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RESUMO

Os acos inoxidaveis duplex (AID) sdo caracterizados por uma microestrutura
bifasica composta por proporcBes semelhantes de austenita e ferrita, que
promovem excelente resisténcia mecénica e resisténcia a corrosao.
Normalmente, apos ser submetido a processos de soldagem, o AID apresenta
uma microestrutura desbalanceada, predominantemente ferritica, que
compromete suas propriedades. O objetivo deste trabalho € investigar o efeito
do uso de chapas finas de niquel eletrolitico com diferentes espessuras como
metal de adicdo na soldabilidade da junta através da analise da microestrutura,
microdureza, resisténcia a tracao e resisténcia a corrosdo do AID UNS S32750
soldado pelo processo laser pulsado Nd:YAG. Foram utilizadas seis condigbes
de soldagem: soldagem autdgena e com adicao de niquel. Houve uma melhora
na soldabilidade com a adicéo de niquel, permitindo obter porpor¢cdes iguais de
austenita e ferrita no corddo de solda, consequentemente boas propriedades
mecanicas e resisténcia a corrosdo. O aumento da adicao de niquel aumentou
a proporcdo de fase da austenita e diminuiu a microdureza. A resisténcia a

tracao foi pouco afetada adicdo de niquel.

Palavras-chave: Soldagem laser. Ac¢os inoxidaveis duplex. Adicdo de niquel.

Resisténcia a corrosdo. Propriedades mecanicas. Microestrutura.



RIASSUNTO

Gli acciai inossidabili superduplex (SDSSs) sono caratterizzati da una
microstruttura bifasica costituita da un’uguale frazione volumetrica di ferrite ed
austenite. Cio porta ad ottenere migliori proprieta meccaniche e di resistenza a
corrosione Il processo di saldatura porta ad uno shilanciamento della
microstruttura, con prevalenza della ferrite, che conduce alla compromissione
delle proprieta dell’acciaio superduplex. Lo scopo di questo lavoro di tesi
consiste nello studio dell’effetto dellaggiunta di un film sottile di nickel
elettrolitico a differenti spessori sulla saldabilita del materiale. Sono state
valutate, quindi, la microstruttura, la durezza, la resistenza a trazione e quella a
corrosione dell’acciaio UNS S32750 SDSS saldato impiegando un laser
Nd:YAG pulsato. Sono state considerate sei condizioni: saldatura autogena e
saldatura in presenza del film di nichel a differenti spessori. E’ stato dimostrato
che l'aggiunta di un film sottile di nichel comporta un miglioramento della
saldabilita del materiale, permettendo di ottenere un buon bilanciamento
dell’austenite e della ferrite nel giunto saldato, cosi come una buona resistenza
meccanica ed a corrosione. Spessori grossi del film, quindi un’elevata
concentrazione di nichel, comportano l'aumento della frazione volumetrica
dellaustenite a discapito della ferrite nel giunto saldato. Cid comporta una
minor durezza. La resistenza meccanica € leggermente influenzata

dall’aggiunta di nichel.

Parole chiave: Saldatura laser. Acciai inossidabili duplex. Aggiunta di nichel.

Resistenza alla corrosion. Proprieta meccaniche. Microstruttura.



ABSTRACT

Super duplex stainless steels (SDSSs) are characterized by a biphase
microstructure consisting of equal volume fractions of FCC austenite and BCC
ferrite, which promotes excellent mechanical strength and corrosion resistance.
Welding process results in an unbalanced microstructure, with large amount of
ferrite, which compromise SDSS’s properties. The aim of this work is to
investigate the effect of using electrolytic nickel thin foils with different thickness
as an addition metal on the weldability through the evaluation of the
microstructure, microhardness, tensile strength and corrosion resistance of
UNS S32750 SDSS welded by the Nd:YAG pulsed laser welding. Six welding
conditions were used: autogenous welding and with addition of nickel. There
was an improvement on the weldability with the nickel addition allowing to
obtain well balanced austenite-ferrite microstructure in the weld bead, as well as
good mechanical properties and corrosion resistance. Thicker foils, hence
nickel amount, have promoted increasing of the austenite volume fraction and
the lower microhardness. The tensile strength was slightly affected s with larger

nickel addition.

Keywords: Laser welding. Duplex stainless steel. Nickel addition. Corrosion

resistance. Mechanical properties. Microstructure.
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1 INTRODUCTION

Duplex stainless steels (DSS) are characterized by a biphase
microstructure composed by similar proportions of FCC austenite and BCC
ferrite, which promotes excellent mechanical strength and corrosion resistance
[1]. These alloys are about twice as strong as austenitic steels [2]. Due to their
excellent properties, these steels have a wide range of applications in the
chemical, oil and gas, petrochemical, pulp and paper, offshore and marine

industries [3]

Is not easy to select the DSS welding process for the proportion of
austenite and ferrite should not be affect during the welding. Normally, after
being subjected to welding processes, DSS presents an unbalanced
microstructure, predominantly ferritic, which compromises its properties,
especially local pitting corrosion resistance and toughness [4]. Arun et al. [5]
have stated that to obtain the optimal phase balance in the fusion zone is a hard

and yet unsolved challenge.

The Nd:YAG pulsed laser welding process offers some advantages over
conventional processes namely process accuracy, complex shape welding,
short cycle time, low heat input [3]. Ventrella et al. [6] concluded that Nd:YAG
pulsed laser is the better welding processing when precise heat input control
and lower heat-affected zone (HAZ) are required. Low heat input and high
cooling rates, which are typical of the process, promote the formation of BCC
ferrite which results in an undesired microstructure for most applications [7]. To
obtain a balanced microstructure, alternatively (or in combination) a post-weld
heat treatment or add strong austenite-forming elements to the welding pool,

such as nickel or nitrogen, might prove useful.

In the literature, there are several studies concerning the effects of nickel
and its addition on phase balance for certain welding processes, e.g., gas
tungsten arc welding, electron beam welding, and plasma welding. Muthupandi
et al. [8] studied the influence of nickel and nitrogen addition on the

microstructure and mechanical properties of power laser beam processed DSS
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weld metals. Migiakis and Papadimitriou [9] made a similar study but applied to
plasma welding. Pilhagen and Sandstrom [10] have investigated the role of
nickel on the toughness of lean DSS weld metal prepared by submerged arc
welding (SAW). Tahaei et al. [11] studied the effect of nickel and post weld heat
treatment applied to gas tungsten arc welding (GTAW). Zhang et al. [12] also
have worked with GTAW but given emphasis on nitrogen as the shielding gas.

Related to the Nd:YAG pulsed laser process it's hard to find results in literature.

1.1 OBJECTIVES

The Nd:YAG pulsed laser welding characteristics e.g., low heat input,
short cycle time, high cooling rates, make adding alloying elements, whether as
filaments or shielding gas, very difficult. Find a way to add austenite-promoting
is very important to make this laser welding process applicable to duplex

stainless steels

Due to the importance of phase balance to the properties of DSS and in
its applications, this work studied the effect of using electrolytic nickel foil, as an
addition metal, on the microstructure, mechanical properties and corrosion
resistance of UNS S32750 DSS welded by the Nd:YAG pulsed laser.

Considering influence of nickel on the properties of DSS and its
applications and the fact that the addition of nickel could improve the Nd:YAG

pulsed laser welding, the specific objectives of this work are to:

e Perform the microstructural characterization on the weld bead for
the different conditions studied;

e Determine the phase balance on the weld bead;

e Obtain the microhardness profile;

e Measure tensile strengths;

e Evaluate the corrosion resistance
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2 LITERATURE REVIEW

2.1 STAINLESS STEEL

Stainless steels are alloys that have emerged to meet the demands of
corrosion resistant materials. The word steel means that iron constitutes the
bulk of the material, while the adjective “stainless” implies absence of staining,

rusting or corroding in environments where normal steels are susceptible [13].

