ACTA MATERIALIA
TRANSYLVANICA

Material Sciences Publications

Volume 3, Issue 2

ERDELYI MUZEUM-EGYESULET
Cluj-Napoca
2020



II

A folydirat megjelenését tdmogatta a Magyar Tudomdanyos Akadémia, a Bethlen Gabor Alapkezel6 Zrt. és az EME
Miiszaki Tudomdanyok Szakosztalya / The publication of this magazine was supported by the Hungarian Academy of
Sciences, by the Bethlen Gdbor Fund and by the TMS - Department of Engineering Sciences

. =

KESZULT A MAGYAR KORMANY

TAMOGATASAVAL MINISZTERELNOKSEG BETHLEN GABOR
NEMZETPOLITIKAI ALLAMTITKARSAG Alap

Fészerkeszt6 | Editor-in-Chief: Bitay Eniké

Nemzetkozi Tanacsado testiilet / International Editorial Advisory Board:

Prof. Bir6 Laszl6 Péter, MTA Energiatudomdanyi Kutatékdzpont, Budapest, Magyarorszag

Prof. emer. B. Nagy Janos, University of Namur, Namur, Belgium

Prof. Czigdny Tibor, Budapesti M{iszaki és Gazdasdgtudomanyi Egyetem, Budapest, Magyarorszag
Prof. Di6szegi Attila, Jonkoping University, Jonkoping, Svédorszag

Dobranszky Janos, MTA-BME Kompozittechnolégiai Kutatécsoport, Budapest, Magyarorszag

Prof. Dusza Janos, Institute of Materials Research of Slovak Academy of Sciences, Kassa, Szlovakia
Prof. Gyenge Csaba, Technical University of Cluj-Napoca, Kolozsvar, Romdania

Prof. emer. Gyulai J6zsef, Budapesti Miiszaki és Gazdasdgtudomdanyi Egyetem, Budapest, Magyarorszag
Prof. Kaptay Gyorgy, Miskolci Egyetem, Miskolc, Magyarorszag

Dr. Kolozsvary Zoltan, Plasmaterm Rt., Marosvasarhely, Romania

Prof. Mertinger Valéria, Miskolci Egyetem, Miskolc, Magyarorszag

Prof. Porkolab Miklds, Massachusetts Institute of Technology, Cambridge, MA, USA

Prof. Réger Mihaly, Obudai Egyetem, Budapest, Magyarorszag

Prof. emer. Réti Taméas, Obudai Egyetem, Budapest, Magyarorszag

Prof. emer. Ro6sz Andrés, Miskolci Egyetem, Miskolc, Magyarorszag

Dr. Spenik Sdndor, Ungvéri Nemzeti Egyetem, Ungvar, Ukrajna

Prof. Zsoldos Ibolya, Széchenyi Istvan Egyetem, Gy6r, Magyarorszag

Lapszamszerkeszt6k / Editorial Board:

Dobranszky Janos, MTA-BME Kompozittechnolégiai Kutatécsoport, Budapest, Magyarorszag
Csavdari Alexandra, Babes-Bolyai Tudoméanyegyetem, Kolozsvar, Roménia

Gergely Attila, Sapientia Erdélyi Magyar Tudomdanyegyetem, Marosvasarhely, Romdania
Kovécs Tiinde, Obudai Egyetem, Budapest, Magyarorszag

Kiadé / Publisher: Erdélyi Muzeum-Egyesiilet

Felelds kiad6 / Responsible publisher: Bir6 Annamaéria

Olvasodszerkeszt6 / Proofreader: Szenkovics Enikd (magyar), David Speight (English)
Szerkeszt6ségi titkar / Editorial secretary: Kisfaludi-Bak Zsombor

Boritéterv / Cover: Konczey Elemér

Nyomdai munkalatok / Printed at: F&F International Kft., Gyergydszentmiklds
Copyright © a szerzék / the authors, EME/ TMS 2020

ISSN 2601-1883, ISSN-L 2601-1883

DOI: 10.33923/amt-2020-02

A folyéirat honlapja: https://www.eme.ro/publication-hu/acta-mat/mat-main.htm
The journal website: https://www.eme.ro/publication/acta-mat/mat-main.htm

Az Acta Materialia Transylvanica. Anyagtudomdnyi Kozlemények az Erdélyi Muzeum-Egyestilet (EME) Miiszaki Tu-
domanyok Szakosztalyanak folydirata, amely az anyagtudomanyok tertletérdl k6zol tudomdanyos kozleményeket:
szakcikkeket, 6sszefoglalokat (szemléket), tanulmanyokat. A folyoirat célja 6sszképet adni kiemelten a Karpat-me-
dencei kutatdsi irdnyokrdl, tudoményos eredményeirél, s ezt széles korben terjeszteni is. A foly6irat az EME felval-
lalt céljaihoz hiven a magyar szaknyelv dpoldsat is tAmogatja, igy a nyomtatott foly6irat magyar nyelven jelenik meg,
mely az Erdélyi digitalis adattarban elérhet6 (https://eda.eme.ro/handle/10598/30356). A széles kori nemzetkozi ter-
jesztés érdekében a folyoirat teljes angol nyelvii valtozatat is kozzétesszik.

Acta Materiala Transylvanica — Material Sciences Publications - is a journal of the Technical Sciences Department of
the Transylvanian Museum Society, publishing scientific papers, issues, reviews and studies in the field of material
sciences. Its mission is to provide and disseminate a comprehensive picture focusing on research trends and scien-
tific results in the Carpathian basin. In accordance with the general mission of the Transylvanian Museum Society
it aims to support specialized literature in Hungarian. The printed version of the journal is published in Hungarian
and is available in the Transylvanian Digital Database (https://eda.eme.ro/handle/ 10598/30356). However, we would
like to spread it internationally, therefore the full content of the journal will also be available in English.


https://www.eme.ro/publication-hu/acta-mat/mat-main.htm
http://www.eme.ro/publication/acta-mat/mat-main.htm

III

Tartalom / Content

FABIAN Eniké REKa, HORVATH RICHATG .eeuveeeeereeeereeeeereeeeeeesseeseseseessesseessessessessesssessessesssssssssesnes 61

PVD-bevonatos forgdcsoldszerszamok adhézios viselkedése
Adhesion Behavior of PVD-Coated Cutting Tools

GAL VIKEOT e veutieeeeeeeeeeeeeseesteeeseesestestsseeseesessessessessesssssssntentessessasesentessessessasssententessossosensentesseseses 65

A mérethatds végeselemes vizsgdlata az alakitdsi hatdrgorbék felvételénél

Finite Element Analysis of Size Effect for Forming-Limit Curves

1ZSO T1zabella, ASZTALOS Lilla c.vevevevereseereseeeeeseseseessssssesesesssssssssssssssssssssssssesssssssssssssssssssssases 70

Koszoruérsztent-bevonatok fejlesztési lehetdségei
Development Options for Coronary Stent Coatings

KENEZ Attila Zsolt, BAGYINSZKI (€201 76
A folyamatparaméterek hatdsdanak vizsgdlata a lézersugdrral hegesztett fiirékorondk
torésére
Investigation of the Effect of Process Parameters on the Break of Laser-welded Drill
Bits

KOVACS Ferenc, FABIAN ENTKE REKA c.vceveevereereeeereeresseeeteeeseesessessessesessssssssessessoseossossssensessessossans 81

Szévetszerkezeti valtozdsok ausztenites korrdziddllo acéllemezek lézersugaras
hegesztésekor

Microstructural Changes During Laser Beam Welding of Austenitic Stainless-Steel
Sheets

MALOVECZKY Anna, WINDISCH Mark, SZABO David, BUZA Gabor, UGI David,
VERES Mikl6s, RIGO Istvan, FURJES Péter, HAKKEL OISOLYa ..u..vurvsereserssnssecssesssnsssssssssesssnsanns 86

Kisérletek szilicium egykristalyon femtoszekundumos lézerrel

Experiments with Femtosecond Laser on Monocrystalline Silicon

MAROTI JAN0S ENdre, SZABO PELET JANOS...cueueuereerrrrrresesesesssssssessssssssssssssssssssssssssssssssssssnsssnens 90

A léces martenzit 0sszetett jellegének vizsgdlata

Investigation of Composite Behaviour of Lath Martensite



v

RENKO J6zsef Balint, BONYAR Attila, SZABO PELET JANOS.cucueereerereeererereresesesesesesssessssssssssssssseses 94

Mikrofluidikai cella fejlesztése folyadékfizisu vékonyréteg-levdlasztds nyomon
kovetésére
Development of Microfluidic Cell for Liquid Phase Layer Deposition Tracking

SIMON Agota, ASZTALOS Lilla c.cveueueueerrerererereesesesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssens 98

Torott ortopédiai implantdtumok kdrosoddsanalizise
Failure Analysis of Broken Orthopedic Implants

TOLNAI Ferenc, VARBAI BALAZS ...cccovvereutrerueinieeninueinnecissesisstesssesesseesssesessesssssessssesssssessnsesessees 103

A hékezelés hatasa duplex acél hegesztési varratainak szovetszerkezetére
Effect of Heat Treatment on the Microstructure of Duplex Stainless Steel Welds



ACTA
MATERIALIA
TRANSYLVANICA

Acta Materialia Transylvanica 3/2. (2020) 61-64.
DOI: hungarian: https://doi.org/10.33923/amt-2020-02-01
english: https://doi.org/10.33924/amt-2020-02-01

§ sciendo

Adhesion Behavior of PVD-coated Cutting Tools

Eniké Réka FABIAN,! Richard HORVATH?

Obuda University, Dondt Bdnki Faculty of Mechanical and Safety Engineering. Budapest, Hungary
! fabian.reka@bgk.uni-obuda.hu
2 horvath.richard@bgk.uni-obuda.hu

Abstract

Cutting with TiAIN or CrAIN tip PVD-coated tungsten carbide-based inserts manufactured by powder metal-
lurgy, we found no significant difference in the wear behavior of inserts regardless of whether the insert was
used in wet or dry conditions. We determined the adhesion properties of the coating layers with a scratch
test and by Daimler-Benz test. On the tungsten-based carbide cutting tool, the thinner TiAIN coating showed
slightly better adhesion than the thicker CrAIN coating.

Keywords: TiAIN, CrAlN, adhesion test, Calo test.

was 0.175 mm, and depth of cut (a) was 1 mm. We
found that the wear of the two CNMG 120408 in-
serts with the two different coatings (nanocrystal-

1. Introduction

Cutting tools can be classified into different
groups based on their material, geometrical

shape, purpose and conditions of use. Based on
their field of use, there are turning, drilling, mill-
ing and other tools. A tool has to fulfil the follow-
ing requirements: high-quality cutting, precision,
long life, productivity, and economical use. The
tool can only fulfil these requirements if it has
the necessary qualities. Of these, material prop-
erties are of paramount importance. An impor-
tant cause of the failure of tools is wear due to
abrasive and dynamic loads. Cutting tools are of-
ten surface treated [1-5], or coated [6-9], so that
they are more resistant to wear. The properties of
coatings depend on their structure, orientation,
coefficient of friction but also on how much heat
treatment the metal has received [10-11].

2. Previous research

According to literature sources, on tungsten-car-
bide tools, TiAIN suffers less wear than CrAIN
coating [10], while on hot-forming tool steels,
CrAlIN coatings exhibit better adhesion resistance
than TiAIN coatings [11]. We performed cutting
on cast state GX2CrNiMoCuN25-6-3-3 quality su-
per duplex steel in industrial conditions for 5
minutes. Cutting speed (v,) was 70 m/min, feed (f)

lite TiAIN and nanocrystallite CrAIN coating) was
not considerably different regardless of whether
cutting was performed in dry or lubricated condi-
tions (Figure 1) Wear was present in both cases.

Figure 1. Wear of coated cutting inserts. Built-up edge
a) TiAIN coating + dry cutting; b) TiAIN coat-
ing + lubricated cutting; c) CrAIN coating +
dry cutting; d) coating + lubricated cutting
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Figure 1 a) shows that after five minutes of dry
cutting intact coating can only be found outside
the “zone” of the depth of cut on the insert with
the TiAIN coating. When lubricated cutting was
performed, a built-up edge did not form on the
rake surface up to the chip breaking groove on the
TiAlN-coated insert, but the coating disappeared
from the chip breaking groove and its immediate
vicinity due to abrasive wear (Figure 1 b). Simi-
larly to dry cutting, lubricated cutting also caused
edge breakoff along the main cutting edge.

On the CrAIN-coated tool there were no shavings
or built-up edge in the chip breaking zone of the
rake surface, but the continuous wear of the chips
completely wore off the coating (Figure 1 c). Dur-
ing lubricated cutting, there was no edge breakoff
on the CrAlN-coated tool, but many built-up edges
of the duplex steel can be seen along the edge. On
this tool, the built-up edge from the duplex steel
can be found on the rake surface, over a long dis-
tance, even in the chip breaking zone (Figure 1
d).

The test results were somewhat surprising be-
cause according to the distributor, the coefficient
of friction of CrAlIN is lower (0.4) than that of the
TiAIN coating (0.6); the hardness of the TiAIN
coating is 3200 HV, while that of the CrAIN coat-
ing is 3300 HV.

To find out why the coated inserts behaved as
they did, we examined the actual thickness of the
coating and its adhesion with various methods.

