim celicima provedena su
mjerenja utjecaja nanosSenja PVD prevlaka na hrapavost povrsine tri konstrukcijska celika za
poboljSavanje u normaliziranom, poboljSanom i zakaljenom stanju. Hrapavost povrsine
usporedivana je preko srednje visine neravnina Ra. Nakon toplinske obrade dvije skupine
uzoraka prevuéene su s dva tipa PVD prevlaka, a jedna skupina je ostala bez prevlake.
Ovakav izbor celika, toplinske obrade i prevlaka omogucuje postavljanje faktorskog plana
pokusa 33 [6].

Izabrani su konstrukcijski €elici za poboljsavanje 45520, CA5E i 42CrMo4.

> Celik 45520 pripada skupini konstrukcijskih ¢elika za obradu na automatima. Kod
obrade odvajanjem (cestica daje kratke lomljene Ccestice. Primjenjuje se u
normaliziranom ili u poboljSanom stanju.

> Celik C45E je nelegirani ¢elik za poboljsavanje s povisenim sadrzajem ugljika.
Primjenjuje se u normaliziranom, poboljSanom ili kaljenom stanju (povrsinsko
kaljenje) za izradu strojnih dijelova srednje ¢vrstoce.
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> Celik 42CrMo4 je ¢elik za pobolj$avanje legiran kromom i molibdenom. Primjenjuje se
u normaliziranom, poboljSanom ili kaljenom stanju (povrsinsko kaljenje) za staticki i
dinamicki optereéene dijelove vozila, motora i strojeva.

Parametri toplinske obrade izabrani su prema literaturnim podacima [8, 9] za toplinsku
obradu konstrukcijskih Celika za poboljSavanje, tablical.

Tablica 1. Izabrani parametri toplinske obrade

TO Normalizacija Poboljsavanje Kaljenje
S|t |t 2 S|t T | &%|t]| ¥
Celik °C h °C | h 2 °C | h ° °C | h 2
ap = Qo
45S20 840 1 840 1 voda 560 2 zrak 840 1 voda
C45E 840 1 840 1 voda 560 2 zrak 840 1 voda
42CrMo4 840 1 840 1 ulje 560 2 zrak 840 1 ulje

Izabrane su dvije prevlake na osnovi zahtjeva koji se postavljaju za izbor celika za izradu
strojnih dijelova (tvrdo¢a povrsinskog sloja, niski faktor trenja itd.).
Izabrane PVD prevlake su cVic i nACVIc.

» cVic je dvostruka prevlaka s nanostrukturom koja nastaje kombinacijom TiCN + CBC
prevlake. TiCN prevlaka je konvencionalna prevlaka, a CBC (Carbon Based Coating) je
osnovna ugljicna prevlaka. CBC komponenta koristi se kao suho mazivo s ciljem
smanjenja faktora trenja.

» nACVic je dvostruka prevlaka s nanostrukturom koja nastaje kombinacijom
nACRo + CBC prevlake. nACRo (ncAICrN/a-SisNg) je nanokompozitna prevlaka, a CBC
komponenta koristi se kao suho mazivo s ciliem smanjenja faktora trenja. Kod nACVic
prevlake za poboljSanje veze s osnovnim materijalom nanosi se sloj titana.

Izabrane prevlake imaju visoku tvrdocu, nizak faktor trenja i tanke debljine slojeva, a
temperatura primjene je u podrucju uporabe konstrukcijskih ¢elika za poboljSavanje. Zbog
male debljine slojeva nije potrebna korekcija tolerancija dimenzija na postoje¢im
konstrukcijskim dijelovima. U tablici 2 prikazana su osnovna svojstva izabranih prevlaka.

Tablica 2. Svojstva izabranih PVD prevlaka [7]

. Nanotvrdoca Debljina | Faktor trenja Max. temp.uporabe
Prevlaka Boja v 1 o
GPa pum (na celiku) C
cVic siva 25 1-2 0,15 400
nACVIc plavosiva 40-25 1-10 0,15 450

lzrada uzoraka

Za ispitivanja je izraden 81 uzorak dimenzija 10x10x55 mm (slika 2). Uzduine plohe
(10x55 mm) obradene su nakon toplinske obrade na razliCite povrSinske hrapavosti;
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N3 (Ra<0,1 um), N4 (Ra<0,2 um), N5 (Ra<0,4 um) i N6 (Ra <0,8 um). Klase hrapavosti
oznacene su na Celu uzorka, a birane su prema hrapavostima koje se primjenjuju kod
postupaka obrade metala odvajanjem Eestica za izradu strojnih dijelova.

i 55 i | 10 l N3
77771 1
oz | /// K I
LA

Slika 2. Uzorak za mjerenje hrapavosti povrsine
Prevlacenje uzoraka

Prevlacenje uzoraka PVD prevlakama provedeno je u tvrtki Gazela-Platit (KrSko, Slovenija).
Parametri prevlacenja izabrani su prema vrstama pojedinih prevlaka koje primjenjuje tvrtka
Gazela-Platit. Za prevlaku cVIc temperatura postupka je iznosila 450 °C, a za prevlaku nACVIc
temperatura postupka je iznosila 460 °C. Trajanje postupka za cVic i za nACVIc prevlacenje
bilo je jednako. Prva faza postupka je ugrijavanje predmeta na radnu temperaturu u trajanju
od 1 h. U drugoj fazi provedeno je elektronsko ¢iséenje u trajanju od 15 min. Treéa faza
postupka je prevlacenje u trajanju od 3 h. Prevodenje iz ¢vrstog u plinovito stanje provedeno
je pomodu elektricnog luka. Prije vadenja uzorci su hladeni u peci 1 h do temperature od 100
°C. Takoder je provedeno mjerenje debljine prevlaka metodom kruznog izbruska, a
izmjerene vrijednosti prikazane su u tablici 3.

Tablica 3. Izmjerene debljine prevlaka nakon prevlaenja [6]

Debljina prevlake, um
Celik Normalizirano stanje Poboljsano stanje Kaljeno stanje
cVic nACVIc cVic nACVIc cVic nACVIc
45520 1,79 2,64 1,68 2,84 2,10 2,68
CA5E 2,09 2,59 1,65 2,52 1,70 2,75
42CrMo4 1,73 2,82 1,89 2,55 1,58 2,60

Mjerenje hrapavosti povrsina

Hrapavost je mjerena na uzorcima prije i nakon prevlacenja. Mjerenje je provedeno
profilmetrom tvrtke Mitutoyo, tip SJ-201 P. Za umjeravanje je koriSten etalon isporucen uz
uredaj (etalon 178-601, serijski broj 431-708, Ra = 3,05 um).

Hrapavost povrsine mjerena je na uzduznim plohama (10x55 mm) svakog uzorka s po¢etnom
klasom hrapavosti N3, N4, N5 i N6, za svaki €elik, za svaku vrstu toplinske obrade i za svaku
vrstu prevlake. Mjereno je srednje aritmeti¢ko odstupanje profila Ra kao jedan od najvaznijih
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pokazatelja kada se usporeduju hrapavosti povrsina obradenih razli¢itim postupcima strojne
obrade.

Na slici 3 histogramski su prikazane izmjerene hrapavosti normaliziranog ¢elika 45520 prije i
nakon prevlacenja PVD prevlakama.

Celik 45520 - normaliziran

M Prije PVD M Poslije PVD

0,8
e ! 0,65
=1 0,58 053 %59
g 0,4 0,31 0,32 o 0,38 '
o ' ’ 021 024 028 0,29
, 0,15 0,14
ol w8 Wl “ull
0

N3 cVic N3 nACVic N4cVic N4nACVic N5cVic N5nACVic N6cVic N6nACVic

Oznaka pocetne hrapavosti i prevlake

Slika 3. Hrapavosti normaliziranog Celika 45520 prije i nakon prevlacenja PVD prevlakama

Na slici 4 histogramski su prikazane izmjerene hrapavosti poboljSanog celika 45520 prije i
nakon prevlacenja PVD prevlakama.

Celik 45520 - poboljsan

M Prije PVD H Poslije PVD

£ 0,8
3 0,53 0,61
ol 0,32
o 0,4 0,31 024
0,16 015 0,2
0,0 0,07
O .

N3 cVic N3 nACVic N4cVic N4nACVic N5cVic N5nACVic N6cVic N6nACVic

Oznaka pocetne hrapavosti i prevlake

Slika 4. Hrapavosti poboljSanog celika 45520 prije i nakon prevlacenja PVD prevlakama

Na slici 5 histogramski su prikazane izmjerene hrapavosti zakaljenog celika 45520 prije i
nakon prevlacenja PVD prevlakama.
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Celik 45520 - zakaljen
M Prije PVD M Poslije PVD
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Slika 5. Hrapavosti zakaljenog celika 45520 prije i nakon prevlacenja PVD prevlakama

Razlike hrapavosti toplinski obradenog celika 45520 prije i nakon prevlatenja PVD
prevlakama histogramski su prikazane na slici 6.

Celik 45520 - razlike hrapavosti
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Oznaka pocetne hrapavosti i prevlake

Slika 6. Razlike hrapavosti toplinski obradenog celika 45520 prije i nakon prevlacenja PVD
prevlakama

Kod svih stanja toplinski obradenog ¢Eelika 45520, utjecaj prevlacenja na hrapavost je bio
manji Sto je klasa hrapavosti bila visa. Vece razlike hrapavosti uofene su nakon prevlacenja
cVic prevlakom u odnosu na nACVic prevlaku. Razlike hrapavosti manje su za pocetno
zakaljeno stanje u odnosu na poéetno normalizirano i poboljSano stanje.

Na slici 7 histogramski su prikazane izmjerene hrapavosti normaliziranog ¢elika CA5E prije i
nakon prevlacenja PVD prevlakama.
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Celik CA5E - normaliziran
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Slika 7. Hrapavosti normaliziranog Celika C45E prije i nakon prevlacenja PVD prevlakama

Na slici 8 histogramski su prikazane izmjerene hrapavosti poboljSanog celika C45E prije i
nakon prevlacenja PVD prevlakama.

Celik CASE - poboljsan

M Prije PVD W Poslije PVD

0,37
0,21 0,25 0,2
‘m "ull ‘ -

N3 cVic N3 nACVic N4cVic N4nACVic N5cVic N5nACVic N6cVic N6nACVic

0,8
0,53 0,54 0,57

Ra, um

0,4

0 -

Oznaka pocetne hrapavosti i prevlake

Slika 8. Hrapavosti poboljSanog ¢elika C45E prije i nakon prevlacenja PVD prevlakama

Na slici 9 histogramski su prikazane izmjerene hrapavosti zakaljenog celika C45E prije i nakon
prevlacenja PVD prevlakama.

Celik CA5E - zakaljen
M Prije PVD  H Poslije PVD
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Slika 9. Hrapavosti zakaljenog Celika C45E prije i nakon prevlacenja PVD prevlakama
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Razlike hrapavosti toplinski obradenog celikaC45E prije i nakon prevla¢enja PVD prevlakama
histogramski su prikazane na slici 10.

Celik C45E - razlika hrapavosti
B Normalizirano B Poboljsano Kaljeno
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Slika 10. Razlike hrapavosti toplinski obradenog celika C45E prije i nakon prevlac¢enja PVD
prevlakama

Kod svih stanja toplinski obradenog celika C45E, utjecaj prevla¢enja na hrapavost je bio
manji Sto je klasa hrapavosti bila visa. Vece razlike hrapavosti uoCene su nakon prevlacenja
cVlc prevlakom u odnosu na nACVIc prevlaku.

Na slici 11 histogramski su prikazane izmjerene hrapavosti normaliziranog celika 42CrMo4
prije i nakon prevlac¢enja PVD prevlakama.

Celik 42CrMo4 - normaliziran
M Prije PVD H Poslije PVD
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Oznaka pocetne hrapavosti i prevlake

Slika 11. Hrapavosti normaliziranog Celika 42CrMo4 prije i nakon prevlac¢enja PVD
prevlakama

Na slici 12 histogramski su prikazane izmjerene hrapavosti poboljsanog celika 42CrMo4 prije

i nakon prevlacenja PVD prevlakama, dok su na slici 13 histogramski prikazane izmjerene
hrapavosti zakaljenog Celika 42CrMo4 prije i nakon prevlaéenja PVD prevlakama.
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Celik 42CrMo4 - poboljsan
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Slika 12. Hrapavosti poboljSanog Celika 42CrMo4 prije i nakon prevlacenja PVD prevlakama

Celik 42CrMo4 - zakaljen
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Slika 13. Hrapavosti zakaljenog celika 42CrMo4 prije i nakon prevlacenja PVD previakama

Razlike hrapavosti toplinski obradenog celika 42CrMo4 prije i nakon prevlaéenja PVD
prevlakama histogramski su prikazane na slici 14.

Celik 42CrMo4 - razlike hrapavosti
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Slika 14. Razlike hrapavosti toplinski obradenog Celika 42CrMo4 prije i nakon prevlacenja
PVD prevlakama
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Kod svih stanja toplinski obradenog ¢elika 42CrMo4, utjecaj prevlacenja na hrapavost je bio
manji Sto je klasa hrapavosti bila visa. Vece razlike hrapavosti uoCene su nakon prevlacenja
cVlc prevlakom u odnosu na nACVIc prevlaku.

RASPRAVA

U tablici 4 prikazani su rezultati statisticke obrade razlika hrapavosti nakon prevlacenja u
odnosu na hrapavosti prije prevlacenja.

Tablica 4. Rezultati statisticke obrade razlika hrapavosti

Analiza varijance za razliku hrapavosti
- Suma Stupnjevi Srednje kvadratno
Izvor varijacija kvadrata .
odstupanja slobode odstupanje Frac.
Ss df MS
Konstantni ¢lan 0,684450 1 0,684450 344,1216
Celik 0,011025 2 0,005512 2,7715

Toplinska obrada 0,164558 2 0,082279 41,3676
Prevlaka 0,053356 1 0,053356 26,8256
Pocetna hrapavost 0,169706 3 0,056569 28,4410

Pogreska 0,125306 63 0,001989

Prema statistickim tablicama za F-test, za 95 % vjerojatnosti i za stupnjeve slobode 1/63
grani¢na vrijednost F varijable iznosi 3,99. Za stupnjeve slobode 2/63 grani¢na vrijednost F
varijable iznosi 3,14. Za stupnjeve slobode 3/63 grani¢na vrijednost F varijable iznosi 2,75.
Nakon obrade rezultata statistickim programom Statistica 12, za sve cCelike, toplinske obrade
i prevlake, usporedujuéi izracunatu vrijednost F varijable s grani¢nim vrijednostima,
utvrdeno je da na promjenu hrapavosti znacajan utjecaj ima toplinska obrada
(Frac. = 41,3676), prevlaka (Fac. = 26,8256) i pocetna hrapavost (Fra: = 28,4410), dok vrsta
Celika (Frae. = 2,7715) statisticki nema znacajan utjecaj na promjenu hrapavosti. Kod svih
Celika i svih stanja toplinske obrade, utjecaj prevlacenja na hrapavost je bio manji sto je klasa
hrapavosti bila visa. Razlike hrapavosti manje su za pocetno zakaljeno stanje u odnosu na
pocetno normalizirano i poboljSano stanje.

ZAKUUCAK

Promjena hrapavosti povrSine nakon nanosenja PVD prevlaka ovisi o prethodnoj toplinskoj
obradi Celika, vrsti prevlake i pocetnoj hrapavosti, a manje o vrsti celika.

Kod celika u pocetnom normaliziranom i poboljSanom stanju utvrdeno je znatnije povecanje
hrapavosti u odnosu na celike u zakaljenom stanju. Razlog tome je Sto temperatura
nanosenja PVD prevlaka utjeCe na zakaljenu strukturu kao naknadno popustanje.
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Popustanjem martenzita dolazi do kontrakcije materijala pa dodatni utjecaj rasta volumena
zbog prevlacenja naspram smanjenja volumena zbog popustanja, u konacnici daje malu
razliku hrapavosti.

Celici prevuéeni nACVic prevlakom imaju manju hrapavost od ¢&elika prevuéenih cVic
prevlakom. Razlog tome mozie biti Sto je nACVic dvostruka previaka koja nastaje
kombinacijom nanokompozitne AICrN/a-SisN4i CBC previake, a cVic dvostruka prevlaka
nastala kombinacijom TiCN i CBC prevlake.

Na grublje pripremljenim povrSinama utvrdeno je manje poveéanje hrapavosti nakon
prevlatenja u odnosu na fino pripremljene povrSine. Razlog tome je S$to postupkom
nanoSenja PVD prevlaka dolazi do popunjavanja prethodnih neravnina pa dolazi do efekta
zagladivanja povrsine.
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Abstract

Microstructure and solidification behavior of Ga—Ge-Sb ternary alloys were investigated
experimentally, by using scanning electron microscopy with energy dispersive spectroscopy (SEM-
EDS) and differential scanning calorimetry (DSC). Four ternary samples were prepared by melting of
pure elements under an argon atmosphere. Phase transition temperatures of the investigated
samples were determined by using DSC. The microstructure of the samples was analyzed and co-
existing phases were identified. The results of microstructural and thermal analysis were compared
with the results of thermodynamic calculation of phase equilibria and calculated equilibrium
solidification paths. Good mutual agreement was observed. Two ternary eutectic reactions at 561.8
and 29.8 °C were predicted by thermodynamic calculations and confirmed by the results of thermal
and microstructural analysis from the present work.

Keywords: Ga—Ge—Sb ternary system, microstructure, thermodynamic calculation
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INTRODUCTION

The semiconducting metals and alloys are the subject of numerous investigations due to
their important usage in various electronic and optoelectronic devices [1,2]. Investigations of
phase relations, microstructure and solidification behavior in the semiconducting alloy
systems are important for the development of new and the improvement of existing
semiconductor materials [3]. The ternary Ga—Ge—Sb system, investigated in this study,
includes the intermetallic semiconducting compound GaSb of the IlI-V family and Ge, which
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also possess semiconducting properties. Thus, the knowledge of phase relations in the Ga—
Ge—Sb system is both of technological and scientific significance.

In the present study the microstructure and the phase transition temperatures of the Ga—
Ge-Sb ternary system were investigated using scanning electron microscopy with energy
dispersive spectroscopy (SEM-EDS) and differential scanning calorimetry (DSC). The
experimentally determined microstructure and phase transition temperatures were
compared with the results of the thermodynamic predictions of phase equilibria, based on
the optimized thermodynamic parameters for the binary boundary systems presented in the
literature.

THERMODYNAMIC CALCULATION

A phase diagram of the Ga—Ge—Sb ternary system was calculated by the CALPHAD approach
[4,5], using only optimized thermodynamic parameters for the constitutive binary systems.
The CALPHAD method is based on constrained minimization of Gibbs energy for a given
temperature, pressure and overall composition.

Phase diagram of the eutectic Ga—Ge binary system has been assessed by Ansara et al. [6].
The calculated phase diagram of the Ga—Ge binary system is shown in Figure 1.
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TIC]
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400- Liquid+(Ge)
300-

2004
100{  (Ga)+(Ge)

0 —— - . T r r T r
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GA x(GE) GE

29.8

Figure 1. Calculated phase diagram of the Ga—Ge binary system using the thermodynamic
parameters from Ref. [6]

The Ga—Sb system was assessed by Ansara et al. [7]. The calculated phase diagram, shown in
Figure 2, includes the GaSb intermetallic compound and two eutectic reactions.
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Figure 2. Calculated phase diagram of the Ga—Sb binary system using the thermodynamic
parameters from Ref. [7]

The first thermodynamic optimization of the Ge—Sb system was performed by Chevalier [8]
and later on by Wang et al. [9]. More recently, the Ge—Sb system was experimentally
reinvestigated by Nasir et al. [10]. Based on the new experimental phase equilibria data by
Nasir et al. [10] the Ge—Sb system has been re-optimized by Liu et al. [11]. The phase
diagram of the Ge—Sb system is of a simple eutectic type (Figure 3) with complete mutual
solubility of components in the liquid phase and small solubility of Ge in Sb.
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Figure 3. Calculated phase diagram of the Ge—Sb binary system using the thermodynamic
parameters from Ref. [11]
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The phases from constitutive binary subsystems considered for thermodynamic binary-
based prediction of the Ga—Ge—Sb phase equilibria with their crystallographic data are given
in Table 1.

Table 1. Considered phases, their database names and crystallographic data

Thermodynamic database Pearson Space
Phase
name symbol group
Liquid LIQUID
(Ga) ORTHORHOMBIC_GA oC8 Cmca
GaSb ZINCBLENDE_B3 cF8 F43m
(Sb) RHOMBO_A7 hR2 R3m
(Ge) DIAMOND_A4 cF8 Fd.m

Thermodynamic parameters for the Ga—Ge system were taken from Ref. [6], for the Ga—Sb
system were published in Ref. [7], and thermodynamic data for the system Ge-Sb were
taken from Ref. [11]. Phase (Ga) was thermodynamically treated as pure element using the
lattice stabilities given by Dinsdale [12].

MATERIALS AND METHODS

Four ternary samples with compositions presented in Table 2 were prepared from pure
elements (Ga 99.999%, Ge 99.999% and Sb 99.99%, Alfa Aesar). Weighed pieces of Ga, Ge
and Sb were sealed in a quartz tube under Ar atmosphere, melted in a resistance furnace
equipped with a digital controller and kept at 800 °C for a variable time from 30 to 60
minutes in order to get homogeneous liquid alloys which were cooled at a rate of 5 °C/min.
One piece of around 0.2 g from each prepared alloy was cut for DSC analysis.

Table 2. Nominal and experimentally determined overall compositions of investigated

samples
sample Sample target composition Sample experimental composition
[at.%] [at.%]
1 GazoGesShao Ga0.1Ge39.35bs06
2 GagoGeapSbag Gasg 8Ge0.05b20.2
3 GageGespShag Gaz9.6Ge10.4Sb0.0
4 GayGeyoShep Ga19.6Ge20.25be0.2
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DSC measurements were carried out using a SDT Q600 (TA Instruments). Temperature
calibration of DSC was performed by measuring the melting temperatures of pure elements
(In, Zn and Ag) under the experimental conditions. Samples weighing about 50 mg were
investigated at heating rate of 5 °C/min from room temperature up to 1000 °C. The
reference material was empty alumina crucible. Three heating runs were conducted for each
prepared alloy. The phase transition temperatures obtained during the second and third
heating runs were mutually consistent and they were further analyzed.

TESCAN VEGA3 scanning electron microscope with energy dispersive spectroscopy (EDS)
(Oxford Instruments X-act) was used for microstructural investigations and the
measurements were carried out using an accelerating voltage of 20 kV. The overall
compositions and compositions of coexisting phases were analyzed using EDS area and point
analysis. For quantitative analysis of overall samples compositions EDS spectra were
recorded at a small magnification (100x) over at least five different locations of the sample,
and averaged experimentally determined overall compositions were in very good agreement
with designed compositions (Table 2). The compositions of co-existing phases were
determined correspondingly to the overall compositions; by examining EDS spectra over the
surface of the same phase at a different parts of the sample (at least five different positions
of the same phase were analyzed per phase). All SEM images of the microstructures were
taken on the polished surfaces of the studied alloy samples in backscattered electron (BSE)
mode.

RESULTS AND DISCUSSION
Phase relations in the Ga—Ge-Sb system

Based on thermodynamic parameter values the liquidus projection of the Ga—Ge-Sb ternary
system is calculated and plotted in Fig. 5. Two ternary invariant eutectic reactions:
L->(Ge)+GaSb+(Sb) at 561.8 °C and L—>(Ge)+GaSb+(Ga) at 29.8 °C, and four primary
crystallization regions ((Ge), GaSb, (Sb) and very narrow (Ga)) are predicted in this ternary
system. Overall compositions of the investigated ternary samples 1-4 are labeled with
symbols in Figure 4.
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Figure 4. The calculated liquidus projection of the Ga—Ge—Sb ternary system with the
marked compositions of the investigated ternary alloys. Temperatures of liquidus isotherms
are given in Kelvins

The calculated temperatures of ternary eutectic reactions and the compositions of the
related phases are listed in Table 3.

Table 3. Predicted invariant reactions in the Ga—Ge—Sb ternary system

° Composition
Tea) Type Phase
Reaction x(Ga) x(Ge)
Liquid 0.097 0.139
561.8
G 0.001 0.999
Liquid <> (Ge) + (Sb) + Gasb E, (Ge)
(Sb) 0 0.050
GaSb 0.5 0.0
Liquid =1 =0
o 298 (Ge) =0 =1
Liquid <> (Ge) + (Ga) + GaSb E,
GaSb 0.5 0.0
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Thermal analysis

DSC measurements were performed using heating regime. Extrapolated onset temperature
was established as a measure of invariant reaction temperature [13]. It is known that this
parameter does not depend significantly on the experimental heating rate [13]. Peak
maximum temperature was used for determination of other phase transitions and liquidus
temperature.

The thermal analysis results together with the corresponding calculated phase transition
temperatures are shown in Table 4 for comparison.

Table 4. Comparison between experimentally determined and calculated phase transition
temperatures for the investigated alloys of the Ga—Ge—Sb ternary system

Phase transition temperature [°C]
Sample
Sample Sample experimental | First thermal effect Second thermal | Third thermal effect
p target composition (Solidus-Invariant) effect (Liquidus)
composition o

[at.%] [at.%] DSC | calculation DSC | calculation DSC calculation

1 GazoGe4osb40 6320'16939'3Sb40_6 559.6 561.8 641.9 636.7 734.0 727.5

2 GagoGeypShyg | GasggGeygeShyg, | 32.1 29.8 618.7 602.2 639.5 629.8

3 Ga4oGe4osb20 6339'56940'4Sb20_0 31.3 29.8 651.2 637.6 718.5 714.2

4 GayGeypShey | GaigsGes2Sbeo, | 558.2 561.8 - 617.8 635.7 620.3

Examples of DSC curves for two investigated Ga—Ge—Sb samples with related calculated
equilibrium solidification paths are presented in Figure 5 and 6.