To achieve such strength it is necessary that stainless steels have in
their composition at least 11% by weight of chrome [14]. In contact with
atmospheric air, or another oxidizing environment, chromium oxidizes, forming

a corrosive resistant layer. This process is called passivation (Figure 1).

Figure 1 — Passivation process

Passivation
layer

Stainless steel

Oxygen

Souce: LIMA [15] modified

According to the International Stainless Steel Forum (ISSF) [16] and the
“Associacao Brasileira do Ago Inoxidavel” (ABINOX) [17], in 2018, the stainless
steel worldwide production was about 51 millions of tons and in Brazil 333

thousands of tons, as shown in Figure 2 and Figure 3.
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Figure 2 - Stainless steel worldwide production (millions of tons)

2010 2011 2012 2013 2014 2015 2016 2017 2018

Source: ISSF [16]

Figure 3 - Stainless steel Brazilian production (thousands of tons)

379,8 0 8,3
349,7 3650 .5, 3546 3564 3419 3493 33,59

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

nFlat Not Flat

Source: ABINOX [17]

In general, the essential requirements for an alloy used in industries Oil &
Natural Gas and offshore industry are mechanical strength, given the various
stresses to which materials will be subjected, and corrosion resistance due to
the environmental severity to which the materials will be exposed. Components
and equipment in these industries are often subjected to high temperatures and

contact with extremely corrosive or abrasive-containing fluids. The new
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discoveries of Brazilian industry called Pre-Salt represent a group of operations
that will require the use of high mechanical performance and corrosion resistant
materials, and also welding processes capable of ensuring good quality of the
welded joint. DSS is gaining more and more space in the petrochemical industry

precisely because of the above requirements [18].

2.1.1 Classification of Stainless Steels

Stainless steels can be classified with reference to their microstructure
presented at room temperature. According to this criterion, stainless steels can

be divided into four classes: ferritic, martensitic, austenitic and duplex.

Ferritic Stainless Steel

Ferritic stainless steel (FSS) is one type of stainless steels developed
contemporaneously with austenitic and martensitic stainless steel and it
occupies 40%-50% of the whole stainless steel yield. FSS exhibits excellent

weldability, corrosion resistance and thermal fatigue performance [19].

They have between 10.5 and 30% of chromium with low carbon
(maximum 0.2%), presents a body-centered cubic (BCC) structure. They cannot
be austenitized therefore cannot be hardened by quenching. They are
considered more economical than austenitic stainless steels because they do

not contain high levels of nickel in their composition [20].

They present satisfactory toughness and ductility, but when subjected to
welding process, grain growth may occur in the HAZ and precipitation of
deleterious phases on grain boundaries, such as chromium carbides and
nitrides. The combination of these effects compromises toughness and

corrosion resistance.
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There are a variety of FSS, and because of their low cost, good
formability, and ceramic-like thermal expansion coefficient, they have also been
used in the manufacturing of solid oxide fuel cell components [21]. To exemplify
the microstructure of FSS, typical polygonal ferrite grains of AISI 444 FSS after
cold rolling and annealing at 880 °C is presented in Figure 4.

Figure 4 — Microstructure of AISI 444 FSS

Source: Bai et al. [19]

Martensitic Stainless Steel

Martensitic stainless steels are Fe-Cr-C alloys, which have compositions
ranging from 10.5 to 18% chromium, from 0.1 to 0.5% carbon. They may have

Mo, W, V, or Ni additions in small quantities to improve creep resistance under
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high temperature conditions and also to the addition of other austenite
stabilizing elements for partial carbon replacement, improving their corrosion

resistance. They are ferromagnetic and can be hardened by quenching [22].

These alloys can be austenized when heated to a suitable (sufficiently
high) temperature. The cooling rate is responsible for turning austenite into
other products. At low speed cooling conditions, ferrite and carbides are formed,
while under high speed conditions the martensite is formed [14]. To exemplify
the microstructure of martensitic stainless steels, Figure 5 shows an optical
micrograph of AISI S410-L, an equiaxed fine grain structure morphology is
observed. The manufacturing processes involved in the production of
commercially available martensitic stainless steels include thermo-mechanical

treatment with final hot-rolling and annealing, explaining the microstructure

Figure 5 — Microstrucutre of AlSI S410-L

Width =572.4 ym Mag= 200 X WD=118mm Date :25 Sep 2018 Time :16:56:36
Flle Name = 316-additive201.uf ! EHT = 2000 kV Signal A= SE2 System Vacuum = 8 08¢ 006 mbar

!

Source: Khodabakhshi et. al. [23]
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Austenitic Stainless Steel

Austenitic Stainless Steels (ASSs) are mainly Fe-Cr-Ni alloys, with the
predominance of an austenitic microstructure (y). Cr is responsible for ensuring
corrosion resistance, while Ni provides the extension of the austenitic region at
room temperature. ASSs exhibit good resistance to corrosion and oxidation at
temperatures up to 650 °C or higher. These steels also exhibit excellent ductility
and toughness in this temperature range. Corrosion and oxidation resistance is
imparted primarily by high chromium content, generally greater than 16 wt%
[24]. The addition of austenite-stabilizing elements, primarily carbon and nickel
and sometimes nitrogen, promotes an austenitic structure over a wide range of
temperatures. In some alloys, austenite is stable from room temperature to the
melting temperature range. The predominance of an austenitic structure in

these steels gives rise to their excellent ductility and toughness [25].

The wide utilization of plain austenitic stainless steels, due to both their
satisfactory corrosion resistance and their cost-effectiveness, has led to studies
and researches concerning their applications in a variety of situations and
environments, so that a satisfactory amount of data is available concerning their
shaping, welding (even with high power density facilities) and eventually post
weld heat treatments. Actually, superaustenitic stainless steels are being used
because they bridge between relatively cheap austenitic stainless steel and
expensive nickel base super alloys, when high corrosion properties are required
at moderately high temperatures [26]. To exemplify an austenitic microstructure,
Figure 6 shows an SEM micrograph of AISI 316L ASS. Polygonal austenitic

grains are identified by greek letter y.
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Figure 6 — Microstrucutre of AISI 316L ASS

Source: Leite et. al. [26]

Duplex Stainless Steel

Duplex stainless steel (DSS) has a biphasic microstructure with equal
proportions of austenite (y) and ferrite (a), which gives it excellent mechanical
strength and corrosion resistance compared with austenitic stainless steel.
DSSs are best suited for robust heavy engineering industrial applications viz.,

mining, petrochemical, engine, marine, pulp & paper industries [3].

Duplex stainless steels, such as UNS S32750 are often used in
aggressive corrosion environments where service temperatures are below
approximately 350 ° C. These steels contain 24 — 26% Cr, 5 — 8% Ni, 3 — 5%
Mo and 0.2 — 0.3% N. They have good resistance to chloride stress corrosion
cracking, pitting and crevice corrosion. The corrosion behavior of the weld metal
of these steels is largely controlled by the microstructure balance of ferrite and
austenite with an approximate 50%-50% balance providing optimum corrosion
resistance [26]. To exemplify the microstructure of DSS, Figure 7 shows an
SEM micrograph of UNS S32750 DSS. Similar proportions of austenite (y) and
ferrite (a) are observed.
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Figure 7 — Microstrucutre of UNS S32750 DSS

Source: Leite et. al. [26]

A way to rank pitting susceptibility in DSS is using the pitting resistance

equivalent number (PREN) as presented in Equation 1 [27].