3. Materials and methods

The CNMG120408 inserts were manufactured
by powder metallurgy. They were coated in con-
ventional industrial conditions. Since not only
the coating but the inserts are very hard too, the
measurement of layer thickness with metallo-
graphic methods is very complicated; a coating is
likely to break off, even when cut with a diamond
disk. The hardness of the material makes conven-
tional metallographic sanding complicated too,
therefore we measured layer thickness with the
Calo test [12-14] using a 30 mm diameter Al,O,
abrasion ball. The test is based on the wear be-
tween two surfaces based on abrasion. In the
test, a @30 mm ball was coated with a suspension
containing abrasive particles. The ball was then
rotated through friction drive and pushed against
the surface to be tested.

For the adhesion test, we used scratch test with
MST? equipment, [15], and Daimler-Benz test
[16].

4. Results

During the Calo test, the abrasion ball with
the abrasive suspension creates a crater,
with the shape of a spherical cap (Figure 2).
The wear mark is measured under a microscope
and the layer thicknesses are calculated [14].

Layer thickness (T) is calculated as follows:

r=2Y &)

= T AR

Notation can be found in Figure 2.

On the coated inserts, the thickness of the differ-
ent coatings is different. (Figure 3).

X Y

Figure 2. Notation for calculating layer thickness.

360.58um

Figure 3. Images of measuring the thickness of coat-
ing layers on CNMG120408 inserts
a) TiAIN coating b) CrAlIN coating.
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After the Calo test, we measured the circles
around the spherical caps with an optical micro-
scope and calculated the layer thicknesses. The
thickness of the TiAIN layer was 6.2-7.4 ym on av-
erage, while the CrAIN layer just exceeded 3 um
(3.3 um on average).

The results of the scratch tests performed with
the MST3device are shown in Figure 4.

During the scratch test of the inserts, the flaking
of the CrAIN layer has already started at a force
of 4.03 N, while the TiAIN coating did not exhib-
it characteristic chipping at a fine scale low load
even at the maximum load of 30N that can be
applied by the device. However, acoustic signals
were detected even at very small loads.

T
S
CrAIN- 10N
a)
R R A A, A s
= ;/
= 5 & 5 = L
® Bt g = b)
c)
G T T I la Qm‘ d)

Figure 4. The results of the scratch test
a) the optical representation of scratches on
the CNMG 120408 coated inserts
b) TiAIN coating, max load 10N
¢) TiAIN coating, max load 300N
d) CrAlN coating, max load 10N

For the Daimler-Benz test, a Rockwell hardness
tester with a diamond cone indenter and a load of
1470 N was used.

Daimler-Benz test was evaluated using an opti-
cal microscope as can be seen at Figures 5. The
imprints were classified from HF1 to HF6 con-
forming to VDI 3198 [16]. The adhesion of the
CrAIN layer (produced by PVD) on the CNMG
120408 inserts shows rather poor adhesion (H5/
H6 based on the series of images), while the TiAIN
layers have somewhat better adhesion, they re-
ceive a classification of H3/H4 based on the Daim-
ler-Benz test, as Figure 5 indicates.

5.Conclusions

The adhesion tests explain the relatively fast
wear of the coating during cutting both in dry
and lubricated conditions. The tests show that the
relatively thick TiAIN coating produces accept-
able adhesion on the CNMG120408 inserts, which
are produced by powder metallurgy and have a
relatively rough surface. On the other hand, the
CrAIN coating breaks up as a result of even a
small force and is classified as rather bad by the
Daimler-Benz test.
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Figure 5. The results of the Daimler-Benz tests at
CNMG 120408 coated inserts
a) TiAIN coating on insert 1
b) TiAlN coating on insert 2
¢) CrAlN coating on insert 1
d) CrAlN coating on insert 2
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Finite Element Analysis of Size Effect for Forming-Limit
Curves

Viktor GAL

University of Miskolc, Institute of Material Engineering and Materials Technology Miskolc, Hungary,
metgv@uni-miskolc.hu

Abstract

Nowadays, finite element (FE) methods are widely used for the analysis of Body in White parts production.
An FE software applies the forming-limit diagram to predict the failure of the sheet metal. There are many
new materials for weight reduction; for these new materials, the determination of forming-limit curves (FLC)
is important to studying formability issues. There are some cases where the available material for the mea-
surements is not enough or due to some specific measurement parameter, the standard test specimen cannot
be used. In these cases, the geometry of the test pieces and the testing equipment should be reduced. In this
paper, the material card for DCO5 (1.0312) steel was determined based on a tensile test and the Nakajima test.
With the material card, simulations were performed to investigate the size effect of the hemispherical punch
used for Nakajima forming method. Based on the simulations, the difference between the FLC-s (determined
with different equipment) was found to be negligible.

Keywords: FLC, size effect, forming-limit curve.

1. Introduction

In recent years, development trends in the au-
tomotive industry have been determined by the
reduction of harmful emissions. These aspirations
can be realized by reducing the weight of automo-
biles. In order to decrease the weight of vehicles, it
is not enough to simply reduce the amount of the
applied materials; it is also necessary to increase
their strength to fulfil safety requirements. As a re-
sult, nowadays, new high-strength materials such
as boron alloyed manganese steels (e.g. 22MnB5),
or high-strength aluminium alloys (AA7075) and
related technologies (Press Hardening, Hot Form-
ing and Quenching) [1] have been developed.

Nowadays, computer-aided design of sheet met-
al parts and finite element modelling of the tech-
nological processes are involved in the everyday
practice. Accordingly, the software needs to have
the possibility for applying the new materials and
also the new technologies. For a simulation that
adequately predicts the physical process, the be-
haviour of a material needs to be determined by
the appropriate constituent equations. For sheet

metals these are the flow curves, which show how
the material responds to plastic deformation, the
yield-surfaces defining the limit of elastic defor-
mation, and the Forming Limit Diagram (FLD).
The FLD describes the limits of formability in the
coordinate system of major and minor principal
strains. These three properties of the sheet metal
are collected in the so-called material cards.
Defining the behaviour of the material for con-
ventional (cold) forming processes can be re-
garded as common practice. However, the high-
strength materials - mentioned above - typically
are formed by hot-forming technologies [2].
Nowadays, computer-aided design of sheet metal
parts and finite element modelling of the tech-
nological processes are involved in the everyday
practice. Accordingly, the software needs to have
the possibility for applying the new materials and
also the new technologies. For a simulation that
adequately predicts the physical process, the be-
haviour of a material needs to be determined by
the appropriate constituent equations. For sheet
metals these are the flow curves, which show how
the material responds to plastic deformation, the
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yield-surfaces defining the limit of elastic defor-
mation, and the Forming Limit Diagram (FLD).
The FLD describes the limits of formability in the
coordinate system of major and minor principal
strains. These three properties of the sheet metal
are collected in the so-called material cards.

Defining the behaviour of the material for con-
ventional (cold) forming processes can be re-
garded as common practice. However, the high-
strength materials - mentioned above - typically
are formed by hot-forming technologies [2]. In
hot forming processes, the behaviour of the ma-
terial is primarily determined by its dependence
on temperature and strain rate, which clearly
induces a change in the constitutive equations
describing it. Dependence on these parameters
makes the determination of material properties
significantly more difficult.

Thus, in the case of hot forming, it is necessary
to set up an experimental matrix to properly de-
scribe the deformation of the material where there
are varying strain rates at different temperatures
or different temperatures at a given strain rate.
The increase in the number of tests makes it clear
that material card for the hot forming simulation
requires a larger amount of specimen than in cold
forming. For newly developed materials, it is not
always possible to produce large amounts of stand-
ardized size specimens that are typically required
for testing, especially for a forming limit diagram.

Determining the FLC using the conventional
Nakajima test causes considerable difficulties in
a hot forming environment. In this case, in order
to meet the requirements of the aforementioned
experimental matrix in terms of temperature and
strain rate, an equipment for FLD determination
has been developed (Figure 1) that can be used
with the GLEEBLE 3500 thermo-mechanical sim-
ulator at the Institute of Materials Engineering
and Materials Technology, University of Miskolc,
Hungary. This new device is a proportionally re-
duced equivalent to the tooling required for the
standard Nakajima test.

The basic concept behind the tests presented
in this paper is the well-known fact that in the
case of the FLC tests performed in the equipment
manufactured according to ISO 12004 standard
[3], the positioning of the forming limit diagram
changes in the coordinate system of the principal
strains if the sheet thickness changes. This effect
is more significant on the right side of the FLD
(g, > 0) but it is valid that increasing the sheet
thickness the FL.C will be shifted upwards along
the g, axis [4] (Figure 2).
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Figure 1. Proportionally reduced equipment for deter-

mining FLD.
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Figure 2. Effect of sheet thickness on the forming limit
curves for DC05(1.0312) material grade. [4]

Thus, if we change the sheet thickness to punch
diameter ratio, the position of the FLC in the co-
ordinate system of the major deformations will
change. In this paper, further experiments were
performed to investigate the effect of punch di-
ameter / sheet thickness ratio on the forming limit
curve (FLC). In these experiments, the influence
of the quotient on the FLC was tested by changing
the diameter of the equipment rather than modi-
fying the thickness of the sheet.

2. Material testing

As mentioned above, the basic prerequisite for
accurate finite element modelling is the determi-
nation of a material card that precisely describes
the deformation. For sheet metal parts, this can
be achieved by performing the tensile test and the
Nakajima test. The material quality to be tested
was 1.4828 austenitic stainless steel with 1 mm
sheet thickness, which is typically used for parts
in exhaust systems.
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The material was first cut by laser cutting pro-
cess for performing tensile tests in three different
directions i.e. in the rolling direction, 45 degrees
and perpendicular to it. The tensile test was per-
formed with an MTS universal electro-hydraulic
device at the Institute of Materials Engineering
and Materials Technology, University of Mis-
kolc, Hungary. In addition to the longitudinal
and transverse size change of the specimens, the
corresponding force values were continuously
recorded. By converting the values of force and
changes in length, true stress and true strain val-
ues are determined. Further, the yield curve was
determined from the section of these values with-
in the range of plastic deformation.

The onset of plastic deformation of the material
in the main stress plane o-0;; is determined by an
origin-centred ellipse, i.e. the yield surface. The
yield surface varies continuously as a function of
deformation, which can be derived from the flow
curve. In order to integrate the yield surface later
into the software, the plastic anisotropy coeffi-
cients describing the direction dependence of the
sheet rolling is also determined from the records
of tensile tests.

The third part of the material card used in finite
element modelling is the Forming Limit Diagram,
and more specifically the Forming Limit Curve
(FLO) itself, which is the curve connecting the
points of fracture in the coordinate system of ma-
jor strains. To obtain the FLC basically five (Fig-
ure 3), but a minimum of three specimens of dif-
ferent bridge widths are required. The specimens
of different bridge widths were laser cut, as men-
tioned for the tensile test, and were machined
from a 1 mm sheet. During the experiments, the
test specimens were fixed temporarily between a
die and a blank-holder to avoid any movement,
and then loaded with a hemispherical punch in
the direction of the sheet thickness until cracking
occurred. During loading, the displacement of the
points of the 1 mm quadrilateral mesh applied
to the surface of the specimens was continuous-
ly recorded by a four-camera optical measuring
system.

The displacement of the mesh points relative
to one another is automatically converted by the
measuring system into a deformation, thanks to
the continuous recording, which provided the ac-
curate picture of the entire process of deforma-
tion. The FLC was determined based on the defor-
mations associated with the fracture.
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Figure 3. Specimen geometries with different bridge
widths for determining FLD-s.

3. Finite element modelling

After performing the physical measurements,
finite element modelling was used to investi-
gate the effect of deviation from the standard-
ized tooling. The simulations were performed in
AutoForm R8 software, where first the material
card [5], and then the tooling was defined.

AutoForm provides the ability to import into the
software the points defined in the previous sec-
tion for each deformation characteristic. A draw-
back of the flow curve determination with the ten-
sile test is that the points thus obtained cover only
a small range of deformation. To overcome this
problem, the software performs extrapolation
using a mathematical function added to specific
points. Several known mathematical models are
available for extending the physical points of the
flow curve; in this case, we applied a combined
Swift and Hockett-Sherby approximation widely
used in the field of sheet metal forming, which
uses the mathematical form as described in equa-
tion (1). In this equation &, and g, are strains, o,
and o; are stresses, a and m are exponents in the
strain hardening law.

ont-afe s el -to. )] @

To describe the yield surface, the Hill48 model
was selected for which the anisotropy coefficient
value was derived from the tensile tests.
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Once the material card was defined, the ap-
propriate tool geometries were imported. The
standardized tooling model is illustrated in Fig-
ure 4, where the punch diameter marked D, was
100 mm. In order to examine the size effect, it was
necessary to reduce the diameter of the stamp, so
that the diameter of 100 mm was first reduced by
half and then by one-fifth, so that all other dimen-
sions of the test equipment were reduced propor-
tionally.

After the FE modelling of the equipment was
completed, the first necessary step was to deter-
mine the parameters of the simulation. Friction
also influences the location of rupture (particu-
larly in the region of positive deformation on the
FLD) as well as the deformation path of the spec-
imen [6]. In order to get appropriate results, the
friction parameter was set for the largest bridge
width piece with standard-shaped tools, because
of the large contact areas, which is the most im-
portant factor to consider in this case.