Calculated equilibrium solidification path for the sample 1 is given in Figure 5a. According to
the results of calculation, solidification of sample 1 starts at 727.5 °C with the formation of
primary (Ge) crystals from the melt. Simultaneous crystallization of (Ge) and GaSb crystals
starts at 636.7 °C. At 561.8 °C the remaining part of the liquid phase isothermally converts
into eutectic mixture of (Ge), GaSb and (Sb) phases according to the Liquid <> (Ge) + (Sb) +
GaSb ternary eutectic reaction. Figure 5b shows DSC heating curve for the sample 1 with
three identified endothermic effects. The onset temperature of the first detected
endothermic peak at 559.6 °C is in good agreement with predicted temperature of Liquid <>
(Ge) + (Sb) + GaSb ternary eutectic reaction at 561.8 °C. The peak temperature of the second
detected endothermic effect, 641.9 °C, is related to the end of melting of GaSb phase. Third
endothermic peak is connected to the end of the melting of primary (Ge) phase i.e. liquidus
temperature. Measured liquidus temperature 734 °C is somewhat higher than the
associated predicted liquidus temperature 727.5 °C (Table 4).
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Figure 5. Sample 1: a) calculated equilibrium solidification path, b) DSC heating curve
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Figure 6. Sample 3: a) calculated equilibrium solidification path, b) DSC heating curve

According to the calculated solidification path for the sample 3 (Figure 6a), solidification of
alloy starts at 714.2 °C with the formation of crystals of primary (Ge) phase. With further
cooling the amount of (Ge) phase gradually increases and at 637.6 °C GaSb phase starts
simultaneous crystallization with (Ge) phase. By reaching 29.8 °C the remaining part of the
Ga-rich liquid phase isothermally solidifies according to the Liquid <> (Ga) + (Ge) + GaSb
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ternary eutectic reaction. DSC heating curve for the sample 3 is presented in Figure 6b. It is
characterized with the occurrence of endothermic peak close to the room temperature.
Measured onset temperature is determined to be 31.3 °C and it is related to the melting of
Ga-rich phase according to the predicted (Ge) + (Ga) + GaSb ¢ Liquid eutectic reaction
(Table 4, Figure 6a). The temperatures of the second and third detected peaks at 651.2 and
718.5 °C represent the end of the melting of GaSb and (Ge) phases, respectively.

Microstructure investigation

Microstructures of four samples from the different compositional regions of the Ga—Ge—Sb
ternary system were studied using SEM-EDS. Average compositions of the co-existing phases
obtained by EDS analysis are given in Table 5. Three-phase microstructure (Ge)+GaSb+(Sb)
was identified within the samples 1 and 4 and three-phase microstructure (Ge)+GaSb+(Ga)
was identified in the samples 2 and 3, which is in agreement with predicted phase equilibria
and equilibrium solidifications paths (Figure 5 and 6).

Table 5. Summary of the phase compositions measured by SEM-EDS for the investigated
Ga—Ge—Sb ternary alloys at room temperature

Sample.E.DS SEM-EDS composition of phase (at.%) Phase
Smple | composiion |~ ce s | identfied

6.2 88.2 5.6 (Ge)

1. Gazo.1Ge393Sbao e 48.0 2.6 49.4 GaSb
0 4.1 95.9 (Sb)

5.7 90.9 3.4 (Ge)

2. Gasg.8Ge;0,0Sb20.2 48.1 2.6 49.3 GaSb
100 0 0 (Ga)

6.7 88.2 5.1 (Ge)

3. Ga39.6G€40.45b20.0 48.6 2.4 49.0 Gasb
99.4 0 0.6 (Ga)

4.3 94.2 1.5 (Ge)

4. Ga19.6Ge20.25beo 2 48.3 2.1 49.6 GaSb
0 4.2 95.8 (Sb)

Examples of microstructures for the samples 1-4 are presented in Figure 7a-d.
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Figure 7. SEM images for the investigated alloys:
a) Sample 1, b) Sample 2, ¢) Sample 3, d) Sample 4
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Microstructure of the sample 1 (Figure 7a) includes primary crystals of (Ge) phase (dark
grains), grey grains of the GaSb intermetallic compound and bright grains of (Sb) phase. It
can also be seen that the crystals of (Ge) and GaSb phases are surrounded by fine eutectic
mixture formed by Liquid <> (Ge) + (Sb) + GaSb eutectic reaction.

SEM image of the Ga-rich sample 2 is shown in Figure 7b. Crystals of the primary GaSb phase
appear as the bright phase. (Ge) phase appears as the grey phase and (Ga) phase as dark
regions between crystals of the GaSb and (Ge) phases. The same three-phase
(Ga)+(Ge)+GaSb microstructure was identified for the sample 3 (Figure 7c). Figure 7d shows
SEM micrograph for the Sb-rich sample 4. Three phases can be recognized: (Ge) as the dark
phase, GaSb as the grey phase and (Sb) as the bright phase.

CONCLUSIONS

Microstructure and phase transition temperatures of four Ga—Ge—Sb ternary alloys were
investigated in this study using SEM-EDS and DSC methods. Phase equilibria of the ternary
Ga—-Ge-Sb system were calculated by the CALPHAD method, using optimized
thermodynamic parameters for the boundary binary systems from literature. Results of
thermodynamic calculation include liquidus projection of the Ga—Ge—Sb ternary system and
equilibrium solidification paths for four investigated alloys. Two ternary eutectic reactions at
561.8 and 29.8 °C were predicted by thermodynamic calculations. Both invariant reactions
were confirmed by the results of thermal and microstructural analysis from the present
study. Calculated equilibrium solidification paths are in reasonable agreement with the
results of thermal and microstructural analysis from the present study. Microstructure
analysis of the investigated samples confirmed the co-existence of phases predicted by
thermodynamic extrapolation of phase equilibria. It can be concluded that thermodynamic
parameters for the constitutive binary systems can be successfully used for prediction of
microstructure and solidification behavior of the ternary Ga—Ge—Sb alloys.
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Abstract

Hot-working tool steels are essential for production and processing of aluminium and aluminium
alloys. The interaction between molten aluminium and hot-working tool steel is a result of chemical
reaction at a phase boundary solid/liquid, causing the formation of intermetallic compounds. The
consequence of molten aluminium flow along the tool surface is erosion or mechanical wear. In
order to increase the lifetime of the tool it is necessary to examine and limit the interaction between
tool steel and molten aluminium.

A laboratory device was designed to determine the interaction between tool steel and metallic melts.
The experiments were carried out in melt of primary aluminium (purity of 99.7 mass %) and, for the
comparison, in aluminium alloy AlISi12 at the temperature of 670 °C and 700 °C at 75 rpm and 150
rom. The result of the interaction is the growth of a reaction layer, which is formed from
intermetallic phases from system Al-Fe. It could be concluded that following parameters:
temperature of the melt, the speed of rotating sample (rpm) and experiment duration time, have an
impact on the wear of tool steel. Taking the results into consideration an interaction model between
hot-working tool steel and molten aluminium was created.

Keywords: interaction tool steel/molten aluminium, intermetallic phases from system Al-Fe

*Corresponding author (e-mail address): jozef.medved @omm.ntf.uni-lj.si

INTRODUCTION

High pressure die casting is one of the leading casting processes in the modern industry. In
the case of high pressure die casting, the melt is in contact with the tool, whereas the
chemical interaction between the tool, made of hot-working tool steel and the melt occur. In
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addition, mechanical and heat wear of the tools also occurs. For high productivity high
resistance to these factors is required.

The chemical interaction occurs due to the solubility of iron in aluminium, which forms
intermetallic phases in certain stoichiometric proportions, in accordance with the binary
phase diagram Fe-Al. The most common phases are AlsFe, and AlysFes, which form so called
reaction layer. In order to achieve the optimal mechanical and physical properties of the
tools, it is necessary to limit or to prevent the emergence of these phases, whereas the
mechanisms of origin have to be known.

The steel used in our study is UTOPMO1 and is most commonly used in the group of hot-
working tool steels where the main alloying element is chromium. The steel UTOPMO1 has
good hardenability from a relatively low austenitization temperature of about 1020 °C, good
resistance to oxidation, tempering resistance, resistance to erosion with liquid aluminium,
etc. [1,2]. Hardness after hardening is between 50 and 56 HRC, and after tempering with
secondary hardening a similar hardness can be achieved.

For this purpose, the steel is alloyed with chromium, molybdenum and vanadium, which, by
precipitating secondary carbides harden the matrix. After tempering, an optimal
combination of hardness and ductility is achieved. This steel is used for hot forging tools, die
casting tools, punching tools and for production of knives [2].

The wear resistance, that strongly affects the life of the tool steel in contact with liquid
aluminium, depends on three factors:

1. Mechanical: due to the high speed and temperature of the melt during casting into
permanent molds from tool steels, erosion of material from the surface of the tool occurs.
Aluminium die-casting produces alternating mechanical stresses, which leads to a reduction
in mechanical properties and leads to decay [3].

2. Chemical: due to the dissolution of iron atoms and other alloying elements from the tool
steel in aluminium, the formation of intermetallic phases on the interphase surface between
tool steel and liquid aluminium occurs. The resulting intermetallic phases have different
physicochemical properties as the basis [4].

3. Heat: thermal fatigue occurs due to expending and shrinking of steel during working cycles
at aluminium die-casting. The tool is usually preheated to 400 °C, but the temperature can
rise up to 700 °C. In this case, the surface layers of steel are expanded, which is in contrary
to the interior of the steel, consequently on the surface the compression and at the core the
tensile stresses appear. When the casting is removed from the tool, the tool is lubricated
with a separating agent, which greatly cools the tool, causing tensile stresses on the surface
and compression stresses inside the tool. These tensions are very high, close to the ultimate
strength of the hot-working tool steel. Since cyclic use of the tool, this process repeats more
than ten thousand times, cracks on the tool occur [1].

At the phase boundary tool steel/molten aluminium intermetallic phases as a result of the
chemical reaction of the tool steel and aluminium melt are generated. The condition for the
formation of phases is the optimal wetting and diffusion, resulting from the difference
between the chemical potentials of the elements in liquid aluminium and solid tool steel. At
the phase boundary between solid metal and intermetallic phases, atoms of aluminium and
iron react and form new intermetallic phases, using solid metal atoms, causing the
movement of phase boundary in the direction of solid metal [5].
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In addition to the atoms of iron and aluminium, other alloy elements, in particular the
alloying elements of the tool steel, such as silicon, manganese, chromium, molybdenum and
vanadium, are also present in the boundary (reaction) layer. In general, these elements
reduce the thickness of the intermetallic layer, whereas the greatest effect has silicon. The
growth of the intermetallic phase AlsFe, takes place preferably in the direction [001] by
diffusion through the vacancies, and therefore have a highly oriented morphology in the
form of a tongue. Researches [6-8] showed that the proportion of vacancies in this direction
for the phase AlsFe; is 30 %. It is assumed that silicon atoms occupy gaps in the intermetallic
phase AlsFe,, causing the distortion of the crystal lattice and the reduction of activation
energy. In order to reduce the vacancies content in AlsFe,, the diffusion coefficient of iron
and aluminium in the phase AlsFe, and, consequently, the kinetics of the formation of
intermetallic phases, is also reduced. As a consequence, the morphology of the AlsFe, phase
changes, and inside this phase fine particles t1/t9, characteristic for the ternary Al-Fe-Si
system, are formed [9].

Selverian et al. [10] have discovered, that the addition of silicon to the melt of aluminium
and zinc greatly reduces the exothermic nature of the reaction between aluminium and steel
on which the lubricant is applied, since silicon forms a solid reaction layer acting as a barrier
between steel and melt. The barrier greatly limits the diffusion of the atoms of aluminium
and iron, so that the reaction kinetics is greatly reduced.

With this aim, the influence of the interaction between two different aluminium alloys and
hot-working tool steel was studied. The wear of the sample from the UTOPMO1 tool steel
and the reaction layer, which is established at the boundary between liquid aluminium and
steel as a result of a chemical reaction was investigated. Experiments were performed on a
specially designed device, whereas the samples were metallographically analyzed in order to
determine the interaction.

MATERIALS AND METHODS

For the experiments samples from the UTOPMO1 tool steel were used, which chemical
composition is shown in Table 1.

Table 1. Chemical composition of UTOPMOL1 steel in mass % according to the internal
standard SIJ Metal Ravne [2]

C Si Mn Cr Mo \Y
0.37 1.0 0.38 5.15 1.30 0.40

The scheme of the used sample is shown in Figure 1la. The experiments were carried out on
the laboratory device shown in Figure 1lb. The device consists of an electric resistance
melting furnace with a control system with which a constant temperature was maintained,
the carrier on which the electric motor was placed and the ceramic crucible for the melt. The
experimental sample is fixed to an electric motor via a steel or graphite rod, which rotates
the sample with a constant revolutions per minute (rpm) in aluminium alloy melt.

Firstly, the Al-alloy was melted in an electric resistance furnace. The input parameters, which
were used during the experiments, are shown in Table 2. When the temperature of the melt
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reached 670 or 700 °C the sample was placed into the melt, the device for rotating the
sample was turned on for 4 hours at 70 or 150 rpm. After the experiment was completed,
the samples were taken from the furnace and left to cool in air.

(a) TS

Figure 1. Schematic representation of the steel sample UTOPMO1 (a) and
a device for determining the interaction between tool steel and liquid aluminium (b)

Table 2. Used materials and parameters to perform the experiments

Melt temperature Rpm Time
Sample Steel Melt C] [min] [h]
1 Al99.7 670 70
2 Al99.7 670 150
3 UTOP MO1 | Al99.7 700 70 4
4 Al99.7 700 150
5 AlSi12 670 70

For the metallographic analysis of the reaction layer between the steel and the Al-alloy, the
samples were cut in half. The samples were prepared by standard metallographic procedure.
Light microscopy was performed on the Olympus BX 61 microscope. The identification of
phases and interaction layers in the examined samples was carried out on the scanning
electron microscope (SEM) JEOL JSM-5610 at the Faculty of Natural Sciences and
Engineering. Some SEM analysis were also conducted at the Institute for Metals Materials
and Technologies with a SEM JSM-6500F.

RESULTS AND DISCUSSION

The interaction between tool steel and molten aluminium was studied thermodynamically
by modelling phase equilibria and phase diagrams. There are three phases in the Al-Fe
system: AlisFes, AlsFe, and AlFe (Figure 2a). In the Al-Fe-C-Cr-Mo system, besides the
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mentioned binary phases, there are also carbides, whereas the aluminium carbide can also
be formed. Aluminium with chromium forms the Al;Cr phase, and with molybdenum MosAl
phase (Figure 2b).
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Figure 2. Phase equilibria in Al-Fe (a) and Al-Fe-C-Cr-Mo (b) systems

Figure 3 shows the microstructure of the sample 4 tested in alloy Al99.7 at a temperature of
700 °C and 150 rpm. The layer is composed of two sections. On the aluminium side most,
likely it consists of Al-Fe and Al-phase. On the steel side there is a layer in the form of fingers
that grow into steel. An increased proportion of iron phases (needles) is observed in
aluminium. This example represents the highest values of the temperature of the melt and
rpm, and in this case the wear of the sample is the highest. All samples were analyzed by the
same procedure. Comparison of the images of the reaction layers taken in the same place
(top and edge) of the samples is shown in Figure 4.
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Figure 3. Macro image and microstructure of sample 4 in different places

Figure 4 shows the wear of all investigated samples. The comparison is made from the top of
the sample at 50x magnification and at the side of the sample at 100x magnification. From
the microstructure of the samples 1 and 2, the intermediate reaction layer is porous in
sample tasted at higher rpm. The wear of the sample 2 is greater due to the higher rpm.
Samples 3 and 4 were tested at a higher temperature. From the microstructure in Fig. 4 it
can be concluded that the reaction layer is thicker, with more porosity. In the aluminium,
cracks appear immediately behind the layer with an increased iron-based needle phase. It is
estimated that the proportion of iron in aluminium near the phase boundary is increased
due to better diffusion of iron. Sample 4 was tested at higher temperatures and rpm. The
wear of the sample 4 is very large and markedly stands out compared to the other samples.
The reaction layer is cracked, and cracks are also visible in aluminium, where extensive areas
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of eutectics (most dissolved iron) are observed. Following the cracks in the reaction layer,
the reaction products break down and mix with liquid aluminium. Such phases need a lot of
time to dissolve in aluminium.

For comparison, the wear resistance of UTOPMO1 in AISi12 aluminium alloy at a
temperature of 670 ° C and 70 rpm was tested. From the microstructure of sample 5 (Figure
4), a much thicker reaction layer is seen, which is composed at least from three different
layers. This will be discussed and proved below. It was estimated that the proportion of iron
in aluminium near the phase boundary is increased due to better diffusion of iron, whereas
at least one layer contains also higher portion of silicon.

In the case of sample 1 in Figure 5, the growth of intermetallic Fe-phases in molten
aluminium is observed in the form of a tongue. Two different layers, one is compact, slightly
brighter and thicker (closer to steel), and the other in the form of needles or tongue can be
distinguished. Analyses represent: 2 - dissolved Fe-phase in aluminium, 3 - steel
composition, 4 - composition of the reaction layer closer to steel with a higher proportion of
aluminium, silicon and chromium, 5 - composition of the reaction layer closer to aluminium,
6 - the composition of the reaction phase closer to steel with higher aluminium and lower
silicon, and 7 - aluminium alloy. The concentration of aluminium is greater in the region of
the layer closer to the aluminium alloy (spectrum 4), which could be AlsFe, phase and
decreases when closer to the steel (spectrum 6), which could be Al;3Fe4 phase, according the
literature. The layer closer to aluminium is fragmented, where iron dissolves in molten
aluminium in the form of needles from Fe-phase (spectrum 5).
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' Sample 5: 670 °C/70 rpm

Figure 4. Micro-images of the reaction layers of the investigated samples
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Spectrum 2

Spectrum 7

spectrum 4 1B =
- Spectrum b -
Spectrum o

: ‘ 100pm 4 Electron Image 1
Spectrum (0] Al Si \ Cr Mn Fe Mo  Total
Spectrum 2 13 97.7 1.0 100.0
Spectrum 3 1.0 1.1 0.4 5.6 90.9 1.0 100.0
Spectrum 4 53.9 0.8 25 42.8 100.0
Spectrum 5 60.2 0.3 1.4 38.1 100.0
Spectrum 6 55.9 0.6 2.3 41.2 100.0
Spectrum 7 0.8 99.2 100.0

Figure 5. Micrograph and EDS microanalysis of the interaction layer in the sample 1

Figure 6 represents the microanalysis of the sample 5 in mass %. Analyses in turn represent:
1 - steel composition, 2 - the composition of the reaction phase closer to steel with the
presence of oxide and a high proportion of silicon (~ 12 mass %), 3 - the composition of the
reaction phase closer to aluminium with a higher proportion of silicon, 4 - the aluminium
composition closer to the boundary phase with a smaller proportion of silicon and 5 - the
aluminium composition away from the interaction layer. It should also be noted that the
reaction layer closer to the steel contains besides the silicon also higher concentration of
iron. This layer is more compact, presumably due a diffusion of silicon into Al-Fe phase.
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ectrum o

Spectrum =P

Spectrum 3

3 60pm ' Electron Image 1

Spectrum (6] Mg Al Si V Cr Mn Fe Cu Total
Spectrum 1 0.68 1.12 0.31 5.36 92.53 100.00
Spectrum 2 4.68 50.66 11.95 1.76 30.94 100.00
Spectrum 3 54.83 12.88 1.84 2.02 27.57 0.86 100.00
Spectrum 4 70.34 7.40 2.10 3.30 15.41 1.45 100.00
Spectrum 5 0.34 91.84 6.45 0.77 0.60 100.00

Figure 6. Micrograph and EDS microanalysis of the interaction layer in the sample 5

CONCLUSIONS

It can be concluded that the stability of the hot-working tool steel, which is in contact with
molten aluminium, depends on several parameters. A reaction takes course rapidly between
the tool steel and the liquid aluminium, whereas the intermetallic reaction layer forms.
Based on the results the following can be concluded:

e Metallographic investigations have demonstrated the formation of intermetallic
Fe-phases, presumably AlsFe, and Al;sFes. The reaction layer is double layer.
Presumably, the phase AlsFe, appeared on the phase boundary with tool steel and
is thicker, whereas the phase AlsFe4 forms on the phase boundary with aluminium.
Porosity and cracks are observed in the reaction layer. Cracks were also present in
the aluminium region due to the concentration gradient of iron.

e The results showed increased wear on samples where the rpm was higher and/or
the temperature was higher. The reaction layer is not completely uniform; in
certain places it is departed and is thicker at a higher temperature.
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e Iron from the tool steel diffuses through the reaction layer into liquid aluminium.
At the saturation, iron phases are formed. It was also observed that during the
wear of the tool steel, the layer departs, consequently, the smaller and larger
particles of the iron intermetallic phase and the inclusion of the tool steel go into
the aluminium melt (Figure 7).

SEI 15.0kvV X350 10;1m_ WD 10.0mm SEI 15.0kV X350 10;lm_ WD 9.9mm

Sample 1: 670 °C/70 rpm in Al99.7 Sample 5: 670 °C/70 rpm in AlSi12

Figure 7. Micrograph of the interaction layer in the sample 1 and 5
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Abstract

In contemporary high pressure die casting (HPDC) foundries the mastery of each sequence in
production cycle is the most important, where the strive to reliable master, as well as planning of
composed molten metal, pouring and solidification process, ejection of castings, transport to the
cooling place and cutting of gating system and overflows were done. For castings with a complex
geometry and dimensional accuracy, the appropriate planning of pouring and feeding elements
according to a heat economy of casting, rapid tooling and prototyping and then reliable
manufacturing which includes the mastery of all the edge conditions in the process chain. In the
paper the example of virtual analysis of casting from Al alloy will be presented with choosing of
appropriate foundry technology HPDC, calculation of casting process which includes the filling
process of cold chamber, model description of three phases at HPDC, flow of molten metal,
solidification with considering the temporary air gap formation between the casting and tool,
formation of stress and relaxation of it into deformations in each sequence, when the tool is opening,
at ejection, cooling in water or on air and after cutting off the gating system. Since it is not always
possible to produce the castings according to the principle of unidirectional solidification with a
traditional approach, for the individual areas, which should be macroscopic dense (without porosity),
the local squeezing process is performed in the sequence of the semi-solid state of the region. The
location of the impression is marked by a local increase of pressure and a plastic deformation of the
already solid part of the casting (solid shell). An example of a very detailed comprehensive treatment
of these processes in the case of a real casting will be discussed. Further, the optimization of the
processes of the local squeezing sequence and the overall solidification process will be presented.
Comparisons will be made with calculations of volume defects, casting dimensions and deformations
with experimentally obtained castings produced from LTH Castings' industrial technology practice.
Proven complete master of high-pressure die-casting have the result of an important financial effect
and decreasing of required time to start of serial production of castings.

Keywords: high pressure die casting, unidirectional solidification, local squeezing, pressure analyses,
shrinkage porosity
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HPDC- Cold chamber

1. - What is the main problem to pour the molten Al alloy?

 Solubility of iron in Al alloys
* Cycle time

2. - How to increase the efficiency of working the c. chamber?

» Decreasing the solidification of molten alloy in chamber (t for stage | and Il have to
be short, T of chamber high)...... development of hot chamber machine for Al ?

» This cause the new situation which is connect with time for shot (ll. Stage)

* Increasing the life time of sleeve and piston

* Increasing of yield of molten metal




HPDC- Cold chamber

3. - What is the main problem to prepare the accurate calculation of casting process for
HPDC?

* [t is necessary to choose and/or calculate or measure the real materials data
- Tl, Ts, fs-f(T), p-f(T), n_f(T), E, ..

» The calculation should start in the stage 0

« The description of stage I to Il is required for accuracy

« The boundary conditions have to be set properly (T, HTC, t..)

* The geometry should be describe with fine mash

« Technological process window should reflect the real (experimental) data input



Calculation of melt flow and melt temperature drop from furnace to
casting chamber

* Measurements of melt temperature in the casting chamber before the first
stage starts

700 ~

600

500

400

meritev 1
meritev 2
meritev 3
meritev 4
meritev 5
meritev 6

temperatura ( C)

300

200

100 7




e Simulation of melt flow and melt temperature drop from
furnace to casting chamber

Temperature [C] ulitek 868 Step / Time Step :0/1.000e-004
Total Time : 0.0000 sec

 Filing of casting chamber
calculation compered with m o
experimentaly determined
temperatures.

e Temperature in the chamber
before the shot at 650 °C,
temperature of the melt in the
casting furnace 677 °C =
temperature drop 20 - 30°C.




Example 1: Investigated geometry of casting and their
gating system

© Material
@ Alloy: AISI9Cu3
Tliquidus =588°C
TSolidus =508°C
@ Pouring temperature 660 °C

@®@ Brut weight of shot (2 castings): 3,1 kg

© Net weight of casting: 0,8 kg




Geometry of tool assembled with cold chamber set

Casting
distributor




 The origin layout of
Cooling and heating

channels

Propetty  |Type |Value | Temp | Time Propetty | Type |Value | Temp | Time

Film Coeff V... w | 2.0000e+003| Wim 24 v | [ C vl seC W Film Coeff V... | 2.0000e+003) W/m" 24 | [52 C v IEC W
Emissivity | V..oV = K | v [sec w Emissivity (V.. b = | —~ v [C v [sec w
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Side core of die; T-oil 160°C



« Example of optimization the sequence

Temperature [C]

I 6633
656.7

verzija3_Squeez

V1= 0,6 m/s

Step No / Time Step
Simulated Time
Percent Filled
Fraction Solid

: 4 7 9.572e 003 Temperature [C]
: 0.0448 sec

1322

1 00 6700

I 6633
656.7.