PREN = wt.%Cr + 3.3 wt.%Mo + 16 wt.%N Eg. 1

Pitting corrosion is an extremely localized corrosion that leads to the
creation of small holes in the metal. The diameter of the pits is less than its
depth. A characteristic of pitting corrosion is the presence of pits formed as a
result of an interaction between a passive film (cathode) and locally
depassivated regions (anodes) on the surface of the material [28, 29].

The role of an anode can be played by internal inhomogeneities (non-
metallic inclusions, separations, deformations) and by external inhomogeneities
such as, scratches and edges. Low welding energy can lead to nitride
precipitation. Chromium nitride particles are also believed to be nucleation for
pitting [30, 31].
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Chemical composition also has crucial influence on the pitting corrosion
resistance of stainless steel [29]. Table 1 summarizes the influence of some

alloying elements on pitting resistance.

Table 1 — Influence of alloying element on the pitting corrosion resistance

Element Pitting corrosion resistance

Chrome Increase

Nickel Increase

Molybdenum Increase

Silicon Decrease; Increase when in combination with

Molibidenium

Sulfur and Selenium Decrease

Carbon Decrease

Nitrogen Increase

Source: Elaborated by author

Figure 8 exemplify a pitting corrosion. A laser welded DSS was submitted
to Critical Pitting Temperature (CPT) test, and the pitting occurred on the weld
bead.

Figure 8 - Pitting corrosion on laser welded DSS

|

Source: Elaborated by author
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The difference between DSS and super duplex stainless steel (SDSS)
beyond the concentration of alloying elements is their PREN. DSS has PREN
between 30 and 40, while SDSS has PREN above 40 [13].

2.1.2 Alloying Elements in Stainless Steels

The steel chemical composition and environment oxidizing capacity
influence its corrosion resistance. Alloying elements modify this resistance and

may be associated with increased or decreased of phase formation [32].

Alloying elements present in stainless steels may be associated with the
stabilization of ferrite or austenite. Chromium, molybdenum, titanium, silicon,
aluminum, niobium, vanadium, tungsten and boron are examples of ferrite-
forming elements. Nickel, copper, carbon, nitrogen, manganese and cobalt are
austenite-forming elements. Each of these elements may alter the
characteristics of stainless steels in a specific way [33]. Figure 9 shows a
histogram of the relative strengths of alloying elements in steels in terms of

enthalpy (H). Ferrite formers are listed in (a) and austenite in (b).

Figure 9 - Relative force of alloying elements (a) ferrite formers (b)

austenite formers

A (kJ mol ')
AH (kJ mol™)

(a) Ferrite formers (b) Austenite formers

Source: Honeycombe [34]
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Modenesi [33] summarized the main effects of alloying elements and

impurities on stainless steels. The nickel effect will be discussed in a specific

topic.

Aluminum: Ferrite and nitride former. Used with titanium may
cause precipitation hardening;

Carbon: Austenite former. Increases mechanical strength and
hardness but affects corrosion resistance and toughness at low
temperature;

Cobalt: Increases mechanical strength and creep at elevated
temperatures;

Chrome: Ferrite and carbide former. Main element responsible for
increased corrosion resistance;

Manganese: Austenite former. Increases crack resistance of weld
with austenitic structure;

Molybdenum: Ferrite and carbide former. Increases corrosion
resistance and creep at elevated temperatures. Improves
corrosion resistance in non-oxidizing environ;

Niobium: Ferrite and carbide former. May cause precipitation
hardening;

Nitrogen: Austenite former. May be responsible for increasing
mechanical strength but also strongly degrading the weldability of
ferritic alloys;

Silicon: Ferrite former;

Titanium: Ferrite, carbide and nitride former. Improves mechanical
resistance at high temperature. With aluminum it causes
precipitation hardening.

Copper: Increases corrosion resistance in reducing environ.
Tungsten: Element considered as strong ferrite former. Increases

mechanical strength and creep at elevated temperatures

The Schaeffler-Delong diagram (Figure 10) summarizes the effect of the

alloying elements on the structure of stainless steels. The diagram is based on
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the fact that the alloying elements can be divided into ferrite-stabilizers and
austenite-stabilizers. Relating the austenite-stabilizers to nickel and ferrite-
stabilizers to chromium, it becomes possible to calculate the total ferrite and
austenite stabilizing effect of the alloying elements in the steel. This gives the
so-called chromium and nickel equivalents in the Schaeffler-Delong diagram. In
this way it is possible to take the combined effect of alloying elements into

consideration.

Figure 10 — Schaeffler-Delong diagram
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The Schaeffler-Delong diagram was originally developed for weld metal;
it describes the structure after melting and rapid cooling. The Schaeffler-Delong
diagram is not the only diagram for assessment of ferrite contents and structure

of stainless steels.

Nickel

Nickel is an austenite former. Increases corrosion resistance in non-
oxidizing environment. Muthupandi et al. [8] stated that the addition of Ni
increases the austenite amount in the weld metal by increasing its initial

transformation temperature, promoting the equilibrium of its content.

DSS are based on the ternary Fe—Cr—Ni phase diagram (Figure 11). It's
clear that the higher amount of nickel will expands austenite field.

Figure 11 - Ternary Fe—Cr—Ni phase diagram

temperature

Cr
0 wt. % Fe

e
70 wt. % Fe N s 30 wt. % Ni

\ 7
100wt. % Fe v Owt % Ni

Fe

Source: Ponhl et al. [36]



31

2.1.3 Microstructure of welded duplex stainless steels

Welding is a fabrication process of generating a metallurgical joint result
from the melting parts to be joined together, with or without the utilization of
pressure and a filler material [37]. In general, after being subjected to welding
processes, DSS presents an unbalanced microstructure, predominantly ferritic,

which compromises its properties [4].

In DSS welding austenite is formed from solid-state ferrite. Welding
conditions with low cooling rates favor the growth of ferritic grains in the heat
affected zone (HAZ) and the formation of nitrides and carbides. High cooling
rates favor a higher amount of ferrite, not having the time required for austenite
formation [38]. When high heat inputs and slow cooling rates are applied, the

properties of DSS weldment can accurately advance [39].

In DSS weld metals, austenite forms in three morphologies:
allotriomorphs, at the prior ferrite grain boundaries; Widmanstatten side-plates,
growing into the grain from the allotriomorph grain boundaries; and intragranular
austenite. Grain boundary allotriomorphs and Widmanstatten austenite form at
high temperatures, while intragranular austenite forms at lower temperatures
[8].

Under high cooling rates, typical for Nd:YAG laser welding process, there
is no time for austenite formation, which results in a predominantly ferritic
microstructure. Figure 11 shows the unbalanced microstructure of UNS 32750
welded using Nd:YAG pulsed laser process. To obtain a balanced
microstructure, we must use a post-weld heat treatment, or add austenite-

forming elements, such as nickel or nitrogen.
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Figure 12 - SEM micrographs of transition region between base material and
fusion zone for UNS 32750 Nd:YAG pulsed laser welded

Source: Da Cruz Junior et. al. [40]

2.1.4 Second phase precipitation in duplex stainless steel

Due to the high amount of alloying elements, the duplex stainless steels
show a rather complex second phase precipitation and phase transformation
behavior. The effect on the mechanical and corrosive properties of several
precipitations might be extensive. In DSS welding processes secondary phases
can precipitate in a temperature range between 700°C and 950°C [41].
Knowledge of the quantity, distribution and type of phases is critical to
predicting the mechanical properties and corrosion resistance of stainless steels
[32].

The section at 70% iron shows the quasi-binary phase diagram
(Figure 13), which represents the duplex stainless steels. They solidify primarily

as ferritic alloys and transform at lower temperatures by a solid state reaction
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partially to austenite. Hence, the austenite ferrite ratio is adjusted in a

temperature above 1000 °C.