After defining the characteristic friction coeffi-
cient, simulations were performed for the next
four bridge widths with the given settings. In the
evaluation, the physical thickness measurement
of the maximum thickness at rupture was taken
as the basis of the physical measurement and the
main deformation was determined at this FE node.

The deformation points for the fracture thus
obtained are illustrated in Figure 5. On the ba-
sis of these results, it can be stated that the FLC
achieved by physical measurement and finite ele-
ment modelling shows a good correlation.

Since the simulations on the 100 mm diameter
punch are considered correct, it is further con-
tinued to compile the simulations for the pro-
portionally reduced 50 mm and 20 mm stamps.
It is also important to note that in these cases the
geometry of the specimens shown in Figure 3, is
reduced proportionally to the given diameter at
constant plate thickness.

4. Results and discussion

After running the simulations, the deformation
of each specimen was evaluated for each of the
three punch diameters. The strain distribution is
the same for each bridge width. Calculating the
fracture points was based on the sheet thickness
measured at the 100 mm diameter punch and the
strain in the thickness direction. The FLC-s for
each punch diameter are illustrated in Figure 6.

From the corresponding correlation of the
curves in Figure 6 it can be stated that if the size

Gdl V. — Acta Materialia Transylvanica 3/2. (2020)

Figure 4. Standardized tool geometry.
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Figure 5. Comparison the FLC points of the simula-
tion and the physical measurement.
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Figure 6. Results of the size effect created by diame-
ter change of hemispherical punch.

of the punch is reduced proportionally, the FLD is
not affected by the dimensional change at a given
sheet thickness. So the punch diameter to sheet
thickness ratio has no effect on the Forming Limit
Curves, but only the sheet thickness.
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Abstract

In our research we investigated the effect of different surface qualities on the adhesion of polylactic acid
coating on 316L steel. During the study, samples were electropolished and surface treated with aqua regia
and Vilella reagent, and the coating was applied by dipping technology using a Yaskawa robot arm. Tribology
tests were carried out to determine the adhesion, in addition to the force and friction conditions, the coating
damage resulting from the measurements was also recorded. In addition to the coating adhesion assay, con-
tact angle measurements were also performed. Based on our measurement results, it was found that com-
pared to the three different surface treatment methods, the surface of the samples treated with Villella was
more adherent to the polymer than to the conventional electropolished surface. In this case, the frictional
force was also much lower than that of the polished specimens, therefore this surface treatment method may
be suitable for improving the adhesion of the coating.

Keywords: coronary stent, surface treatment, coating adhesion, PLA.

1. Introduction

Coatings were initially used to enhance the
biocompatibility of stents, but nowadays their
primary goal is the controlled delivery of drugs
used to inhibit neointimal hyperplasia. Regarding
the optimal stent coating, the literature highlights
three main aspects. The first and one of the most
important factors is that the coating must be done
on a dirt-free metal surface. Second, the surface
roughness should be minimal relative to the
thickness of the coating to ensure good uniform-
ity and adhesion of the film layer. Furthermore,
finally, the coating must be stable both when ap-
plied to the stent and after implantation. [1, 2]

The three drugs studied for the treatment of
restenosis are heparin, sirolimus, and paclitaxel.
Heparin was effective in reducing both thrombo-
sis and neointimal proliferation, while sirolimus
and paclitaxel were mainly used in their antipro-
liferative effects to block neointimal hyperplasia.
[3, 41

Proper surface treatment plays an important
role in the design and manufacture of a stent.

Roughening of the surface may increase the ad-
hesion of the coating, but a surface that is too
rough tends to thrombogenicity. A typical surface
treatment method for stent types used in clinical
practice is electropolishing. [5, 6]

In our previous research, we observed that the
coating may detach from the surface of the stent
already during implantation, due to the fact that
the plastic coating carrying the drug does not ad-
here properly to the surface of the metal frame of
the support. [7] The aim of the present research
is to develop a surface treatment method to im-
prove the adhesion of the polylactic acid coating
on 316L type austenitic stainless steel, taking into
account previous experience [8].

2. Methods

For the research, 30x30x0.3 mm, 316L type,
austenitic stainless steel inserts were used.
5 specimens were electropolished, 5 specimens in
aqua regia (20 mL methanol, 15 mL 65 % HNO,,
45 mL 37 % HCl, up to 60 s, without power source),
and 5 in Vilella reagent (200 mL ethanol, 2 g picric
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acid, 10 mL of 37 % HCl, up to 60s, at 5V). Surface
treatments were performed at 30 + 1 °C. Further-
more, the samples were cleaned with acetone and
ethanol according to the pre-programmed values
in the robot before and after the surface modifi-
cation, and then allowed to dry (3x acetone and
3x ethanol purification, respectively).

2.1. Electropolishing

Of the various surface treatment methods, elec-
tropolishing is one of the most popular surface
modification methods due to its many advantag-
es. One of these is that it can be performed on
complex shapes, such as coronary stents of dif-
ferent shapes and geometries. It can be used to
create a well-passivated, smooth, even and clean
surface. During the polishing process, the metal
is oxidized on the surface of the anode, causing
the ions to dissolve into the electrolyte solution
and then migrate to the cathode where they are
reduced to form hydrogen. The electropolishing
process is influenced by a number of parameters.
Such parameters include anodic current density,
applied potential, electrolyte temperature, polish-
ing time, electrolyte composition and concentra-
tion, mixing method, and anode-cathode surface
ratio. [9-12] Based on this research and our ex-
perience, electropolishing was performed at 5 V
and 0.01 A/mm? in room temperature solution
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(25+1 °C) with ultrasonic vibration, phosphoric
acid (H3PO4), sulfuric acid (H,SO,) and distilled
water. It was performed in a 6:3:1 mixture to
which 20 mL of glycerol was mixed. The polishing
time was 3 minutes. (Figure 1).

2.2. Chemical etching

Electropolishing can create a very smooth sur-
face, but the adhesion of the coating can be aided
by roughening the surface by chemical etching.
Similar experiments have already been carried
out in the development of polyurethane coatings,
in which it has already been demonstrated that
the smaller the roughness of the stent surface, the
easier it is for the coating to peel off. [13] Howev-
er, polyurethane is no longer a typical drug carri-
er in medical technology, so taking into account
the research and development trends, the pres-
ent research examines the adhesion of polylactic
acid.

Roughening of the surface was solved by chemi-
cal etching. In order to make the process repeata-
ble, the process was automated with a robot arm
(Yaskawa You teach me). The milling agent was
stirred continuously with a magnetic stirrer (IKA
RCT basic) at 30+1 °C. The duration of the surface
treatment was 60 seconds, during which the ro-
bot arm moved the specimen in a circular man-
ner in the solution (Figure 2).

Figure 2. Surface treatment with a Yaskawa ,,You
teach me” robotic arm.
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2.3. Coating process

The coating was also applied to the surface-treat-
ed tiles automated with the robotic arm. The poly-
lactic acid was dissolved in chloroform. The dip-
ping time was 10 seconds, and after extraction,
the coating formed on the tile was dried by rotat-
ing it along its axis.

2.4. Qualification of the coatings

The weight of the tiles was measured before,
after and after the surface treatments. The ef-
fectiveness of the surface treatment was exam-
ined by electron microscopy (Zeiss EVO MA 10)
and confocal microscopy (Sensofar, neox PLu).
Surface roughness was also measured on refer-
ence, surface-treated and coated samples. The
adhesion of the coating was evaluated by a tribo-
logical test (High Temperature Tribometer - CSM
Switzerland). As the moisture-binding effect of a
given plastic is important in medical technology,
we also performed edge angle measurements as
part of the research.

3. Results

3.1. Microstructure examination

The surface treatment methods used resulted
in different surface morphologies, the scanning
electron micrograph (SEM) of which is shown in
Figures 3-5. Electropolishing, as expected, gave
a smooth surface, while for samples milled with
Vilella and aqua regia, the surface roughening
was achieved. Each of the surfaces obtained after
the treatments may be suitable for applying the
polymer coating of our choice.

3.2. Weight measurement

The largest weight loss was caused by the elec-
tropolishing process (6-8 %), followed by the
weight loss caused by aqua regia (0.5-1 %) and
Vilella etchant (0.2-0.3 %).

After coating preparation, the weight of the in-
serts increased uniformly by 6 to 7 mg, which sup-
ports the success of the automation of the coating.

3.3. Surface roughness

Surface roughness was determined by confo-
cal microscopy (Neox Flu, Sensofar). The surface
roughness of the samples etched in the royal wa-
ter was the highest, of the treated samples only
the roughness less than the reference value was
measured on the electropolished specimen (Ta-
ble 1).
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Figure 3. Electron microscopic images of the surface
of the electropolished 316L sheet.
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Figure 4. Electron microscopic images of the surface
of the aqua regia etched 316L sheet.
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Figure 5. Electron microscopic images of the surface
of the Vilella etched 316L sheet.

The values after coating preparation are sum-
marized in Table 2. After coating, the average
surface roughness of each sample decreased,
which is advantageous because the low surface
roughness during implantation reduces the force
required to push the implant intravascularly.
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Table 1. Surface roughness measured on the samples
(Sa = average of the deviations). The shown
values are the average values of the 5 sam-

ples.

Sample Sa (um)
Aqua regia etched 5.12
Vilella etched 4.53
Electropolished 2.66
Reference 2.73

Table 2. Surface roughness measured on the samples
after the coating process (Sa = average of
the deviations). The shown values are the
average values of the 4 samples.

Sample Sa (um)
Aqua regia etched 1.33
Vilella etched 1.37
Electropolished 1.53
Reference 1.30

3.4. Coating thickness

The thickness of the coating was also deter-
mined by confocal microscopy. To this end, sam-
ples were selected from all types in which a part
of the coating was mechanically removed from
half of the coated section so that neither the raw
material nor the remaining coating section was
damaged; partial layer thickness could not be
measured properly at the original boundary, as it
would show a gradual thinning. By examining the
total length of the boundary section thus formed
(marked in yellow in Figure 6), the coating thick-
ness is obtained by calculating the difference
between the average level of the sample surface
(green area in Figure 6) and the average coating
thickness level (orange area in Figure 6). Unfortu-
nately, the robotic arm method we currently use
did not allow the samples to be dipped in their
full length into the polymer, as the chuck would
have been immersed together with the sample in
the plastic solution. The polylactic acid coating
would solidify on the chuck and insert together,
and even the coating on the insert would be dam-
aged as the chuck was removed. In the future, our
goal is to further develop the current method in
such a way that we are able to immerse the sam-
ples in polylactic acid along their entire length so
that the layer thickness is as uniform as possible
over the entire length of the sample.

The software of the applied confocal microscope
made it possible to determine the exact height
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Figure 6. Colour scale for determining layer thick-
ness. The border section created during the
incision is marked in yellow. The scale on
the right shows the depth and height of the
levels for each colour in um.
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Figure 7. Results of measurements with confocal
microscopy; the yellow arrow-line shows
the layer thickness.

and depth values at the selected points as well as
along the lines, in addition to the colour map rep-
resentation. Figure 7 shows the values of 3 line
analysis. The measurement lines were recorded
in a direction perpendicular to the boundary line.
The average height of the coating layer as well as
the average height of the plane of the plate were
determined, and the thickness of the coating was
obtained from the difference between the two.
Based on the results, the average thickness of the
coating prepared by us is 10.45 pm, which meets
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the values of the literature and is almost identical
to the typical coating thickness of the stents cur-
rently on the market.

3.5. Qualification of coating adhesion

The adhesion quality of the coating was deter-
mined by tribological testing, for which we used
the High Temperature Tribometer CSM THT in-
strument in the laboratories of PROMATECH in
Kosice. During the test, using the same load force,
in our case 50 N, a needle on a disc was moved
circularly on the surface of the insert. A detail of
the “ditch” formed by the needle is shown in Fig-
ure 8.

Based on the experiment, we found that under
the effect of the same loading force, the trench
with the smallest depth (8.76 um) was formed
in the case of the samples treated with Vilella.
Based on this, it can be said that the applied pol-
ymer coating was here the most resistant to the
same load. In this case, the needle did not even
reach the boundary of the metallic material of the
sample, based on an average coating thickness of
10.45 pm. In contrast, there was a deeper differ-
ence beyond the coating thickness for the aqua
regia-treated (17.5 pum) and electro polished (16.9
um) samples. The deepest scratch depth (35.2 pm)
was obtained for untreated but polymer-coat-
ed samples, i.e. it was the least “resistant” to the
same load.

3.6. Edge angle

When measuring the edge angle, the wettability
of the inserts was examined. From the data, we
can deduce whether the blood wets the surface
or not. This is important because the hydrophobic
or hydrophilic nature of the surface can affect the
effect of the coating on restenosis. Smaller flange
angles means better wetting (minimum 0°), while
larger flange angles (maximum 180°) can mean
worse wetting. At a flange angle of less than 90°,
it is said that the liquid wets the solid surface of
the substrate, and at flange angles greater than
90°, we speak of non-wetting. Our measurement
results are summarized in Figure 9.