Step No / Time Step
Simulated Time

Percent Filled
Fraction Solid

Temperature [C]

-

verzija3_Squeez

V1= 0,07 m/s

| ; Cooling of molten metal in the cold chamber in the first stage

Step No / Time Step
Simulated Time
Percent Filled
Fraction Solid

: 40 / 1.000e.002
: 0.2879 sec
39

100
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Temperature [C]

- B227
. B17.3
612.0
606.7
601.3
5'95_'.9 3
5907 7iiq s88.0
565.3

580.0

squeez_LTH

Step No / Time Step
Simulated Time
Percent Filled
Fraction Solid

20 1 529000 Sequence of piston movement

"~ _Dist = 30.23654 CM

~

gt

: 0.0881 sec
H ) -
: 0.0 Edt | 5.4
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Temperature [C] squeez_LTH Step No / Time Step : 20 / 5.236e003

e Calculation Simulated Time : 0.0881 sec

I Percent Filled : 315
of filli ng 200.0 Fraction Solid : 0.0

192.0
184.0
176.0
168.0
160.0

152.0

136.0
128.0
120.0
112.0
104.0
96.0

88.0

ProCAST



Comparison between calculated temperature field and experimentally

Pomicna stran po mazanju pri robotu

determined; movable side of die T L —TTTIR

Temperature

11.04.2016
IR_14818.jpg

ll
Sp2 Temperature
Arl Max. Temperature
080
Sp2 Emissivity
1000 Sp3 Emissivity
Sp4 Emissivity




Movable side of die: Cycling calculation on die which is cooled by Jet
Cooling system

ProCAST



Calculation of temperature field on die surface which is cooled with Jet Cooling
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Temperature [C]

210.0
202.7
195.3
188.0
180.7
1733
1660 |
158.7
151.3
1920
136.7
129.3
122.0
114.7
107.3

100.0

Fixed side of die; The temperature field was stabilized after 10 cycles
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« Calculation of solidification sequence

Fraction Solid squeez_LTH Step No / Time Step 1 2096 / 2.258e002

* Unidirectional
Simulated Time : 1.5648 sec - ger . .
Percent Filled : 100.0 solidification is not
1.000 Fraction Solid : 0.0 pOSS | b | e

0.933
0.867

- 0733

,7

0.667

0.533

0.467

0.400

0.333

0.267

0.200

0.133

0.067




*Calculation of solidification sequence versus time / Last solidified areas in the casting

Critical area




Calculation of porosity with out of LS / hole in the as cast state

Total Shrinkage Porosity [%] squeez_LTH

80.00
I 76.00
72.00
68.00

64.00

5§6.00
52.00

36.00 / 4

32.00
28.00
24.00

20.00

*Presented shrinkage porosity areas are not allowed,
with help of the local squeezing can be eliminate



Applications  File

Edit View Database

« Parameters of loc. squeezing

Search commands
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Shrinkage Porosity With No Pin Effect [%] squeez_LTH Step No / Time Step : 2240 / 5.000e001

S L' Calculation of s. porosity

Fraction Solid : 100.0

Shrinkage Porosity With User Pin Effect [%] squeez_LTH Step No / Time Step  : 2240 / 5.000e-001
Simulated Time : 36.2000 sec
Percent Filled : 100.0
Fraction Solid : 100.0




Shrinkage Porosity With No Pin Effect [%] squeez_LTH Step No / Time Step 1 2240 / 5.0

Simulated Time
Percent Filled
Fraction Solid

Without of LS; HPDC as cast state

: 36.2000 s
: 1000
: 100.0

ProCAS

P01

Shrinkage Porosity With User Pin Effect [%]

Calculation of
porosity

squeez_LTH Step No / Time Step 12240 / 5.0 D01
Simulated Time : 36.2000 s
Percent Filled : 100.0
Fraction Solid : 100.0

t=55sd=40mm ProCAST




« Calculation of s.
porosity; t= const.,
path distance is
changing

Optimal parameters

Computed sgueeze pin activation time = 5.159558e+00 seconds
Computed sgueeze pin withdraw time = 1.670001e+01 =econds

Computed sgueeze pin activation time (after filling) =
3.702%63e+00 seconds
Computed =sgqueeze pin withdraw time (after filling) =
1.520297e+01 seconds




Calculation of porosity; - path distance = const., - time is changing

t=3,0sd =40 mm

t=55sd=40mm

t=9,0sd =40 mm




* Measurements of pressure at LS process

- - I
Prod.Crder; Article 900.03: Squeez v jedru i
Measure Batch Mold TL8364 2 kistler
21.06.2016 11:28:30
User: Supervisor .
Cycles: 3 Passed: - Scrapped: - A
1000
900
800
700
600
bar
500
400
300
200
100
o Producti
s (1] 2 4 6 8 10 12 14 16 18 20 Setup
1: 1000 har Gnezdo 4:0ff
2: 1000 bar Dolivek 6: off
3: off 7ioff
4: off 8: off
Cycles: 1-3 Step = Chy It
e () [ o=

2 Pressure sensors was implemented on gating system and on
local squeezing area



» without squeeze pin (as cast state) e 2ssgueeze pin start delay after change
from Il to Ill sequence

1000

* 0,55 squeeze pin start delay after change * 4,5s squeeze pin start delay after change
7
from I to Il sequence from Il to Ill sequence

1: 1000 bar Gnezdo

5: off
1: 1000 bar Ghezdo 2: 1000 bar Dolivek 6: off

5: Off
2: 1000 bar Dolivek 6: off

20
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. Depth of squeeze pin implementation (path of LS pin)

ENEEEE NIRRT
Time of delay after end of Il. seq. [s]

40,0

30,0

20,0

10,0

0,0

0,5 1,0 1,5 2,0 2,5 3,0 3,5
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Microstructure of casting on area where LS occurred; 226
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The calculation of normal stresses in the tool




Example 2: Technology optimization - distributor




Temperatura (°C)

240.0
I 2273
i 214.7
| 202.0
189.3
176.7
164.0
151.3
138.7
126.0
133
100.7
88.0
75.3
62.7
50.0

Technology optimization - distributor

Temperature in critical area was in ver. 1- 235,3 °C, with
new cooling system the temperature was 94,7 °C

Temperature drop with new cooling system was 60 %.
Stresses with new cooling system were lower for 47 %.

Distributor with version 1 cooling system made 65.080
cycles, new distributor made 79.129 cycles. Life time
prolongated for 21 %.

== OBSTOJECE
== NOVO

50 100 150 200 250 300 350 400 450 500 550 600 650

Time




Short conclusions

* Including advanced numerical simulations in early technology development phase can reduce costs:
- optimal casting technology can be defined before real testing

- casting defects under acceptable limits

- finding critical areas during design phase

« With adequate process and technology optimization it is possible to:
- prolong the dies lifetime
- shorten production cycle of casting

« With displacement of internal cooling and heating channels near the casting cavity surface the
temperature field and also stresses are decreased

*Experimentally determined dl values vs. T can be usefully applied for prediction of total contraction in
HPDC part

*With help of calculation of casting process it is possible to realize the technology and technological process
window before the toll is manufactured

*When the unidirectional solidification is not possible the use of LS can be accepted.

*Time of delay have to be calculate for each geometry and depended from local fracture solid. Calculated
and experimentally obtained values are practical the same value.

*Microstructure analyses show that according to technological process window no critical areas was found.

*Pressure of Ill. sequence can be generally decrease what cause lover residual stress.



SRECNO!

Good luck!
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NEW TESTS FOR CHEMICALLY BONDED FOUNDRY SANDS

Sam Ramrattan”

Western Michigan University, Kalamazoo, Michigan, USA

Invited lecture
Subject review

Abstract

Chemically bonded sand cores and molds are more commonly referred to as precision sand systems
in the high production automotive powertrain sector. Their behavior in contact with molten metal
can lead to casting defects. Consequently, the interaction is of great interest and an important part
of metal casting technology. The American Foundry Society (AFS) sand testing is based on physical,
mechanical, thermal and chemical properties of the sand system. Foundry engineers have long
known that certain AFS sand tests provide limited information regarding control of molding and
casting quality. The inadequacy is due to the fact that sand casting processes are inherently thermo-
mechanical, thermo-chemical and thermo-physical.

New AFS standardized testing has proven useful for laboratory measurement of these characteristics
in foundry sand using a disc-shaped specimen. Similarly, the equivalent disc-shaped specimens are
used for casting trials. In order to accomplish near-net-shape casting with minimal defects, it is
necessary to understand both the properties of the sand system, as well as the interface of molten
metal when different binders, additives and/or refractory coatings are used. The methodology for
the following chemically bonded sand tests is described:

e Disc Transverse

e Impact
e Modified Permeability
e Abrasion

e Thermal Distortion
e Quick Loss on Ignition

The analysis and interpretation of data related to the new standard sand tests are discussed.
Keywords: chemically bonded sand, permeability test, thermal distortion test, loss on ignition

*Corresponding author (e-mail address): ramrattan@wmich.edu
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INTRODUCTION

The most popular medium for the production of cast powertrain metal parts is sand. Sand
has many pluses, but it is far from perfect. Problems with chemically bonded sand systems
arise from variation in materials and processes. This can come from many sources such as
grain size, grain shape, chemical composition, binder level, additives, work-time, strip time,
pouring temperature, metallostatic pressure, etc. [1]. Thus, chemically bonded sand has
many potential sources of variation; but it is still subject to the pressures of delivering near-
net shaped castings. Understanding those variations is a key issue for achieving good process
control, and there have been several studies toward that end.

Sand’s versatility and ease of use foster rapid innovation in an industry where the ability to
change quickly can mean survival. This is especially true with the development of chemically
bonded sand systems. Unfortunately, the binder system is also a significant source of
variation. The concentration of binder in the sand, and the mix of the binder constituents
can all have significant effects on the final castings. Additionally, new binders are constantly
being developed in response to various environmental and product quality concerns, thus
creating new potential sources of variation.

Chemically bonded sands used with cores and molds are conventionally processed by
techniques such as hot-box, no-bake, and cold box [1]. When sand composites (mold and
core media) come in contact with elevated temperature, the heat transferred causes
thermo-mechanical movement and thermo-chemical reactions that result in dimensional
changes at the mold-metal interface. At any given temperature these dimensional changes
or thermal distortions are attributable to simultaneous changes in both the sand and the
binder. Depending on the type of binder used and the temperature at any point in the sand
plane, thermally induced reactions occur simultaneously along with sand expansion leading
to significant distortions in the composite shape [2].

A disc-shaped specimen has been used as a supplementary mechanical test specimen for
chemically bonded sands in the foundry industry. With the support of the American Foundry
Society (AFS), Western Michigan University (WMU) has developed new standardized
thermo-mechanical and physical tests for chemically bonded sands employing the same
simple geometry for a specimen.

The aim is to ascertain new standard foundry sand testing using chemically bonded disc-
shaped specimens for:

e Disc Transverse

e |Impact

e Modified Permeability
e Abrasion

e Thermal Distortion

e Quick Loss on Ignition
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MATERIALS AND METHODS

The methodology consisted of two major steps; preparation of chemically bonded disc-
shaped specimens and testing of disc-shaped specimens. To ensure that the study was
executed methodically, an experimental design of two binder levels at elevated temperature
with 15 specimens per cell was employed.

Note: All specimens were prepared and tested in laboratory conditions. Ambient conditions
were controlled: temperature at 20 £ 1°C and relative humidity at 50 + 2 %.

Preparation of PUCB Specimens

Polyurethane cold box (PUCB) specimens were prepared using washed and dried round grain
silica sand (Table 1).

Table 1. Properties of PUCB Sand

Roundness/ Acid

0,

Source AFS/gfn Shape ARZl_jiEB Sphericity pH demand
(Krumbein) (pH-7)

lllinois, USA 59-65 Round 09orl4 0.8/0.8 7.1 0.8

The PUCB disc-specimens (50 mm dia., 8 mm thick) were prepared by blowing the specimens
with a laboratory core blower into a four-cavity disc core box (Figure 1). Each cavity had its
own gate opening and a vent opposite the gate.

Figure 1. Four-cavity disc core box

Materials: Silica sand (Table 1), PUCB binder system Part 1 and Part 2 (mixture ratio 55 Part
1: 45 Part 2)

Equipment: DeLonghi mixer, core box, core blower.
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Procedure:

1. Add weighed sample of sand to DeLonghi Mixer.

2. Make two pockets in the sand.

3. Add Part 1 component into one pocket and Part Il to the other pocket.

4. Mix for 1 minute.

5. “Flip” mixture and mix for 1 additional minute.

6. Using laboratory core blower set at 0.379 MPa (55 psi) for 0.5 second blow the mixed

sand into the three cavities of the core box (Figure 1).

7. Cure by gassing with TEA using a Luber gas generator. Gassing parameters: 1 sec gassing
with TEA, followed by an air purge for 6 seconds (gas pressure was 0.172 MPa (25 psi) and
air purge pressure was 0.103 MPa (15 psi)).

Specimen Weight

The disc-shaped specimens were weighed prior to conducting any tests using a four place
digital balance and the weights recorded. The purpose of this measurement check is to
identify specimen-to-specimen variability.

Disc Transverse Test (DTS)

Disc transverse strength tests (DTS) were used to measure the strength of the sand
specimens prior to the thermal distortion test (TDT), and after TDT. Strengths before TDT
relate to handling of the core/mold material after core/mold production, prior to pouring.
The strengths after TDT relate to shakeout/collapsibility characteristics.

Equipment: A sand strength machine (Dietert Model 490-A) equipped with a disc transverse
accessory (Figure 2).

Figure 2. Disc transverse strength (DTS) tester

Procedure: The disc-shaped specimen was fitted into specimen holder on the testing
machine and was supported on its ends. It was then subjected to a transverse force by
applying the load with a 2.00 mm thick rounded edge blade across its diameter. Loading was
performed at a constant linear load rate. A load-cell electronically sensed the specimen
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failure, digitally displaying the results. The maximum load to failure was recorded. The
complete test procedure is detailed in the AFS Mold and Core Test Handbook [3].

Impact Testing

An impact testing machine (Tinius Olsen) equipped with a disc specimen holder was used to
measure the toughness of the sand specimens prior to and after the TDT. Impact strengths
before TDT relate to handling of the core/mold material after core/mold production and
prior to pouring. The impact strengths after TDT testing relate to shakeout/collapsibility
characteristics.

The disc-shaped specimen was supported on its edge on a specimen holder on the impact
testing machine (Figure 3). It was then subjected to impact energy by dropping a uniform
load with a 2.00 mm thick rounded edge blade across its diameter. A load-cell electronically
sensed the specimen failure, digitally recording the results. The maximum energy to failure
(Joules) was recorded.

Figure 3. Disc-shaped specimen on holder at impact

Modified Permeability

Permeability and MQJ tests were performed to provide a measure of the specimen’s venting
characteristics.

Equipment: A Gerosa Simpson permeability tester (Figure 4), Disa George Fisher Mold
Quality Indicator (MQl) (Figure 5). A specimen holder designed and fabricated at WMU
(Figure 6).

Permeability is a measure of gas flow through a porous media, such as a sand mold or core.
It was calculated for each specimen by use of equation 1.

P = (VxH) / (PxSxT) (1)

Where:
P: Permeability,
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V: Percolated volume (ml),

H: Height of test sample (cm),
P: Air pressure (g/cm?),

S: Area of sample (cm?),

T: Time in minutes.

The permeability of a sand mold or core is affected by several factors including the size,
shape, distribution, and method of compaction of the sand in the mold or core box.
Furthermore, permeability is directly affected by the quantity of resin in the sand.
Permeability testing is very common in the foundry industry and is part of the sand control
tests performed on a regular basis at most foundries. A Gerosa Simpson permeability tester
(Figure 4) was used to perform the permeability tests conducted in this experiment. The
specimen holder was designed and fabricated at WMU. A special rubber gasket was used
between the specimen and the holder to provide a seal. Additionally, a plug was used to
restrict the airflow in order for the Gerosa Simpson machine to detect the permeability of
each specimen.

The Mold Quality Indicator (MQl) test, which is inversely related to permeability, was also
studied. The MQIl number is a measurement of the resulting backpressure developed from
the resistance of airflow through a mold or core. The MQl unit (Figure 5) was equipped with
an air pump, air tubing, and a rubber/foam contact head connected to the end of the tubing.
An MQI unit is typically deployed somewhere along the molding line to perform real time
measurements on the molds waiting to receive the molten metal. With some modifications
to the original rubber contact head, this instrument was utilized with the WMU specimen
holder.

Procedure: The specimen was secured into a holder (Figure 7), which was then fixed to the
permeability tester. The test was then started and the permeability measured. The holder
with the specimen was then removed and attached to the MQl unit for measurement.

Figure 4. Permeability tester with accessory attached
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Figure 5. MQI with accessory attached

Figure 6. Specimen in gasket within holder accessory
Abrasion Test

Abrasion resistance defines the property of a material surface to resist wear while in contact
with another material. The determination of the abrasion/wear resistance of a cured surface
layer plays a vital role in the estimation of effect on sand mold surface due to handling
procedures. This test method encompasses ability to compare strength for different sand
specimens against scratch or wear caused by handling.

Equipment: Teledyne Standard Abrasion Tester Model 503 equipped with a custom sample
holder for disc specimens (Figure 7).
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Procedure: The 50 mm dia. x 8 mm thick disc-shaped specimens were weighed and secured
onto the sample holder using four screws, one at each corner. The sample holder was
mounted onto the abrasion tester with a ceramic bead pressing against the specimen
surface perpendicularly as shown in Figure 7. A desired load was applied onto the ceramic
bead by mounting corresponding circular weights on top of the abrading assembly. The
specimen was then rotated in clockwise direction maintaining a constant rotational speed
for a desired number of cycles/rotations. To ensure the proper contact between the ceramic
bead and sand specimen surface, a vacuum was applied continuously to pull any loose sand
particles during the test run. Reweighing the specimen and calculating the weight loss or
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Figure 7. Abrasion Tester

percent weight loss then determined the abrasion/wear resistance of the specimen surface.

Where:

c=a-b
%c = (c/a) 100

a: Initial weight (g) of specimen,
b: Final weight(g) of specimen after test,

c: Total weight loss(g),
%c: % Weight loss.

The sand specimens were tested for 10 cycles/rotations with a load of 250 g on the ceramic
bead and thereafter calculating weight loss and percent weight loss as defined in equations

2 and 3.
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Thermal Distortion Testing (TDT)

TDT has the capability to represent the heat and pressures that sand binder systems, will
experience from molten metal filling and solidifying in a mold. The word “represent” must
be emphasized since molten metal has never been used with the TDT, and there is no exact
simulation of casting condition during the test.

Operating conditions of the TDT device are like those where a mass of molten metal is
pressing against the mold wall in a pseudo-static state. The load (metallostatic head
pressure) on the specimen is held constant, and the specimen can only move into or out of
the face of the hot surface depending on whether the specimen is expanding or plastically
deforming (Error! Reference source not found.). Holding the temperature of the hot
surface constant during testing simulates the mass of molten metal.

All of the functionality of the device is accomplished through the use of several instruments,
controllers, mechanical devices, and a computer that is used to record data. The description
of these features follows below.

Thermal Distortion Tester

< Specimen in Compression

. -
R

e s s — — — — — — {1 — Neutral Axis

T «——— Specimen in Tension —}T

Head Pressure
Figure 8. TDT stresses on specimen

Load Calculations: A disc-shaped specimen receives a load about the circumference of one
side as the other side is pressed onto a heated metal surface. Dividing this total load by the
area of the heated surface approximates pressure. Thus, varying the load emulates a
metallostatic pressure while controlling the metal surface temperature [4].

Loading Mechanism: The loading mechanism allows for the approximation of metallostatic
pressures during the mold filling and solidification of a casting. For better control and
qguantification of the resulting distortion, a uniaxial pressure load needs to be applied. This is
accomplished by a free floating linear bearing slide that is coupled with an electronic
actuator to provide the movement. The slide ensures that center axis of the specimen comes
into contact with the center axis of the heated surface. The specimen is loaded into a
ceramic tray. The tray locates the specimen against two pins. In addition, the tray is recessed
so that any thermal-mechanical movement that takes places will not be restricted.
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To prevent any shear forces from acting on the specimen surface in contact with the heater,
a two-axis gimbal was used. The gimbal used three separate rings, one ring was fixed to the
linear slider while the remaining two rings were allowed to rotate on two axes, each of
which was 90 degrees from each other and oriented 90 degrees to the heated surface axis
(Figure 9).

The axes for this gimbal system are centered at the face of the specimen. This prevents
scuffing might occur when the specimen experienced uneven distortion since a static fluid
would not create a shear load on a mold wall.

Axis of rotation

\

Figure 9. Gimbal Assembly

Heat Source: To provide temperatures that simulate molten metal, a direct current power
supply was wired in series with resistive heating elements. These elements pass through the
heater mass/tip made out of MAR 247 (a super alloy). The utilization of a large heated mass
has the purpose of assuring that the 90 second test is conducted with as constant of a
temperature as possible. The heater is enclosed in insulation to direct the heat to the
specimen. To account for thermal expansion of MAR 247, the insulated enclosure is allowed
to move freely in the longitudinal and radial direction.

Instrumentation: This version of the TDT uses a variety of devices to collect data and control
the heating process. The data that is acquired during each test is radial and longitudinal
deflection, temperature at the hot surface and backside of specimen, and time. Longitudinal
deflection in the specimen is tracked using a real time feedback loop within a commercial
controller. The controller software uses the load as a reference and maintains the set value
by changing the position of the actuator. To track radial movement, the TDT uses a green
light camera system. This system uses the green light to create a shadow of the specimen so
that the read-head can measure specimen diameter. The temperature of the hot surface is
sensed by a K-type thermocouple. To measure the temperature on the backside of the
specimen, a non-contact infrared device was used. Time is recorded based on the sampling
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rate of the data acquisition system. All the temperature and movement signals are fed back
to a data acquisition system that is attached to a personal computer (PC). Data is analyzed,
stored, and displayed for each test.

Procedure: To operate the TDT (Figure 10) the temperature control was adjusted to 1000°C
(1832°F) to represent the cast iron-sand mold interface.

Hot Surface

S
b o
N

i N - Non-Contact
Specimen Gimbal e Thermocouple

Figure 10. Thermal Distortion Tester (TDT)

To simulate the force of molten metal to a 15.24 cm (6 in) head height for cast iron with a
density of 6.92 g/cm? (0.25 Ib/in®) providing a head pressure of 0.01 MPa (1.50 psi) (Head
Height * Metal Density), actuator on the TDT was adjusted to a predetermined load of 331 g.
The predetermined load was chosen for the test on the basis of the weight calculated to
represent a 15.248 cm (6 in) cast iron head height (Contact Area of TDT Hot Surface * Head
Pressure), representing a head pressure typical of a medium sized iron casting.

The temperature at the hot surface was controlled using a K-type thermocouple and
controlling, monitoring and plotting graphs of temperature/time versus distortion being
performed by using an integrated computer peripheral and data acquisition system. The disc
shaped specimen was mounted onto a pivoting holder (Figures 9 and 10) and the specimen
was automatically raised to achieve a symmetrical contact with the 2.00 cm (0.787 in.) dia.
hot surface. A linear voltage displacement transducer (LVDT) was engaged at this point,
which simultaneously engaged a laser to measure the distortion in longitudinal and radial
directions. The distortions versus time/temperature curves were generated using the
integrated data acquisition system. The thermal distortion tests were performed over a 90
second interval, being based upon the recommendations from a committee of foundry
experts.
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For the longitudinal distortion it is possible to differentiate between expansion (Dg) and
plastic distortion (Dp) separately from the thermal distortion curve (TDC). In this
investigation, the authors chose to record the total distortion (TD) and simply state:

TD = 2Dg + 2Dp (4)

Further, the distortion radial (Dg) indicating expansion was monitored using a high speed
laser micrometer scanning sensor (resolution of 0.05 um). Detailed procedure for the TDT
has been defined in AFS transactions [2,4].

Prior to TDT, each specimen was weighed. Following TDT the surface of the specimen was
blown with 0.14 MPa (20 psi) air pressure to remove any loose sand grains. The specimens
were then again weighed, and the percent change in mass was recorded. Following
weighing, the specimens were visually examined looking for signs of thermally induced
cracking of the surface, loss of sand where contact was made with the hot surface, and any
other discolorations or visual changes. If the core/mold media breaks down, this may be
indicative of the tendency to produce cuts and washes, erosion/inclusion type defects. In
interpreting this data, it is critical to identify the components causing the change in mass.
The percent change in mass was calculated based upon the weight before and after as a
percent of the weight before.

Change in mass: Prior to TDT each specimen was weighed. Following TDT the surface of the
specimen was blown with 0.014 MPa (2 psi) air pressure to remove any loose sand grains.
The specimens were reweighed, and the percent change in mass was recorded. Then the
specimens were visually examined for signs of thermally induced cracking (veining) of the
surface, loss of sand where contact was made with the hot surface, and any other
discolorations or visual observations. If the core/mold media breaks down, this may be
indicative of the tendency to produce cuts and washes, erosion/inclusion type defects. In
interpreting this data, it is critical to identify the components causing the change in mass.
The percent change in mass was calculated based upon the weight before and after as a
percent of the weight before.

Quick Loss on Ignition

The loss-on-ignition (LOI) is the difference in weight before and after ignition of the sand
sample. LOI is performed at an AFS-defined temperature or at metalcasting temperature,
(e.g. cast iron requires 1427 °C (2600 °F)) [3,5]. The main method for determining LOI
involves heating samples to a temperature at which organic materials volatilize and
decompose. The resulting loss in weight from the sample is the LOl measurement. LOI
measurement indicates the amount of combustibles in raw sand. In chemically bonded sand,
they absorb binder and reduce its effectiveness. Thus, LOl measurements can provide
essential information about the overall quality of a foundry's sand system.
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Foundries depend on a test of combustibles (LOI) to help manage their new sands, green
sand systems, chemically bonded cores and molds, sand additives, and reclaimed sands.
Each application has an established control range. The testing procedures defined by the
AFS (Mold & Core Test Handbook) calls for use of either a muffle or microwave furnace [3].
Unfortunately those tests are considerably slow. The time lag between testing and results
can allow certain sand related defects if high levels of organic materials are present in
foundry sand systems. A fast LOI test will allow foundries to identify the organic materials in
sand in real time [5].

Procedure: (Figure 11)

1. Turn on the computer data acquisition and induction LOI tester.

2. Weigh 3.00 g sample (sand dried at 93 °C (200 °F)) into crucible using an analytical

balance.

Place crucible with sample on ceramic support of the induction LOI tester.

Position crucible with sample into the induction coil.

5. Test (heating up to 1093 °C (2,000 °F)) and data acquisition starts, logs data, and stops
automatically after five minutes or no further mass change.

6. Remove sample and cool.

7. Interpret the LOI curve for results.

W

Crucible within induction coil
Ceramic support

Linear bearing with frictionless
support system

Induction power supply

Analytical balance

Non-contact pyrometer
Computer data acquisition system

WN e

Ne ;A

Figure 11. Schematic of induction LOI testing system

RESULTS AND DISCUSSION

Chemically bonded sand test results are shown in Table 2. Though there was on significant
differences in specimen weight there were differences in properties. The LOI results
indicated the chemically bonded disc-shaped specimens were produced to target. The 1.4 %
PUCB samples were stronger and tougher in ambient conditions.
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TDT results are shown in Table 3. All specimens were tested at 1000 °C (1832 °F). TDT and
percent change in mass results are presented according to percent PUCB binder in each
sample (Table 3). In addition, TDC, temperature versus time plots and picture information
related to the systems are presented in Figures 12 and 13 and Tables 3, 4 and 5.

Table 2. Summary of test results of PUCB samples

0.9 % PUCB 1.4 % PUCB

Test Mean o Mean o
Specimen Weight (g) 24.35 0.26 24.87 0.34
DTS (#) 30.57 1.67 35.38 2.23
Impact Strength (J) 0.39 0.08 0.44 0.07
Permeability (#) 179 2.32 171 2.56
MaQl (#) 114 1.76 120 2.40
Abrasion (% loss) 4.67 0.66 2.13 0.71
LOI (%) 0.86 0.12 1.35 0.25

Table 3. Thermo-mechanical properties of PUCB samples

PUCB Results of Thermal Dist. Testing @ 3.25 N Observation
Sample for 90 seconds During Elevated
Temp. Testing
% DE DP TD DR % Cracks
Binder | Longitudinal | Longitudinal Total Radial | Change and
(mm) (mm) Longitudinal | Dist. |in Mass | Fractures
Dist. (mm)
(mm)
0.9 0.069 0.113 0.182 0.220| 8.7 faint
0.051 0.107 0.158 0.234] 1.6 large

DT

The TDCs for all systems tested showed undulations that indicate thermo-mechanical and
thermo-chemical changes in the binder system at elevated temperature [2,4]. The
longitudinal distortion curves all showed an initial expansion (upward movement of a TDC)
before plastic deformation (downward movement of a TDC) (Figure 12). The radial distortion
(DR) clearly indicated an expansion trend (Figure 12).