Figure 13 - Pseudo-binary Fe—Cr—Ni phase diagram at a 70% Fe section

temperature [°C]
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Source: Pohl et al. [36]
Carbides

In stainless steels, different types of carbides may be formed, having
different stoichiometries such as M»3Cgs, MC, MgC and M-;Cs.
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M3Cs: Forms by the association of carbon atoms in clusters in the
interstices, at temperatures between 600 and 950°C. They are the
most common in stainless steels.

MC: Have low interfacial energy therefore they are less harmful to
mechanical properties such as creep resistance. In AIS at
temperatures between 600 and 800 ° C, MC growth rate is lower
than M23Cs.

MsC: Usually present in AIS containing Mo. This carbide
accommodates a little nitrogen in its structure due to Mo.
Therefore, it is very likely to be present in superaustenitic stainless
steel that generally contains Mo as well as Nb at high levels.

M-Cs. These carbides are found only when carbon levels are too
high.

Nitrides

Due the high amount of nitrogen in some classes of DSS, nitrides like

Cr,N can precipitate embrittling the material. Figure 14 shows the typical

appearance of nitride precipitation in the duplex microstructure after rapid

cooling.

Figure 14 - Optical micrograph of heat treated UNS S32750

Source: Pettersson et al.[42]
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Sigma phase o

This phase presents in its chemical composition mainly the elements Fe
and Cr [36]. It is considered a non-magnetic Fe and Cr intermetallic that is hard
and brittle. The brittle phase o is the most precipitated intermetallic phase in
ASS and DSS. It has a negative effect on creep properties when precipitated on
grain boundaries and it becomes a serious problem when these stainless steels
are used at elevated temperatures as this phase not only reduces corrosion
resistance due to the removal of chromium and molybdenum, but also

deteriorates the mechanical properties of these steels.

Cr diffusion can be considered as one of the factors controlling its
precipitation. In addition to Cr, the diffusion of another substitutional element
such as Mo could also be important for sigma phase formation. High cooling
rates are necessary to prevent sigma phase formation [13]. Figure 15 shows the
sigma phase in UNS S32205 aged at 950 °C for 15 minutes, coarser particle is

Sigma phase.

Figure 15 - Sigma phase in UNS aged at 950 °C for 15 minutes.

Source: Gennari et. al. [43]
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Chi phase x

The chi x phase is relatively the smallest phase, forming at temperatures
between 700 and 900°C mainly at the ferrite-austenite interface. It is a body-
centered cubic phase, hard and fragile. In general, for its formation needs
molybdenum. Tungsten is responsible for stimulating the formation of the chi
phase while inhibiting the formation of the sigma phase. Intermetallic chi phase
formation leads to a loss of toughness. Figure 16 shows the chi phase in UNS
S32750 DSS

Figure 16 - Chi phase on grain boundaries of UNS 32750

Source: Pohl et al.[36]
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2.2 Nd:YAG PULSED LASER WELDING

The Nd: YAG laser is inserted among the solid state lasers. The term
YAG means Yttrium Aluminum Garnet (Y3AlsO12), is a grenade group material
commonly used as the basis for various solid state lasers. The triple ionized
neodymium dopant replaces a small fraction of yttrium ions in the host crystal
structure as their sizes are similar. Neodymium ions provide the laser activity in
the crystal [44]. Figure 17 shows Nd:YAG crystals used in laser welding.

Figure 17 - Nd:YAG crystals

Source: MSE SUPPLIES [45]

Figure 18 shows the laser generating cavity schema. Nd:YAG crystal is
transparent and is considered the most common in industrial applications. It
provides radiation with a wavelength of 1.06 micrometres, easily transmitted by
flexible quartz optical fibers and the active medium can be excited by either
xenon or krypton light. Compared to gaseous laser (CO,), the system is
considerably simple and the wavelength of radiation is easily absorbed by
metals, making it more efficient [46]. The Nd:YAG laser operates in both

continuous and pulsed modes
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Figure 18 - Laser generating cavity schema
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2.2.1 Laser welding techniques

Laser welding can be performed in two ways, conduction welding, Figure
19 (a), and keyhole welding, Figure 19 (b). The difference is in the surface of
the melting pool, which in the case of the first mode remains intact during
execution and in the second mode that surface is altered by the laser beam

penetrating the molten region caused by a high amount of energy.

Figure 19 —Examples of (a) conduction and (b) keyhole welding

<— |3ser beam

" laser beam

melting pool melting pool
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Source: modified Steen and Mazumder [47]
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In conduction mode, welding is performed with low power density, usually
between 0.5 MW / cm?, generating a wide and shallow weld bead. In the
keyhole mode, welding is done with high power density, with peak power above
1.5 MW / cm?, generating a very deep and narrow weld bead, reducing the heat
affected zone. In the keyhole mode, welding can be performed at high speed, at
20 in / s penetration is limited to 0.5 mm, with lower speeds penetration can
reach up to 12 mm [48]. Figure 20 shows the relation between penetration

depth and power density for both welding modes.

Figure 20 — Relation between penetration depth and power density
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Source: America [48]

In conduction laser welding, the base material is heated by the laser
beam to its melting temperature without creating vaporization [49]. The incident
beam energy on the surface of the melting pool is absorbed by the material and

transferred to the root of the weld by thermal conduction.

In keyhole welding the laser intensity within the focusing position is high
enough to generate a high evaporation rate. With this, the recoil pressure
deconstructs the melting pool allowing the laser beam to penetrate deeper into

the material [47].
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In both welding techniques, they can be performed with laser in pulsed or
continuous mode. In the case of pulsed laser welding, the duration of the laser
pulse and the intensity of the laser beam on the part to be welded are the main

parameters that define whether conduction or penetration welding.

2.2.2 Differences between continuous and pulsed laser welding

In continuous mode the laser power does not vary during the welding
process, the laser beam produces a continuous and regular melting pool,
producing little spatter and low incidence of discontinuity. In pulsed mode, the is
produced a very high peak power with short duration at relatively low average
power values as shown in Figure 21. Due to this difference in energy transfer
efficiency, the high peak powers generated make pulsed mode to weld a wider
variety of materials than continuous mode in equivalent ranges. Pulsed mode is
characterized by producing weld beads with extremely high cooling rates,

minimal heat affected zone [50].

Figure 21 — Average power for continuous and pulsed laser welding
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2.3 RESEARCHES OF NICKEL ADDITION IN WELDING PROCESS

Many authors have studied the effects of nickel and nitrogen addition on
phase balance for certain welding processes and this topic will present the top

searches and their results.

Muthupandi et al. [8] studied the influence of nickel and nitrogen addition
on the microstructure and mechanical properties of power laser beam
processed DSS weld metals. They used an UNS 31803 DSS as base metal.
First the samples were welded with Gas Tungsten Arc Welding (GTAW) using a
nickel-enriched filler and a shielding gas mixture containing enriching the welds
with nickel or nitrogen. The samples were re-melted using power laser beam.
They concluded that the addition of nickel produced welds with acceptable
ferrite-austenite balance. Figure 22 a show the microstructure of the weld metal
produced with autogenous electron beam weld and Figure 22 b the
microstructure of the electron beam weld metal obtained by re-melting nickel
enriched GTAW weld metal.