From Figure 9, it can be seen that the polymer
applied to the surface of the Vilella-treated sam-
ples has a wettability above 90°, i.e. the coating is
more hydrophobic, even in the case of electropo-
lished samples only. From this we can conclude
that the blood wets the surface of our polymer
less. This is good because it will cause the plate-
lets, to stick less to the wall of the ,foreign’ sub-
stance and thus be less likely to cause thrombosis.
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Figure 8. A detail of the “ditch” formed by the needle
during tribological examination.
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4. Conclusions

Summarizing the above results, we found that
etching solutions used in the literature can be
used well for material type 316L and create a
nice uneven surface, which affects the properties
of the coating adhesion. Furthermore, we found
that comparing the three different surface treat-
ment methods to the surface of the Villela-treated
inserts, the polymer adhered better than to the
electropolished surface formed by the currently
most widely used method. In this case, the coef-
ficients of friction were also much lower than in
the case of polished samples, so this surface treat-
ment method may be suitable for strengthening
the adhesion of the coating. Furthermore, using
this surface treatment method based on the edge
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angle values, i.e. the wettability conditions, we
can say that we have obtained a better result than
in the conventional electropolishing method.

Nevertheless, the surface treatment and coating
processes have been automated and a suitable
surface treatment method has been found for
better coating adhesion on 316L inserts, howev-
er, further research and studies on stents are also
needed.
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Abstract

The geometry and microstructure of the seam can be influenced by changing technological parameters such
as laser power, welding speed, focus distance and shielding gas. In this research we examine the effect of
laser power and focus distance on the quality of the breaking torque value while the welding speed and the
shielding gas is unchanged. From the test results, we found that changing the defocus has no effect; a change

in laser power affects ~15 %, while a change in welding position significantly affects the breaking torque.

Keywords: laser welding, diamond segment, material testing, parameter study.

1. Introduction

Laser beam welding has several advantages due
to its concentrated nature: low heat input, a nar-
row heat affected zone, small distortion and easy
automation. Compared to conventional welding
processes, it produces deeper melting, higher
welding speed, accuracy, reliability, efficiency and
higher productivity [1]. Metal based materials of
different material qualities can also be welded by
laser beam if the two metals can simultaneously
melt and form a common melt [2]. The weld ge-
ometry and micro-structure can be influenced by
changing the technological parameters.

In our previous article [3] we have already in-
vestigated laser beam welded joints of diamond
segment drill bits, searched for welding defects.
Possible alloys and microstructure and hardness
tests were performed. Additionally, in this re-
search, we welded powder metallurgy segments
onto thin-walled steel tubes, we used the same
components for the sample production as for the
serial production. The different effect of the la-
ser welding process parameters was investigated
separately onto the mixed joints fracture test val-
ues. This value is included in the current drawing
specifications and is used to qualify laser-welded
joints in serial production.

2. Conditions for the experiments

Laser welding process parameters, such as laser
power, welding speed, focus distance and shield-
ing gas have the greatest influence on the quality
of welded joints [4]. In this series of experiments,
besides the laser power, the effect of the change of
the focus distance was investigated not only per-
pendicular direction to the surface (defocus) but
also axial direction (welding position) (Figure 1),
because when welding two components, the shift
of the laser beam affects the joint strength.

+ Welding Position

+ Defocus

Figure 1. Focus spot shifting directions
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The experiments were performed with a Trumpf
TruDisk 4002 laser source, which has max. 4 kW
power and beam wavelength of 1.03 um. The seg-
ments were welded to a thin-walled cold drawn
tube of material quality 1.0308 according to EN
10305-1 [5], with a wall thickness of 2+0,15 mm.
The chemical composition of the segments:
Astaloy-Mo powder = 99.8 %, Graphite powder =
0.2 %, and the chemical composition of the tube:
C <0.17 %, Si < 0.35 %, Mn < 1.2 %, P < 0.025 %,
$ <0.025 %.

Possible strategies for experiments:

- Best-guess approach is often used, but it is un-
sure that we can find the optimal solution. If
we find a reasonably good solution, we need
not keep guessing;

— Change one factor at a time is an easily repro-
ducible procedure, but a large number of ex-
perimental steps are required, the interaction
of the individual factors is not apparent from
the experiment and interfering effects cannot
be taken into account during the study;

— Factorial Experiments; changing several fac-
tors at the same time (fewer experimental
steps required), the interaction of each factor
is also apparent from the experiments. It is
possible to calculate the average values and so-
called effects associated with the settings.

To perform the experiments, we chose the
change one factor at a time method. From the re-
sults obtained, we will be able to select the range
within which it is worth conducting the factor ex-
periments in order to understand the interaction
of the parameters.

3. Results achieved

3.1. Test method used

The purpose of the test was to determine the av-
erage torque required to break out the segment,
which should be greater than the required min-
imum 9 Nm. To determine the breaking torque
value, we placed an insert that fitted the shape of
the segment, which connected to digital display
torque wrench (Figure 2). After setting the torque
wrench at zero, the segment broke in an outward
direction and the displayed value was read.

We broke 16 pcs of segments from each sample
and evaluated the results with the Minitab soft-
ware. An average breaking torque value applies
to our specification (X) but it is also important
for us to have a lowest breaking torque value
(min) to ensure that each bond meets the require-
ment. In addition, standard deviation (o) and pro-

cess capability (Cpk) were determined. The value

of the latter shows how central to the mean and

how far each value is relative to the tolerance.

(Figure 3). The process capability index has two

parts: upper process capability index (1) and

lower process capability index (2). Cpk (3) is the

smaller of the two [6]. In our case we just calculat-

ed with (1) because the tolerance in the classical

term is a one-sided tolerance with a minimum re-

quirement of 9,5 Nm.

If Cpk value is:

— >1, the process is satisfactory, below which it
does not meet the minimum requirements;

— > 2, then the process is as expected, the num-
ber of defective pieces is approx. 5 PPM;

— > 5, the process is redesigned (there is no need
for such good quality or any additional cost in-
volved).

Segment

Breaking direction

Insert

Figure 2. Tools needed to determine the breaking
torque value

et Q
Centering
L]
Centering E . . .. »

High
Spread

Low
Spread

Figure 3. Relationship between process spread and
centrality (Symbols in the figure: black dots
show the measured values; the red circles
show the tolerance fields and the intervention
limit) [7]
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Mean value — Lower tolerance )
CpL = E
3 X Deviation
Upper tolerance — Mean value 2)
Cry =

3 X Deviation
Cpy = Min(C,,, C,p) 3)
The initial value was set to 0.25 mm defocus and
(-0.2) mm welding position, the welding speed
was set to the maximum value that could be set
on the laser welding device, 3 m/min during the
experiments.

3.2. Results and their evaluation

The laser power was reduced in increments of
10% until the tube had just melted completely,
this was achieved in Sample Nr. 5 (at 45% laser
power). The data is shown in Table 1 and the
graphical representation is shown in Figure 4.
The breaking torque values were varied in be-
tween 2 Nm in the power range of 45-70 %. The
lowest standard deviation, the highest machine
index and highest breaking torque index oc-
curred at 60 % power. However, 45 % laser power
for the melting criterion was considered for fur-

Table 1. Change of breaking torque values as a func-
tion of laser power

ther experiments since this parameter is immedi-
ately visible if the tube does not melt through on
the entire cross-section due to focus spot offset.
The defocus was varied in increments of 1Imm
starting from the surface (positive direction) and
then, in 0.5 mm increments was moved below the
outer surface of the tube (negative direction). The
data is shown in Table 2. and the graphical rep-
resentation is shown in Figure 5. The positive de-
focus has a negative effect on the breaking torque
index, but as a result of the negative defocus
provides changes on the breaking torque values
within 1.4 Nm range. For the analysis of the weld-
ing position, the parameter with the highest ma-
chine capability index was chosen (Sample No. 7).
The welding position was varied in increments
of 0.1 mm from the segment edge in the direction
of the tube. The data is shown in Table 3. and the
graphical representation is shown in Figure 6.
The welding position away from the edge of the
segment increases the breaking torque value, and
when the maximum is reached, the standard de-
viation increases, and in parallel, the breaking

Table 2. Change of breaking torque values as a func-
tion of defocus

Sample X min Sample I min
X k X
sign (Nm) o Cp (Nm) sign (Nm) o Cpk (Nm)
1 (70 %) 17.575 1.640 2.65 12.1 6(1.25)| 13.431 1.271 1.58 10.1
2 (60 %) 19.506 0.589 3.68 17.4 7(-0.75) | 17.731 0.690 4.69 16
3 (50 %) 18.793 2.216 1.78 111 8(-1.25)| 17.818 1.104 2.74 15.5
4 (40 %) 14.773 0.611 2.84 13.7 9 (-1.75) 17.275 1.025 2.39 15.6
5 (45 %) 17.620 1.108 2.56 14.3 10 (-2.25)| 17.086 1.823 1.73 11.7
11(-2.75)| 16.433 1.848 1.35 10.9

The effect of changing the laser power on the breaking terque The effect of changing the defocus on the breaking torque
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Figure 4. Change of breaking torque values as a func-
tion of laser power

Figure 5. Change of breaking torque values as a func-
tion of defocus
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Table 3. Change of breaking torque values as a func-
tion of welding position

sfféﬁle (N)fn) o Cpk (Nm)
13(0) | 13.025 | 1.105 205 | 112
14(-0.1)| 15500 | 1.044 259 | 142
15(-03)| 14450 | 2.134 089 | 104
16(-04)| 3612 | 5106 | -0.39 0
17 (-0.5) 0 0

The effect of changing the welding position on the breaking torque
2

Breaking Torque (Nm)
cmaqwo§§=5E8

-0.5 -04 -03 -0,2 -01 0,0

Welding Position (mm)

Figure 6. Change of breaking torque values as a func-
tion of welding position

torque value drops below the required minimum
of 9 Nm (Sample No. 16 and 17).

Following the one factor change at a time strat-
egy, we came to a good solution with parameters:
45 % laser power, -0.75 mm defocus, -0.2 mm
welding position.

4. Conclusions

Focus spot offsets only show proper results at
45% of laser power, other offsets gave the high-
est machine capability index when different
laser power was used. To verify this point, we
performed an experiment using the above offsets
at 60 % laser power, resulting Cpk of 0.77 (as op-
posed to 4.69).

The disadvantage of this strategy is that we
do not know the interactions of the factors, but
from the results we have selected the ranges
within which the factor experiments are worth
performing: 45-70 % laser power, defocus 0.75-
(-1.25)mm, welding position 0.00-(-0.3) mm. We
also want to know the effect of speed, so we have
included it in the range of 30-50 mm/s.

The breaking torque charts show more than just

the change of the values. It also can be observed
from the laser power diagram that the average
breaking torque index of Sample No. 1 and Sam-
ple No. 5 differs only by 0.1 Nm and there is also a
difference of 0.1 in the machine capability index.
From this it can be concluded that the two seams
have same load capacity, but this can be deter-
mined by further detailed investigations, since
there was a significant difference in the laser
power, i.e. due to different heat input, the weld
width, hardness value and microstructure should
be examined in addition.

The optimum laser power can be determined at
60 %, as it has the highest average breaking torque

value, lowest standard deviation, highest Cpk
value, but the load capacity of joint does not dete-
riorate as the power changes. This is also shown
in Figure 5. the defocus does not affect the break-
ing torque value within the tube wall thickness
(0—(-2) mm). The welding position has the greatest
effect on the breaking torque value, the change
of this parameter sharply deteriorates the joint
quality if the change is greater than +0.1 mm.

We can also observe the so-called ,,Outliers” in
Figures 4. and 5. These values are farther from
the mean value, but above the specified value
(e.g., Sample No. 10, segment Nr. 3 had a 11.7 Nm,
segment Nr. 4 had a 17.3 Nm). Visual inspection of
the seams after welding did not show any surface
damage, leakage to the surface, welding defects.
More detailed microscopic examination (e.g. opti-
cal light microscopy or scanning electron micros-
copy) could determine the difference between the
seams.
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Abstract

The purpose of our study was to investigate the properties of welded joints formed by 1.5 mm thick plates
with a diode laser beam equipment. The technological parameters influence the shape of the weld metal. In
the heat affected zone no grain coarsening appeared. Increasing the welding speed, in case of similar laser
power, the ferrite content of weld metal decreases. The hardness’ of the streams are higher than that of base

metal, but the highest values were measured in heat affected zones.

Keywords: diode laser, austenitic stainless steel, welding, ferrite content.

1. Introduction

One of the new technologies to be exploited
in the 21% century is the increasingly available
laser welding. Due to the velocity of the concen-
trated beam and its repetitive accuracy it stands
out from other technologies [1-3]. Laser beam
welding plays an increasingly important role in
welded structures today due to the concentrat-
ed heat input and the high welding speed. Laser
beam welding works with concentrated heat in-
put, making it suitable for welding of high alloyed
austenitic steels. Generally, the heat-affected zone
is small, no grain coarsening is created, conse-
quently the structure will have good mechanical
properties and the corrosion properties will be
favorable as well. In return for its advantages, la-
ser welding requires accurate preparation before
welding [1-5].

The properties of laser welding machines are
extremely diverse compared to laser radiation
sources. The radiation source determines the
wavelength of the laser beam, which affects the
absorption. For instance, the CO, laser with a
wavelength of 10.6 pm is expected to have a low
interaction time and deep beet-shaped melting,
called keyhole welding. The other mode is heat
conduction welding, where the energy of the la-

ser beam reaches to deeper layers of the product
from the surface by heat-conduction. This behav-
ior is produced, for example, by the diode laser in
this study with its 0.94 um wavelength, which is
called half-lens-shaped in the scientific literature.