For specimens tested at 1000°C (1832°F), there was expansion for ~ 15 seconds followed by
plastic deformation for the duration of the test. All specimens had similar TDCs and the two
binder levels (0.9 % and 1.4 %) were not significantly different (Figure 12) (Table 3). This
finding is supported by the temperature versus time data (Figure 13).
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Figure 12. Longitudinal and Radial TDC for 0.9 % and 1.4 % PUCB specimens
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Figure 13. Temperature versus time plots between the hot surface and the back of
specimens

Mass Change

There are considerable heat induced thermo-chemical reactions occurring in both PUCB
samples as is evident from the surface cracks found on tested specimens and percent change
in mass values (Tables 3 and 4). Expansion cracks were macroscopically evident on certain
specimens. The crack propagation was more pronounced in 1.4 % PUCB specimens (Tables 3
and 4). As was observed with the original TDT craters were evident at the hot
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surface/specimen interface where binder bridges pyrolyzed and sand grains broke loose
[2,4]. The percent change in mass for all systems tested is shown in Tables 3 and 4. The 0.9 %
PUCB specimens had more mass losses when compared to the 1.4 % PUCB specimens
(Tables 3 and 4).

Observations from the heat-affected zone of specimens tested are shown in Table 4. The hot
surface/specimen interface showed a crater with black discoloration due to binder
degradation, the discoloration was present on the opposite side of the specimen. This
indicated that there was significant heat transfer across and through the specimen (Figure
13). In addition, sand binder losses were evident at the hot surface/specimen interface
where binder bridges pyrolyzed and sand grains broke loose. The loose sand at the hot
surface/specimen interface was white. Expansion cracks were macroscopically evident on
the specimens.

Table 4. PUCB specimens before and after TDT
0.9 % PUCB disc 1.4 % PUCB disc

Before
DT

After
DT

After
DT
(0.07
MPa air)
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Table 5. Digital images of a PUCB specimen
before and after TDT

Description Scanned Images

Before TDT

After TDT

After TDT -
and 0.07 MPa
air blow

Deviation plot
After TDT

Deviation plot
After TDT -
and 0.07 MPa
air blow
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Total Surface Deviation

Observations were made macroscopically and supported with photographs and images from
an ATOS Il white light scanner [6]. Comparing surface deviation is achieved by alighment of
the disc-shaped specimens before and after TDT. The specimen holder incorporates a set of
reference points (Figure 14). As long as the sample is not moved in the holder, the surface
deviation can be tracked at each stage of testing.

Specimen

Holder with reference

points

Figure 14. Gimbal assembly with reference points incorporated into holder

Table 5 shows images from an ATOS Il white light digital scanner [6]. The first three gray
images show a specimen’s surface as it sat in the holder before TDT, immediately after TDT,
and after the loose material was blown away. Scans were taken at each step. The three
images were used to develop deviation plots. The specimen surface before TDT was set as
reference and the other two surfaces were analyzed for deviations from the reference. The
color plots show these deviations. The same deviation scale was used for both color plots.
The holder at the base of the specimen shows no deviation and most of the specimen’s
surface shows little deviation with the exception of the region which was in contact with the
hot surface.

CONCLUSIONS

The DTS, impact, permeability, MQI, abrasion, LOI and thermal distortion tests results
indicate that there is relatively lower test-to-test variability with the disc-shaped specimens.
The new AFS standard tests were able to discriminate between the chemically bonded PUCB
sand specimens.

It is important to recognize that because the disc-shape specimen is simple in geometry it
can be easily incorporated at the core box/tool parting-line and vented to produce disc-
shaped specimens in core/mold production. This would not be easily achieved using the
traditional dog bone tensile or transverse tensile specimens. Supplementary, the disc-shape
specimen offers the opportunity for much more than mechanical testing. Disc-shape
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specimens are also used in testing physical and thermal properties of chemically bonded
sands and casting trials have been developed for this specimen type [4].

Further studies should be conducted on various other sand and binder systems as well as on
different specimen thicknesses. The thermo-mechanical changes brought forth are in the
forms of TDC, mass loss, and cracks on the surface of the test specimens. There was no
difference in distortion (longitudinal and radial) between the 0.9% and 1.4% PUCB
specimens at 1000°C (1832°F) with a 3.25N (0.73 Ibf) load representing 15cm (6 inch) cast
iron metallostatic head pressure.

The elevated temperature and pressure did promote distortion on the PUCB specimens. The
TDT was able to capture and record both longitudinal and radial distortion curves. Further,
time versus temperature data across the specimen was acquired. Heat transfer and thermal
gradient information is important input data for solidification simulation programs.
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Abstract

In this paper, the prediction of working stress of quenched and tempered steel and cast steel shaft
has been done. The method of simulation of working stress was applied in workpiece of complex
form. The working stress was characterized by yield strength and toughness. Proposed method was
successfully applied in optimization of the manufacturing of quenched and tempered engineering
steel components.

Starting point in studying of the mechanical properties of steel castings can be the fact that the
mechanical properties of steel castings are derived from the mechanical properties of ordinary steel
metal matrix reduced by the influence of the typical as-cast structure, i.e. casting defects on those
properties. Hardness and vyield strength will be unaffected by most defects. Coarse as-cast
microstructure of cast steel lowers ductility and toughness, i.e. impact energy and fracture
toughness.

Estimation of hardness distribution can be based on time, relevant for structure transformation, i.e.,
time of cooling from 800 to 500 °C (tss). Hardness of quenched and tempered steel can be expressed
as function of maximal hardness of actual steel, hardness of steel with 50 % of martensite in
microstructure, according to the time and temperature of tempering. The algorithm of estimation of
yield strength and toughness was based on hardness, HV.

Keywords: steel, cast steel, heat treatment, mathematical modelling, mechanical properties
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INTRODUCTION

Basic manufacture processes in steel production are melting and pouring, hot forming, and
adequate heat treatment processes. Variation in microstructure and mechanical properties
of quenched and tempered steel and cast steel arises from different processing histories.
Quenched and tempered steel has relatively good ratio between vyield strength and
toughness due to fine dispersion of ferrite-cementite mixture. Yield strength and toughness
of quenched and tempered steel are higher if the grain size of previous austenite is finer.
Refinement of previous austenite grain size may reduce the hardenability of steel. Due to
reduced hardenability of steel, bainite or fine pearlite can be formed instead of martensite
after the quenching [1]. Mechanical properties of quenched and tempered steel are better if
as-quenched microstructure is consisting of homogenous martensite.

Mechanical properties of steel, i.e., hardness, yield strength and toughness are in relation
with each other. All mechanical properties of quenched steel directly depend on the degree
of quenched steel hardening [2]. Hardness distribution in quenched steel specimen could be
predicted by computer simulation, and after that yield strength and toughness can be
predicted based on hardness distribution. The numerical simulation of hardness distribution
in quenched steel specimen is one of the highest priorities in simulation of phenomena of
steel quenching and in prediction of mechanical properties of quenched steel specimen
[3,4].

Two main problems should be solved in simulation of steel quenching: prediction of
temperature field change, and prediction of microstructure composition. Mathematical
model of microstructure composition in quenched steel can be based on characteristic time
of cooling from 800 to 500 °C (tg/s) during the quenching. The hardness at specimen points
can be estimated by the conversion of cooling time results to hardness by using both, the
relation between cooling time and distance from the quenched end of Jominy specimen and
the Jominy hardenability curve. The time of cooling at specimen point can be predicted by
numerical simulation of cooling using the finite volume method [5,6].

MATHEMATICAL MODELLING OF HEAT TRANSFER

The temperature field change in an isotropic rigid body with coefficient of heat conductivity,
A/WmK?, density, p/kem™ and specific heat capacity, ¢/Jkg”K"' can be described by
Fourier’s law of heat conduction:

—5(2?-) =divAgradT +q'

(1)
Characteristic boundary condition is:
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oT
—AE =afT,-T,)

; (2)

where T/K is the temperature, t/s is the time, T¢/K is surface temperature, T¢/K is quenchant
temperature, a/Wm™K is heat transfer coefficient.

Solution of Equation (1) can be found out using the finite volume method [5]. If the total
volume is divided in N number of control volumes, discretization system has N linear
algebraic equations, with N unknown temperatures of control volumes. Time of cooling from
T, to specific temperature in particular point of a specimen is determined as sum of time
steps, and in this way, the diagram of cooling curve in every grid-point of a specimen is
possible to find out.

MATHEMATICAL MODELLING OF HARDNESS AND MICROSTRUCTURE COMPOSITION

Hardness and microstructure properties of steel or cast steel specimen after quenching can
be estimated based on isothermal transformation (IT) diagrams, continuous cooling
transformation (CCT) diagrams and characteristic cooling times from 800 to 500 °C.

When using isothermal transformation (IT) diagrams, in accordance to the Scheil’s additivity
rule, characteristic microstructure transformation of steel or cast steel specimen after
quenching is completed when transformed part of microstructure, X is equal to one [7,8].
After calculation of microstructure composition at different location of a specimen, hardness
can be estimated by:

HRC = X ,HRC, + X.HRC, + X HRC, + X,HRC,, (3)

where Xp, X, Xs, Xm are contents of pearlite, ferrite, bainite, martensite respectively, and
HRCp, HRC;, HRCz, HRCy are HRC hardness of pearlite, ferrite, bainite, martensite
respectively.

When using continuous cooling transformation (CCT) diagrams, hardness and microstructure
composition at different location of steel or cast steel specimen after quenching can be
estimated by drawing the cooling curves in the CCT diagram [7]. This is a very simple method
which is often used.

Also, hardness at different location of steel or cast steel specimen after quenching can be
estimated by the conversion of the calculated characteristic cooling times from 800 to
500 °C, ts;s to the hardness by using both, the relation between cooling times, ts;s and
Jominy distance and the Jominy hardenability curve [9]. Cooling times, ts;s of characteristic
microstructure composition can be calculated based on cooling times in characteristic points
in Jominy specimen with 95 % of martensite, 50 % of martensite, 100 % of pearlite and 50 %
of pearlite in microstructure. The microstructure composition in characteristic Jominy points
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can be calculated based on characteristic hardness. Hardness, microstructure composition of
characteristic steel microstructure and characteristic temperature of austenite
decomposition were calculated based on Jominy test results [10].

The referent hardness at steel or cast steel specimen points in the quenched and tempered
state can be estimated from the as-quenched hardness, HRCyuenched, by [11-14]:

HRC uenched HRCmin
4 +HRC

tempered = K min

HRC

(4)

where HRC,, is the materials constant. K is the factor between as-quenched and tempered
hardness. Factor K can be expressed by:

K=C,-t"exp A(TLJ -B (5)
temp

where Tiemp/K is the tempering temperature, t/h is the time of tempering, while A, B, Cy, g,
n, and n, are the material constants, that are established by regression analysis of hardness
of quenched and tempered steel. The algorithm for prediction of hardness of tempered and
qguenched steel given by Equation (4) and Equation (5) was established by regression
analysis.

MATHEMATICAL MODELLING OF MECHANICAL PROPERTIES

Mechanical properties of steel or cast steel after quenching or quenching and tempering
directly depends on degree of quenched steel hardening [2]. Relation between hardness HV,
and ultimate tensile stress, Rm/Nmm'2 is equal:

R, =3.3HV (6)

Relation between hardness HV, and yield strength, Rpo,z/Nmm'2 of steel or cast steel after
guenching or quenching and tempering is equal to [13]:

R, =R, =(2.64+0.33C)HV+170C-200 (7)

e
Coefficient C which is ratio between the actual hardness HRC and martensite hardness HRC,

should be taken in account since as-quenched and quenched and tempered properties of
steel or cast steel depends on degree of quenched steel hardening [2].
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Maximal Charpy-V notch toughness of quenched and tempered steel is achieved in steel
produced by manufacturing process with optimal process parameters, and can be estimated
by [11,13]:
KV = 264.26—(1.129—0.554S JHV; KV <80 J (8)
KV = 442.84-(2.201-1.082SHV; KV >80 (9)

Starting point in studying of the mechanical properties of steel castings can be the fact that
the mechanical properties of steel castings are derived from the mechanical properties of
ordinary steel metal matrix reduced by the influence of the typical as-cast structure, i.e.
casting defects on those properties. Hardness and yield strength will be unaffected by most
defects. The only effect on yield strength will be that due to the reduction in area. Since
most defects occupy at most only a few per cent of the area of the casting, this effect is
usually hardly detectable. Coarse as-cast microstructure of cast steel lowers ductility and
toughness. Impact toughness of quenched and tempered cast steel was predicted based on
pouring temperature, temperature of mould during the pouring and fact that steel castings
are not subjected to different metallurgical and mechanical processes of microstructure
improvement in so far as wrought steels.

Relation between impact energy of cast steel, KVs/J after quenching or quenching and
tempering, and impact energy of steel, KV/J after quenching or quenching and tempering is
equal to [13]:

KV,. = KV(a—bAg —c$,) (10)

where KVsc/J is impact energy of cast steel, KV/J is impact energy of steel produced by
optimal manufacturing process parameters, Aq1/°C is difference from optimal temperature
of pouring, a¢/°C is temperature of mould during the pouring, a, b, and c are constants, that
are established by regression analysis of impact energy of quenched and tempered cast
steel. The expression for prediction of impact energy of quenched and tempered cast steel
given by Equation (10) was established by regression analysis.

Fracture toughness, K|C/Nmm'3/2 of steel or cast steel after quenching or quenching and

tempering can be estimated from vyield strength, Rpo,z/Nmm'2 and impact energy, KV/J. The
Rolfe-Novak correlation can be successfully used for that purpose [15]:

K, =,/6.4R,{(100KV-R, ,) (11)

APPLICATION EXAMPLE

The established method for prediction of working stress is applied in design of
manufacturing process of the shaft made of steel 42CrMo4. Geometry of steel shaft is
shown in Figure 1. The chemical composition of investigated shaft is: 0.38 %C, 0.23 %Si,
0.64 %Mn, 0.019 %P, 0.013 %S, 0.99 %Cr, 0.16 %Mo. Jominy test results of the investigated
steel, 42CrMo4 are shown in Table 1.
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Table 1. Jominy test results of steel 42CrMo4

Jominy distance/mm | 1.5 3 5 7 9 11 13 15 20 | 25 30
Hardness HV 610 | 605 | 590 | 576 | 555 | 524 | 487 | 446 | 379 | 344 | 324

Jominy distance/mm 35 40 45 50 55 60 65 70 75 80 -
Hardness HV 311 | 303 | 297 | 293 | 292 | 291 | 289 | 288 | 288 | 288 -

Two different manufacture processes of the shaft were designed. In the first process, the
shaft is made of steel. It is assumed that steel is produced by optimal manufacturing process
parameters. In the second process, the shaft is made of cast steel. The pouring temperature
was 1514 °C and the temperature of mould during the pouring was 105 °C. In both
processes, the shaft is quenched from 850 °C for 45 min/oil with H-value equal to 0.2 and
tempered at 560 °C for 60 min/air.

Distribution of hardness of steel and cast steel in as-quenched state is shown in Figure 2.
Distribution of hardness of steel and cast steel in quenched and tempered state is shown in
Figure 3. Critical location for crack growth are locations 1, 2, 3, 4 and 5 (Figure 1).
Microstructure composition and mechanical properties in critical locations of steel and cast
steel shaft in quenched and tempered state are shown in Table 2.
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Table 2. Microstructure composition and mechanical properties in critical locations of
guenched and tempered steel and cast steel shaft

Critical location (Figure 1)
1 2 3 4 5
Properties — — — — —
S 53| % BE0% EE % |EE|E 5%
) (O & (O 7 by (O & (O & (OB
F+P 5.2 5.6 7.1 7.1 4.7
Phase
. B 66.6 69.8 83.2 83.2 61.3
fractions/%
M 28.2 24.6 9.7 9.7 34.0
Hardness HV 218 216 206 206 224
Yield strength
R./Nmm 541 531 483 483 570
Impact energy KV/J | 124 | 58 124 | 58 121 57 121 57 124 | 58
Fracture toughness
K./MPam?2 202 | 135 | 200 | 133 | 189 | 126 | 189 | 126 | 208 | 138

CONCLUSIONS

A mathematical model for prediction of mechanical properties of quenched and tempered
steel and cast steel was developed. The model is based on finite volume method. The
mathematical model has been applied in optimization of the manufacturing of a quenched
and tempered shaft. The hardness distribution in the quenched workpiece is estimated
based on time of cooling from 800 to 500 °C, ts/s, and on results of the Jominy test. Hardness
of quenched and tempered steel and cast steel can be expressed as function of maximal
hardness of actual steel, hardness of steel with 50 % of martensite in microstructure,
according to the time and temperature of tempering. The prediction of yield strength and
toughness is based on steel hardness.

It can be concluded that working stress of quenched and tempered shaft can be successfully
predicted by the proposed method. Proposed method was successfully applied in
optimization of the manufacturing of quenched and tempered engineering steel
components. The further experimental investigations are needed for final verification of
established model. For efficient estimation of steel toughness from hardness, additional data
about microstructure are needed.
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Abstract

The crack propagation prediction occurring on the microstructural level of heterogeneous materials,
such as nodular cast iron, is a very challenging problem. According to the results of recent
investigations, the emerging phase-field approach to fracture has a strong potential in modelling the
complex crack behaviour in a simple manner. In this study, recently developed phase-field staggered
solution scheme with the residual norm stopping criterion has been employed for the fracture
analysis of heterogeneous microstructure exhibiting complex crack phenomena. The microstructural
geometries based on the metallographic images of the nodular cast iron and the material properties
of an academic brittle material have been used in numerical simulations where the graphite nodules
have been considered as porosities. The proposed algorithm efficiently recovers the complicated
crack path driven by the complex microstructural topology.

Keywords: phase-field fracture modelling, staggered algorithm, Abaqus, nodular cast iron, crack
initiation and propagation

*Corresponding author (e-mail address): zdenko.tonkovic@fsb.hr

INTRODUCTION

The nodular cast iron, as a heterogeneous material, is widely used for many structural
components in engineering practice. The realistic description of its deformation responses
demands an accurate modelling at both macroscopic and microscopic scales. The nodular
cast iron consists of graphite spheroids or nodules, positioned in an either ferritic or pearlitic
matrix, providing high fatigue strength. As presented in [1], the size, shape, spatial
distribution, volume fraction and the properties of the constituents making up the
microstructure have a significant impact on the behaviour of material properties observed at
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the macroscale. The results of experimental studies on the mechanical behaviour of the
ductile nodular cast iron EN-GJS-400-18-LT, depending on its material microstructure, are
well elaborated in the previous publications of the authors' research team [2,3]. Figure 1
shows the cracked specimen with exposed nodular cast iron microstructure. As can be seen,
the crack is directed towards the graphite nodule which then acts as a barrier for further
crack propagation.

S

s el , y
ure [3]

Figure 1. Microstructural crack expos

The numerical modelling of fracture processes in such highly heterogeneous microstructure
is an important and challenging problem, comprised of complex crack initiation,
propagation, branching and merging mechanisms. Over the years, different numerical
approaches and methods have been proposed for material fracture modelling. These
numerical methods can be generally classified as discrete and diffuse crack interface
methods. Commonly used discrete crack interface numerical methods for material fracture
within the finite element framework introduce the crack as a geometric discontinuity. Its
mesh-density and direction dependence problem as a result of crack propagation occurring
along the element edges has been successfully alleviated via automatic remeshing [4] or
enriching the standard finite element shape functions through a partition of unity method
(XFEM) [5]. While these methods show great success in solving the crack propagation
problems, they often lack computational efficiency or provide spurious damage growth and
incorrect solutions when dealing with complex fracture phenomena, especially on three-
dimensional problems.

In contrast, diffuse crack interface methods regularize the sharp crack discontinuity within
some volume which is often controlled by some length-scale parameter. The phase-field
approach to fracture is classified as diffuse method as it approximates the sharp crack
discontinuity by introducing the damage parameter that continuously varies over the
domain between the fully broken and intact material phases. Therefore, the need to
numerically track the discontinuities of the displacement field is avoided. It has been
demonstrated that it handles the complex fracture processes well even in three dimensional
settings. However, it can also be computationally very expensive due to the aforementioned
length-scale parameter often requiring very fine mesh. For the brittle material behaviour
assumption, the phase-field approach is mostly based on the Griffith's theory where crack
propagation is determined by the energy of the surface tension. The fracture processes
occurring at microlevel of heterogeneous materials have been the subject of current
research activities in scientific community [6], still with many unresolved issues at hand.

Due to the non-convexity of the phase-field free energy functional with respect to the
phase-field and displacement field [7], robust staggered algorithms are commonly used in
the numerical implementations. The staggered algorithms uncouple the system of equations
to solve it in an incremental-iterative manner [8].
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In this paper, the staggered algorithm with residual norm based stopping criterion
developed in the authors’ former work [9] is presented. The performance of the
implementation is demonstrated on the heterogeneous microstructure fracture analysis.

PHASE-FIELD FRACTURE FORMULATION

The basic equations of the phase-field fracture approach for linear elasticity are compiled in
Table 1. Herein W is the body’s stored elastic deformation energy of an elastic n-
dimensional body Q with crack surface I'(t) and ¥° is the fracture induced dissipated energy.
g is the small strain tensor, G, represents the fracture toughness, [ is the length scale
parameter that regulates the width of the crack band approximation, while u denotes the
displacement field. In the presented regularized framework, the crack geometry is
approximated by a smeared representation defined by a scalar phase-field parameter
oe [O,l], which takes value of 1 for the fully broken material state and the value of O for the

bulk material. Furthermore, a degradation function (1 - qb)2 is introduced to account for the
subsequent loss of stiffness in the region representing the diffusive crack (i.e. ¢ - 1). In

addition, the history field H (t):: Max_o. l//e(l') [8] is employed instead of . to prevent

the crack “healing”. More details on the phase-field fracture formulation can be found in
[10].

Table 1. The basic equations of the phase-field fracture approach for linear elasticity

Phase-field free energy functional:

Wb s =j'Q/r1//e(s)dQ+J.chdF. (1)
Elastic deformation energy density:
v, :%}Ltrz(s)+,utr(£2). (2)
Regularized free energy functional:
_ 2 G, 2 1,
W(ug)=] (1-¢) l//e(e)dQ+L?{l(V¢) +9 }dQ. (3)
Governing equations obtained using the principle of virtual work:
2 al//e (E) _ pex
J.Q(1—¢) TdQ—F t, (43)
GC
jQ{GCIA¢+T¢}dQ = [, 2(1-¢)HdQ. (ab)
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NUMERICAL IMPLEMENTATION

The phase-field formulation is implemented into the finite element framework by means of
the four-node plane strain element with the standard displacement degrees of freedom and
the phase-field parameter ¢ as an additional degree of freedom at each node. The same
shape functions are applied to interpolate both fields, ¢ and u. Finally, in accordance with
the staggered solution scheme, the decoupled system of equations is obtained as follows

K¢¢¢:R¢ (u’¢),

(5)
K“u=R"(u,¢),

where K" and K%® are stiffness matrices, while R* and R?® are residual force vectors
corresponding to the degrees of freedom u and ¢, expressed as
= [, BodQ~| N'bdQ-| NtdoQ,
oQ

(6)
R?—j {G BY v¢+{ / +2H}N¢¢ 2N’H }dQ,

and

fu uu_J' BUT@BudQ

6R¢

=K’ = | 16./8!B! + G 1oH NN’ LdQ).
og, L I

In the above equations, B denotes the displacement differentiation matrix, N stands for the
shape function matrix, while C is the elasticity matrix. Figure 2 shows the flowchart of the
staggered solution scheme implemented in the FE software Abaqus [11] via layered manner
of user elements generated with UEL and UMAT subroutines. The flowchart corresponds to
the updated version of the algorithm [12] which is openly accessible on Mendeley
repository. For more information on the updated version, see [12].

Here, the solution estimates ¢: and u:j are obtained by the Newton-Raphson procedure
after the non-converging iteration as follows

B =g A =g+ KY (Ul

#) R (U A7),
Ul =ul Tt AuE = Ul K (Ul g

-1

-1 k-1 k-1 (8)
R (UK ).

For more details on the numerical implementation, see [9,13]. The presented phase-field

approach has been evaluated and verified on standard benchmark examples in [9] and on

the problems of real microstructural geometries in [13], in comparison to the common single
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iteration staggered algorithm [8]. Here, its capability has been demonstrated through the
simulation of the fracture phenomena occurring on the microstructural geometry of the
nodular cast iron by the numerical example elaborated in the next section.

( Start increment 7 #” )

¥

4’<Start iteration ”/é—T’D
v

/ 52 =u,f3, @52 / C Start increment Vn+1” )
Y 7

Solve u,*7 with 42
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Figure 2. RCTRL staggered algorithm flowchart

NUMERICAL EXAMPLE

Figure 3 shows the heterogeneous microstructure of the nodular cast iron grade EN-GJS-400-
18-LT produced by the inmould casting process which has been carried out by the
metallography in the authors' research team previous work [2,3]. This ductile nodular cast
iron consists of graphite nodules surrounded by a ferritic matrix. For the considered material
the volume fraction of graphite nodules is about 7% with circularity of 0.7 (a value of 1.0
indicates a perfect circle). Since the presented numerical algorithm predicts the brittle
fracture nucleation and propagation at this moment, academic brittle material properties
are used instead of the ones corresponding to the ductile nodular cast iron. As a numerical
idealization, the graphite nodules are intended to be substituted with spheres. In the
considered 2D case, the spheres are projected as circles. Since the academic brittle material
properties are already assumed, it seems justified to idealize the nodules as spheres, i.e.,
circles, to speed up the numerical simulations.

Fourteen different samples or Microstructural Volume Elements (MVEs) are randomly
selected from the metallographic image while still satisfying the average graphite nodules
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content of ~7%, as schematically shown in Figure 3 and Table 2. The size of the samples is
161.7 x 161.7um. The MVEs are uniformly discretized with ~30 000 finite elements with an
average characteristic element length of h=0.001 mm. The material properties are selected
as Young’s modulus E = 200 GPa, Poisson’s ratio v = 0.3 and fracture toughness G, = 1x10°
N/m. The regularizing parameter is set to /=0.0025 mm. The displacement boundary
conditions imposed on the MVE are presented in Figure 4.