Figure 22 — Microstructure of the weld metal for (a) autogenous EB weld (b) re-

melting nickel enriched GTAW weld metal

Source : Muthupandi et al. [8]
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Migiakis and Papadimitriou [9] studied the effect of nitrogen and nickel on
the microstructure and mechanical properties of plasma welded UNS S32760
DSS. The enrichment of both elements was made using a high Ni content filler
metal and a shielding gas containing nitrogen. They concluded that nitrogen
addition in protective gas and higher nickel content in the filler metal have both
a positive effect. Figure 23 shows the microstructure of fusion zone for (a)
without high Ni nickel filler metal and (b) with high Ni nickel filler metal

Figure 23 — Microstructure of fusion zone for (a) without high Ni nickel filler
metal (b) with high Ni nickel filler metal

— ‘m—wv"\a;"\ 8 —’
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Source: Migiakis and Papadimitriou [9]

Pilhagen and Sandstrom [10] have investigated the role of nickel on the
toughness of DSS weld metal prepared by submerged arc welding (SAW). They
used an UNS 32101 DSS as base metal. They concluded that addition of nickel
resulted in a weldment with appropriate ferrite content. The ductility and
toughness were significantly increased. Figure 24 shows the microstructure of

fusion zone for (a) low nickel content (b) high nickel content.
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Figure 24 — Microstructure of fusion zone for (a) low nickel content (b) high

nickel content.

Source: Pilhagen and Sandstrém [10]

Tahaei et al. [11] studied the effect of the addition of nickel powder and
post weld heat treatment on the metallurgical and mechanical properties of the
welded UNS S32304 DSS. They concluded that both the addition of nickel
powder during the welding process and the post weld heat treatment made it
possible to improve the mechanical properties of the weld joints. Post weld heat
treatment had the best effect in restoring the equal volume fraction of ferrite and

austenite compared to the addition of nickel powder.

. Related to the Nd:YAG pulsed laser process it's hard to find results in
literature. Because they are new and innovative, the first results related to this
research were published in 2019 (as shown in Annex I), as a short
communication. The paper demonstrated the effect on nickel addition on
Nd:YAG pulsed laser welding of duplex stainless steels indicating that the
addition of nickel has improved the Nd:YAG pulsed laser welding allowing to

obtain balanced phases in the weld bead.
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3 MATERIALS AND METHODS

This chapter describes the experimental planning of the research and the
experimental procedures for welding testing and the measurement of output
variables such as microstructure, mechanical properties and corrosion

resistance.

3.1 EXPERIMENTAL PLANNING

The base metal was a UNS S32750 super duplex stainless steel (SDSS),
in sheets of 1.5 mm thickness. The chemical composition is presented in Table

2, and the microstructure is presented in Figure 25.

Table 2 — Chemical composition of UNS S32750 (wt-%)

UNS C Si Mn P S Cr Mo Ni Cu N

S32750 0,018 0,29 0,63 0,02 <0,0003 25,61 3,84 6,97 0,15 0,27

Source: Elaborated by author

Figure. 25 - SEM micrograph of base material with equal proportions of

austenite (light etched regions) and ferrite (dark etched regions).

Source: Elaborated by author
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Electrolytic nickel thin foil with different thickness (Table 3) was inserted
between pieces of UNS S32750 base metal, providing nickel enrichment in the
weld metal as presented in Figure 26. The production of the nickel foils will be

explained on experimental procedure.

Figure 26 - Schematic diagram of the butt weld joint.
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Source: Elaborated by author

A Nd:YAG pulsed laser machine model UW-150A was used as showed
in Figure 27. Six conditions were evaluated, keeping the same welding
conditions and varying the thickness of nickel foil added. Single-pass welding
was applied. After exploratory tests, the welding parameters were selected to
obtain a regular surface, without porosity, and a weld pool deeper than 50 % of
the sheet thickness. The laser beam with pulse energy set at 10 J was focused
on the sample surface. Table 3 summarizes the thickness of nickel foil for each

conditions evaluated and the welding parameters.



Figure 27 — Nd:YAG pulsed laser machine
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Source: Elaborated by author

. Table 3 - Thickness of the nickel thin foils and welding parameters.

Condition Nickel foil Welding parameters (same
thickness for all the conditions)

AW No nickel foil Peak power: 2.0 kW

Ni30 30 pm Pulse duration: 5 ms

Ni40 40 pm Frequency: 9 Hz

Ni50 50 um Welding speed: 1 mm/s

Ni60 60 pm Shielding gas: Ar

Ni70 70 pm Flow rate: 20 I/min

Source: Elaborated by author
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3.2 EXPERIMENTAL PROCEDURE

3.2.1 Welding

As already described, a Nd:YAG pulsed laser machine model UW-150A
was used. The welding parameters were defined, based on the research of

Franzini [51], to give an overlap rate of 90%.

In order to perform laser welding of a continuous weld bead, in pulsed
mode, it is important to understand and control the overlap rate of the weld
beads generated by each pulse. This type of welding is achieved by applying a
linear welding speed while the pulses are emitted. These pulses create
overlapping weld points, generating a weld bead very similar to that of

continuous welding

Overlap rate can be understood as the difference between the two
consecutive pulses distance divided by the pulse diameter. It is a very important
parameter as it provides a relationship between the main parameters such as
peak power, pulse duration, frequency and welding speed. As more than one
pulse reaches the same area, the overlap rate will affect the total energy
delivered along the weld and consequently the microstructure and mechanical
properties of the weld bead [52]. The Figure 28 shows a schema of overlap rate

and Equation 1 the math definition.
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Figure 28 — Schema of overlap rate
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Source: Lapsanska et at. [52]

table speed (ms—m)

Overlap rate = 1- pulse diameter (mm)x frequency (Hz) (1)

As the weld bead is formed by a series of overlapping pulses, there will
be variation in the effective penetration of the bead, as the pulses solidify into a
conical shape, leaving voids in the deepest region of each pulse as shown in
Figure 29. For this reason the welding parameter where were selected to obtain
a weld pool deeper than 50 % and the laser welding were made in both side of

each sample.

Figure 29 — Relation between effective penetration and overlap rate
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The welding parameters were kept constant for all the studied conditions,
since the objective of this work was to study the effect of the nickel addition and
not of the welding parameters.

Tests were made to confirm to the overlap rate for the welding
parameters selected. The pulse diameter was measured and Figure 30 shows

the surface of weld bead for an overlap rate of 90%.

Figure 30 — Welding surface
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Source: Elaborated by author

3.2.2 Prodution of nickel foil

The nickel foils were obtained from an electrolytic nickel bar. Using a wire
electrical discharge machining, strips were cut measuring 25.00 x 2.00 x
0.08 mm, latter sanded to the desired thickness. Finally the foils were cleaned
in an ultrasonic bath. Figure 31 shows the nickel bar being cut in the wire

electrical discharge machining.
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Figure 31 — Cutting of electrolytic nickel bar

Source: Elaborated by author

Nickel foils thicknesses were verified at four points along the length using
a digital micrometer (0-25) Mitutoyo, resolution 0.001 mm. Figure 32 shows the

nickel foil prepared for the welding process.

Figure 32 — Nickel foll
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Source: Elaborated by author
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3.2.3 Microstructure and microhardness

The samples were embedded in cold-curing transparent epoxy resin
using a silicone mold. The samples were cut at the cross section of the weld
bead. The sanding of the samples occurred manually, alternating the position
by 90 ° with each sanding change. The granulation of the sandpaper followed
the sequence 220, 320, 400, 600, 1000 and 1200. For the polishing, particle

alumina with 1.0 and 0.3 um, respectively, were used.

The microstructure was revealed using modified Beraha'’s reagent (20 ml
of HCI, 80 ml of H,0O, 1,0g of K;S,0s and 2,0g of NH4HF,). To determine the
austenite/ferrite ratio, several SEM micrographs (Carl Zeiss EVO LS15) in
different regions of the weld bead was analysed by ImageJ freeware. For each
sample ten micrographs were analysed. The micrographs were binarized (color
threshold) to allow calculate the austenite/ferrite ratio as shown in Figure 33.
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Figure 33 — Example of volume fraction determination (a) Ni30 SEM
micrograph, (b) NI30 binarized SEM micrograph, (c) Austenite/ferrite bar graph
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Vickers microhardness tests were performed using a Dynamic Ultra
Micro Hardness Tester Shimadzu DUH 211S in two directions, as shown in
Figure 34. The vertical line was used to find the mean microhardness of the

weld bead and the horizontal line to obtain the microhardness profile.
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Figure 34 — Schema of microhardness measurement
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Vickers scale was used and the test method used was loading /
unloading. The method consists of increasing the force to a predetermined
value, keeping it constant for a certain time and after that time, the unloading
occurs. The load used was 100 mN.