The sources of the laser beam in the case of key-
hole welding are the carbon dioxide laser and the
Nd: YAG lasers. The welding speed is less than
12 m/min and the weldable plate thickness is less
than 25 mm. Laser beam intensity is higher than
108 W/cm? in the case of steel welding. With this
method can be welded unalloyed and high-al-
loyed steels, aluminium and its alloys, copper and
its alloys, pairs of materials of different metals
[4].

Typical radiation sources for the heat-conduc-
tion process are Nd: YAG lasers, fiber laser and
diode laser. The intensity of the laser beam in the
case of steels is less than 106 W/cm? [6]. According
to the literature, this process is suitable for weld-
ing high-alloy steels as well. The weldable plate
thickness without any filler material with a di-
ode laser beam can be increased with laser beam
power [6]. The laser beam processes are influ-
enced by the focus point position as well as by the
focus path parameters [7-9]. A common feature
of laser beam methods is that the heat input and
the heat transfer are influenced by the absorption
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and geometric conditions. As reported in the liter-
ature [10], the absorption of a laser beam in the
case of a CO, laser is about 10 %, whereas with
application of a diode laser it increases to 30 %.
The roughness of the surface also influences sig-
nificantly the absorption coefficient of the laser
beam. The absorption coefficient varies between
4-80 % in the case of CO, laser beam treatments,
butin case of the solid-state laser beam treatments
it can reach 30 % even on polished surfaces [11].
The basic principle of a diode laser is same as all
the other laser’s, with an additional characteris-
tic that the formation of the population inversion
requires a particularly high current density, thus
it is advisable to use the material, which is to be
excited, with a minimum volume. It is advisable
to organize several units into modules for the re-
quired performance. This is one of the favourable
characteristics of the diode laser: the small laser
beam source can be placed at the end of the ro-
botic arm. Obviously, there is no consuming laser
gas, and these two effects can result in significant
cost savings and space requirements. Yet, the di-
ode laser is rare in welding applications because
of the energy density mentioned above.

2. Material and Testing

The 1.4404 austenitic corrosion-resistant steel
selected for the experiment can be easily cold
formed and is a weldable quality steel. This steel
is also often used in the construction of chemi-
cal and textile structures because of its high re-
sistance to aggressive media, its resistance to in-
ter-crystalline corrosion up to 400 °C, and its low
cost compared to other austenitic grades [12].
The purpose of our study was to investigate the
properties of welded joints made of 1.5 mm thick
plates with diode laser beam equipment. In case
of LDL 130-3000 laser beam apparatus used, the
energy distribution of the radiation source is very
abundant, the focus is oval, 3 mm long and 1 mm
transverse. The weld metal was protected by ar-
gon gas at a yield of 15 L/min on the crown side
and 10 L/min on the root side. The nozzle was at
an angle of 30° to the workpiece. During to laser
beam welding, the temperature of the weld bath
could be monitored on a monitor, which was al-
ways between 1400 °C and 1500 °C. When the la-
ser beam stopped, the temperature of the seam
decreased at high speed and the piece became
quickly touchable.

For metallographic examination, 1030 mm
samples were cut at 25 mm from the streams

end. 2-2 specimens with 15x30 mm dimensions
were prepared for corrosion testing from the cen-
tral region of the seam. The ferrite content was
measured by Fischer FMP30. Ferritescope using
a magnetic induction type. The ferrite content of
the welds at crown and root portion of the stream
weld, and also the weld metal on metallographic
prepared samples were measured. Our metallo-
graphic studies tested several etching materials.
The y and 8 phases can be distinguished after
etching with Kalling’2 reagent, but the austenitic
structure of the base material became more visible
after aqua regal etching. Microstructure of welded
zone were studied on Neophot-2 type microscope.

Microhardness measurement was carried out
with a load of 0.2 kg. Corrosion tests were per-
formed according to ASTM G48 standard method
B in 6 % FeCl, aqueous solution.

3.Results

We could create properly fusible seams with a
1000-1200 W power and a welding speed between
4-8 mm/s. Applying 1000W the welding speed
had to be 4-6 mm/s. Increasing the laser power
from 1000 W to 1200 W when the welding speed
was 6 mm/s the ratio of height to width decreased
from H/D= 5/3 to 1/2 as can be seen in Figure 1.

The heat-affected zone of the seams is extreme-
ly narrow, almost indistinguishable by aqua regal
etching, but etching with Kalling’s reagent sepa-
rates a narrow ferritic band at the edge of weld
metal, which is narrower than the midline ferritic
enrichment in the middle of the parent material
plates, as shown in Figure 2. There was no grain
coarsening in heat affected zone.

Consistent with the microscopic observations,
the percentage of ferrite on the surface of the
plates, measured with a ferrite microscope, was
0.01 % on average, while in the center line 0.3 %.
After welding, the ferrite content of the weld met-
al increased. The ferrite content of the weld metal
with the highest heat input exceeded 5 % when
the measurements were executed on the crown
part, but almost reached 4 % measured on the
metallographically prepared samples (Figure 3).

The microhardness measurement data show a
good agreement with the results measured with a
ferrite scope. Samples with higher ferrite content
have higher average hardness. The highest hard-
ness was measured in the heat-affected zones, but
nowhere exceeded 200 HV0.2. Welding with same
laser power the highest hardness was measured
at the lowest welding speed. (Figure 4).
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Figure 1. Laser welding power effect on geometry of
welding streams. v = 6 mm/s Kalling reagent
a)P=1000 W, b) P =1200 W.

Testing the resistance of the weld areas to pit-
ting corrosion in a 6 % aqueous solution of FeCl,
by soaking method showed little pitting corrosion
after 24 hours, but after 72 hours several holes
were observed in the vicinity of the joints, espe-
cially in samples with wider widths, as shown in
Figure 5.

4. Conclusions

Austenitic stainless-steel sheets, with 1.5 mm
thickness, were welded by diode laser welding
equipment, at 1000-1200 W. Despite the fact that
no filler material was used, the ferrite content of
the weld metal in the crown part exceeded 3%,
this was slightly lower in the sections. At the same
plate thickness, using the same welding power, it
can be shown that the ferrite content of the weld
metals, measured with a ferritescope, decreases
with increasing welding speed. It can be seen that
the hardness of the seams increases compared to

. Pt i

Figure 2. Micrographs on weld metals zone
a) 1200 W, 4 mm/s. Kalling reagent,
b) 1200 W, 6 mm/s. Kalling reagent,
¢) 1200 W, 8 mm/s. Kalling reagent,
d) 1000 W, 6 mm/s. aqua regal.
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Figure 3. Laser welding parameters effect on ferrite
content of the weld metals.
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Figure 5. Laser welding parameters effect on pitting
corrosion.

the base material at each welding speed, but the
highest hardness was measured in the heat-af-
fected zones, which can be related to the amount
of delta ferrite.
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Abstract

Experiments were performed with femtosecond laser on monocrystalline silicon for different application
fields. The small focal spot diameter, the ultra-short pulse length, and the high energy density opens new
ways in material processing; the treated material will have smaller heat affected zone (HAZ), and allow more
precise, higher quality material processing. Micropillars and LIPSS structures were prepared on monocrys-

talline silicon in our study.

Keywords: femtosecond laser, surface structuring, micromachining, micropillar.

1. Introduction

Ultra-short pulsed lasers (i.e., pico- and femto-
second lasers) have undergone rapid develop-
ment over the past few decades. These lasers have
many advantages over conventional (e.g., nano-
second) pulsed lasers. As a result of extremely
short pulses, the heat affected zone (HAZ) is much
smaller in the treated materials, thus providing
high quality micromachining for both ductile and
brittle materials. This is because electrons need
1 to 100 ps - depending on the electron-phonon
coupling strength of the material being treated -
to transfer thermal energy to the nucleus in the
lattice. In femtosecond lasers, this results in only
a very small fraction of the irradiated energy be-
ing transformed into heat.

Another advantage of ultra-short pulsed lasers
is that they are capable of generating extremely
high peak pulse power, which allows the multi-
photon absorption to take place, so that insulating
materials (e.g. glass) can be machined with it. Sin-
gle-photon absorption cannot excite the electrons
of the insulating materials into the conduction

band. However, due to the high photon density
in multi-photon absorption, it is possible to excite
the electrons into the conduction band even if the
energy of the band gap is greater than that of the
photon [1-6].

Because of these characteristics, femtosecond
lasers are capable of ablation in high quality. Ab-
lation: during high-power pulsed laser treatment,
a plasma cloud of matter exits the material and
leaves a well-defined cavity. This process is also
called hyper sublimation: the solid enters directly
to the plasma phase [1].

Micropillars, microchannels and stents can be
machined this way.

Micropillars are used for material research pur-
poses. Plastic deformation works differently at
the micro level, and understanding it is impor-
tant for designing micro-sized parts and develop-
ing dislocation theory. In the course of our work,
pre-processed micropillars were machined to re-
duce the time-consuming work with FIB (Focused
Ion Beam) [7-11].

Below the ablation threshold, regular, wave-like
structures are known as Laser Induced Period-
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ic Surface Structures (LIPSS) appear on the sur-
face. The period of these waves is much smaller
than the spot diameter of the laser beam. There
is no accepted theory for the mechanism of their
formation, but probably the interference of inci-
dent and backscattered electromagnetic waves
and also hydrodynamic phenomena play a role
in the formation of these structures. Such struc-
tured surfaces can be used, for example, to im-
prove tribological properties, to form antibacte-
rial surfaces, and as a substrate for SERS (Surface
Enhanced Raman Scattering) spectroscopy. It is a
common problem in Raman spectroscopy that the
test component is only present in small amounts
in the solution, such as in spinal fluid testing or
in detecting drug molecules remaining in filtered
water. In this case, the Raman sign of the material
is not large enough to detect its presence. A SERS
chip (substrate) is then inserted into the Raman
microscope. By dropping the test solution to this
substrate the Raman signal of the test component
can be enhanced up to 1014 fold [12, 13].

The main (electromagnetic) reason for SERS en-
hancement is: The external electromagnetic field
causes the free electrons on the surface of the
metals to oscillate: this is a quasi-particle called
plasmon. If they have a resonance frequency
equal to that of the outer field, then the intensity
of the electromagnetic field is amplified. This can
mean amplifying the electromagnetic fields of the
exciter or the scattered one, or even both[14, 15].

Of course, not only laser beam technology can
be used to produce the structures for the uses
detailed above, for example, the preparation of
a SERS substrate can also be achieved by electro-
chemical methods. However, laser beam treat-
ments have many advantages: high productivity,
repeatability, precision machining and localiza-
tion [1].

1.1. Laser and investigating devices

The laser source is a Coherent Monaco type res-
onator. Laser radiation is transmitted without fi-
bres, through mirrors to the z-compensation lens
(from Scanlab), then to the galvanic mirrors of
the F-theta lens. The repetition rate is adjustable
from 188 kHz to 50 MHz, which also allows the
equipment to be used in industrial applications.
The pulse length is adjustable from 300 fs to 10
ps- The average maximum power is 62 W and the
maximum pulse energy is 200 uJ. However, the
maximum peak pulse power is 600 MW, which
means extremely high energy density. By com-
parison, the approximate performance of 1 Paks

Nuclear Power Plant units is 500 MW. The laser
wavelength is 1064 nm and the focal spot diam-
eter is 80 pm.

Images were taken by with a Keyence VHX 2000
microscope a FEI Quanta FEG 3D scanning elec-
tron microscope.

Raman spectroscopic investigations were car-
ried out with a Renishaw InVia micro-Raman
spectrometer.

1.2 Micropillars

It can take up to a day to prepare one micropillar
with FIB. During our work we developed pre-pro-
cessed micro columns with a femtosecond laser,
which was later refined with FIB post-process.
With our laser equipment, hundreds of pre-pro-
cessed micropillars can be made in minutes.

During the preparation of the micro-columns,
trenches were made in grid arrangement into
monocrystalline silicon. Thus micropillars were
formed between the trenches. Pillars with a
height of a few tens of micrometres up to a milli-
metre were formed (see Figures 1, 2).

For the material physics model it is important
that the pillar should remain a perfect single
crystal. So the presence of a heat affected zone
is not allowed. For smaller, 20-60 micrometre
high pillars, negligible HAZ were measured with
EBSD (Electron Backscatter Diffraction), which
can be removed easily and quickly during the
FIB post-processing. Larger, hundreds of mi-
crometre-tall pillars have significant, 20-30 mi-
crometres thick HAZ. However, the HAZ can be
further reduced in this case by optimizing the pa-
rameters of the laser beam treatment: laser pow-
er, time between scan repeat, use of refrigerant.

A-B =496 nm
C-D=678 pm

Figure 1. 3D optical microscope image of a 500 micro-
metre high micropillar and its topographic

graph.
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4. SEM image of the sample with 360X enhan-
cement factor, without gold coating
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Figure 3. SEM image of the sample with 360X enhan-
cement factor, without gold coating.

1.3. LIPSS

If the energy density is close to, but is below the
ablation threshold, LIPSS will develop along the
scanned lines. The period of the LIPSS is approx-
imately equal to the incident laser’s wavelength.
The depth and morphology of the LIPSS (and thus
its amplification factor) depends on the laser
beam parameters used, so in this paper only two
representative samples will be introduced (see
Figures 3-4).