- - -

- 4~o'.'| iy ST "'. R e o &

-
- e : 9 ".'.. - 2 & b . . ‘.'
. e - i & . _ Yo » - "9 . -
| e Loy e R i ) (BB - ..
. * L . v ' Sre* b . s . '-
i woa Rl N R ~ e
v. D s W Yaiailes . - . en 0. v wh*o .
- » .
e ot N --‘..' % « e %o % o'
¥ ‘.‘ M v N & [ag [» Seen <
" -v 9 ! o W - L J
. ¥ Soei i e - - LI ] -
. » =
o %, 2 .t : ok .!' - SwaWe a %
. e *° . - o9& - s
' ° s o e IR l’ ). S -
y 3 . iR Bk, TEE EY OF T "
*. .9 ., P OB |
.‘ - ..‘ '.. '.-_ LI o ‘. n..- & Y . b b4 LY *
R it . £ ] B 2 =
“ 5 eve ,.. - 1000 um = —a iy = ..,. e
. - - v v - . @ ‘- - R Dl

Figure 3. Metallographic image of EN-GJS-400-18-LT microstructure [3] with the selection of
samples satisfying the global average graphite nodules content

Table 2. Critical force for different samples under tensile loading

Senoafl Ir\\/luvrrgber Pore share, % Critical force, N Crlt]::jrlrft;:/ceer:ge;/j;t)lon

1 6.19 282.9 3.80

6.53 250.5 8.67
3 5.94 290.0 6.13
4 6.30 282.3 3.58
5 6.74 261.3 4.17
6 6.11 254.4 7.00
7 6.51 302.5 10.00
8 6.39 281.7 3.36
9 6.21 285.9 4.80
10 6.50 249.5 9.12
11 6.24 263.9 3.16
12 6.01 276.1 1.38
13 6.30 277.6 1.93
14 6.11 252.5 7.80

Average pore Average critical
share, % force, N
6.29 272.2
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Y

X u
Figure 4. Displacement boundary conditions imposed on the MVE

The problem is solved with the proposed algorithm in the displacement-controlled regime.
Figure 5 presents crack paths in the simplified geometry of a nodular cast iron
microstructure. As evident, the proposed phase-field formulation can successfully calculate
the complicated crack paths on an arbitrary microstructural geometry. The reaction force of
the right edge of MVE versus the displacement diagrams for all considered MVEs are shown
in Figure 6. It is obvious that there is no significant difference in the post-peak behaviour of
the specimens. In that area the force-displacement curves demonstrate a rapid drop in
stiffness after reaching a critical force value as a consequence of an abrupt crack
propagation between the microstructural inclusions. Such crack propagation is typical for a
class of brittle materials, which is in accordance with the assumptions established in this
work. Furthermore, the maximum force and displacement are shown in Table 2.
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a) MVE 1 b) MVE 2

) MVE 12

Phase-field

m) MVE 13 n) MVE 14

Figure 5. Crack paths in the simplified geometry of a nodular cast iron microstructure
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Figure 6. Force-displacement response for all considered MVEs
CONCLUSIONS

The fracture analysis of the heterogeneous microstructural geometry based on the
microstructural imaging of nodular cast iron has been performed in this paper. The phase-
field staggered algorithm with residual norm based stopping criterion, recently developed as
a part of author’s previous study, has been utilized. The algorithm was implemented into the
finite element program Abaqus by means of the custom linear quadrilateral finite elements
with the phase-field parameter as an additional degree of freedom. The concise
implementation details are presented together with the demonstration of the model
capabilities on the heterogeneous nodular cast iron microstructure represented by the series
of MVEs. The obtained results display the ability of the model to capture the brittle crack
initiation and propagation, resulting in complex crack paths on heterogeneous
microstructural geometries. Although an academic brittle material was employed together
with simplifications to geometry, it can still be observed that the maximal deviation of the
critical force is not obtained on the MVEs with greatest deviation from average pore share,
which shows how the microstructural geometry arrangement also plays a significant role
together with the porosity ratio. However, it has to be emphasized that the obtained results
serve as a demonstration of the algorithms capabilities on complex heterogeneous
microstructural geometries and, due to these simplifications, do not represent a realistic
material behaviour.
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Abstract

Niobium Nb micro-alloyed steels belong to a group of structural steels. They are alloyed with a small
content of Nb (0.02-0.1 wt.%) which has a significant influence on many properties. Nb exhibits a
strong affinity for nitrogen N and carbon C and causes the formation of niobium carbide NbC,
niobium nitride NbN and niobium carbonitride Nb(C, N) in a structure which prevents grain growth
and slows the recrystallization process and thus contributes to precipitation hardening. The
mechanical properties of Nb micro-alloyed steel with Nb content of 0.035 wt.% were researched
using instrumented indentation test. The indentation was carried out using different loads to
determine the effect of the applied load on the measured properties and to research the applicability
of the method for this group of materials. Based on the slope of the force-penetration depth curve
during the loading and unloading, the Martens hardness, indentation hardness, indentation modulus,
Vickers hardness, elastic/plastic work and creep characteristic were determined.

Keywords: Nb micro-alloyed steel, instrumented indentation test, mechanical properties
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INTRODUCTION

Niobium Nb micro-alloyed low carbon steel contains small amounts of Nb as an alloying
element (0.02-0.1 wt%), which has a significant impact on many material properties [1].
Niobium shows a strong affinity for nitrogen and carbon and causes the formation of
niobium carbide and niobium nitride within the structure of the steel which improve the
grain refining, retardation of recrystallization, and precipitation hardening [1-6]. Those
precipitates are dispersed in the form of small Nb (CN) precipitates, which are arranged in
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fine lines [1,2,4]. Grain refinement is the only mechanism that simultaneously increases
strength, toughness and ductility and makes Nb one of the most effective microalloying
element, even if added in very small content [7]. Consequently, the toughness, hardness,
yield point, ultimate tensile strength, formability, and weldability of the micro-alloyed steel
is increased with a small decrease in elongation [1-6].

Today, there is a wide range of tests for the determination of the material’s mechanical
properties. Besides conventional tests such as tensile test, macro hardness measurement
and Charpy impact test, instrumented indentation technique is widely used for the
characterization. Instrumented indentation technique is relatively new technology
developed in recent years which directly measures the mechanical properties from
indentation load /displacement measurements [8]. It can measure accurately not only the
hardness but also Young’s modulus of each phase, accordingly, provides reliable data for the
microstructure and performance design of material [8]. No visual observation of the
indentation is required; eliminating the subjectivity of diagonal length measurements [9].

To research the applicability of instrumented indentation technique for this group of
materials the research described in the paper is performed.

MATERIALS AND METHODS
The mechanical properties of Nb micro-alloyed low carbon steel using instrumented
indentation test were researched in the paper. The chemical composition of low carbon Nb

micro-alloyed steel is shown in Table 1.

Table 1. Chemical composition of the researched Nb micro alloyed steel, wt%

C Mn Si P S Al Nb N

0.09 0.75 0.05 0.018 0.014 0.020 0.035 0.0081

Dynamic ultra-microhardness tester, type: DUH-211, manufactured by Shimatzu, Japan, was
used for the instrumented indentation test. Triangular indentor with 115 ° tip angle
(Berkovich indenter) was used. Measurements were performed using different forces; 5
measurements with the maximum forces Fnax of 100 mN, 200 mN and 1961 mN were
performed. The load of 1961 mN corresponds to measuring method HVO0.2. Different forces
were applied to investigate the influence of the test force on the measured properties and
to investigate the applicability of the methods for this kind of materials.

Based on carried measurement, different mechanical properties were determined as follows
[10]:

Martens hardness HM is determined from the values given by the force/indentation depth
curve during the increasing of the test force (applied force), preferably after reaching the
specified test force according to [10]:
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F
HM = 26.43xh2 (1)
where is:

h —indentation depth, F—applied force.

Martens hardness (HMs) is determined from the slope of the increasing force/indentation
depth curve according to equation [10]:

1

HM, = ——
S 26.43xm?

(2)

where is:
m — slope of the curve, determined by the linear regression of the increasing force /
indentation depth curve

Indentation hardness H; is defined as a measure of resistance to permanent deformation
and was calculated according to [10]:

F,
i Ap

Where is:

A, — projected area of contact between the indenter and the test piece determined, for
triangular indentor with 115 ° tip angle (Berkovich indenter) A,=23.96 - h;

h. - the depth of the contact between the indenter and the sample determined, h. = hmax- %
(Pmax- hr);

h, _ derived from the force-displacement curve and is the intercept of the tangent to the
unloading cycle at Fmax with the displacement axis as presented in Figure 1.

Indentation modulus Ej is calculated from the slope of the tangent for the calculation of
indentation hardness H;; according to equation [10]:

dpP 2XE, ><Ag’5

S = =
dh w2

(5)
Where is:

E, — reduced modulus of elasticity, E; - modulus of indenter (1.14 -10° N/mmz), V, - Poisson
ration of indenter (0.07), V - Poisson ration of the sample, S — inclination when unloading.
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h h h h

P r =2ax

Figure 1. Force /indentation depth diagram [11]

Indentation creep C;; is defined as a relative change of indentation depth with respect to
time of force application and is calculated according to [10]:

Co = 20, (%) (©

Where is:
h, — indentation depth at the time of maximum force, h, — indentation depth at the time of
holding time.

Plastic and elastic parts of indentation work n; is defined as a ratio of elastic work and total
mechanical work W during application of the force and is calculated according to [10]:

Welas o
N = # , (%) (7)

total
Wtotal = Welast + Wplast (8)
Based on the performed measurement, HV hardness is calculated from the equation [10]:

HV = 0.0924 x H,, 9)
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S5

RESULTS AND DISCUSSION

The results of measurements are presented in Tables 2 to 4 while the force-indentation
depth graphs are presented in Figures 2 to 4.

Table 2. Measurement results for the maximum force Fmax of 100 mN

Fmax hmax hp hr HMS Hit Eit Cit nit HV*
[mN] [um] | [um] | [um] | [N/mm?] | [N/mm?] | [N/mm?] | [%] | [%]

101.52 |1.4567| 1.297 |1.3775|2135.313|2170.154| 1.76E+05 |1.810/9.001| 200.5
101.4 |1.3285| 1.193 |1.2518|1547.631|2619.763 | 2.00E+05 |1.2438.517| 242.1
101.43 |1.2197/1.0531|1.1371|1888.213 |3158.442 | 2.08E+05 |2.601/9.122| 291.8
101.4 |1.4215|1.2736|1.3383|1967.441|2290.985| 1.71E+05 |1.710/9.581| 211.7
5 101.45 | 1.267 /1.0902|1.1867|1933.469|2907.497 | 2.05E+05 |2.244/9.622| 268.7

Sl w | N e

‘(Xie;nrll' 101.44 11.3387|1.1814|1.2583|1894.413/2629.368 | 1.92E+05 |1.921/9.169| 243.0
St:/ 0.049 0.1 | 0.108 | 0.101 | 215.167 | 413.143 |17109.432/0.521|0.455| 38.174
Faorce-Diepth graph
200.00 . .
=
E
=
I
Z
|_
0.o0 - . . L .
0.o0 2.00
Depthlum]

Figure 2. Force — indentation depth graphs for the maximum force Fmax of 100 mN
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Significant variations of measured hardness values and indentation modulus were obtained
for the measurements with the maximum force Fmax of 100 mN, as presented in Table 2
and Fig. 2. The lowest calculated Vickers hardness amounts to 200.5 HV while the highest
Vickers hardness amounts to 291.8 HV. The standard deviation with the value of 17109.4
N/mm? was determined for the measured indentation modulus E, the lowest E; amounts to
171000 N/mm? while the highest E; amounts to 208000 N/mm?. Indentation modulus is
comparable to Young modulus of elasticity of steel. The reason for variations of measured
properties may be attributed to microstructural characteristics. The microstructure of the
researched sample consists of ferrite and perlite with Nb precipitates in the interaction with
dislocations. The size of precipitates was measured to be in the range of 4—10 nm [1-2] and
cannot be observed by an optical microscope. Since the indentations are quite small they
were most probably positioned in one phase regions, only ferritic or perlitic.

Indentation creep Ciamounts to 1.9 % with the standard deviation of 0.5 % meaning that no
significant relative change of indentation depth with respect to time of force application
occurred.

Elastic part of indentation work amounts to approximately 9 % with the standard deviation
of 0.45 % meaning that mostly plastic deformation occurred as a consequence of the applied
load.

Table 3. Measurement results for the maximum force Fmax of 200 mN

Fmax hwax | hp he HM; Hit Eit Ge | m | HVY
[mMN] | [um] | [um] | [um] | [N/mm?] | [N/mm?] | [N/mm?] | [%] | [%]

208.47 |2.0399/1.8808|1.9117|1696.448|2302.891|1.583e+005 |3.377|8.999| 212.8

1

2 211.15 |2.1396|1.9705|2.0110|1405.255|2111.089|1.512e+005 |4.077 |8.464 | 195.6
3 211.16 |1.9922/1.8312|1.8618|1877.274|2455.803|1.618e+005 |3.631(9.422| 226.9
4 210.55 |1.8688|1.6965|1.7371|1477.437|2804.792|1.724e+005 |4.092 |9.157| 259.2
5 211.15 |2.1450{1.9649|2.0128|1657.001|2105.589 |1.455e+005 |4.496 |9.714 | 194.6

Ar;::;;' 210.50 |2.0371|1.8688|1.9069|1622.683|2356.033 |1.579e+005|3.935|9.151| 217.7
ES)tec\il 1.165 | 0.115 | 0.113 | 0.115 | 186.954 | 290.208 | 10290.551 |0.437|0.471| 26.81

The differences of measured hardness values and indentation modulus were noted for the
measurements performed with the maximum force Fmax of 200 mN as for 100 mN applied
force. Still, standard deviations are smaller compared to standard deviations determined for
the results obtained by 100 mN applied force. The lowest calculated Vickers hardness
amounts to 194.6 HV while the highest Vickers hardness amounts to 259.2 HV. The standard
deviation with the value of 10290.5 N/mm? was determined for the measured indentation
modulus Ej;, the lowest E; amounts to 145500 N/mm? while the highest E; amounts to
172400 N/mm?. The hardness and indentation modulus are lower compared to hardness
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and indentation modulus determined by 100 mN test force indicating that the measured
values are dependent of the applied load.

Indentation creep Ci; amounts to 3.9 % with the standard deviation of 0.4 % which is higher
compared to 100 mN results while the elastic part of indentation work amounts to

approximately 9 % with the standard deviation of 0.45 % and corresponds to the elastic part
of indentation work of 100 mN results.

Farce-Depth graph
a00.00 : :

Test farcemm]

0.00)
0.00

3.00

Depthlum]

Figure 3. Force — indentation depth graphs for the maximum force Fmax of 200 mN

As already stated in the text, the variations of measured hardness and indentation modulus
may be attributed to microstructural characteristics. The indentations on the etched samples

surface were analysed on optical measurement system which is integral part of the machine.
The microstructure with indentation is presented in Figure 4.
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Figure 4. Indentations applied by 200 mN force
a) ferite region; b) perlite region

The microstructure of the researched sample consists of a ferrite and perlite with Nb
precipitates.

Indentation presented in Figure 4. a) placed in the ferrite region is smaller compared to
indentation placed in the perlite region (Figure 4. b) which explains the differences in
measured hardness and other properties. Differences are not desirable when determining
the mechanical properties of the material in general, but it is desirable when the mechanical
properties of the individual phases need to be determined, which is also one of the
advantages of the instrumented indentation technique. For determination of sample’s
mechanical properties in general, the force of 1969 mN was applied which corresponds to
measuring method HV0.2 (Table 4 and Figure 5).

Table 4. Measurement results for the maximum force Fmax of 1969 mN

Fmax hmax hp hr HMS Hit Eit Cit r’it HV*
[(mN] | [um] | [um] | [um] |[N/mm?] | [N/mm?] | [N/mm?] | [%] | [%]

1969.536.2181|5.3752|5.6733|1861.861|2435.563 | 1.13E+05 |1.077|13.231| 225.1
1968.696.3136| 5.471 |5.7678|1729.125| 2357.0 |1.10E+05|1.094|13.115| 217.8
1968.5 |6.1885|5.4082 |5.6349|1682.922|2464.885| 1.12E+05 | 1.09 [13.254| 227.8
1968.286.2727|5.3419|5.7291|1844.821|2388.136| 1.12E+05 |1.136 (13.005| 220.7
5 1968.276.5354|5.6419 |6.0000|1560.165| 2183.37 | 1.08E+05 |1.065(12.339| 201.7

Bl W N

Aritm.
mean

Std.Dev. | 0.52 | 0.137 | 0.119 | 0.143 | 123.961 | 110.161 | 1818.187 |0.027| 0.377 | 10.179

1968.656.3057|5.4477| 5.761 |1735.779|2365.791| 1.11E+05 |1.092 |12.989| 218.6
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Figure 5. Force — indentation depth graphs for the maximum force Fmax of 1969 mN

The variations of measured hardness values and indentation modulus are not significant
since both ferrite and perlite grains are covered by indentions as presented in Figure 6.
Accordingly, standard deviations are significantly smaller compared to standard deviations
determined by lower forces (100 mN and 200 mN). The lowest calculated Vickers hardness
amounts to 201.7 HV while the highest Vickers hardness amounts to 225.1 HV. The standard
deviation with the value of 1818.2 N/mm2 was determined for the measured indentation
modulus E;; whose arithmetical mean amounts to 111000 N/mmz. The indentation modulus
is much lower compared to indentation modulus determined by smaller loads and compared
to Young modulus of elasticity which will be the topic of future research.
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Figure 6. Indentation applied by 1969 mN force in two phase regions

CONCLUSIONS

From the conducted research can be concluded as follows:

e The maximum applied force Fmax significantly influenced the measured mechanical
properties of low carbon Nb micro-alloyed steel; higher values of hardness and indentation
modulus and bigger standard deviations of measuring results were obtained for smaller
forces. Smaller forces are not recommended for determination of sample’s mechanical
properties in general.

¢ Deviation of the measured properties may be attributed to microstructural characteristics
since the low carbon Nb micro-alloyed steel consists of ferrite and perlite phases with Nb
precipitates. The load of 100 mN and lower could be applied for the determination of
mechanical properties of the individual phases.

* The maximum applied force didn’t significantly affect the indentation creep values and the
ratio of elastic and overall work.
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Abstract

Casted turbine blades are usually made of Ni-based super alloys, which are capable to withstand
higher temperatures than other technical metal materials and have good corrosion resistance
properties. The combustion efficiency highly depends on the temperature, but currently used turbine
blades materials are not capable to withstand such conditions, therefore utilising the film cooling
process is necessary. The influence of water mist injection on the film cooling process of casted
turbine blades was numerically investigated. CFD simulations were performed to describe the
interaction between the hot stream gas from the combustion chamber and the coolant jet from a
cooling hole along with the water mist injection. The validation case with the cylindrical hole was
compared to the experimental results and results from Large Eddy Simulation (LES) available in the
literature. Temperature distributions were analysed and compared to the case with a laidback hole
and console configuration to investigate the influence of injecting the water mist on cooling
performance. The results showed the possibility of improving the film cooling performance by
implementing the water mist injection system which allows the increase of the temperature in the
combustion chamber, and consequently overall gas turbine efficiency.

Keywords: CFD, casted turbine blades, film cooling, water mist injection

*Corresponding author (e-mail address): dcerinski@simet.hr

106


mailto:dcerinski@simet.hr

18" INTERNATIONAL FOUNDRYMEN CONFERENCE

Coexistence of material science and sustainable technology in
economic growth
Sisak, May 15"-17", 2019
http://www.simet.hr/~foundry/

INTRODUCTION

According to thermodynamics laws, gas turbine efficiency highly depends on the condition of
gas flow from the combustion chamber. Higher gas temperature at the turbine section inlet
initiates higher overall efficiency due to the more energy accumulated in the combustion
products [1]. Albeit, turbine blades materials recorded significant development in recent
years, especially by implementing superalloys, highest gas temperatures are still limited with
its properties [2]. One reliable way to cope with this issue is to implement film cooling of the
turbine blades with an aim to prevent highest temperatures reaching the blade surface [3].
The importance of the film cooling process is very well elaborated in the research by Mishra
et al. [4]. They performed metallurgical analysis of an un-cooled fractured blade on the
aircraft engine, which was exposed to the higher temperature because of the failure in the
engine control system. Their analysis showed that fatigue caused the failure on the turbine
blade, and cracks were initiated at the leading edge and propagated to the trailing edge due
to the blade surface oxidation. Film cooling process is based on the additional cold flow
through small channels which passes through the turbine blade. The geometry of cooling
channels represents a parameter which influences on the film cooling efficiency. In order to
improve film cooling performance, the optimal geometry of the cooling channel needs to be
determined [5].

Numerical modelling, specifically Computational Fluid Dynamics (CFD) models were
recognized by many researchers as a valuable tool for optimizing the film cooling process
over the turbine blades [6]. Hence, Zhu et al. [7] combined numerical and experimental
analysis of turbine blades film cooling with cylindrical and fanshaped holes by varying
mainstream pressure gradients. Their main findings were summed as a high impact of
pressure gradients on cylindrical holes cooling performance, while much lower effect was
noticed with fanshaped holes. Also, Yu et al. [8] numerically analysed the converging slot-
hole with a different mainstream Reynolds number and at different blowing ratios. Results
showed the small reduction of enthalpy loss coefficient by increasing the Reynolds number
and blowing ratio, although the cooling effectiveness was highly enhanced. A similar group
of authors also numerically investigated different configuration of round-to-slot multi-row
cooling holes performance under real engine conditions [9]. In the conclusion they
suggested equivalent-area configuration of round-to-slot holes as an optimal cooling
solution considering the enthalpy loss coefficient, coolant feeding ratio and overall film
cooling efficiency. The effect of pin-fin shaped cooling holes was numerically and
experimentally researched by Tan et al. [10]. Two hole shapes were modelled, first was
elliptical, while the other one was drop-shaped and the results were compared to the
cylindrical hole configuration. Main findings of this research were manifested in better
cooling efficiency of pin-fin shaped holes, especially the configuration with elliptical holes.
The influence of hole geometry on film cooling performance within the blade leading edge
was investigated by Fan et al. [11]. In this research, the vortex chamber was introduced
before the cooling channel and diameter ratio (DR), defined as a diameter of cooling hole
divided by vortex chamber diameter, was varied and optimal solution of DR=0.1 was
determined. The parameter which can also influence on the cooling performance is the
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orientation of cooling holes. Guided by that, Liu et al. [12] experimentally and numerically
investigated two different cooling holes orientation angle where they remarked few
phenomena which occur under different hole orientation angle, and suggested more
research by varying the hole orientation angle to determine the optimal solution. The
enhancement possibility of horn-shaped and cylindrical hole film cooling process by adding
the secondary hole injection was numerically investigated in research by Zhu et al. [13].
Authors varied secondary hole inclination angle and noticed that the efficiency of higher
inclination angle was in a correlation with blowing ratio. In other words, for optimal cooling
efficiency inclination angle needs to be increased if the blowing ratio is higher. The influence
of backward injection holes was discussed in research by Park et al. [14]. The results showed
that by adding cooling holes with opposite stream direction than the hot flow, the cooling
efficiency could be improved. Another way to improve the film cooling effectiveness is by
implementing the hole blockage configuration. Tian et al. [15] performed numerical
simulations and presented small cooling improvement by adding the tetrahedral hole
blockage configuration.

An additional method for improving the film cooling performance is the injection of water
mist droplets together with coolant flow. In research by Baleta et al. [16] the implemented
water mist injection model for spray cooling process within the CFD code was demonstrated.
In that way, Wang et al. [17] numerically simulated the injection of water mist droplets in
order to enhance the film cooling effectiveness, and they achieved three times better
cooling coverage compared to the simulation without water mist. Also, analysis of surface
blades film cooling with and without water mist was performed by Tian et al. [18]. In this
research initial droplets diameter was varied and results of three cases (1 um, 5 um and
10 um) were analysed. Results indicate that with smaller droplets, higher evaporation rate
was achieved, and consequently the overall cooling efficiency increases. The influence of
water mist injection on a cooling channel configuration with a deposition was analysed by
Wang et al. [19]. They showed that the injection of water mist improved the cooling
performance, especially downstream the deposition due to the droplets intention to fly
downstream to the wall. It is also possible to implement some other numerical approach for
modelling the film cooling process. In this manner, Davalos et al. [20] developed Atrtificial
Neural Network (ANN) model where input and output data was gathered from previously
validated CFD simulations. The ANN and CFD results were in good agreement and authors
showed that the model could be used for the optimization process. Considering the
literature review above, there is a possibility to improve the film cooling process by varying
the cooling hole geometry and implementing the water mist injection. Thus, in this study,
three different shaped cooling holes were modelled and the influence of water mist injection
was numerically analysed using the CFD software AVL FIRE®.

This research is structured as follow: first, a short description of mathematical model is
shown, then the simulation setup is described. The validation of research model is provided
next, while at the end, the results and final conclusion with suggestions for future work are
given.
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MATHERIAL AND METHODS

Within this section the used mathematical model is described, geometry is analysed and at
the end simulation setup is provided.

Mathematical model

The motion of fluid is described with transport equations which solve the continuum based
on conservation laws of mass (Equation of Continuity), momentum (Newton’s second law)
and energy (The First Law of Thermodynamics). They are obtained by using the finite volume
approach where the observed domain is divided into a number of control volumes and a
mathematical description is developed for the finite control volume. The general transport
equation of some extensive properties ¢ can be written as:

] dg
fa(pga)dV + j(pgo) u; n; dS = J (I‘(p a_xl) n; dS + JS‘P dv (1)
v 5 s v

The first term on the left-hand side of the equation represents the rate of change of the
properties ¢ within the finite control volume, while the second term is the net convective
flux of this property across the surface of the control volume. The first term on the right-
hand side is the net diffusive flux across the control volume boundaries, and the second
term is the source or sink of the property ¢. Substituting the term ¢ with some physical
properties, each conservation law is prescribed. Substituting ¢ with following properties:
density (p), momentum (pu;) and energy density (pe), conservation laws of mass,
momentum and energy are obtained. In order to solve a turbulent behaviour of the flow, a
well-known k — & turbulence model was applied [21].

Geometry description

The geometry consists of a hot flow channel and a cooling hole (Figure 1). The geometry
represents a small part of a volume above the turbine blade where the inlet is faced to the
leading edge, while the outlet is faced to the trailing edge. In order to investigate the
influence of hole geometry on the film cooling efficiency, four different cooling hole
configurations were modelled.
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Outlet

Mainstream channel

Hot flow inlet

Coolant flow inlet

Figure 1. Geometry for simulations

In Figure 2 dimensions of the geometry are shown with a round hole cooling configuration.
The diameter in all four geometries was set to 10 mm and all outer dimensions, together
with a coolant channel angle, remained unchanged.
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Figure 2. Geometry dimensions of the round hole cooling configuration

In Figure 3 other three coolant hole configurations are shown. For easier further correspond
on each case, geometries are named in the following order: round hole, laidback hole,
fanshaped hole and console. All geometries were modelled in CAD software SolidWorks and
further imported into the CFD software AVL FIRE® for meshing procedure.
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Figure 3. Cooling hole geometry variation

Simulation setup
In this section simulation setup is shown. The section is divided into three subsections. First,

mesh dependency setup is shown, further the boundary and initial conditions are described,
and at the end, other numerical setup is obtained.