3.2.4 Tensile tests

The tensile tests were performed in a universal testing machine EMIC DL
30.000. The samples were prepared in a wire electrical discharge machining
Eletrocut NOVIK following the standart MB-4 of “Associacdo Brasileira de
Normas Técnicas” (ABNT). For each condition were two samples were tested.
Figure 35 shows the design of the tensile samples and Table 4 the dimensions.

Figure 35 — Design of tensile samples

Source: Souza [53]
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Table 4 — Tensile sample dimensions

Sample A (mm) B (mm) C (mm) D (mm) R (mm)

Thin sheet 75 12,5 20 200 20

Source: Souza [53] modified

3.2.5 Critical pitting temperature (CPT)

The Critical Pitting Temperature (CPT) criterium was used to evaluate
the corrosion resistance, following the ASTM G150 standard. CPT test was
chosen to correlate the microstructure modifications to the corrosion properties
[54].

The CPT tests were performances at Corrosion Laboratory of the
Department of Industrial Engineering (University of Padua), as part of an
international cooperation established between Estate University of Sdo Paulo —
UNESP and University of Padua. The samples were painted with a thermal-

resistant varnish letting exposed an area of 1 cm?, as presented in Figure 36.

Figure 36 — CPT sample

electrical connection

unvarnished area

10 mm

Source: Elaborated by author
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A potentiostat (model AMEL 7060) equipped with two cells containing

aqueous solution of NaCl (1 M) were electrically connected by a salt bridge. The

standard calomel electrode (SCE) was immersed in the first cell and maintained

at room temperature. The platinum counter electrode and the sample were

immersed in the second cell where the temperature was raised at a rate of 1°

C/min starting from 0° C until CPT was reached. CPT is defined when the

current density reaches 100 pA/cm2. Highest CPT values indicate greater

corrosion resistance. Potential was set to 700 mV vs SCE and kept constant.

The pitting locations were observed by stereomicroscopy Zeiss Stereoscan

Stemi C2000. Figure 37 shows a schema of the CPT experimental apparatus.

Figure 37 — CPT experimental apparatus
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4 RESULTS AND DISCUSSION

The results are presented in four topics: microstructure, microhardness,

tensile strength and critical pitting temperature.

4.1 MICROSTRUCTURE

The results present, qualitatively and quantitatively, the effect of nickel
addition on the fusion zone microstructure of joints welded by Nd:YAG pulsed

laser by an examination of the microstructures and austenite/ferrite ratio.

The microstructures of the weld bead for all the conditions are shown in
Figure 38. Austenite is light and ferrite is dark. It is possible to verify that nickel
modified both the amount of austenite formed and its morphology. A
autogenous welding specimen (AW) has presented strongly unbalanced
microstructure (Figure 38 a), containing large amount of polygonal ferrite grains
with austenite decorating its boundaries, typical result of Nd:YAG pulsed laser
welding. In DSS weldments, austenite is formed through diffusional solid-state
transformation, which is strongly affected by the cooling rates and heat input of
thermal cycle. Under high cooling rates, given by pulsed laser, there is not
enough time for completing austenite formation, which results in a

predominantly ferritic microstructure [38].
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Figure 38 - SEM micrographs of fusion zone for (a) AW, (b) Ni30, (c) Ni40, (d)
Ni50, (e)Ni60 and (f) Ni70. Austenite is light and ferrite is dark. Beraha'’s etching
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Source: Elaborated by author

Additions of nickel have promoted effective increasing of the austenite in
the DSS weld metal. The Ni30 condition (Figure 38 b) resulted in well balanced
ferrite-austenite microstructure, where austenite was found at the prior ferrite
grain boundaries (allotriomorphic) and also inside them (idiomorphic). Higher
amounts of austenite have been found with increasing of thickness of nickel foil
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applied for the conditions Ni40 (Figure 38 c), Ni50 (Figure 38 d), Ni60
(Figure 38 e) and Ni70 (Figure 38 f), this late being practically all composed by
austenite due to massive concentration of stabilizer elements. The phase
balance in DSS is very important to maintain mechanical resistance and

corrosion properties, as obtained on the Ni30 condition.

SEM analyses have identified different austenite morphologies in DSS
weld metals. Allotriomorphic austenite and Widmanstatten side-plates have
been identified growing into the grain from the grain boundaries; and ideomorph
(intragranular) austenite. The grain boundary allotriomorphs and Widmanstatten
austenite form at high temperatures, while intragranular austenite forms at lower

temperatures under increased cooling rates [55].

Comparing the AW and Ni30 condition, the micrograph of the AW
condition shows little presence of austenite in the form of grain boundary
allotriomorphs and acicular intragranular austenite. The resulting microstructure,
which is predominantly ferrite, is quite unbalanced. In the micrograph of the
Ni30 condition, the austenite is visible in the earlier described forms, and in
larger quantity than in the AW condition, resulting in a visibly-balanced
microstructure. The sample in the AW condition presented a high content of
ferrite due to the rapid cooling which it peculiar to Nd:YAG pulsed laser welding.
The great amount of intragranular austenite in the Ni30 condition resulted from
the thermal cycle (high cooling rate) associated with the austenite formation
potential of nickel.

In the Ni30 condition the austenite/ferrite distribution was very
homogeneous along the weld bead. In the other conditions, with increased
addition of nickel, such homogeneous distribution was not obtained, which can

affect the properties of the weld bead.

The quantitative effect of nickel on the laser welding process can be
observed in Table 5 which shows the volume fraction of austenite and ferrite for
the base material and for all the conditions.



Table 5 - Phase balance on weld bead

VOLUME FRACTION

FERRITE AUSTENITE

%

%

BASE METAL 50.2+0.4 49.8+0.4
AW 92.4+0.5 7.6+0.5
Ni30 48.2+0.4 51.8+0.4
Ni40 30.2+0.7 69.8+0.7
Ni50 21.1+1.2 78.9%+1.2
Ni60 18.7+1.0 81.3+1.0
Ni70 4.6+1.2 95.4+1.2
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Source: Elaborated by author

The volume fraction showed that the Ni30 condition was the one that
most approached the volume fraction of the base metal, presenting a balanced
ferrite/austenite microstructure. Comparing the AW and Ni30 condition, the
addition of nickel increased the proportion of austenite from approximately 8%
(AW) to 52% (Ni30). This effect was a direct consequence of the addition of

nickel considering that the welding parameters were kept constant.

The AW condition presented a ferrite volume fraction of approximately
93% while the Ni70 condition presented an austenite volume fraction of
approximately 95%. A higher amount of austenite will increase the corrosion
resistance of the weld bead, but a decrease in the mechanical resistance since

this function is developed by the ferrite.

The microstructures in the transition region between the base metal and
weld bead for all the conditions are shown in Figure 39. For all conditions with
nickel addition, although the amount of austenite in the fusion zone is greater
than 50%, in the heat affected zone (HAZ) the amount of ferrite was higher than
that of austenite. Even for the Ni30 condition, although the microstructure in the
fusion zone is balanced, the HAZ presented an unbalanced microstructure with

a higher amount of ferrite.
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Figure 39 - SEM micrographs of transition region between base material and
fusion zone for (a) AW, (b) Ni30, (c) Ni40, (d) Ni50, (e) Ni60 and (f) Ni70.
Austenite is light and ferrite is dark. Beraha’s etching
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Source: Elaborated by author

The temperature reached in the HAZ is not high enough to melt the
material but it modifies the phase balance. In the HAZ, the austenite fraction is
slightly lower than at the weld center, which occurs because the cooling rate
from the temperature range reached above y-8 solvus (were the predominant

structure is ferrite) is higher in this region, without enough time for more



65

austenite formation upon cooling. The unbalanced microstructure will affect the

corrosion resistance of the HAZ.