A 150 nm thick gold layer was evaporated onto
the LIPSS-structured monocrystalline silicon sur-
face and the enhancement factor was determined
using a Raman spectrometer. A sample of benzo-
phenone solution was dropped to the substrate,
and the reference signal was measured on a sili-
con surface with 150 nm gold, but without LIPSS.
The enhancement factor was 360X in one case and
490X on the other sample. The exciting laser used
in the Raman spectrometer had a wavelength of
610 nm and an exposure time of 1 second.

The two samples differed in their scanning
speed: with the scanning speed one magnitude
lower, the enhancement factor was higher. In-
creasing the enhancement factor is favoured by
a homogeneous structure composed of several
small particles, which can be achieved by slower
scanning.

2. Conclusion

In the course of our work we have created dif-
ferent surfaces on a monocrystalline silicon with
a femtosecond laser.

Femtosecond laser machining of the pre-pro-
cessed micropillars significantly reduced machin-
ing time with FIB, but further optimization of the
laser parameters is desirable to reduce the HAZ.

LIPSS made by us with 150 nm gold coating
greatly enhances the Raman signal of benzophe-
none. We plan to increase the enhancement factor
further and to perform measurements with other
sample molecules and excitation wavelengths.

We also plan to investigate the tribological per-
formance of the surfaces with LIPSS.
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Abstract

It is very important for our research that we are able to examine the orientation of packets and their rela-
tionship to directions of stress that cause plastic deformation. We use electron backscatter diffraction (EBSD)
to achieve this. EBSD examination requires very careful sample preparation. In our work we have developed
a sample preparation method for electron bakcscatter diffraction examination. In this study we present the
method, which consists of multistage mechanical grinding, polishing and ion polishing. Optimal parameters
for each steps (eg.: grinding, polishing and sputtering time, milling angle) were determined for lath marten-
sitic steel, however, it could be used for other type of steel with minor adjustments.

Keywords: austenite, martensite, EBSD, sample preparation.

. Within the prior austenite grain boundary sev-
1. Introduction eral . c )
packets of different crystallographic orienta

Martensitic steel is one of the most widely used tions can coexist [2-4], as shown in Figure 1.
iron base structural materials with the most out- Despite the rather large elastic limit of marten-

sFanding mechanica}l properties. Besides Fe it con-  gjtic steels they do show some ductility [1, 5-7].
sists of carbon varying between a few hundredth-s There have recently been attempts to reveal the
to a few tenths of a percent by weight and a vari-  picro5copic mechanism controlling plastic defor-

e.tY of dlfferent alloying elements' in small quan- mation in lath-martensite, by microscale deforma-
tities. It is produced by fast cooling from a tem- . .
tion experiments [8-9].

perature where the fcc austenitic y phase is stable
to around room temperature, where the bcc a
phase is stable. All physical properties depend on
the alloy composition, but principally on carbon
content and cooling characteristics. The speed of
cooling from the austenite state and the carbon
content are the main factors determining the mi-
crostructure and the mechanical properties of
martensitic steels [1].

One possible form of martensite is the so called
lath martensite. A typical lath martensite consists
of blocks of lamellar plates where the blocks form
packets [2-4]. The blocks are further subdivided
into sub-blocks, where the smallest constituents
of the structure are the lamellar plates called (a)
martensite-laths. The hierarchical structure of
packets, blocks, sub-blocks and laths in lath mar-  Figure1.The hierarchical structure of packets, sub-
tensite is shown schematically in Figure 1. blocks, blocks and lath in lath martensite.

Prior austenite

Packet grain boundary

Sub-block

Lath!
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Micropillars with a single martensite block
have shown perfectly ideal stress-strain behav-
iour with no strain hardening and a flow stress
of 1.2 GPa. Micropillars with two or more blocks,
however, have shown significant strain harden-
ing with a similarly large elastic limit [8].

Tensile experiments on microscale specimens
of lath martensite of the order of 100 um length
showed that the critical-resolved-shear-stress
(CRSS) was relatively small, of the order of
350 MPa, when the active slip systems were in-
lath-plane, whereas the CRSS was almost doubled
when the active slip systems were out-of-lath-
plane [9].

The two experiments in [8, 9] indicate that there
may be a load redistribution between packets in
which the active slip systems are in- or out-of-
lath-plane. Two packets oriented with the active
Burgers vectors either in- or out-of-lath-plane rel-
ative to the direction of the applied stress, o, are
shown schematically in Figure 2.

The different elastic-plastic response is brought
about solely by the different crystallographic ori-
entation of the two packets relative to the direc-
tion of 0. As a result, the plastic deformation cre-
ates a composite in which the packets with active
Burgers vectors in-lath-plane become the soft,
whereas those with active Burgers vectors out-of-
lath-plane become the hard components.

This short introduction shows how important it
is for our research that we are able to examine
the orientation of packets and those relationships
with directions of stress which cause of plastic
deformation. We use electron backscatter diffrac-
tion (EBSD) to achieve this. EBSD examination
requires very careful sample preparation. In our

Ny

hard orientation

soft- orlentanon\

®) / \

Figure2.Two packets oriented with the active Burg-
ers vectors either in- or out-of- lath plane
relative to the direction of the applied stress

work we have developed a sample preparation
method for electron backscatter diffraction ex-
amination.

2. Materials and methods

The samples were used for our measurements
with edge lengths of [, =20 mm and [, = 20 mm and
a thickness of h = 2.5 mm. The material composi-
tion of the specimens is summarized in Table 1.
The material composition of the specimens was
measured using a Zeiss Evo MA 10 Scanning Elec-
tron Microscope (SEM).

The samples were heated to 1100 °C (this is
above the temperature of steel A3) and then held
for 30 min followed by water cooling down to 20
°C. This way, we could product lath martensite.

In the next step, the specimens were embedded
in an electrically conductive hot embedding res-
in. This is an important step because both EBSD
and ion polisher can examine well only conduc-
tive samples, so there is no need to take out the
specimens from the resin and risk them in this
way possible injuries.

The next step was mechanical grinding and pol-
ishing with different Silicon carbide (SiC) and dia-
mond particle size sandpapers (SiC particle sizes:
300 ym, 212 pm, 90 pm, 46 pm, 26 pm, 15 pm, 12
um, 6 pm; diamond particle sizes: 3 pm, 1 um). All
types of grinding paper were used for 5 minutes
and all types of polishing paper were used for 10
minutes. At this point, all of the specimens were
prepared in the same way, but this is insufficient
for EBSD measurements. For better results, the
specimens were ionpolished with a Technoorg
Linda SEM Prep2 ionpolisher. The task may seem
easy at first, but accurate adjustment of many
variables (anode voltage, anode current, milling
angle, sputtering time, ion source) is required for
proper sample preparation. Two of the variables
were changed during the measurement, one of
them - the milling angle — was changed from 10 to
110, the other variable was the sputter time, this
was increased from 1 hour to 6 hours.

Table 1. Material composition of our specimens.

Element Weight %
Fe 98.10
C 0.21
Mn 1.58
P 0.03
0.04
Si 0.04
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The other variables were set to the following
values: anode voltage: 10 kV, anode current: 3.5 A,
beam current: 2 mA, ion: Ar+.

After the samples were prepared, we performed
EBSD measurements. From the measurements,
we obtain IQ (image quality) maps which are
used to determine the quality of image from elec-
tron backscattered diffraction examination.

The higher the IQ value, the better the obtained
result. Our goal is that the IQ value exceeds 40,000
because the results obtained above this are al-
ready correct.

3. Results

First, we established the ideal milling angle.
Each sample was ionpolished for 1 hour. The 1Q
values for each milling angle were plotted in the
following diagram (Figure 3) .

As we can see in the diagram, the ideal milling
angle is 70. After this, only the sputter time was
modified and the milling angle was set at 70. The
result can be seen in the Figure 4.

As we can see in the diagram, the ideal sputter-
ing time was 4 hours, but the average IQ value
was over 40000 at 3 and 5 hours. Based on this,
we can say the best ion polishing parameters are:
- anode voltage: 10 kV,
anode current: 3.5 A,

— beam current: 2 mA,
ion: Ar*,

sputtering time: 4 h,
— milling angle: 7°.

An IQ map of a sample made with these param-
eters in Figure 5.

Acknowledgement

The publication of the work reported herein has been
supported by the NTP-SZKOLL-19-066 National Talent
Programme of the Ministry of Human Capacities, and
by the ,,0TKA” grant K124926 funded by National Re-
search, Development and Innovation Office (NKFIH).

References

[1] Krauss G.: Martensite in steel: strength and struc-
ture. Material Science and Engineering A, 273-
275.(1999) 40-57.
https://doi.org/10.1016/S0921-5093(99)00288-9

[2] Krauss G., Mader A. R.: The morphology of mar-
tensite in iron alloys. Metallurgical Transactions,
2.(1971) 2343-2357.
https://doi.org/10.1007/BF02814873

[3] Morito S., Tanaka H., Konishi R., Furuhara T.,
Maki T.: The morphology and crystallography of
lath martensite in Fe-C alloys. Acta Materialia, 51.
(2003) 1789-1799.
https://doi.org/10.1016/S1359-6454(02)00577-3

24000

22000
o 20000
v
&, 18000
=
5 16000
<C 14000

12000

10000

0 2 4 6 8 10 12
Milling angle (°)

Figure 3. Average IQ values of EBSD measurement of
our steel specimens as a function of the mill-
ing angle of the samples, where the sputter-
ing time was 1 hour.

50000
45000
g 40000
(]
80 35000
-
g
I 30000
25000
20000
a} 2 3 4 o 6 7
Sputtering time (h)

Figure 4. Average IQ values of EBSD measurement of
our steel specimens as a function of the sput-
tering time of the samples, where the milling
angle was 7°.

W7 NG e T R AT
Figure 5. IQ map of a sample made with best parame-
ters.


https://doi.org/10.1016/S0921-5093%2899%2900288-9
https://doi.org/10.1007/BF02814873
https://doi.org/10.1016/S1359-6454%2802%2900577-3

Maréti J. E., Szabé P. J. - Acta Materialia Transylvanica 3/2. (2020) 93

[4] Kitahara H., Ueji R., Tsuji N., Minamino Y.: Crystal-  [7] Nambu S., Michiuchi M., Ishimoto Y., Asakura K.,

lographic features of lath martensite in low-car- Inoue J., Koseki T.: Transition in deformation be-

bon steel. Acta Materialia, 54. (2006) 1279-1288. haviour of martensitic steel during large deforma-

https://doi.org/10.1016/j.actamat.2005.11.001 tion under unaxial tensile laoading. Scripta Mate-
[5] Swarr T., Krauss G.: The effect of structure on rialia, 60. (2009) 221-224.

https://doi.org/10.1016/j.scriptamat.2008.10.07

[8] Ghassemi-Armaki H., Chen P, Bhat S., Sadagopan
S.Kumar S., Bower A.: Microscale-calibrated mod-
eling of the deformation response of low-carbon
martensite. Acta Materialia, 61. (2013) 640-3652.

the deformation of as-wuenched and tempered
martensire in an Fe-0.2 pct C alloy. Metallurgical
Transactions A, 7/1. (1976) 41-48.
https://doi.org/10.1007/BF02644037

(6] Michiuchi M., Nambu S., Ishimoto Y., Inoue J, https://doi.org/10.1016/j.actamat.2013.10.001
Koseki, T.: Relationship between local deforma- [9] Mine Y., Hirashita K., Takashima H., Matsuda
tion behavior and crystallographic features of as- M., Takashima K.. Micro-tension behaviour of
quenched lath martensite during uniaxial tensile lath martensite structures of carbon steel. Mate-
deformation. Acta Materialia, 57. (2009) 5283-5291. rial Science and Engineering A, (2013) 535-544.

https://doi.org/10.1016/j.actamat.2009.06.021 https://doi.org/10.1016/j.msea.2012.09.099


https://doi.org/10.1016/j.actamat.2005.11.001
https://doi.org/10.1007/BF02644037
https://doi.org/10.1016/j.actamat.2009.06.021
https://doi.org/10.1016/j.scriptamat.2008.10.07
https://doi.org/10.1016/j.actamat.2013.10.001
https://doi.org/10.1016/j.msea.2012.09.099

Acta Materialia Transylvanica 3/2. (2020) 94-97.
DOI: hungarian: https://doi.org/10.33923/amt-2020-02-08
english: https://doi.org/10.33924/amt-2020-02-08

ACTA
MATERIALIA

§ sciendo
TRANSYLVANICA

Development of Microfluidic Cell for Liquid Phase Layer
Deposition Tracking

J6zsef Balint RENKO,! Attila BONYAR,? Péter Janos SZABO3

Budapest University of Technology and Economics, Department of Materials Science and Engineering,
Budapest, Hungary

1 renko.jozsef@edu.bme.hu

2 bonyar@ett.bme.hu

3 szpj@eik.bme.hu

Abstract

This paper shows how microfluidic tools can be used for up-to-date microstructural investigations based
on thin film deposition. The construction and production methods of such measuring procedures are intro-
duced, and their application in ellipsometric investigations is shown. By using these tools, the researchers
provide the possibility to observe and document the effects of certain fine structural processes in the devel-
opment of the final microstructure. This paper describes two specific application areas of such microfluidics
cells. Microfluidics cells can be used together with both optical microscopy and spectroscopic ellipsometry to

understand previously unexplored microstructural changes.

Keywords: microfluidics, material science, rapid prototyping, in situ material testing.