Mesh dependency setup
The mesh dependency test needs to be performed to choose the discretisation level which

provides the optimal choice between solution accuracy and computational time. In this
research mesh dependency test was performed on a round hole coolant configuration
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without the water mist injection. Three meshes with a different number of control volumes
(CV) were generated with resolutions shown in Table 1.

Table 1. Different mesh resolution

Mesh Total number of CV
Rough 264122
Medium 569245
Fine 726613

Boundary and initial conditions
Selections for boundary conditions are shown in Figure 4 while in Table 2 boundary
conditions are prescribed.

Outlet

Symmetry Top boundary

Hot flow inlet

Cold flow inlet

Figure 4. Selections for boundary conditions

Conditions of cold flow were determined by a blowing ratio, M which can be expressed as:

u
M — CpC
UpPhn

(2)

where the density ratio of cold and hot flow was set to 1.75. Turbulence intensity and
turbulent length scale were set as same values for both cold and hot flow. At the cold flow
inlet selection, the injection of water mist was prescribed, where the mass flow was
calculated as 33% of cold mass flow.
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Table 2. Boundary conditions

Hot flow inlet temperature

540 K

Hot flow inlet velocity

130 m/s (40 m/s for simulations with

water mist)
Cold flow inlet temperature 310 K
Blowing ratio M = 0.5

Water mist mass flow

339% of cold mass flow

Wall Adiabatic boundary condition
Symmetry Symmetry

Top boundary grad=20

Outlet p =1bar
Turbulence intensity 5.2%

Turbulent length scale 5um

Numerical setup

A steady state numerical simulations were performed for cases without water mist, while
the transient mode was applied when the water mist was considered. For turbulence and
energy transport equations the first order Upwind Differencing Scheme (UDS) was applied,
whilst for the continuity equation, the Central Differencing Scheme (CDS) was employed. For
the momentum equation, a combination of CDS and UDS was proposed by introducing a
blending factor of 0.5. The convergence of the solution was achieved when the normalised
momentum, energy and pressure residuals reached a value below than 10™%. The pressure-
velocity coupling was performed by using the SIMPLE algorithm.

MODEL VALIDATION

The model was validated with results from experimental analysis and LES simulations with a
case without the water mist. The experimental results were obtained from research by
Saumweber and Schulz [22], while the results of LES simulations were taken from the
research by Wang et al. [23]. The comparison of the cooling efficiency for a cylindrical
cooling hole configuration is shown in Figure 5. The cooling efficiency is described with the
following expression:

Thf - Twall

n= (3)

Thy — Ty

In the equation above the term Tj,r represents the hot flow inlet temperature, term T,f is
the cold flow inlet temperature, while T,,,;; is the radial averaged wall temperature along
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the axial distance through the mainstream channel starting from the centre of the cooling
hole. Observing the Figure 5, it can be noticed that in the vicinity of the cooling hole,
research model gives a slightly higher cooling efficiency than the experiment and LES
simulation, while this difference is decreased through the mainstream channel. It can be
concluded that the research model provides satisfying results and it can be used for
analysing other hole geometries.
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_— 0.221- LES simulation [23] |7
=02 Research model ]

3

S 0.181

© 0.16 -

(sTs]

= i

=014}

8 "
0.121

0.1

0.08 IR B L M R
20 40 60 80 100 120

Axial distance [mm]

Figure 5. Model validation — cooling efficiency

RESULTS AND DISCUSSION

In this section, the mesh dependency test will be analysed, and furthermore the influence of
the cooling hole geometry together with water mist injection will be investigated.

Mesh dependency test

First, the mesh dependency test will be performed in order to determine the optimal
computational mesh. In Figure 6 radial wall temperature profiles, distant 40 mm from the
cooling hole centre, for three different computational meshes are shown. It is visible that
the medium and fine mesh provides same temperature profiles, while with the rough mesh
there is some deviation in the middle of the geometry.
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Temperature [K]
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Figure 6. Radial wall temperature for different meshes

Velocity radial profiles for different meshes are shown in Figure 7. It is visible that the rough
mesh significantly deviates from finer meshes, while the medium mesh has a small deviation
in comparison to the fine mesh.
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Figure 7. Velocity radial profiles for different meshes

Mesh dependency test shows that the medium mesh provides satisfactory accuracy for this
research, and in all other simulations, medium mesh configuration was used.
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The influence of cooling geometry hole

As it was already stated before, four different cooling hole configurations were observed:
cylindrical, laidback, fanshaped and console configuration. In Figure 8 temperature
distributions from a side view through the computational domain are shown. It is visible that
simulations with round and laidback holes create a thicker film cooling layer than other
configurations, while the coolant flow is more axially penetrated through the mainstream
channel.

Temperature [K]

Round hole Fanshaped hole

Laidback hole

Figure 8. Temperature distribution comparison

The top view of the mainstream channel is analysed in Figure 9. It is visible that with wider
cooling hole outlet, the wider cooling trace is achieved. Also, it can be noticed that the
laidback hole configuration achieves the best coolant propagation in the axial direction,
while the console configuration achieves widest cooling area together with second best
propagation in the axial direction.

Temperature [K]
310 540

Round hole Fanshaped hole

Laidback hole

Figure 9. Temperature distribution comparison from top view
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Quantitative comparison of different hole configurations is presented in Figure 10 and 11.
Radial temperature profile located 40 mm downstream from the centre of the cooling hole
shows that temperature drop depends also on the width of the cooling trace. This is
expected because narrow cooling trace means that all cooling capacity is concentrated over
a smaller area and will thus absorb more heat. On the other hand, a wider cooling trace will
cause smaller temperature drop over a wider area. Thus, laidback hole has the biggest
temperature drop and console configuration has the most uniform cooling over the blade
width.

500 : : , . ,
450} -
>
g
=
T (- —
2400 Round hole
£ — lLaidback hole
s Fanshaped hole
350 Console i
300 . | . L . L .
0 50 100 150 200

Axial distance [mm]
Figure 10. Axial temperature profile along the mainstream channel

Although the area around cooling hole bears the most heat load, effective cooling system
also takes into account blade area downstream. Figure 11 depicts the temperature profile
for studied hole configurations. Round hole and laidback hole show better axial cooling
compared to the fanshaped hole and console configuration, due to the fact that narrow
cooling trace retains more cooling capability further downstream. It should be also noted
that better axial cooling doesn’t necessarily mean good coverage over the blade width. Due
to this reason laidback hole has been employed for further investigation as a candidate with
the best axial cooling results and console has been employed as a candidate with the best
cooling distribution over the blade width.
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Figure 11. Radial temperature profile distant 40 mm from the cooling hole

The influence of water mist injection

Water mist injection is simple technic which improves film cooling efficiency by utilizing
latent heat of the water droplets. In Figure 12 effect of water mist injection on axial cooling
is presented. The injection of water mist enhances the axial cooling only slightly in the case
of console configuration, but more pronounced in the laidback hole case. Once again, the
reason behind this behaviour can be traced back to the cooling pattern of the hole. More
uniform temperature distribution over the blade width in the console case means that there
is less chance for droplets to evaporate, whereas narrow cooling stripe of laidback hole will
leave more hot areas that can transfer heat to water droplets.
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Figure 12. The influence of water mist injection on axial temperature profile
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As has been mentioned previously, better axial cooling doesn’t necessarily mean better
integral cooling performance. Cooling efficiency, as defined by equation 3, takes into
account average temperature over the blade width and, when it is calculated along the
blade, gives good assessment of overall cooling performance. In Figure 13 it can be seen that
console configuration has around 30% higher cooling efficiency at the beginning and retains
it over the whole blade length. Even in the base case without mist injection, its efficiency
overcomes the laidback hole with mist injection, finally proving the console case as
possessing superior cooling performance. Further investigation should include the influence
of hole geometry on deposit formation, so final design decisions could be made.
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Figure 13. Cooling efficiency comparison

CONCLUSIONS

In this research the analysis of different shaped holes for the turbine fan film cooling process
was performed. First, a mesh dependency test was analysed to choose the optimal
computational mesh. Then the model was validated with experimental results and results
from LES simulations. The influence of cooling hole geometry was analysed by modelling
three different geometries, namely: laidback, fanshaped and console and the results were
compared to the case with the cylindrical hole configuration. The results showed that the
laidback hole configuration obtained the best penetration of cold flow in axial direction of
mainstream, while the second one was the console configuration. The console cooling
another advantage was manifested as the widest cooled area of mainstream channel. The
influence of water mist was investigated on two cooling hole configuration: laidback hole
and console. The results showed higher influence of water mist injection for laidback hole
configuration due to the cooling pattern of the hole. In the end, a comparison of cooling
efficiency was shown, where additionally the console configuration was recognized as
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possessing superior cooling performance. Further investigations should include the influence
on deposit formation, so the final design decisions could be made.
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Abstract

The paper focuses on investigation of properties of two most widely used self-set sand binder
systems across the Globe, APNB and FNB for making molds and cores in foundries to produce
castings of different sizes involving wide range of metals and alloys, ferrous and nonferrous. This
includes study of compression strength values of samples made out of molding sand at different
binder addition level using new, mechanically reclaimed and thermally reclaimed sand. Strength
values studied include dry strength (at room temperature) simulating different stages of mold
handling, namely stripping and pre heating, followed by degraded strength after wash application in
warm condition and then recovered strength after cooling of wash applied samples. Attempts have
also been made to study hot and residual strength of samples at elevated temperature. Volume of
gases generated for both binders in laboratory at 850°C have also been measured. Nature of gases
including harmful BTEX and PAH generated on pyrolysis of FNB and APNB bonded sands are already
documented in a publication [1]. This exercise has once again been repeated with latest binder
formulations in use in two foundries in India and results are included in this paper.

Key words: Alphaset, Furan, foundries, sand, hot strength, residual strength, gases, environment
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INTRODUCTION

In 2015, worldwide casting production reached 104.1 millions metric tons (MT) with
contribution from first two producers, China and India are approximately 47.2 million MT
and 11.35 MT respectively [2]. Large number of foundries with huge manpower is engaged in
manufacturing castings for various sectors like Transportation, Agriculture, Defense, Valves,
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Pump, Textile, Power etc. India is a country with 5000 foundries engaging 500,000 direct and
150, 00, 00 indirect persons [3].

Foundry industries can be classified into two broad sectors, green sand foundries and no
bake foundries. In green sand foundries molds are made out of green sand (sand, bentonite,
dextrin, carbon additive and water) and cores out of resin bonded sand, no bakes (self -sets
and gas cured ) or baking type. Automotive foundries are classic examples of green sand
foundries. In no bake foundries both molds and cores are made out of resin bonded sand.
Self-set binders in foundry terminology are those where hardening of molds and cores made
out of resin bonded sand take place in absence of heat or gas. One of the major applications
of self-sets are to make small and medium size repeating molds in FLL where stripping takes
place on roll over and molds produced are flaskless. Classic examples are foundries
producing valve body castings and components of pumps. Other big area is to produce big
castings in boxed molds in floor. Examples are castings for wind mill, turbine and big valve
body.

Two most common self-sets in use in modern foundries are so called Alphaset (APNB) and
Furan (FNB). Incidentally foundry industry is one of the most polluting industries in
manufacturing sector. Apart from enhanced quality requirements and faster productivity,
modern foundries demand improved workplace environment matching other manufacturing
sectors. Whereas, inorganic binders are most environment friendly, formulations available
so far can’t replace organic self-sets right away. One publication [4] confirms that modified
sodium silicate using liquid (esters) hardeners can work as a complete self-set matching
properties of organic self-sets including mold collapsibility. Reclaimability (thermo-
mechanical process) of used sand is as high as 95%. Workplace environment is obviously of
high level.

Alphaset (APNB) process

This is two part system, binders and hardeners. Binders are phenol-formaldehyde resole
type of resins in aqueous alkaline (NaOH, KOH) media and hardeners are single or blend of
esters of ethylene glycol, glycerol, dibasic acids and also alkene carbonates and lactones.
Hardening (curing) of APNB sand takes place in two stages [1]. In first stage, partial
polymerization of resole chains (chain lengthening and partial crosslinking) take place when
metal ions (Na*, K') separating small chains are withdrawn by esters during hydrolysis.
Strength developed at this stage in molds and cores are sufficient for stripping, handling and
closing. A secondary reaction is thought to occur when the partially polymerized resin
contacts heat during the pouring operation, yielding an extremely rigid structure to molds.
Major variables in resin formulations are phenol: formaldehyde mole ratio, total alkalinity,
ratio of Na®, K*, non-volatile content, viscosity (extent of reaction) and moisture content.
Resins advance on storage as evidenced by rise in viscosity. Advancement is associated with
reduction in bench life and drop in strength of mixed sand. Rate of advancement varies
directly with storage temperature. Whereas there is no data available in literature relating
expiry of binder with change in physical parameters, author feels, individual foundries can
correlate expiry with viscosity at a particular temperature say 30°C. In his experience, the
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value in Indian formulations is 40 secs by Ford cup no 4 (100 cps) at 30°C and it happens in
close to 90 days when storage temperature is between 25-30°C.

In foundries, a lot is talked about difference in role of NaOH and KOH in Alphaset
formulations. Many believe, KOH is superior to NaOH in terms of lower binder demand to
get equivalent strength. Author feels, recipe and process parameters, rather than nature of
alkali, dictates binder demand for achieving required dry strength at various stages.
Formulating right binder compositions to meet requirements of individual foundries is an
art. However, according to a publication [5] sodium based formulations offer better
reclaimability by mechanical process and in case of thermal reclamation, it is opposite. NaOH
based formulations offer more viscosity than KOH based in formulations with equal non
volatile content. Most of the formulations contain both in judicious proportions to adjust
viscosity of final solution, rate of binder advancement, ease of reclaimability of used sand
and of course unit price.

Hardeners used as curatives differ in rate of hydrolysis to release acids thus controlling
bench life of mixed sand and in turn strip time. Blend of hardeners with varying hydrolysis
constant behave almost arithmetically calculated way, influencing reactivity. Resin hardener
reactivity can be tested by noting down time for gelation on constant stirring of 100 gm resin
with 20 gm hardener at a particular temperature. Use of slower hardeners increase bench
life of mixed sand but at cost of reduction of bench life: strip time ratio, but without much
effect on final strength. Storage life of hardeners are well over one year.

Binder demand for Alphaset system varies from 1.2-1.8 % by weight of sand to meet
strength requirements at stripping (manual and roll over), handling and closing in case of
boxed as well as flaskless molds. It is estimated that compression strength required at strip
vary from 2.0 to 7.5 kg/cm? and final dry compression of 18 to 25 kg/cm? to handle all molds,
post strip till closing . Hardener demand is between 18-22% by weight of binder. Variation of
hardener addition beyond this range don’t influence bench life and strength of mixed sand,
contrary to other organic binders.

Reclamation of used sand is done mechanically (attrition, MR), thermally (TR) or both. In
mechanical process, reclaimability is not more than 70%. Mechanical, followed by thermal
increases reclaimability up to 95%. However, in case of thermal reclamation, an additive
(0.6-1% by weight of sand) in form of suspension in water is required to be atomized in
thermal reclamation chamber (650°C) where reaction of inorganic components of
mechanically reclaimed sand and additive bring down its melting temperature and
eventually removes with fines [6]. The additive formulation is however very specific and has
got huge effect on quality of thermally reclaimed sand. Most important effect is drop in
strength of TR sand on storage as reported by some foundries. Alternately, secondary
reclamation of mechanically reclaimed Alphaset bonded sand gives reuse level of as high as
85% and quality of reclaimed sand produced is excellent with loss on ignition of <1%.

Being free from N, S and P, this system is suitable for pouring all types of metals including SG
iron and steel. Further, it is well documented [7] that when liquid metal is poured in APNB
bonded molds, bonds relax momentarily (thermoplastic deformation) before picking up
further strength. This unique behavior compensates for (reversible) expansion of silica sand
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at 573°C avoiding crack in molds and in turn producing castings free from veining. Post
relaxation, strength pick up by molds are good enough to produce near neat shape castings.
A research paper [6] says that molding sands produced using APNB technology are
characterized by significantly lower harmfulness than FNB molding sands. However, Alphaset
resins, although contain very low level of free formaldehyde, evolve formaldehyde, a
potential eye irritant during curing with esters. This is also documented in a patent [8]. GC
(Figure 1) of liquid portion of gelled mass after curing with esters conclusively prove
generation of formaldehyde during gelation. Rate of emission varies with ambient
temperature and type of ester. Higher ambient temperature and faster hardeners aggravate
emission rate. Smell of formaldehyde are traceable in pouring area also. Heat curing of resin
is associated without emission of smell of formaldehyde, substantiating fact that evolved
formaldehyde during curing with esters is not in free form in resins.

Furan (FNB) process

Like Alphaset, this is another popular process for making molds and cores by self-set process.
Binders are series of resin formulations based on furfuryl alcohol (FA) and formaldehyde (in
form of aqueous solution or paraformaldehyde, a solid) in presence of phenol, urea or both.
Catalysts are single or blend of organo - inorganic & or inorganic acids.

Hardening of furan bonded sand takes place by reduction in PH with addition of acids. Bench
life of mixed sand and strip time of molds are controlled by % catalyst addition with respect
to resin and also by changing acids of different potency.

Major variables in FNB formulations are contents of FA, Urea and Phenol. Besides %
variation of reactive monomers, variation in process parameters and PH at different stages
of reaction offer possibility of synthesizing innumerable formulations having wide range of
properties. Stability of Furan resins are better than Alphaset and can vary from 3 months to
12 months depending on formulations, when stored between 25-30°C. Here again,
advancement is evidenced by increase in viscosity, drop in water tolerance, reduction in
bench life and drop in strength of mixed sand.

Original furan formulations used to be based on polymers of Urea, FA and formaldehyde
(UF/FA) containing substantial portion of free FA (up to 70%) with total FA being as high as
90%. With increase in FA price and EU regulation (EC no 1272/2008) [9] of restricting upper
limit of free FA to 25% in furan formulations, phenol was introduced as third reactant with
formaldehyde providing flexibility in range of formulations. Incidentally hybrid formulations
involving three reactants with formaldehyde could offer resins as good as high FA based
resins yet keeping free FA in regulated range.

Catalysts for furan formulations are based on aqueous solution of organo - inorganic acids
like PTSA monohydrate, XSA and inorganic acids like Phosphoric acid. Unlike APNB, in case of
FNB, speed of cure can be varied by varying level of catalyst addition which usually ranges
from 30-60% by weight of resin. In addition, various catalysts with various dilution ratio
increase probability of manipulation of cure speed further. Special care is taken to avoid
freezing of concentrated catalysts at low temperature. Storage stability of catalysts are
practically unlimited.
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Binder demand in FNB formulations are lowest among all other systems. In mechanically
reclaimed or blended sand it works very well at addition level as low as 0.8% by weight of
sand. In new or thermally reclaimed sand, usually used in mold facing and cores, addition
goes up to 1.2% by weight of sand.

Reclaimability of furan bonded sand is best among all. In mechanical reclamation, it’s as high
as 90%. Foundries opting for more, reclaim partial quantity of mechanically reclaimed sand
by thermal process. Quality of thermally reclaimed FNB sand is as good as or better than
new sand.

Furan formulations usually contain 0-10% N and 5-15% water. The lower the N and water
content, the higher is the grade of furan binder [10]. In furan, N comes from urea which is
easily dissociated at metal pouring temperature to liberate nascent or atomic N which is
more soluble in liquid iron than in solid. Absorption of nitrogen and\ or hydrogen by the
molten iron, either individually or jointly, may result in subsurface porosity defects [11]. In
general, limit of allowed N contents in resins for steel and SG iron of heavy section thickness
is 0-2%, that of Cl and SG of low section thickness is 2-5% and that of non- ferrous is without
limit. However, N content in molding sand rather than in binder is guiding factor for
selectivity of metal to be poured. Recommended upper limit for N in molding sand while
pouring Cl and SG iron of low section thickness is 0.15% which is 0.10% in case of steel and
heavy SG iron castings. In non-ferrous castings increase in N content in resin improves de-
coring property. Upper limit being the level till Urea separation in resin.

Sulphur bearing catalysts used as curatives for furan resins decompose through following
reactions [12]:

ArSOszH --->Ar OH +S0,

During metal pouring, SO, shifts to casting surface and react with Mg used to produce SG
iron castings as SO,+Mg---->Mgs+0,, reducing its concentration and eventually flake
graphite formation at surface. Depending upon wall thickness and cooling rate, surface
degeneration can occur between 0.2 to 1 mm. Bauer [13] suggests limiting value for S in
molding sand below 0.15% in case of castings up to 25 mm thick and 0.07% up to 75 mm
thick. Use of low Sulphur content catalysts, Cao, Mgo and talc based dressings is preventive
measures for S degeneration in SG iron castings.

Furan systems contain Sulphur which on pyrolysis release SO,, a potential air pollutant. Aryl
Sulphonic acids used for curing may release BTX during and after pouring of liquid metal.
FNB with extremely low level of free formaldehyde (not traceable by analytical method) and
catalyst compositions with less than 1% free Sulphuric acid when used at addition level as
low as 0.8:30 can work as cleaner system compared to APNB. A publication [14] says “the
Furfuryl alcohol based binder (furan type) was identified to offer the greatest potential for
improvement in productivity, casting, quality and environmental acceptability”. The other
two binders in the publication compared are phenolic urethane and ester cured phenolics.
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EXPERIMENTAL PART: INSTRUMENTAL

GC:
Liquid portion of mass released on gelation of with hardener for APNB (100 gm resin + 20 gm
hardener)

TGA:
Measurement parameters:
e Charresidue
e 1% degradation temperature
Test conditions:
e Ramp temperature- 10°C /mt.
¢ Nitrogen flow rate- 60 ml/mt.
e Heating range- room temperature to 750°C

Py/GC/MS method: of cured mass of FNB & APNB

The analysis was carried out in a platinum coil pyroprobe (Pyroprobe 5000, CDS, Analytical
Inc.). Approximately 1 mg of the solid sample was centered in a quartz tube and heated to
final temperature means: 900 (only in case of APNB)) and 1100°C (both in case of APNB and
FNB) using a heating ramp of 10°C/ms. The hold time at the final temperature was 5s. The
pyrolysis products were separated on a 30m x0.25mm x 0.25 um (film thickness) capillary
column (Rxi-5MS, Restek). The inlet was set to a split flow of 30mL/min. The flow rate of the
carrier gas (He, 99.9999%) was 1mL/min. A Single Quadrupole (1SQ, Thermo Scientific) MS
was used to detect the pyrolytic degradation products. The MS was used in the full scan
mode from 30 to 600 atomic mass units (a.m.u.). The transfer line temperature and ion
source temperature was 250°C, the electron energy (El) was equal to 70 eV and emission
current was 50 pA. The gas products were identified based on the mass spectral library NIST
MS Search 2.0 Libera (Chemm. SW, Version 2.0, Fairfield, CA, USA).
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Sequence: PHOH-2D
Injection #17: SPL 4
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Figure 1. GC of liquid portion of mass released on gelation of Resin and Hardener 100:20

(W/W)
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Sample: Sample1_010319 TGA File: C:_.\TGA\Prof. BK DutfiSample1_010319
Size: 19.0690 mg Operator: vac
Method: Ramp Run Date: 01-Mar-2019 12:42
Comment: Sample1_010319 Instrument: TGA QS0 V20.13 Build 39
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Figure 2. TGA of Alphaset bonded mechanically reclaimed (1.8:20) sand
Sample: Sample3_020319 TGA File: C:..ATGAProf. BK DuthiSample3_020319
Size: 9.9170 mg Operator: vac
Method: Ramp Run Date: 02-Mar-2019 13:13
Comment Sample3_020319 Instrument: TGA Q50 V20.13 Build 38
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Figure 3. TGA of Alphaset bonded new (1.8:20) sand
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Sample: Sample2_010319 TGA File: C..ATGAWProf. BK DuthSample2_010319
Size: 13.0550 mg Operator: vac
Method: Ramp Run Date: 01-Mar-2019 18:11
Comment. SampleZ_010319 Instrument: TGA QS50 V20.13 Build 39
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Figure 4. TGA of Furan-bonded (New) 1:50 sand
Sample: Sampled_020319 TGA File: C..ATGAWrof. BK DuthSampled_020319
Size: 16.7280 mg Operator: vac
Method: Ramp Run Date: 02-Mar-2019 18:14
Comment: Sampled4_020319 Instrument: TGA QS0 v20.13 Build 39
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Figure 5. TGA of Furan-bonded (MR) 1:50 sand
Remarks- 1% degradation temperature is higher in case of new sand then MR sand
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Figure 6. Py-GC-MS for Cured Mass of Alphaset with 20% Hardener at 900 °C

Table 1. Compounds detected and identified by GC-MS released during pyrolysis of cured
mass of Alphaset with 20% wt. Hardener at 900 °C

Retention Name of compound Structural CAS No. Molecular
Time (RT) weight
Isopropyl amine chy
2.18 CsHsN 75-31-0 59
539 Cyclopropyl carbinol HO 5516.33.8 2
) C4H80 l i i
Benzene
4.61 CHq @ 71-43-2 78
Toluene
7.72 CHg é 108-88-3 92
m-Xylene
11.52 CeHyo 108-38-3 106
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Figure 7. Py-GC-MS for cured mass of Alphaset with 20% wt. Hardener at 1100°C

Table 2. Compounds detected and identified by GC-MS released during pyrolysis of

Py-GC-MS for cured mass of Alphaset with 20% Hardener at 1100 °C

Retention | Name of compound Structural CAS No. Molecular
Time (RT) weight
5 15 Carbon dioxide O=C=0 124-38-9 44

COZ 116.3 pm
Acetic acid =
4.16 C,H,0, I 64-19-7 60
Benzene
4.57 CeHs © 71-43-2 78
Toluene
7.65 C;Hg @ 108-88-3 92
Benzene 1,2
dimethyl
11.44 95-47-6 106
o-Xylene
C8H10
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2 ethyl -1,4-dimethyl
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18.18 CioHia 1758-88-9 134

Phenol, 2-methyl
o-Cresol
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C,HO
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24.24 ) I | 2416-94-6 136

CeH,0

Hexadecanioc acid,

dimethyl ester Jk
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Figure 8. Py-GC-MS for Cured mass of Furan with 50% Catalyst at 1100 °C

Instrumental part

1. GC (Figure 1) of liquid portion of ester hardened Alphaset shows presence of
formaldehyde

2. TGA (Figure 3 and 4) of curves show that 1% degradation temperature is higher for new
sand then reclaimed sand for both FNB (525 °C Vs 460 °C) and APNB (600 °C Vs 350 °C)

3. Thermal stability improvement in new sand is 71.4% {(600-350)/350X100} in case of
APNB bonded sand and same is 14.1% {(525-460)/460X100} in case of FNB bonded sand

4. Char residue for APNB bonded new sand, MR sand and FNB bonded new and MR sand
are 98.8, 97.75, 98.75 and 98.25 % respectively

5. Nature of gases released on pyrolysis of cured APNB and FNB as studied by Py-GC-MS
mostly tally with those studied by early researchers. However, presence of N bearing
compound in APNB cured mass tested at 900 °C (Table 1) and absence at 1100 °C (Table
2) is beyond explanation

6. In practice, pyrolysis of cured binders of molds take place both in oxidative (surface) and
inert (subsurface) atmosphere, whereas experiments were carried out in inert
atmosphere. Ultimate products of pyrolysis are oxides of elements, most of which are
less harmful than BTEX and PAH generated under inert atmosphere.
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Table 3. Compounds detected and identified by GC/MS released during pyrolysis of Cured

mass of Furan with 50% Catalyst at 1100 °C

Retention Name of compound Structural CAS No. Molecular
Time (RT) weight
414 Carbon dioxide O=C=0 124-38-9 m

COZ 116.3 pm
Sulphur dioxide /§\
4.25 S0, O/ \O 7446-09-5 64
Furan, @\
5.36 2 -methyl o~ ~CHs 534-22-5 82
CsHgO
Furan, 2,5-dimethyl- A\
7.20 C6H80 /& 625-86-5 96
o}
Toluene
8.93 C7Hg @ 108-88-3 92
2-Furanmethanol, OH
14.16 Furfuryl alcohol, @) 97-99-4 102
Tetra hydro \ /
CsH100,
Phenol, 3-methyl OH
19.86 m-Cresol 108-39-4 108
C,H0
p-Cresol o
20.62 C;HgO @ 106-44-5 108
Phenol, 2,-(2-methyl-2-
propenyl)-
20.99 Phenol, / 20944-88-1 148
o-(2 methyl allyl)- HO
C10H12O
Phenol, 3,4-dimethyl
CSHIOO
22.70 95-65-8 122
2,3 Xylenol
OH
Phenol, 2,3,6 i
24.31 Tri-methyl ] 2416-94-6 136
C9H120 HaC CLH CHy
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Sand tests

Two binder systems with three varieties of sand (New, MR and TR) were collected from two
foundries in India and sand mix properties were studied in laboratory of Forace Polymers P.
Ltd, India in recipe being followed in respective foundries.