In some welding processes like Submerged Arc Welding (SAW) or Gas
Tungsten Arc Welding (GTAW), which may be followed by an isothermal heat
treatment, secondary phases can precipitate in a temperature range between
700°C and 950°C [41,56]. The low heat input and the associated high cooling
rate of Nd:YAG pulsed laser welding do not favour the formation of these
phases.

To confirm the absence of secondary phases the samples were carefully
analyzed by SEM with backscattered electron detector. In this case, the
samples were not etched. Secondary phases should appear as a lighter spot
located between ferrite grains and at austenite—ferrite phase boundaries, while
chromium nitrides should appear as dark chains at ferrite/ferrite grain
boundaries. No secondary phase was detected. Figure 40 shows the

micrographs for all the condition.

Figure 40 - SEM (back-scattered electron) micrograph for (a) Ni30, (b) Ni40, (c)
Ni50, (d) Ni60 and (e) Ni70. Dark line from top to bottom of image was added to

point out the boundary between the two zones shown on the image
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Base metal

Source: Elaborated by author

Once Ni30 was the condition that achieved the phase balance, it was
performed an Energy-dispersive X-ray spectroscopy (EDS) analysis to
determinate the amount (wt. %) of nickel on the weld bead. Two regions were
analyzed, base metal and weld bead. As expected the amount of nickel
increased on the weld bead. Higher amount of nickel will expands austenite
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field increasing the austenite volume fraction. Figure 41 shows the regions
analyzed and Table 6 the amount of nickel and tree other elements (Fe, Cr,
Mo).

Figure 41 — Regions for energy-dispersive X-ray (EDS) analysis on Ni30

condition

Source: Elaborated by author

Table 6 — Fe, Cr, Mo and Ni on the base metal and weld bead (wt. %)

Base Metal (BM) Weld bead (WB)
Fe Cr Mo Ni Fe Cr Mo Ni
62.09 26.29 4.23 7.39 58.30 25.13 4.23 12.33

Source: Elaborated by author
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4.2 MICROHARDNESS

The microhardness profile for all conditions is shown in Figure 42. As
expected, a decrease in hardness is observed as the austenite volume fraction
increases. For Ni50, Ni60, and Ni70 conditions the microhardness values are
very close as the resulting microstructure is mainly austenitic, with some minor

biphasic regions (austenite and ferrite).

Figure 42 - Microhardness profile
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The mean microhardness for the weld bead for each condition is shown
in Table 7. The mean value of microhardness in the fusion zone for the AW
condition was 400 * 2 HV while for the Ni30 condition it was 365 + 9 HV. As the
AW condition presented a predominantly ferritic microstructure the
microhardness in the fusion zone was higher. Although for the Ni30 condition
the volume fraction are very close to those of the base material, the
microhardness value was approximately 20% higher. The large amount of
intragranular austenite and its arrangement along the fusion zone created

dislocations thus raising the hardness, an effect also observed by Tahaei et al
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[11]. It can be envisaged that the Ni30 condition could provide a weld bead with

more toughness in comparison to AW.

Table 7 - Microhardness

Condition Base Metal [HV] Fusion Zone [HV]
Aw 307+4 400 £ 2
Ni30 3074 365+9
Ni40 307+4 342+ 3
Ni50 3074 303+5
Ni60 3074 298 +3
Ni70 307+4 298 +4

Source: Elaborated by author

4.3 TENSILE STRENGTH

The graphs Stress-Strain for all the conditions are shown in Figure 43.

Figure 43 - Stress x Strain curves
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The results of the tensile tests are presented in Table 8 and Figure 44
shows the tensile test specimens. For AW, Ni30 and Ni40 conditions the tensile
strengths were equal since the fracture occurred in the base material (as
presented in Figure 44). For these conditions the weld bead presented higher
resistance than the base metal. For Ni50, Ni60 and Ni70 conditions, there were
a little reduction in the tensile strengths, and the fractures occurred in the weld
bead. As already mentioned, the weld bead hardness values for these
conditions were slightly lower than that of the base metal justifying the observed

slight decrease in tensile strength.

Table 8 - Results of tensile tests

Condition Tensile Strength Elongation [%] Location of
U.T.S [MPa] fracture
Base Metal 845+ 9 26.8+1.0 Base Metal
AW 845+ 9 26.4+1.0 Base Metal
Ni30 845 + 8 26.3+1.0 Base Metal
Ni40 845 + 8 264+1.0 Base Metal
Ni50 840 + 11 20.3+1.0 Weld bead
Ni60 822 + 10 21.4+1.0 Weld bead
Ni70 812+ 11 18.0+1.0 Weld bead

Source: Elaborated by author

Comparing the tensile strength for the Ni70 condition (which showed
lower tensile strength) and the base metal, it was observed that the influence of
the nickel on the tensile strength was not very large, since there was only a
drop of 4% in resistance. Saravanan et. al. [57] in their study on the effect of
heat input on microstructure and mechanical properties in SDSS laser welding
also observed a small decrease in tensile strength in a microstructure with a
higher proportion of austenite (consequently lower hardness), which behavior is

similar to those presented in this research.
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Figure 44 - Tensile test specimens

Source: Elaborated by author

Figure 45 shows the fractography for the base metal and for the Ni50
condition (once that Ni50, Ni60 and Ni70 have the same fracture behavior). The
fracture surface for the base metal (Fig. 45 a) is free of cleavage with a visible
necking area (Fig. 45 c) characterizing a ductile fracture. For the Ni50 condition
(Fig. 45 b) it is possible to verify the presence of dimples but also some
cleavage marks, the necking (Fig 45 d) is very small indicating little deformation

before the fracture.

Based on tensile strength results the conditions Ni30 and Ni40 presented
good weldability because the fracture occurred out of the welded region. For the
conditions Ni50, Ni60 and Ni70 the facture was brittle and occurred on the weld
bead.
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Figure 45 - SEM fractographs of samples for: (a) Base metal, (b) Ni50, (c) Base
metal and (d) Ni50

Source: Elaborated by author
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4.4 CRITICAL PITTING TEMPERATURE

The results of the CPT tests are presented in Fig. 46 and Table 9.

Figure 46 - CPT curves
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Table 9 - CPT results

CPT [°C]
Base Metal 835+1.2
AW 36.0+x15
Ni30 495+1.1
Ni40 490+ 1.3
Ni50 50.5+1.2
Ni60 50.0+1.0
Ni70 51.0+1.2

Source: Elaborated by author
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The AW condition showed the lowest CPT (36°C), a reduction of
approximately 48°C in relation to the base metal, since it is the condition with
the highest volume fraction of ferrite. Austenite content seems to be in direct
relation with the corrosion resistance and the AW condition presented only 7.6%

austenite in the phase balance.

The CPTs for nickel addition conditions were approximately the same
regardless of the amount of nickel added. The higher the amount of austenite,
the greater the resistance of the weld bead to corrosion. However, in all
conditions with addition of nickel the pitting occurred outside the weld bead, that
is in the HAZ, while the AW samples showed the pitting occurring in the weld
bead. Figure 47 a and 47 b show the location of pitting for AW condition and for

Ni30 condition respectively.