1. Introduction

Nowadays with the advancement of technology
the quality of produced materials has begun to
improve significantly. As a result, there has been
a growing need for advanced material testing
methods [1]. However, some of the currently used
manufacturing and material testing methods still
contain procedures for which the process of the
occurring phenomena is not yet fully understood.

A good example of this phenomenon are the dif-
ferent etching processes, especially colour etch-
ing. In optical microscopic analysis etching is a
common method for revealing the microstructure
of previously polished specimens [2]. Despite its
frequent use, many microstructural changes dur-
ing etching have not been fully explained [3], al-
though many attempts have been made to clarify
the connection between colour etching and cer-
tain metallographic properties [4, 5].

Due to the extensive use of rapid prototyping

methods and to the development of polymer
materials, a new possibility to monitor micro-
structural changes has emerged. Additive man-
ufacturing technologies have now achieved the
dimensional accuracy needed to create channels
up to a few tens of millimeters in diameter [6].
Using these techniques and materials, microflu-
idic cells can be formed in which the etchant can
be circulated under controlled conditions [7].
Depending on the design of the cell, microfluidics
may be combined with devices already used in
metallography, such as an optical microscope or a
spectroscopic ellipsometer. Thus, the etching pro-
cesses could not only be investigated in discrete
moments but also in situ.

2. Experimental

2.1. Design of microfluidic cells

To demonstrate the versatility of the fabrication
methods, two different cells have been designed.
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When designing the microfluidic cells, care must
be taken to ensure that the completed system can
be integrated into the equipment to be used with
it. For a cell-compatible geometry, the sample had
to be embedded so that it could be examined in-
dependently of its original geometry.

The first microfluidic cell was designed to be
compatible with an optical microscope. This ena-
bles real-time optical tracking of etching and lay-
er-building processes [8].

As the magnification increases, the working
distance between the objective and the speci-
men becomes smaller. Thus, the maximum res-
olution had to be considered during the design.
An Olympus BX51 type LMPlan FI50/0.50 long
working distance optical microscope with a min-
imum focal length of 3.6 mm was selected as an
equipment to be designed for. The laminar flow
of the etchant is provided by the formed channel
system, supported by syringe pumps. Since good
quality images require a sufficiently long distance
between the objective of the microscope and the
sample, the cell is closed as shown in Figure 1 by
a glass sheet. The design considerations are also
illustrated in Figure 1. There is another chamfer
in the finished geometry for the junction between
the sample and the cell, which makes it easier to
swap the samples (Figure 2).

The second microfluidic cell was specifically de-
signed to be used with a spectroscopic ellipsom-
eter. Ellipsometry enables the measurement of
surface layer thickness with nano meter accura-
cy, to study optical refractive index, homogeneity
or even the surface’s nano roughness[9].

Ellipsometry is particularly sensitive to refrac-
tion at interfaces. The cell must be designed so
that the beam of light used for the test passes
through each crossing interface perpendicular
to the surface of the sample. Thus, maximal lu-
minous intensity and low noise can be ensured.
For designing the cell, a Woollam M-2000DI ellip-

someter was used. The beam of light exiting the
transmitter is approximately 3 mm in diameter,
decreasing to one-tenth until it reaches the sam-
ple’s surface. (Figure 3).

A moving mechanism must be also provided
which allows the beam to be focused at any point
on the surface to be examined, while the sample
is fixed. Therefore, the microfluidic cell must be
created from two parts. The upper cell provides
the flow of the etchant and the angles required
for the maximal intensity. The lower cell is used
to fix and position the specimen. The two halves
can be attached to each other as shown in Fig-
ure 4.

2.2. Fabrication of the microfluidic cells

To create microfluidic cells, a chemically inert
material that does not react with either the sam-
ple or the etchant should be chosen. The materi-
al also must be transparent to let the light pass
through. Poly-dimethyl-siloxane (PDMS) was
chosen as the base material of the cells. It has
an already proven quality for microfluidic cell
manufacturing. When the monomer of PDMS is
mixed with the curing agent in a 10:1 ratio, the
high viscosity mixture begins to crosslink. This
mixture was filled into a mould, then heat treated
at 100 °C for 60 minutes to support polymerisa-
tion. The moulds for both cells were made with an
Objet Eden 250 type 3D printer.

The created PDMS cell which is compatible with
an optical microscope is bonded onto a glass sheet
by crown discharge treatment to seal the cell. To
strengthen the bond, the finished cell was pressed
on the glass sheet and rested in an oven at 60 °C
for an additional 30 minutes. The internal chan-
nel system of the cell thus formed has a volume of
205 mm? (Figure 5).

In the case of the other cells created to be used
with an ellipsometer, the glass sheet could not
provide the perpendicular angle of light entry

Objective

Glass sheet
Microfluidic cell—

Embedded specimen

Figure 1. The dimensions of the microfluidic cell, which is compatible with an optical microscope.
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Chamfer to facilitate insertion

s

Figure 2. 3D design of the microfluidic cell which is
compatible with an optical microscope.

& A Ellipsometer

—— Upper cell
Lower cell
Embedded specimen

Figure 3. Design of microfluidic cell compatible with
spectroscopic ellipsometer.

Figure 4. Clamping mechanism of microfluidic cell
which is compatible with an ellipsometer.

Figure 5. The fabricated microfluidic cell which is
compatible with an optical microscope. Sili-
cone tubes are attached to both ends of the
cell.

and exit. Thus, both the top and bottom of the cell
should be made by PDMS. They can be secured to
each other as shown in Figure 4. This cell has an
internal channel volume of 851 mm3.

3. Application of microfluidic cells

The inlet and outlet openings of the cell can be
connected to a syringe pump by means of silicon
tubes. The pump can supply the cell with fresh
etchant while the laminar flow is ensured. The
equipment thus developed is able to track the pro-
cesses on the sample’s surface by various means
throughout the etching process. The technique
allows digital image capture for the first present-
ed cell and the following of interference change
caused by layer growth on the sample surface for
the second cell.

Although the use of microfluidics systems ex-
tends the capabilities of microstructure testing
methods, the limitations of the system should
not be forgotten. In microscopic examinations,
the magnitude of magnification cannot be in-
creased indefinitely due to the focal length of the
used lens. The smallest particle size that can be
examined is approximately 3-5 um. For the other
microfluidic cell, developed for ellipsometry, the
dimensions of the internal channels of the cell are
bound to provide light paths, so that the entire
volume must be filled with the desired milling
agent prior to measurement. Because the micro-
fluidics system takes time to fill, the initial etching
phase cannot be recorded..

4. Conclusion

Microfluidic systems enable in situ microstruc-
ture investigations, which could significantly im-
prove the monitoring of etching and thin-layer
growth processes. Despite the obvious drawbacks
of the technology, it is well suited to combine
with other microstructure analysing equipment.
Furthermore, they can be safely used in corro-
sion, etching, or coating applications due to their
closed system.
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Abstract

Joint implants and fixings are subject to many stresses throughout their life cycle. Despite careful design, ma-
terial selection, manufacturing technology and proper surgical technology, implant damage and, in extreme
cases, fracture can occur. Investigation of injuries is important from the perspective of the patient, the care
provider and the manufacturer, among other things, by exploring the cause of the fracture to prevent similar
cases. In the present study we performed failure analysis of a hip implant and a bone fixation plate. Fracture
surfaces, material composition, material structure and hardness were also investigated. Based on the work

done, we determined what might have led to the fracture in both cases.

Keywords: hip implant, bone fixation, fracture, damage analysis.

1. Introduction

Joint diseases today are considered to be com-
mon diseases. Such diseases include a decrease in
bone density with age and abrasion. A decrease in
bone density can result in a fracture of the bone,
and abrasion disease primarily affects the verte-
brae and hip joints due to the vertical position of
the body. The femoral head and the inner surface
of the acetabulum are the articular cartilage it-
self, which allows the surfaces of the two bones
to slide on each other without injury. The joint is
held stable by muscles and tendons [1, 2].

The most effective treatment for advanced hip
disease is full joint replacement with a hip im-
plant. These implants can be made of different
materials and the way they are implanted can be
different. Age and the patient’s lifestyle will best
determine which technique and implant the doc-
tor chooses for the patient [1, 2].

In the case of the femur suffering a fracture,
another device is needed to repair the bone and
joint. In this case, a bone fixation plate is used.
The plate is fixed to the broken bone fragments
with screws, and the screwing method can be
compression or neutral [3].

1.1. Failure of hip implants

Orthopedic implants can have a life expectancy
of up to 30 years, but hip implants require re-
placement or revision of the implants every 10-
15 years or sooner to prevent or treat abrasion,
modular head wear and implant loosening [4-7].

Implants are exposed to various effects after
implantation, such as mechanical stress and fric-
tion, but even during surgery, there may be fac-
tors that reduce the life of the implant. In these
cases, the patient can return to the treating doctor
with complaints within a few years. Decreased
bone density can also be a factor in damage to the
prosthesis, as the bone structure is no longer able
to maintain the stability of the implant [5].

The success of the implantation is influenced
by the surgical technique as to whether the fix-
ation was done at the right angle and extent. In
addition to the implant itself and the surgery, the
patient also plays an important role in maintain-
ing the condition of the implant, following the in-
structions of the manufacturer and the physician
[4, 6]. There are cases where the accident to the
patient is the cause of the injury, but even pro-
longed exposure may be the cause, such as, for
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example, the pain of the opposite hip and the con-
sequent incorrect gait pattern [7, 8].

Types of damage are usually fracture, abrasion,
loosening, and sprain as well [4-8]. Of these, the
most severe case that most affects a patient’s qual-
ity of life is fracture. To find out what was behind
the fracture, failure analysis should be performed
on the damaged samples.

1.2. Failure analysis of broken implants

As the impairment can lead to a significant de-
terioration in the patient’s quality of life, all cases
should be investigated. Numerous articles in the
literature also report case studies [4-8], but they
also try to go around the topic as accurately as pos-
sible by finite element modelling of the use of hip
implants [9]. Most articles focus on the medical
side, but article scan also be found on the metallo-
graphic and corrosion properties of damaged
metal [10, 11].

In recent years, the Department of Materials
Science and Technology at Budapest University
of Technology and Economics has investigated
the damage of several broken hip implants. These
measurements were also the basis of our present
research.

2. Methods

The aim of our research is to perform failure
analysis of two broken implants and to reveal the
cause of the damage. One of the implants exam-
ined is a hip prosthesis (Figure 1), that has rup-
tured at the stem, and the other device is a bone
fixation plate (Figure 2). In the case of the bone
fixation plate, fixation screws were also availa-
ble, on which no traces of fracture were detected
macroscopically, but they were also examined in
order to fully evaluate the damage.

Figure 2. Distal part of the broken bone fixation plate.

Figure 3. The distal part of the bone fixation plate after
dissection. Slice with fracture surface num-
ber 1, number used for metallographic and
hardness tests 2.

2.1. Specimen preparation

Macroscopic images of the damaged implants
were taken at the time of receipt, followed by ul-
trasonic cleaning. In order to properly examine
the fracture surfaces of the implant, the implants
were dissected at a distance of 10 mm from the
fracture line. In order to examine both the hard-
ness and the fabric structure of the material, ad-
ditional slices were cut parallel to the fracture
line (Figure 3).

2.2. Fractography

The removed fractures were imaged with a
stereomicroscope (Olympus SZX16) at different
magnifications. However, with this method, we
have not yet been able to determine the exact
cause of the fracture.

Fracture surfaces were then scanned at higher
magnifications using a scanning electron micro-
scope (Zeiss EVO MA 10). Scanning the edge of the
fracture surfaces along the surface, we looked
for crack lines starting from the surface as well
as material continuity deficiencies that may have
played a role in the damage.

2.3. Metallography

To perform the measurements, the pieces cut
from the implants were embedded, then polished.
The polished surfaces were imaged with a metal-
lurgical microscope showing the micro-structural
features (precipitations, grain size, etc.). By etch-
ing the polished patterns, the fabric structure also
becomes visible. Kroll’s reagent (92 mL H,0, 6 mL
HNO,, 2 mL HF) was used for the plate and the
fixing screw, and hydrochloric acid was used for
the hip implant. Microscopic images can also be
used to determine the average particle size and
the homogeneity of the particle structure.

2.4. Material composition analysis

Material composition analysis was performed
on both the fracture surface and the prepared
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abrasives by energy dispersive X-ray spectrome-
try (Edax Metek Elect Plus). Material composition
tests can be used to identify the material of the
implants and to compare the values with those
specified in the standard. The material composi-
tion of precipitates and inclusions identified in
previous studies can also be analysed with this
method.

2.5. Hardness testing

The final step in investigating the damage cas-
es investigated in the current research was the
hardness test of the implant material. The spec-
imens prepared for metallographic examination
were subjected to HV1 hardness measurements
(Bithler 1105) on the surface of the specimens
transversely and longitudinally, starting from the
edge of the specimen at 1 mm intervals. The hard-
ness results are also comparable to those speci-
fied in the standard, and any inhomogeneities can
be detected by measuring the entire cross-section.

3. Results

3.1. Visual testing, macro- and micro-fracto-
graphy

As a result of visual inspection, small and large
surface scratches and injuries were clearly visi-
ble on the surfaces of the implants. These are pre-
sumably generated during removal and are not
associated with damage. In the case of the plate,
the wear of the anodized layer was conspicuous
(Figures 2, 3).