Strength parameters required in molds and cores at different stages during movement were
identified as follows:

e At the time of stripping which is 2-7.5 kg/cm? (depending upon mold geometry,
weight, flasked or flaskless etc.) of samples in box without exposure to atmosphere

e Handling of stripped molds at different stages without coating (18-25 kg/cm?)

e Strength of molds after application of coating, without drying

e Recovered strength after drying of coating

e Hot strength after metal pouring

e Retained strength after solidification of metal

In this study, dry compression values of 50X50 mm samples were measured at different time
interval from discharge of sand from 4 kg laboratory mixer. Samples were stripped from 12
cavity gang sample box when a small sample of mixed sand kept in polythene bag in tight
condition became hard while pressing by hand. Dry compression strength of samples were
tested immediately on stripping and 2 hrs, 4 hrs and 24 hrs from discharge. 24 hrs samples
were baked, cooled and applied thinner based wash by brush. Samples were lighted off
(checked for compression), cooled (checked for compression) and soaked in furnace at
450°C (this temperature has been chosen after several trial to get amplified values and resin
burning as well) for 5, 10 and 15 mts and then tested for compression, both in hot (hot
strength) and cold (retained strength) conditions in an attempt to simulate mold strength
during and post pouring.

One set of samples were baked after 1 hr of strip in case of APNB and 2hrs in case of PNB at
135°C for 10 mts. Samples were tested for compressions on cooling.
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Figure 9. ASTM sieve no vs % retention
Table 4. Properties of used sand
Parameter New Sand Thermally Reclaimed Mechanically
Sand Reclaimed Sand
AFS 42.53 41.69 41.78
LOI (%) 0.786 0.583 2.36
ADV 1.60 ml 0.1 (N) 24.55ml 0.1 (N) 22.09 ml 0.1 (N)
NaOH/100 Gm HCI/100 Gm HCI/100 Gm
Table 5. Properties of used Resin, Hardener and Coating
Properties Resin Hardener Coating
(Zircon Thinner Based)
Viscosity (B-4, 30°C) 24 Sec. 13 Sec. 14 Sec.
Viscosity 60 cps Less than 20 cps NA
(Brookfield,30°C)
Non-Volatile (%) 47.38 NA 59.63
Sp. Gr. (30°C) 1.190 1.230 NA
Free Formaldehyde (%) Not traceable NA NA
Brownish red Light Brown . S
A Light G h Liquid
ppearance liquid transparent Liquid '8 reenish Liqui
PH 12.40 NA NA
Baume NA NA 52
Free Phenol (%) 0.93 NA NA
Alkalinity as KOH (%) 11.56 NA NA
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Figure 10. Recipe: 1.6:20 Medium Fast Hardener RT-20°C, RH-45%
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Figure 11. Recipe: 1.8:20 Medium Fast Hardener RT-20°C, RH-45%

Codes versus strength

a: 1 hr.samples baked @ 135°C for 10’ , cooled at RT & tested for compression
b : 24 hr. samples baked @ 135°C for 10’ , cooled at RT & tested for compression
¢ : Samples b dipped in thinner based Zircon wash, lighted off, tested hot for compression

d : Samples b dipped in thinner based Zircon wash, lighted off, tested for compression after
cooling

Table 6. Gas value (850 °C)

Sand New Sand TR Sand MR Sand
Recipe 1.6 :20 1.8 :20 1.6 :20 1.8 :20 1.6 :20 1.8 :20
Gas Value 75 9.2 8.0 9.0 9.5 11.0
(ml/gm)
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Figure 12. ASTM sieve no vs % retention
Table 7. Properties of sand used
Thermally Reclaimed Mechanically
ASTM No. New Sand Sand Reclaimed Sand
AFS 47.66 45.69 45.6
LOI (%) 0.484 0.568 2.47
ADV (%) 0.733 ml 0.1 (N) 1.41 ml 0.1 (N) 12.01 ml 0.1 (N)
HCL/100 Gm HCL/100 Gm NaOH/100 Gm
Table 8. Properties of used Resin, Hardener and Coating
Properties Resin Hardener Coa.ting (Zircon
Thinner Base)
Viscosity (B-4, 30°C) 14 Sec. 13 Sec. 14 Sec.
Viscosity (Brookfield) Less than 20 cps Less than 20 cps NA
Non-Volatile (%) 31.24 NA 59.63
Sp. Gr. (30°C) 1.130 1.140 NA
Free Formaldehyde (%) 0.121 NA NA
Appearance Light Yellowish Liquid Colorless Liquid Light Greenish Liquid
PH 7.12 NA NA
Baume NA NA 52
Free Phenol (%) 2.10 NA NA

140




18" INTERNATIONAL FOUNDRYMEN CONFERENCE
Coexistence of material science and sustainable technology in economic growth
Sisak, May 15™-17"", 2019
http://www.simet.hr/~foundry/

\

\
B New Sand 1 TR Sand ® MR Sand
£
S~
2
H
S
£
]
5 (Hot) | 5 (Cold) | 10 (Hot) 15 (Hot)
stripped
strength
Hot and retained strength at different time
(minutes) in furnace at 450°C
& J
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Figure 14. Recipe: 0.8:50 Medium Fast Catalyst RT-20°C, RH-47%

Codes versus strength

a: 2 hrs. samples baked @ 135°C for 10’, cooled at RT & tested for compression

b : 24 hr. samples baked @ 135°C for 10’ , cooled at RT & tested for compression

c: Samples b dipped in thinner based Zircon wash, lighted off, tested hot for compression

d : Samples b dipped in thinner based Zircon wash, lighted off, tested for compression after

cooling
Table 9. Gas value (850 °C)
Sand New Sand TR Sand MR Sand
Recipe 0.8:50 1.0:50 0.8:50 1.0:50 0.8:50 1.0:50
Gas Value 6.5 7.2 7.5 7.9 8.0 8.7
(ml/gm)
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Sand test part

e Baking for time as low as 10 mts and temperature as low 135 °C at any point of time
after strip increase strength of molds to ultimate values for both systems

e Dry strength and handling strength of Furan bonded molds in working addition level
are more than that of Alphaset bonded sands.

e In general, thermally reclaimed furan sand shows better strength than new sand and
in case of Alphaset it is otherwise.

e Strength wise mechanically reclaimed furan bonded sand is far better than Alphaset
bonded sand.

e Thinner based wash degrades mold strength in hot condition which is mostly
recovered on cooling.

e Both hot and retained strength for both binder systems drop with soaking time in
furnace at 450 °C.

e APNB bonded sand is more resistant to thermal degradation in both inert (TGA) and
oxidative (450 °C in furnace) atmosphere

e Total gas evolution in working addition level is more in APNB bonded sand than in
FNB

CONCLUSIONS

e Studies of strength (unwashed and washed, hot and cold ) of samples made out of
molding sand simulating different stages of mold movement can be used as a tool to
have better control on mold strength and casting quality.

o Choice between two binders for green field foundries primarily depend on many
factors, main being metal to be cast, compatibility with cheap and available sand and
investment capability for mechanical and thermal reclaimer.

e With current stringent regulations for protection of Ecology and Environment,
modern binder formulations have gone through changes like reduction in monomer
contents, use of hybrid formulations, formulations with lower binder demand,
increase in reclaimability of used sand so many.

e Modern Alphaset and Furan formulations are capable of working as clean binder
systems at optimum addition level with reclamation, still meeting functional
requirements of modern foundries.

Finally, modern formulations of FNB and APNB are capable of meeting most of the
requirements of foundries right from BL of mixed sand and ease of de-coring of molds, post
pouring and also stringent emission norms of local bodies.

Foundry World will keep on looking for inorganic self-sets which will match functional
properties of these two self-sets and offering work place environment like any other
manufacturing industry.
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One possibility is to use functionally modified silicate with slower liquid hardener like
butylene carbonate, which is not available in commercial grade in today’s market.
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Abstract

Presented mathematical model determines the stresses depending on the measured temperature
changes and the associated deformations of the samples. Investigations were conducted by tensile
testing machine Zwick 50 kN on the samples from low-carbon niobium microalloyed steel. The values
of measured parameters were determined by using the methods of thermography and digital image
correlation. The model is formulated on the basis of a multiple regression analysis of the relations
between measured and calculated parameters. Verification and validation of the model showed a
good agreement between the model and the system modeled.

Keywords: stress, mathematical model, thermography, digital image correlation

*Corresponding author: ijandrli@simet.hr

INTRODUCTION

The rapid development of technologies requires manufacturers to quickly adapt to new
products, which have to meet the growing demands of the market. The development of
materials used in the production of components goes hand in hand with development of the
technologies. The best example for this is the automotive industry which, in addition to
maintaining or increasing safety and dimensions, also requires a lower mass of the final
product. For this reason, manufacturers are increasingly turning to the new types of
materials. To maintain the reliability of the built-in components, it is of utmost importance
to conduct detailed mechanical testings of newly installed components. Along with the
application of different testing methods, the modeling and testing of components by using
models formulated on the basis of the finite element method are increasingly in use [1-3].
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Models for modeling mechanical behavior of various metal system components that are
under load are especially complex. These models have certain limitations in terms of
predicting all factors that may affect final values. They require knowledge of a significant
number of parameters of the material to simulate the real behavior of certain components
in the system as accurately as possible [4-8]. In order to obtain the reliable information of
the material, there are also different models used in research to determine the
interdependence between different parameters [4,5]. The wide knowledge on the material
flow and stress distribution in the observed sample under load is also necessary [6,9].
Existing modeling methods are constantly subjected to improvements [8,9], as well as the
ability of devices for the model verification [7]. What is valid for all models is a large number
of metal testing, such as static tensile test, shear test, or some other method.

From the literature it is evident that there is a need for extensive research in order to
develop the reliable models for determining stress distribution in the deformation zone.
Lately the idea and need for a different and perhaps simpler approach to the modeling have
emerged. It is well known that during the plastic deformation of the metals there is a change
in the internal energy of the deformed metal, and this is manifested with the temperature
change of the test sample in the deformation zone [10,11]. This change can be detected and
measured by an infrared camera, and subsequent thermal analysis provides a clearer picture
of the temperature distribution, i.e. the metal flow, throughout the deformation zone [11-
14]. Thermography thus provides rapid and accurate measurements from which the
distribution of temperature can be analyzed, and thus stress and deformation distribution
during deformation of the test samples may be determined [13,14].

It is a reasonable assumption that the maximum temperature change occurs at the place of
the maximum deformation. For this reason, it is necessary to obtain the accurate
information on deformation distribution throughout the deformation zone. This can be
achieved by the method of Digital Image Correlation (DIC), which is frequently used today as
a method for displacement and deformation analysis [15-17]. With this method it is possible
to measure very small changes in displacements, thus measuring very small non-
homogeneous deformations [14,15]. The advantage of the method is also the insensitivity of
the method considering the shape of the sample and it is possible to conduct the testings on
the samples with non-standard shapes and sizes [18]. The method has been developed to
such an extent that it begins to be used for the validation of models tested in real conditions
[16].

The aim of this paper is to formulate a mathematical model which will be able to calculate
the values of acting stresses from the experimentally determined values of deformation
(strains) and corresponding temperature changes. The model will be formulated on the basis
of experimentally determined values of strain and temperature changes detected by the
methods of Digital Image Correlation and thermography. Maximum values of strains,
temperature changes and stresses determined by a static tensile test, were used for the
modeling. It is realistic to assume that they occur in places of maximum acting stresses. Once
formulated, the model will be validated and verified by experimentally measured values.
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MATERIALS AND METHODS

For the proposed model, at first it was necessary to experimentally determine the stresses,
strains and temperature changes in the deformation zone during the stretching of samples.
For this purpose, at the same time, during the static tensile testing on the Zwick 50 kN
testing machine, the deformation of samples was recorded with an infrared and optical
digital camera. The maximum stress values during the experiment were obtained from the
diagram recorded by the static tensile testing machine. By a subsequent analysis of recorded
deformations, using the methods of thermography and DIC, the values of temperature
changes and strains were determined during the testing period. The maximum values of
temperature changes and strains at the points of maximum stresses were determined. The
arrangement of the measuring equipment as well as the deformation zone analyzed by the
thermography and DIC methods are shown in Figure 1.

Figure 1. The arrangement of the measuring equipment as well as the deformation zone
analyzed by the thermography and DIC methods

Tests were performed at two different testing speeds of 10 and 15 mm - min™. The samples
for static tensile testing were taken in the rolling direction from a 3 mm thick hot-rolled
strip. Tests were performed on samples with rectangular cross-section, with gauge length of
45 mm and gauge width of 20 mm. The chemical composition of the tested steel is given in
Table 1.

Table 1. Chemical composition of the tested steel, wt. %

Element C Mn Si P S Al Nb N
Micro-alloyed steel | 0.12 | 0.78 | 0.18 | 0.011 | 0.018 | 0.02 | 0.048 | 0.008

To formulate the model, it was necessary to determine the interdependence of the
measured values using the MathCAD and OriginPro software packages. Data obtained from
the thermography and Digital Image Correlation analysis, due to the high frequency of
measurement, had a certain noise, which would present a problem during the modeling
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process. Therefore, a certain smoothing of the measured values of measured strains and
temperature changes was made before the modeling with the use of the Savitzky - Golay
method within OriginPro, and the fourth-order polynomial function. Subsequently, the
multiple linear regression analysis with the application programs was performed on adjusted
values of measurement results.

RESULTS AND DISCUSSION

In the first step of formulating the model, the interdependence of measured values was
studied. First, the influence of temperature change on the increase of strain during
stretching of samples was determined. The analysis was performed at both used testing
speeds. The results are shown in Figure 2.

25

20
(@] /./I;-
°_ 15 /.‘/.;.'

% T
|_g 10 B 10 mm - min
= /ﬁi‘ o

5 15 mm * min
O T T T 1
0,00 0,05 0,10 0,15 0,20

Strain, mm-mm-1!

Figure 2. Dependence of temperature change on strain at different testing speeds

The analysis of the influence of the increase in strains on the temperature change during the
stretching of samples, made of 0.048% Nb microalloyed steel, shows that the increase in
strain causes an increase of the temperature changes. From the obtained diagrams it is clear
that the increase in temperature is linear in relation to the strains increase. Linear growth
indicates a close association of strains and temperature changes. It is logical to conclude that
a greater amount of deformation causes a greater temperature change.

Linear growth was achieved at both used testing speeds. In the case of 15 mm - min, the
temperature increase is higher than at the lower testing speed (10 mm - min). This
indicates that the testing speed has an effect on the temperature change. It is expected that
this increment will grow with a further increase in the testing speed, which should be
explored in further research.

However, the question is how the temperature change is influenced by the increase in
stress. For this reason, this dependence was also examined. The obtained diagram of the
dependence of the temperature change on the increase in stress is shown in Figure 3.
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Figure 3. Dependence of the temperature change on the stress at different test speeds

As can be seen in the above correlation diagram, the increase in stress has a significant
effect on the temperature change. This functional relationship is represented by an
exponential function. The influence of deformation velocity is in this case weaker, but is still
present.

From the analysis as well as previous investigations, it can be concluded that the measured
temperature changes are closely related to the values of stresses and strains achieved during
the tensile test. Accordingly, the following relation can be set:

AT = f(o,¢) (1)

where: o — stress,
€ — strain (i.e. deformation).

Starting from this assumption, using the multiple linear regression analysis, the functional
relationships between the temperature change on one side and the strain and stress on the
other side, at both the test speeds, were determined separately. The following general

function dependency was obtained:

AT =a+b-e+c 0o (2)

From this function, we gain two separate functions for each testing speed:
AT = 1.6+ 140.2-¢—-0.0077 -0 (3)
AT =2+ 157.2-¢—0.0104-0 (4)

Depending on the used testing speed, different parameter values of a, b, ¢ were achieved,
Table 2.
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Table 2. Parameter values a, b and c at different testing speeds

Testing speed (mm -min™) a b c
10 1.6 140.2 -0.0077
15 2 157.2 -0.0104

By transformation of equation 4, it is possible to express the stress as the function of
temperature change and achieved deformation:

AT—(a+b-e
5 = AT=(atbo)

c

(5)

By entering the parameters assigned to each test speed, the following equations are
achieved:

_ AT—(1.6+140.2:¢)
- —0.0077

(6)

_ AT—(2+157.2%€)
- —0.0104

(7)

The mathematical model for the stress calculation formulated on the basis of the above
achieved regression equations was validated and verified with the measured values of
deformations and temperature changes. It has been achieved a good agreement between
computed values by the developed model and the experimentally measured values of
maximum stresses, for both of the used testing speeds.

CONCLUSIONS

By the experimental studies and analysis of obtained data on the adequate application
programs it was established that there is interdependence between temperature changes,
strains (i.e. deformations) and stresses in the deformation zone of the tested samples.

Using multiple linear regression analysis, the functional relationships between the two
independent (predictive) variables, the temperature changes and strains, and the dependent
(criterion) variable — stresses, were determined.

The mathematical model formulated on the basis of the achieved regression equations
enables the calculation of stresses knowing the experimentally measured values of
temperature changes and deformations in the deformation zone. Model was validated and
verified by comparing the calculated and experimentally determined values.
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Abstract

This work deals with the influence of alloying elements on the cooling rate and microstructure in
complex Al-Mn-based alloys. Alloys were synthesized at 880 °C and cast into a copper mould with
cylindrical casting cavity. The castings were characterized by light microscopy (LOM), scanning
electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS). X-ray diffraction (XRD)
and electron backscattered diffraction (EBSD) were used to determine the structure of the phases.
The solidus and liquidus temperatures and enthalpies were determined with the differential
scanning calorimetry (DSC). Cooling rate at the start of solidification was calculated by one-
dimensional transient-heat-conduction analysis. Calculations showed negligible difference in the
average cooling rate between investigated alloys. Nevertheless, the volume fraction of primary
icosahedral quasicrystalline (iQc) phase, which had almost the same chemical composition in all
investigated alloys, was far higher for the Al-Mn-Si—Zn—-Ca-Sr alloy. Results showed significant
difference in the solidification rate between investigated alloys. Solidification rates were estimated
by measuring the secondary dendrite arm spacing (SDAS) and content of manganese in solid
solution of a-Al. The highest solidification rate was estimated for the Al-Mn—Si-Zn—Ca—Sr alloy.
Additional elements such as magnesium, calcium and strontium have a big influence on the
solidification path of investigated alloys. Higher mean solidification rate in alloy containing calcium,
strontium and zinc was also calculated using Chvorinov's rule.

Keywords: aluminium alloys, microstructure, cooling rate, solidification rate, Chvorinov’s rule

*Corresponding author (e-mail address): blaz.leskovar@omm.ntf.uni-lj.si

153


mailto:blaz.leskovar@omm.ntf.uni-lj.si

18" INTERNATIONAL FOUNDRYMEN CONFERENCE

Coexistence of material science and sustainable technology in
economic growth
Sisak, May 15"-17", 2019
http://www.simet.hr/~foundry/

INTRODUCTION

Complex metallic alloy (CMA) is a compound, or a phase, or an alloy, essentially made of
metals. This does not mean that the alloy is a metal itself, but it simply means that the
major part of the constituents belongs to sp or d metals. Based on crystal structures we can
state that CMAs are characterized by giant unit cells containing several tens up to more
than a thousand atoms. Inside the unit cell, atoms usually form geometrical cluster units of
high symmetry. Prominent role for example represents icosahedral (5-fold symmetry) or
decagonal (10-fold symmetry) clusters. There has been a renewed interest in CMAs
especially on aluminium based ones, since the discovery of metastable quasicrystals (Qcs)
in 1984 [1-5]. According to their diffraction symmetry, Qcs are classified as icosahedral (i-),
octagonal (o-), decagonal (d-) or dodecagonal (dd-) phases. The atomic positions are
ordered, but with rotational symmetries, e. g. five- (i-), eight- (o-), ten- (d-) or twelvefold
(dd-), which are not found in standard crystals. These symmetries forbid a periodic
structure and, instead, enforce quasi-periodicity explained by Fibonacci sequence [6-9].
There is a large number of metastable Qcs known, which can only be prepared by rapid
solidification techniques [10-14].

Stable iQcs were discovered soon after in various alloys [15,16]. Conditions under which
quasicrystals (Qcs) can form were explained by the Hume-Rothery rules where electron to
atom ratio plays the most important role [17,18]. Recently, Nagli¢ et al. showed that in
addition to appropriate electron to atom ratio an average metallic radius is also important
factor in formation of Qcs [19].

Addition of assorted alloying elements to Al-Mn alloy system, which incorporate into a
metastable iQc phase, affect the cooling rate needed for their formation and stability of
iQc. Two elements, among many other, which proved to be very efficient and decreased
the cooling rate needed for the formation of metastable iQc were silicon and beryllium [20-
24]. Boncina et al. found that around 30 at.% of beryllium got incorporated into the
primary iQc phase [20].

Elements which are present in the same group as beryllium and possess similar electron to
atom ratio as beryllium are calcium and strontium [25]. Metallic radius for these two
elements is 0.197 and 0.215 nm. Both are much larger in comparison to beryllium that has
the radius of 0.113 nm. This goes for aluminium, manganese and silicon with 0.143, 0.126
and 0.137 [26] nm, too. [27] On the other hand, zinc is also an element with similar
electron to atom ratio as beryllium [25]. Its metallic radius is in the range of those found for
aluminium and manganese, yielding 0.135 nm and is essentially similar that of silicon [27].
Electron to atom ratio for antimony is closer to silicon, but metallic radius is quite larger
with 0.161 nm [28]. Large metallic radius of antimony, calcium and strontium are not
favourable for the incorporation into the primary iQc phase, but in spite of that, those
elements can have big influence on the solidification path of investigated alloys.

This was also the ground on which our choice for the antimony, calcium, strontium and zinc
was made. Yet, recent research in facilitating the growth of iQcs has led us to investigate
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the influence of purely technological parameters of solidification, such as cooling rate,
solidification rate, undercooling etc. It has been shown by Gillessen et al. [29] and
Battezzati et al. [30] that the undercooling sparked by the cooling rate can fundamentally
change the course of solidification of Al-Mn-based alloys and lead to increased amount of
iQcs phase in these alloys. In work by Ichikawa et al. [31] the effect of the undercooling and
cooling rate on the solidified structures of Al-Mn alloys was studied. They discovered that
undercooling is increasing with the manganese content and cooling rate.

We have therefore decided to introduce antimony, calcium, strontium and zinc into Al—
Mn-Si-based alloys in order to evaluate the change in the formation ability of the iQc
phase and provide a comprehensive explanation of the most influential parameters on the
constitution of the quasicrystal forming alloys.

MATERIALS AND METHODS

Three aluminium alloys, first containing manganese and silicon, second containing
manganese, silicon and antimony, and third containing manganese, silicon, zinc, calcium
and strontium, were prepared in a chamber furnace. We used pure aluminium (99.8 wt.%),
manganese (99.9 wt.%), zinc (99.99 wt.%), silicon (99.99 wt.%), antimony (99.9 wt.%) and
the master alloys AISr10 KBM and AlCa6 KBM. Alloys were melted and cast into a copper
mould at 880 °C. The mould was made of copper block with dimensions of 100x100x120
mm and with a cylindrical casting cavity of 5 mm in diameter. The chemical compositions of
the prepared alloys are presented in Table 1. The castings were cut, mount and prepared
by grinding and polishing for characterization of microstructure.

Table 1. Chemical compositions of the alloys in at.% with corresponding experimental
uncertainties

Alloy Al Mn Si Sb Zn Ca Sr

Al-Mn-Si 935+0.6 54+05 1103 R - - -
Al-Mn-Si-Sb 93.8+0.7 43+06 16+02 04z*0.1 - - -

Al-Mn-Si-Zn—Ca-Sr 92.3+0.6 4.3+0.5 1.2+0.2 } 1.0+£0.1 0.7+0.1 0.5+0.1

Characterization of microstructure was preformed using a light optical microscope (LOM),
ZEISS Axio Imager A1lm, equipped with a digital camera AxioCam ICc 3 (3.3 million pixels)
and AxioVision software. The primary iQc phase area fraction was determined using LOM
images captured over the surface of the sample at magnification of 100x. The uncertainty
of measured results based on the colour determination was assessed to be £5 %.