Figure 47 - Pits location after CPT tests for (a) AW and (b) Ni30
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Pitting

Source: Elaborated by author

As observed in Fig. 39, all conditions with nickel addition, although in the
fusion zone the volumetric fraction of austenite is higher than 50%, the HAZ
presents an unbalanced microstructure with greater amount of ferrite. This
predominance of ferrite negatively affected the corrosion resistance of the HAZ,
being the region where the pittings occurred.

Even if for the condition with addition of nickel the CPT’s were lower in
relation to the base metal, it presented an increase of approximately 14 °C in
relation to the autogenous welding, a significant increase in corrosion
resistance.
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5 CONCLUSIONS

The following conclusions could be drawn:

e Ni30 condition achieved the phase balance and consequently
good mechanical properties and corrosion resistance were
obtained;

e The addition of electrolytic nickel affected the formation of
austenite both quantitatively and qualitatively, modifying its
morphology and volume fraction;

e Compared to autogenous welding, the welds performed with nickel
addition showed an higher corrosion resistance in terms of
increase of CPTs.

e The CPTs for the different nickel addition examined were
approximately the same regardless the amount of nickel added,;

e For the AW condition the pitting occurred on the weld bead and for
for all the conditions with addition of nickel it occurred outside the
weld bead in the HAZ, likely because this region presents an
unbalanced microstructure with higher amount of ferrite;

e For the Ni30 condition, although the volumetric fraction of
austenite in the fusion zone was close to that of the base material,
the hardness was higher, since the morphology and arrangement
of the austenite along the fusion zone affected the hardness of the
region. On the other hand, hardness decreased with further
increase of nickel added;

e For the conditions Ni30 and Ni40 the tensile strength was equal to
that of the base metal, the fracture was ductile and occurred out of
the welded region. The Ni50, Ni60 and Ni70 condition presented a
slight decrease in tensile strength, the fracture was brittle and
occurred on the weld bead.
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5.1 FURTHER WORKS

As further works are recommended:

e Conduct a study similar to this however with others austenite-
forming elements;

e Perform nickel enrichment through an electrochemistry process.

e Perform a pré-weld heat treatment or/and pds-weld heat treatment

as an option to optimize the phase balance on the HAZ.
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A2 — PRELIMINARY RESULTS (WATTS BATH)

The objective of this thesis was to study the effect of using electrolytic
nickel foil, as an addition metal, on the microstructure, mechanical properties
and corrosion resistance of UNS S32750 DSS welded by the Nd:YAG pulsed

laser. The results were good, indicating that the technique worked.

Thinking of an industrial application, the use of nickel foils would be
difficult, once that the production of nickel foils demands a lot of time and
resources and still the limitations on the dimensions an shapes of the foils. One
of further works proposed was to perform nickel enrichment through an

electrochemistry process.

The Watts Bath is one of the techniques to perform nickel electroplating.
In order to validate the technique, as one of the ways to obtain balanced phases
in DSS laser welding, this annex presents some preliminary results of a new
research involving the application of Nd:YAG pulsed laser welding on DSS with
nickel addition through Watts Bath technique.

A2.1 METHODOLOGY

The electrodeposition process involves passing an electric current
between two electrodes immersed in an electrolyte. The positively charged
electrode is the anode and the negatively charged electrode is the cathode. The
electrolyte contains electrically charged particles or ions. Generally in nickel
electroplating (Watts Bath), the anodes are composed of electrolytic nickel. The

electrolyte contains soluble nickel salts [58].

The base metal (UNS S32750), in sheets of 1.5 mm thickness was
subjected to Watts Bath to perform the nickel enrichment on the surface to be
welded. The welding parameters were the same presented on the thesis. Three
different layer’s thickness (15 pm, 25 um and 35 pm) were obtained controlling

the time of Watts Bath process. More details about the Watts Bath will be
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presented in a further work. Figure 48 shows an optical micrograph of the layer

(15 pm) of nickel electrodeposited on the base metal.

Figure 48 — Nickel layer electrodeposited

Source: Elaborated by author

For welding, it was used one piece of UNS S32750 with the nickel
electrodeposited layer (on the desire thickness) and another without, as

presented in Figure 49.

Figure 49 — Schematic diagram of welding pieces

Electrodeposited nickel

UNS 332750 UNS 532750

Source: Elaborated by author
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A2.2 RESULTS AND DISCUSSION

The microstructures of the weld bead for the condition with 15 pm
electrodeposited nickel layer are shown in Figure 50. Austenite is light and

ferrite is dark.

Figure 50 — SEM micrographs of fusion zone for 15 pm
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As expected, there was an increase in the austenite amount in
comparison to autogenous welding. Using the same technique, presented in
this work, to determine the volume fraction, this condition presented 25.0 = 1.6
% of austenite. Nickel promoted the increase of austenite on the weld bead but

not enough to achieve balanced phases.

The microstructure in the transition region between the base metal and
weld bead for this condition is shown in Figure 51. It is possible to verify that the
base metal presents a balanced microstructure (ferrite/austenite) while the weld

bead a predominantly ferritic microstructure.

Figure 51 — SEM micrographs of transition region between fusion zone and

base material for 15 um
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Source: Elaborated by author

It was performed an Energy-dispersive X-ray spectroscopy (EDS)
analysis to determinate the amount (wt. %) of nickel on the weld bead. A line
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analysis was made passing through the base metal and weld bead. Figure 52
shows the amount of Mo, Cr an Ni. The amounts of Mo and Cr remained
constant and Ni increased to approximately 9 % (wt. %) on the weld bead.

Figure 52 — Mo, Cr and Ni on the base metal and weld bead (wt. %) for 15 um.
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The microstructures of the weld bead for the condition with 25 pm
electrodeposited nickel layer are shown in Figure 53.



Figure 53 — SEM micrographs of fusion zone for 25 um
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The volume fraction of austenite was higher than that obtained using

the 15 um electrodeposited nickel layer. This condition presented 43.2 £ 2.3 %

of austenite, the nickel amount was almost enough to achieve an well balanced

microstucture.
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The microstructure in the transition region between the base metal and

weld bead for this condition is shown in Figure 54.

Figure 54 — SEM micrographs of transition region between fusion zone and

base material for 25 um
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As with the conditions presented in the thesis (using the electrolytic
nickel foil), although the amount of austenite in the fusion zone is close to 50%,
in the heat affected zone (HAZ) the amount of ferrite was higher than that of

austenite

Figure 55 shows the amount of Mo, Cr and Ni (Energy-dispersive X-ray
spectroscopy). The amounts of Mo and Cr remained constant and Ni increased

to approximately 15 % (wt. %) on the weld bead.
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Figure 55 — Mo, Cr and Ni on the base metal and weld bead (wt. %) for 25 pum
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The microstructure of the weld bead for the condition with 25 pm
electrodeposited nickel layer are shown in Figure 56.
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Figure 56 — SEM micrographs of fusion zone for 35 um
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The condition presented almost only austenite on the microstructure,
being difficult determinate the volume fraction of ferrite. Comparing with the
conditions using nickel foil, for a smaller nickel layer a predominantly austenitic
structure was achieved. This will be one of the topics to be studied in the

continuation of this research.

The microstructure in the transition region between the base metal and
weld bead for this condition is shown in Figure 57. It is possible to verify that the
base metal presents a balanced microstructure while the weld bead only

austenite.
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Figure 57 — SEM micrographs of transition region between base material and

fusion zone for 35 um
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A2.3 CONCLUSION

The following conclusions could be drawn:

e The Watts Bath can be used as a way to perform the nickel
enrichment on DSS laser welding.

e The condition with 25 um electrodeposited nickel layer was the
one that came closest to the phase balance.

e The amount of austenite formed was different when comparing a
certain thickness of nickel foil and the same thickness of the
electrodeposited layer. This topic will be deeper studied in further

works.