The characteristics of fatigue fracture could be
clearly seen on the surface of the samples. Bone
cortex remains were not wedged on the fracture
surface. In the case of the fixing plate, crack lines
starting from the screw thread could be observed
(Figure 4). From the surface of the stems, it can be
assumed that the fracture was a longer process,
the two stems did not break at the same time. On
the surface of one stem of the plate there is a plas-
tic deformation due to prolonged impact of the
material, while on the other part of the stem the
crack propagation characteristic of fatigue frac-
ture is not visible, but rather indicates a brittle
fracture. (Figure 5).

In the case of the prosthesis, several cracks
could be observed on the fracture surface that
ran to the surface (Figure 6). In this case, too, we
thought we would discover the characteristics of
a fatigue fracture.
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Figure 4. In this case, too, we thought we would dis-
cover the characteristics of a fatigue frac-
ture.

Figure 5. Stereomicroscopic image of the fracture
surfaces of the bone fixation plate.
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Figure 6. Electron microscopic image of the fracture
surface of the hip implant. Multiple cracks
can be observed at the surface edge.
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3.2. Metallography

Metallographic examination of the plate re-
vealed that it had a fine-grained, homogeneous
grain structure, containing fine and well-dis-
persed precipitates, which improve significantly
the strength (Figure 7). The screw securing the
plate was also subjected to metallographic exam-
ination. The grain structure was the same as the
plate structure.

The granular structure of the hip implant was
dendritic, which is not conducive to the propaga-
tion of cracks (Figure 8). On the electron micro-
graphs, we observed that the fracture lines ran
between the dendritic spikes.

In terms of material composition, the fixing
plate and the associated screw are made of Ti-
Al-Nb alloy and the hip implant is made of co-
balt-chromium alloy.

During the hardness measurement, no outliers
were obtained for any of the implants. For the

o

Figure 7. Microstructure of the bone fixation plate; it
shows the fine and dispersed precipitates.

Figure 8. Dendritic micro-structure of the cast mate-
rial of the hip implant.
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plate, the values fell in the 300 HV range. The av-
erage of the measurements was 300.5 HV, which
corresponds to the value of the relevant stand-
ard (ISO 5832-11) (32 HRC = 300 HV). The screw
hardness values for the plate ranged from 305.6
to 316.9 HV, averaging 309.62 HV. Hip prosthesis
values ranged from 303.2 to 348.9 HV. Its average
was 327.75 HV, which also corresponded to the
value specified in the standard (ISO 5832-4) (33
HRC = 311 HV).

4. Conclusions

In the case of the fixing plate, the cracks that
started the fracture came from the screw surface.
From the fracture surface, it can be concluded
that the two parts did not break at the same time,
as a large amount of plastic deformation could be
observed on one of the stems, which can be at-
tributed to the continuous collision of the fracture
surfaces. The cause of the fracture may have been
a scratch caused by a piece of bone, or even ex-
cessive tightening of the screw. In the case of the
hip implant, the cause of the fracture is unknown.
Cracks running to the surface may have been a
possible starting point for the fracture. Even dur-
ing surgery, the surface may have been damaged,
causing the implant to break in the long run.

The material composition and hardness of the
tested devices complied with the standards, but
our research revealed factors that may have re-
duced the resistance of the given structure to
fracture and could lead to premature damage to
the implant.
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Abstract

Duplex stainless steels (DSS) are gaining in popularity due to their characteristic features, excellent mechani-
cal properties, and corrosion resistance. The microstructure of DSSs consists of ferrite up to 50 %, and the rest
is built up from austenite. The ferritic microstructure can cause chromium-nitride precipitation because the
nitrogen solubility in the ferrite phase is very low below 700 °C. Our research showed that electrochemical
etching is an acceptable process for revealing chromium-nitrides. Additionally, our research points out that

chromium-nitride acts as a secondary austenite nucleation site.

Keywords: heat treatment, duplex stainless steels, austenite, electrochemical etching, nitrogen.

1. Introduction

Duplex stainless steels provide a high-strength
alternative to design engineers within the family
of stainless steels. However, the welding of du-
plex steels requires extreme attention and pre-
cise observance of technological variables due to
the formation of many possible non-equilibrium
transformations [1, 2]. To maintain the appro-
priate 1:1 austenite (y):ferrite (8) phase ratio and
alloy content, a usually nickel-over alloyed filler
material or nitrogen-containing shielding gas, is
recommended for the welding of duplex steels
[3-4].

Duplex steels are also alloyed with nitrogen
(N) because N is an austenite-forming element,
which is more soluble in austenite than in fer-
rite [5]. Therefore, when the delta-ferrite cools
from 1100 °C, it becomes supersaturated in ni-
trogen, resulting in chromium nitride precipita-
tions (Cr,N). Chemical composition, cooling rate,
and ferrite grain size are factors that determine
which precipitates appear. Nitrogen-containing
shielding gas also plays a significant role in the
formation of the austenite phase, so less nitrogen
remains in the ferrite phase, and, as a result, less

Cr,N is formed. Secondary austenite (y,) is rap-
idly formed by various temperature-dependent
mechanisms [6]. At temperatures between 600
and 800 °C, where diffusion is faster, Widmann-
stdtten-type austenitic phases are formed [6].
Although the N content of the y, phase is higher
than that of ferrite, its Cr and Ni contents remain
substantially below that of austenite formed
from ferrite [6]. In the temperature range of
700-900 °C, another variant of y, appears at the
§/y phase boundary, which is lower in terms of Cr
content [6]. In the present study, we investigated
the formation of chromium nitride and second-
ary austenite phases in the case of TIG welding
without filler metal and during post-weld heat
treatment.

2. Materials and methods

2.1. Base materials

The base material used for both tungsten inert
gas welding (TIG welding) and heat treatment
was a conventional X2CrNiMoN22-5-3 (1.4462)
duplex steel in the form of a 6 mm thick plate. The
chemical composition given by the manufacturer
is shown in Table 1.
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Tablel. Chemical composition of 1.4462 steel accord-
ing to the manufacturer’s data sheet (%).

Cr Ni Mn Mo N C
22,21 5,76 1,36 3,14 0,164 0,02
Si Cu S P Fe
0,38 0,30 0,001 0,027 bal.

2.2. TIG welding and heat treatment

Single-pass butt joints were welded by TIG weld-
ing on 200x50x 6 mm specimens in the PA (hori-
zontal) position with a welding machine without
filler material. Three types of arc energy were
used: 0.25 KJ/mm, 0.84 kJ/mm, and 1.57 KJ/mm.
These arc energies are in the recommended range
of 0.5-2.5 kJ/mm for arc welding of duplex steels
[7]. The arc energy was calculated similarly to
the heat input, but the thermal efficiency was 1.0.
Pure argon (Ar) or 6 % nitrogen shielding gas mix-
tures (Ar+6N,) were used as shielding gas. The
tungsten electrode used in the welding process
was 2 % thoriated, 3.2 mm in diameter, with a tip
angle of 40°. The automatic welding machine kept
the arc length constant at 2 mm in all cases. The
shielding gas flow rate was 10 L/min in all cases.
The heat treatment was performed in molten salt
(50% Nacl + 50% KCl) at 800 °C for 10 minutes.
The heat treatment was performed only on joints
welded with argon shielding gas. The reason for
the choice of heat treatment temperature and
duration was to observe the formation of the y,
phase in the ferritic phase structure.

2.3. Evaluation methods

2.3.1. Microstructure examination

Samples for metallographic analysis were cut
with a diamond disk from the welded seam under
constant cooling. After cutting, the samples were
grinded on 4000 grit sandpaper and then polished
with a 3 ym diamond suspension. Metallographic
[8] or magnetic [9] examinations can be used
to detect austenite and ferrite phases. To calcu-
late the austenite and ferrite phases, Beraha’s 2
etchant (85 mL H,0 + 15 mL HCl + 1 g K,S,0,) was
used, which is suitable for color etching. In images
of etched samples, ferrite appears dark, and aus-
tenite remains light. To detect possible Cr,N pre-
cipitates, electrochemical etching was performed
according to the ISO 17781: 2017 standard. The
welded samples were etched in 15 % oxalic acid
at 10 V for 10 seconds; this etching method being
suitable for the detection of nitride precipitates
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according to the standard. Oxalic acid etching
has previously been successfully used by other
researchers to detect carbide and nitride precip-
itates in ferrite [10, 11], so we also used this elec-
trochemical etching method. The examination of
the microstructure was performed with an Olym-
pus PMG-3 optical microscope. Measurement of
ferrite content was performed on microstructure
images of etched samples taken with an optical
microscope, using image analysis software and
an area-based method.

3. Results and conclusions

3.1. Microstructure after electrochemical
etching

Figure 1 shows a microstructure image after
oxalic acid electrochemical etching of the heat-af-
fected zone of the sample welded with 0.25 kJ/mm
arc energy and argon shielding gas. It can be seen
that oxalic acid electrochemical etching is indeed
suitable for the detection of precipitates within
the ferrite grain, which are probably chromium
nitrides.

The microstructure seen in the images follow-
ing oxalic acid electrochemical etching shows a
similar picture with the results found in the open
literature [12-14] These phases have been identi-
fied as chromium nitride, so it is likely that in our
case, the nitride precipitates were visualized by
the applied electrochemical etching. Based on the
microstructure analysis following etching, chro-
mium nitride precipitates occurred in the most
significant amount in the samples welded with
the lowest arc energy, including both shielding

Lens 2250 X2500 1 2018/07/11 093413

Figure 1. Possible chromium nitride precipitates in-
side the ferrite grains in the heat-affected
zone. The arc energy was 0.25 kj/mm, and
the shielding gas was argon
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gases used. These nitride precipitates were pres-
ent inside the ferrite grains and, to a large extent,
in the heat-affected zone (Figure 2).

Oxalic acid electrochemical etching, on the oth-
er hand, dissolves chromium nitride precipitates,
so it was not possible to accurately measure their
composition in the present research.

3.2. Microstructure after heat treatment

The heat treatment experiment was performed
to achieve the formation of secondary austenite.
It can be seen from Figure 3 that the heat treat-
ment applied resulted in an increase in the aus-
tenite content in both the weld metal and the
heat-affected zone. This is due to the appearance
of secondary austenite precipitates in the ferrite b)
particles at the site of the previously observed ni- l,} '
tride precipitates. It can also be seen that the for- "l
mation of secondary austenite started inside the
ferrite particles.

Regarding the change in the amount of austenite
(Figure 4), it can be observed that the austenite
content decreases with increasing arc energy in
the case of TIG-welded samples in which pure ar-
gon was used as the shielding gas.

The addition of 6 % nitrogen to the shielding gas
increased the austenite content of the weld metal
because nitrogen is a strong austenite former. In b
this case, the austenite content of the weld metal
is 10% higher than the austenite content of the
base materials ~50 %.

After the heat treatment of the sample welded with
argon shielding gas, the austenite content also in-
creased to 50 %. The increase in the austenite con-
tent is the result of the formation of y, in the ferrite
grains, in which phase the Cr,N precipitates that &5

55-}L 7777777777777777 ]

Figure 3. Microstructure images of the sample welded
with argon and the lowest arc energy after
heat treatment; (a) weld metal and (b)
heat-affected zone
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Figure 2. Possible chromium nitride precipitates in- Figure 4. The austenite content of the weld metal as a
side the ferrite grains in the heat-affected function of arc energy, in the case of a sam-
zone. The arc energy was 0.25 kj/mm, and ple, welded with both shielding gases and in

the shielding gas was argon the case of post-weld heat treatment.




106

were present before the heat treatment act as a nu-
cleation site for the formation of the secondary aus-
tenite. As the proportion of secondary austenite is
high due to heat treatment, we can conclude that y,
also plays a very important role in actual, multi-pass
welding designs, where it can significantly increase
the austenite content of the weld metal during re-
heating of the previously welded passes [9].

Comparing the results obtained with color etch-
ing (Figure 5. a) and electrochemical etching (Fig-
ure 5. b), it can be concluded that chromium ni-
tride precipitates led to the formation of second-
ary austenite in the ferritic heat-affected zone,
which is in agreement with the results of other
researchers [14].

The formation of secondary austenite in the
heat-affected zone and in the weld metal can also
occur during the multi-pass welding of duplex
steels when the austenite content can be signifi-
cantly increased [15].

Lens Z250.X250 || 2018/07/11 | 10:5602 | S

Figure 5. Microstructure images of the heat-affected
zone of the sample welded with argon
shielding gas and the lowest arc energy. The
relationship between secondary austenite
and chromium nitride precipitates is seen in
the as-welded image (b) and in the colour
etching image after heat treatment (a).
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4. Conclusion

In our research, we performed TIG welding
of conventional duplex steel using pure argon
and nitrogen-containing shielding gases. Sam-
ples welded with pure argon were post-weld
heat-treated in molten salt. The applicability of
oxalic acid electrochemical etching to the detec-
tion of chromium nitride precipitates was also in-
vestigated. In addition, we investigated how these
precipitates are converted to secondary auste-
nite during heat treatment. Based on our results,
it can be stated that oxalic acid electrochemical
etching is a suitable method for the detection of
chromium nitride precipitates. Chromium nitride
precipitates were visible in the heat-affected
zone, and after heat treatment, secondary auste-
nite particles formed at the site of the nitride pre-
cipitates, which increased the austenite content
of the weld metal.
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