X-ray diffraction (XRD) technique was used to identify the phases present in investigated
alloys. PANalytical X'Pert PRO diffractometer with non-monochromated x-rays produced by
Empyrean Cu anode tube operating at 45 kV and 40 mA were used in this work.
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A field-emission-gun scanning electron microscope JEOL JSM-7600F equipped with energy-
dispersive x-ray spectroscopy (EDS) and electron backscatter diffraction (EBSD) was used
for the microstructural characterization. The analyses were performed using Oxford
Instruments INCA Microanalysis Suite, with an X-Max 20 SDD-EDS detector and CHANNELS
EBSD software with a Nordlys detector. The elemental compositions of the iQc phases
were measured using an optimized quantitative EDS approach at a 15 kV accelerating
voltage. The crystallinity of the samples was studied by EBSD analysis using a 20 kV.

In order to identify and evaluate the variables that have the most influence on the amount
of the iQc phase in investigated alloys we have employed several different approaches.
First method used to calculate the cooling rate of our alloys was the one-dimensional
transient-heat-conduction analyses. This was used to assess the cooling rate at the point of
beginning of the solidification course as the liquidus temperatures (L) for AI-Mn-Si, Al-
Mn-Si—Sb and Al-Mn-Si—Zn—Ca-Sr alloy were estimated using ternary Al-Mn-Si system
and found to be between L; =770 °C and Ls =820 °C. This gave us a difference of 110 °C and
60 °C if the casting temperature of 880 °C for the melt is considered. Such a difference
could play an important role in influencing the amount of iQc phase but the calculations
yielded a difference in cooling rate only around 20 K/s. This difference is negligible if actual
values for cooling rates are taken into account, which are in range of 650 K/s as calculated.
This leads to a suggestion that almost negligible difference in average cooling rate due to
different liquidus temperatures does not play a dominant role influencing the content of
iQc phase. Other physical properties for our alloys, such as the specific heat capacity for
the alloys™ melt, density of the melt, thermal conductivity of the melt and the heat-transfer
coefficient were taken from the ref. [19], yielding, 1060 J kg™ K, 2400 kg m>, 100 W m™
K™, 2500 W m2 K™ and 25 °C for the copper mould was used.

We have also employed direct method to assess the solidification rate for non-equilibrium
solidification conditions by measuring the secondary dendrite arm spacing (SDAS) of a-Al.
We executed measurements using backscattered electron (BE) images. SDAS were
measured in the centre of the cylindrical cross-section and on its edge. Then our SDAS
measurements were used to make an estimate of the cooling rate for our alloys based on
SDAS-cooling rate relation devised by Cho et al.[32]. This approach provided us with the
average solidification rate according to Cho et al. and will be referred to hence forth as the
Cho model.

To confirm results based on SDAS we then further assessed the average solidification rate
based on the measured manganese content in the solid solution of a-Al as determinate by
Ichikawa et al. (which will be referred to as the Ichikawa model) [31].

These two different methods for assessing the solidification rate are both focused on a-Al
dendrites formed during nonequilibrium solidification. For that reason, we used
independent method for calculating the mean solidification rate by using a modified
Chvorinov's rule [33, 34]. This rule enables us to calculate solidification time for melt cast
into a simple cylindrical mould by equation:
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A 1.31
t =B X (75) x 1067 (1)

In Equation 2 t represents the solidification time, B is the mould constant, A; is the surface
area of the sphere having the same volume as the casting, A is the surface area of the
casting that is in contact with the mould and V is the volume of the casting. The mould
constant is defined as:

2 2
B= [(Tl TLTS)] X [4:;)0] % [1 + (CmLA Ts) ] @)

where T;is liquidus temperature of the alloy (K), Ty, is solidus temperature of the alloy (K),
AT, is superheat (K), L is heat of fusion or heat of solidification (J-kg™), k is a thermal
conductivity of the mould (W-m™-K™), p is a density of the mould (kg:m™), c is specific heat
of the mould (J-kg™>K™), pm is a density of the alloy (kg:m™), and c,, is a specific heat of the
alloy (J-kg™-K™).

Differential scanning calorimetry (DSC) technique was used to determine the temperature
interval of solidification and heat of solidification (solidification enthalpies). A NETZSCH
Jupiter 449c was used in this work and the experiments were performed in an Ar
atmosphere up to the 880 °C (1150 K), at heating and cooling rates of 10 K/min.

RESULTS AND DISCUSSION

LOM images presented in Figure 1 show that a primary phase with dendritic morphology is
present over the whole cross-section of the castings. These phases often possess five
branches which is a characteristic for the icosahedral space group.[35] The primary
dendritic phases in the central region of the samples (Figure 1b, 1d and 1f) are larger, with
longer dendritic branches compared to those found near the contact surface of the casting
(Figure 1a, 1c and 1e). The contact surface is referred to the outer surface of the casting
being in contact with the mould. In the central region of the Al-Mn-Si alloy phase with a
needle-like morphology dominate. Regarding to the phase diagram this is the B-Al-Mn-
Si[21] phase, Figure 1b.
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Figure 1. LOM microstructure of the AlI-Mn-Si, a), b); Al-Mn-Si-Sb, c), d); and Al-Mn-Si—
Zn—Ca-Sr, e), f), alloys in the as-cast state. Area near the contact surface of the casting a),
c), e), and central region of the casting b), d), f), is shown

XRD technique was used to determine the phases present in the investigated alloys as
presented in Figure 2.

158



posremdne, 18™ INTERNATIONAL FOUNDRYMEN CONFERENCE
P N,

Coexistence of material science and sustainable technology in
economic growth
Sisak, May 15"-17", 2019
http://www.simet.hr/~foundry/

(a) Al-Mn-Si m oAl S
(b) A-Mn-Si-Sb . e ;'::::n"r'::s;
(c) Al-Mn-Ca-Zn-Si-Sr A AlMn
1 AISb
C ¢ AlCa
(a) u o *  iQc .
|
ogmo Co o0f o ng( o ( o0 | t"g_)\_
=- | ]
©
>
=
2] [
5 1000 | (S INN
]
= n
:‘.. “ ” ’.t: %.

20 25 30 35 40 45 50 55 60 65 70 75 80
20 / deg.

Figure 2. XRD patterns of bulk AI-Mn-Si, a), Al-Mn-Si-Sb, b), and AI-Mn-Si-Zn—Ca-Sr, c),
alloys

The Al-Mn-Si alloy consists of a-Al [36], a-Al-Mn-=Si [37], B-Al-Mn=Si [38] and iQc [39, 40]
phase. The AI-Mn-Si—Sb alloy, which contains less manganese and more silicon, consists
mainly of a-Al [36], a-Al-Mn-Si [37], AlISb [36], and iQc [39, 40] phase, whereas the Al-Mn-
Si—Zn—Ca-Sr alloy consists of a-Al[36], iQc [39,40], Al4Ca [36], a-Al-Mn-Si [37] and a small
amount of AlgMn [36].

BE images of characteristic phases present in investigated alloys and corresponding
electron backscattered diffraction (EBSD) patterns [41] are presented in Figure 3. EBSD
patterns confirm that primary phases near the contact surface in all alloys were iQcs.
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Figure 3. BE images of the AI-Mn-Si, AI-Mn-Si—Sb and Al-Mn—-Si—Zn—Ca-Sr alloys in the as-
cast state. Area near the contact surface of the casting a), c), e) and central region of the
casting b), d), f) are presented. EBSD patterns presented in the inset have marked 10-fold

(white circle), 5-fold (white pentagon), 3-fold (white triangle) and 2-fold (white ellipse)
symmetry axes, indictaing iQc and dQc phases

BE image of the AlI-Mn-Si alloy indicates, that in addition to primary iQc phase (a-Al + a-
Al-Mn-Si) heterogeneous structure is present over the whole cross-section. Primary iQc
phase was observed in the area near the contact surface. In the central region B-Al-Mn-Si
[38] phase was confirmed to have needle-like morphology and a small amount of dQc
phase was also present. Microstructure of the AI-Mn—-Si—Sb alloy indicates that in addition
to primary iQc phase (a-Al + a-Al-Mn-Si + AlSb) heterogeneous structure is present over
the whole cross-section. In the central region a-Al-Mn-Si [37] phase was also found. In
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addition to primary iQc phase in the AlI-Mn—-Si—Zn—Ca-Sr alloy (a-Al + a-Al-Mn-Si + Al,Ca)
heterogeneous structure was also identified.

Form microstructures and XRD results it is clear that the volume fraction of iQc phase is the
largest in the case of the AI-Mn-Si—Zn—Ca—Sr alloy. For comparison between alloys volume
fraction of primary iQc phase were determined on LOM images for all investigated alloys.
The mean value of volume fraction of the iQc phase and the content found near the
contact surface and in the central region of castings are presented in Table 2.

Table 2. The area fraction (volume fraction) of the primary iQc phase (%), near the contact
surface, in the central region of the sample and the mean value with the standard

deviations
Near the contact In the central
Alloy . Mean value
surface region
Al-Mn-Si 16.7 £5.5 7.5+5.0 12.0+7.0
Al-Mn-Si-Sb 9.5+3.5 8.5+2.5 9.0+3.0
Al-Mn-Si-Zn—Ca-Sr 13.0+4.0 19.0+2.5 16.0 +4.5

The average volume fraction of the primary metastable iQc phase over the whole cross-
section is the largest in the Al-Mn—Si—Zn—Ca-Sr alloy. A very important issue which could
affect the formation of metastable iQc phase is incorporation of alloying elements into the
iQc phase. In order to evaluate this, we determined the composition of the primary iQc
phases in our alloys. Compositions of the iQc phases as determined by EDS analysis are
presented in Table 3.

Table 3. Chemical composition of primary iQc phase in the middle and near the contact
surface of investigated alloys in at.% with corresponding experimental uncertainties

Alloy Al Mn Si Zn

In the central
region
Near the
contact surface

79.8+0.3 17.7+£0.2 2.5+0.2 -
Al-Mn-Si
80.3+0.3 17.4+0.2 23+0.2 -

In the central
region
Near the
contact surface

78.1+0.3 17.2+0.2 4.7+0.2 -
Al-Mn-Si-Sb
78.7+0.3 17.1+0.2 42+0.2 -

In the central
region
Near the
contact surface

79.8+0.3 17.1+0.2 2.8+0.2 0.3+0.1
Al-Mn-Si—Zn—Ca-Sr
80.3+0.3 16.6+0.2 2.8+0.2 0.3+0.1
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Results show that the iQc phase in the AlI-Mn-Si-Sb alloy in comparison to other
investigated alloys contains ~2.0 at.% more silicon. This slightly higher amount could be
attributed to the formation of a-Al-Mn-Si phase in the central region of casting, as
confirmed by EBSD and large interaction volume of EDS analyses in comparison to small iQc
particles near the contact surface of the casting. The iQc phase in the AlI-Mn—-Si—Zn—Ca—Sr
alloy in comparison to others contains also ~0.3 at.% of zinc. Antimony, calcium and
strontium were not found in the primary iQc phase of investigated alloy. Incorporation of
only 0.3 at.% Zn and a slight difference in content of aluminium, manganese and silicon in
primary iQc is not likely to be the main reason for such differences in the volume fraction
of the iQc phase.

It is well known that the cooling rate at the start of solidification can have an effect on the
formation of iQc phase. On the other hand, the calculations of the average cooling rate at
the start of solidification by one-dimensional transient-heat-conduction analysis showed
that for alloys having liquidus temperature difference of 50 °C the cooling rates will differ
for only around 20 K/s. This almost negligible difference in average cooling rate due to
various liquidus temperatures in alloys suggest that these differences could not be the
cause for volume fraction of the iQc phase.

Since the only marked difference between the investigated alloys is much higher volume
fraction of iQc in the AI-Mn-Si—Zn—Ca-Sr alloy we further focused on the influence of the
solidification rate. Primary solidification of iQc phase is usually followed by reactions where
heterogeneous structures (comprising of two, three or more phases) form. In all alloys
these structures contain a-Al phase. Solidification rate assessment was based on secondary
dendrite arm spacing (SDAS) of a-Al phase (Cho model) and manganese content based on
EDS analyses (Ichikawa model).

Cho model

Smaller secondary dendrite arm spacing (SDAS) or the distance between secondary
dendrite arms in a specific alloy system indicates that the solidification rate was high
[32][42]. The SDAS were measured on dendritic a-Al and results are presented in Table 4.

Table 4. The SDAS measured near the contact surface, in the center and the mean value in
pm with corresponding experimental uncertainties

Near the contact In the central
Alloy . Mean value
surface region

Al-Mn-Si SDAS (um) 1.3+0.3 4.4+0.7 2.85+0.9
Sol. rate (K/s) - - 200

Al-Mn-Si-Sb SDAS (um) 1.3+0.3 4.4+0.6 2.85+0.8
Sol. rate (K/s) _ _ 200

Al-Mn—Si-Zn—Ca—Sr SDAS (um) 1.3£25 20£04 1.65+0.5
Sol. rate (K/s) . _ 400
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Results show that the average solidification rate were approximately 200 K/s in Al-Mn-Si
and Al-Mn-Si-Sb alloys, where in the AI-Mn-Si—Zn—Ca-Sr alloy average solidification rate
was around 400 K/s.

Ichikawa model

An estimated solidification rate has been also verified by evaluating the content of
manganese in solid solution of a-Al phase. Beside manganese, also silicon and zinc are
soluble in a-Al. Higher solidification rate leads to larger content of soluble elements in solid
solution of a-Al. Table 5 represents the concentration of alloying elements in solid solution
of a-Al near the contact surface, in the central region of the casting and the mean value.

Table 5. Measured content of manganese, silicon and zinc in a-Al in the central region, near
the contact surface and mean value for AlI-Mn-Si, AlI-Mn-Si—Sb and Al-Mn-Si—Zn—Ca—Sr
alloys in at.%

Alloy
Al-Mn-Si Al-Mn-Si-Sb Al-Mn-Si—Zn—Ca-Sr
Element Al Mn Si Al Mn Si Al Mn Si Zn
In the
central 98.7 + 1.1+ up to 99.0 + 08+ upto 98.1 + 124+ upto 0.7+
. 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.2
region
'\clzigc‘f 980+ 18+ upto | 980+ 18+ upto | 973+ 19+ upto 07+
0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.2 0.2
surface
Mean 9835+ 145+ up to 98.5 + 134+ upto | 9765+ 16+ upto 0.7+
value 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.15 0.2

The average solidification rates, estimated according to Ichikawa et al.[31] yield 200 K/s for
the AI-Mn-Si and Al-Mn-Si-Sb alloys and around 300 K/s for the Al-Mn-Si—-Zn—Ca-Sr
alloy.

These results confirm that the solidification rate is considerably higher in the case of the
Al-Mn—-Si—Zn—Ca-Sr alloy. Comparison of these solidification rates with previously
evaluated based on SDAS shows that solidification rates evaluated on the base of
manganese content are similar in the case of AlI-Mn-Si and Al-Mn—-Si—Sb alloys and lower
in the case of Al-Mn-Si—-Zn—Ca—-Sr alloy. The difference between solidification rates
estimated by two evaluation methods in the case of the Al-Mn-Si-Zn—Ca—Sr alloy can be
attributed to the fact that beside manganese, also silicon and zinc are soluble in a-Al phase.
Presence of additional elements (third and fourth elements) dissolved in a-Al phase
decreases the solubility of manganese in comparison to pure binary Al-Mn system and
consequently the evaluated solidification rate is lower. Both ternary phase diagrams Al—
Mn-=Si and Al-Mn—Zn confirm that fact.
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Chvorinov's rule

Values used for calculation of solidification time according to Equations 1 and 2 are
presented in Table 6. Mean solidification rate can be calculated by dividing the
temperature interval of solidification (T, - Ts) and the solidification time t. Table 6 has
properties of copper mould and aluminium alloys which can be found in reference books
[28]. Heat of solidification, liquidus and solidus temperature and consequently superheat
of the alloys were determined by DSC technique at heating and cooling rate of 10 K/min.
DSC heating and cooling curves are presented in Figure 4.
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Figure 4. DSC heating and cooling curves of AlI-Mn-Si a), b); AI-Mn-Si-Sb c), d); and Al-
Mn-Si—Zn—Ca-Sr e), f) alloys
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Solidus and liquidus temperatures for all investigated alloys were determined on a cooling
curve while heat of solidification on the heating curve. The reason for using heating curve
instead of a cooling curve is that in the case of heating curve present phases are
nonequilibrium ones, which would not form in the case of cooling curve.

By using properties presented in Table 6 we can find that time of solidification and mean
solidification rate in the case of AI-Mn-Si and Al-Mn-Si—Zn—Ca-Sr alloys are very close

having 1.13 s (147 °K/s) and 1.06 s (170 °K/s), while the AI-Mn-Si-Sb alloy yield
solidification time 1.64 s and 86 K/s.

Table 6. Parameters used in the calculation of solidification time and average solidification
rate by using the Chvorinov's rule

Alloy Al-Mn-Si Al-Mn-Si-Sb Al-Mn~Si-Zn—Ca-Sr
T, (K) 1086 (813 °C) 1056 (783 °C) 1066 (793 °C)
T, (K) 920 (647 °C) 915 (642 °C) 885 (612 °C)
AT; (K) 67 97 87
L (kg™ 360000 365000 380000
k (W-m™K™) 398 398 398
o (kg'm™) 8960 8960 8960
c (kg ™K 385 385 385
om (kg:m™) 2961 2925 2943
cm (kg ™K 1080 1080 1080
A/A 0.579355 0.579355 0.579355
V(m’) 9.8125E-7 9.8125E-7 9.8125E-7

These results are not consistent with the previous findings that a mean solidification rate in
the Al-Mn-Si alloy is significantly lower than the one evaluated for Al-Mn-Si—Zn—Ca—Sr
alloy. The main reason for the difference is probable connected to the transformation of
the iQc phase into crystalline approximant phase, which have higher latent heat. Further
modification of Chvorinov’s rule is necessary for better prediction of solidification time and
mean solidification rate.

It is clear that the alloying elements have an important impact on the solidification rate and
consequently on the formation of metastable phases in alloys with similar cooling rate
before the onset of solidification.
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CONCLUSIONS

It was found that the AI-Mn-Si—Zn—Ca—Sr alloy contains more primary iQc phase compared
to Al-Mn-=Si and AI-Mn-Si-Sb alloys. The primary iQc phase in all alloys contains
aluminium, manganese and silicon and in the case of Al-Mn—Si—Zn—Ca-Sr alloy also 0.3
at.% of zinc. The average solidification rate by SDAS of a-Al was found to be 200 K/s in the
case of AI-Mn-Si and Al-Mn-Si—Sb alloys, while for the Al-Mn—-Si—Zn—Ca-Sr alloy was
higher being 400 K/s. Assessed cooling rates by the content of manganese dissolved in solid
solution of a-Al were found to be similar for the AlI-Mn-Si and AI-Mn—-Si—Sb alloys with 200
K/s. For the Al-Mn—Si—Zn—Ca-Sr alloy solidification rate was higher with around 300 K/s.
Higher solidification rate which was found in AlI-Mn-Si-Zn—Ca—Sr alloy can explain the
higher content of metastable primary iQc phase in this alloy. The average solidification rate
across the whole solidification range determined by a modified Chvorinov's rule was found
to be inconsistent with previous findings. Further modification is needed for better
matching.
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Abstract

This paper presents results of experimental examinations of alloys from ternary Ag-Ge-Sn, Ge-Sn-In
and Ge-Sn-Zn systems. Differential thermal analysis (DTA), scanning electron microscope with energy
dispersive spectroscopy (SEM-EDS) and x-ray diffraction (XRD) were used for the experimental
investigation of the prepared samples. Alloys were from isothermal sections and vertical sections.
Based on the experimental results, a thermodynamic description of the ternary Ag-Ge-Sn, Ge-Sn-In
and Ge-Sn-Zn systems have been developed by using CALPHAD method. Reasonable agreement
between experimental data and the calculated phase diagrams has been reached. The liquid
projection and invariant equilibria have been calculated by using obtained thermodynamic
parameters.

Keywords: ternary Ag-Ge-Sn system, ternary Ge-Sn-In system, ternary Ge-Sn-Zn system, experimental
tests, CALPHAD method

*Corresponding author (e-mail address): milena.premovic@gmail.com

INTRODUCTION

Focus on those alloys are due to the technical importance of the Ge-based alloys [1,2] and
their special application as a phase change memory materials (PCM materials) [3-6]. The
ternary systems are selected because they have not been tested before. Selected alloys for
experimental tests were from three vertical sections and one isothermal section. As-cast
samples from three vertical sections were experimentally studied by using differential
thermal analysis (DTA). Annealed samples at 200 °C were experimentally studied by using
scanning electron microscopy (SEM) with energy dispersive spectrometry (EDS) and X-ray
powder diffraction (XRD). Experimentally determined results were used for thermodynamic
modeling of the ternary systems. Calculation was done by using Pandat software [7].
Thermodynamic data for all seven sub-binary systems were taken from literature [8-18].
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MATERIALS AND METHODS

All ternary samples were prepared from high purity elements (99.999 at. %) produced by
Alfa Aesar (Germany). Obtained samples were melted and re-melted five times in order to
improve homogeneity. The average weight loss of the samples during melting was about 1
mass % and total masses of the ternary alloy samples were about 3 g. After melting, one
group of samples were put into quartz ampoules, sealed under vacuum, and placed in a
furnace at 200 °C for three weeks. After that, annealed samples were subsequently
quenched in the ice water to preserve the equilibrium compositions at the designated
temperatures. Such prepared samples were subjected to the SEM-EDS and XRD
examinations. Second group as samples were tested with DTG-60H (Shimadzu, China) using
alumina crucibles and under flowing nitrogen atmosphere. Sample mass and heating rate
were determined by analyzing one sample under different testing conditions and chosen
heating rate was 5 °C/min. Samples weights were between 30 and 40 mg and the reference
material was the empty alumina crucible. Overall uncertainty of the determined phase
transformation temperatures, determined from the repeated measurements, was estimated
to be £1 °C.

RESULTS AND DISCUSSION

Twelve ternary samples per ternary system were analyzed by using DTA. Determination of
phase transition temperatures from DTA results (Table 1) were compared with calculated
vertical sections. Figure 1, presents comparison of DTA results and calculated vertical
sections for ternary Ge-Sn-In system.

Table 1. Experimentally determined phase transition temperatures for the examined
Ge-Sn-In alloys

. Temperatures of phase transformation (°C)
Nominal Reaction and
composition (at.%) . Liquidus
transformation
Vertical section Sn-Geln
Ge40Sn20In40 60 134 705
Ge30Sn40In30 119 143 671
Ge20Sn60In20 119 203 603
Gel0Sn80In10 87 197 516
Vertical section In-GeSn
Ge40Sn40In20 115 178 714
Ge30Sn301n40 120 667
Ge20Sn20In60 135 606
Gel0Sn10In80 151 511
Vertical section Ge-InSn
Ge20Sn40In40 117 592
Ge40Sn30In30 120 695
Ge60Sn20In20 117 787
Ge80Sn10In10 118 859
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Figure 1. Comparison between experimental DTA results and calculated vertical sections: a)
Sn-Geln, b) In-GeSn and c) Ge-InSn
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From results of calculation and experimental data, good agreement is noticeable. Figure 2,
shows comparative review of DTA results (Table 2) and calculated vertical sections of ternary
Ge-Sn-Zn system.

Table 2. Experimentally determined phase transition temperatures
for the examined Ge-Sn-Zn alloys

. Temperatures of phase transformation (°C)
Nominal -
composition (at.%) Reaction ar-1d Liquidus
transformation
Vertical section Zn-GeSn
Ge40Sn40Zn20 200 283 709
Ge30Sn30Zn40 200 346 628
Ge20Sn20Zn60 204 364 563
Gel0Sn10Zn80 203 374 463
Vertical section Sn-GeZn
Ge40Sn20Zn40 205 354 703
Ge30Sn30Zn30 197 318 626
Ge20Sn60Zn20 203 265 574
Gel0Sn80Zn10 202 490
Vertical section Ge-ZnSn
Ge20Sn40Zn40 205 329 606
Ge40Sn30Zn30 195 331 692
Geb60Sn20Zn20 205 324 796
Ge80Sn10Zn10 204 322 856
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Figure 2. Comparison between experimental DTA results and calculated vertical sections: a)
Zn-GeSn, b) Sn-GeZn and c) Ge-ZnSn

Same can be concluded for this ternary system, that agreement of calculation and
experiments is satisfactory. Next ternary Ag-Ge-Sn systems results in higher temperature of
liquid curve (Table 3) and it was necessary to add new ternary parameters for description of

liquid curve.
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Table 3. Experimentally determined phase transition temperatures for the investigated
alloys from the ternary Ag-Ge-Sn system

Nominal Temperatures of phase transitions (°C)
composition Invariant reaction ( DTA) . L
(at.%) *221.11) I **(476.87) I **%(533.72) Other phase transitions Liquidus

Vertical section Ag—GesoSnsg

Ag10GeysSnys 220.5 359.5 770.5
Ag0Ge40Snyg 222.0 417.5 789.0
Ags0GessSnss 220.0 455.5 788.0
AgaoGespSnsg 219.5 481.5 507.0 788.0
Ags0GeysSnys 221.5 478.5 535.5 771.0
Ag60Ge20SN 30 221.5 482.5 590.5 731.0
Ag70Ge1sSN;s 239.0; 507.0; 565.0; 627.5 642.0
AggoGeroSnig 362.0; 642.0 724.0
AgsoGesSns 489.0; 714.0 849.5
Vertical section Ge—AgsoSns,

Ag40Ge20SN40 222.0 467.0 727.0
Ag30Ge4oSN30 219.0 476.5 811.5
Ag,0GegrShyg 222.0 468.0 824.5
Ag10GegoSnyg 221.5 468.5 870.0
Vertical section Sn—AgsyGesg

AgisGessSnyg 507.0; 521.5; 633.5 822.5
Ag40Ge 405Ny 221.5 478.5 537.5 816.5
AgssGessSnsg 220.0 482.0 802.0
Ag30GesoSnyg 222.5 444.5 778.5
Ag,5Ge,sSnsy 220.5 429.0 727.0
Ag,0Ge,Snegy 221.5 394.0 679.5
Agi5Geq5Sny, 224.0 353.5 607.0
Ag10GeqoSngy 221.5 313.0 518.5
AgsGesSng 224.5 244.0 454.5

Optimization of the parameters for liquid phase was conducted using the PARROT module
based on a least square procedure.
The thermodynamic parameters for liquid phase obtained in this work are:

OLLy Ge.sn = 100403.41 — 76.52 % T (1)
'L, esn = 15443.03 + 55.13 + T (2)
’Ly ge,sn = 8058.02 (3)

By using thermodynamic data for constitutive binary systems and new ternary parameter
three vertical sections were calculated in Pandat software and compared with experimental
results (Figure 3).
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