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Abstract Welding of austenitic-ferritic stainless steels is

a crucial operation and all the materials and parameters used

in this process must be optimized in order to obtain the

suitable corrosion and mechanical properties. Since a great

part of super duplex stainless steels is used in very

aggressive environment, their corrosion resistance, referred

in particular to pitting and crevice corrosion, is an all-

important facet in production and processing of this type of

steels. Pitting corrosion resistance of super duplex stainless

steels welded joints depends on several aspects: micro-

structure of the bead, elemental partitioning between ferrite

and austenite, and the possible presence of secondary pha-

ses. For these reasons, a post-weld annealing is generally

performed to homogenize the microstructure. The anneal-

ing temperature is the most important parameter to be

optimized in this heat treatment. In the present work, a

comparison between the as-welded and solution-treated

joints is carried out. An effort has been made to correlate the

main factors that affect pitting corrosion of the welded

joints (microstructure, secondary phases, chemical compo-

sition of single phases) with the experimental data obtained

from corrosion tests. In this first part of the work the results

regarding microstructure and partitioning of elements are

presented. The phase balance and the austenite morphology

are locally upset during submerged-arc welding of UNS

S32750. In the fusion zone, the two phases (ferrite and

austenite) result to have approximately the same composi-

tion regarding Cr, Mo, and Ni content, while nitrogen is

heavily concentrated in austenite. After annealing treat-

ment, the austenite volume fraction increases and the

partitioning ratios of elements reach the equilibrium values.

The base material results to be less sensitive to annealing

treatment than the fusion zone, and the partitioning of ele-

ments in the base material is in agreement with previous

works reported in the literature.

Introduction

Super duplex stainless steels (SDSS) are corrosion-resistant

alloys being widely used in the chemical and petrochemical

industries, construction of oil platforms, pulp and paper

industries [1]. Since they work in very aggressive envi-

ronments containing chlorides or other halides, their per-

formance, particularly in term of localized corrosion

resistance (pitting and crevice), is a very important subject

for researchers and material scientists [2–4].

It is well known that pitting corrosion resistance of

SDSS strongly depends on the microstructure characteris-

tics, such as the ferrite/austenite proportion, the presence of

intermetallic phases, and elemental partitioning between

the austenite and ferrite phases. Such features are all

affected by the thermal cycles induced by the welding

operation.

In particular, the fusion zone (FZ) and the heat-affected

zone (HAZ) are generally characterized by an unbalanced

ratio between ferrite and austenite because of the high

temperatures reached and the high cooling rates which

characterize the welding process [5, 6]. Since the peak

temperature in HAZ is much higher than the upper limit of

phase balance between d-ferrite and austenite, most of the c
islands in prior duplex structure dissolve into the d-ferrite

matrix during the heating period. During cooling, in the

temperature range between 1300 and 800 �C, the austenite

starts to precipitate, both in FZ and HAZ, at the ferrite
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grain boundaries due to higher free energy of these loca-

tions [7]. Because of the high cooling rate of the weld

metal, the ferrite–austenite transformation is inhibited and

less austenite will be formed if compared with base

material.

Therefore, to achieve the desired microstructure, the

heat input must be well controlled during welding of

duplex and super duplex stainless steel [7]. Nowacki and

Rybicki [8] found in particular that the increase of welding

heat input reduces the occurrence of inadmissible welding

imperfections in joints, which reduces the costs of testing

and repairs. Very low heat inputs lead to high ferrite

contents and intense chromium nitride precipitation. On the

other hand, high heat inputs and long exposure to tem-

peratures in the 1000–600 �C range may cause precipita-

tion of brittle intermetallic phases such as r or v [1].

Another important feature to be considered when cor-

rosion and mechanical properties have to be evaluated in

SDSS joints, is the filler metal chemical composition,

which influences the FZ microstructure. Usually, filler

metals are over alloyed, with 2–4% Ni greater than in the

base material (BM) content, to assure a more acceptable

austenite content in FZ. In their work, Muthupandi et al.

[7] found that nickel enrichment in chemical composition

of FZ has a greater influence on the ferrite–austenite ratio

than the cooling rate. Tavares et al. [9] studied the corro-

sion resistance and toughness of a multi-pass weld joint of

superduplex stainless steel UNS S32750. The microstruc-

ture and chemical composition were determined and cor-

related to the corrosion and mechanical properties. The

root pass was welded with low nickel filler metal and, as a

consequence, presented low austenite content and signifi-

cant precipitation. This precipitation was reflected in the

corrosion and mechanical properties. They found that,

despite its lower austenite volume fraction (34.2%), the

root pass presented a higher Charpy toughness then the

filler passes at room temperature; this was attributed to

the finer microstructure of the root pass and high oxygen

content of the filler passes. Cyclic polarization tests showed

that the base metal, root pass, and filler passes present

about the same pitting potential (*1.0 Vsce) and similar

PRE (Pitting Resistance Equivalent) indexes. However, the

root pass, which contained an excess of ferrite phase and

chromium nitride precipitates, was more intensively cor-

roded during the cyclic test. In that work no effort was

made in order to study the heat treatment necessary to

improve the chemical and mechanical characteristic of the

as-welded joints.

Finally, also the partitioning of elements has to be

considered in the pitting corrosion behavior of such

materials. Austenitic/ferritic stainless steels are character-

ized by two phases with different chemical compositions

and the alloy elements are partitioned in different ways

between them. Thus, the pitting resistance equivalent

number (PREN):

PREN ¼ %Crþ 3:3%Moþ k%N ð1Þ

with k = 16 7 30, could be evaluated and analyzed for

each phase. Since the rapid thermal cycles involved in the

welding process, the partitioning of elements in ferrite and

austenite is inhibited, and consequently, the pitting corro-

sion properties of the welded material may be compro-

mised. Perren et al. [3] used a new microelectrochemical

method to investigate the individual corrosion behavior of

both single phases in super duplex stainless steels. The

results showed a good correlation with the empirical PREN

value of the corresponding single phases. In particular,

both the pitting potentials, evaluated by means of micro-

electrochemical experiments in pH-neutral lithium chloride

electrolyte, and the critical crevice corrosion temperatures

showed a good correlation with the PREN of the weaker

phase. Even if the annealing temperature in that work was

correlated with the PREN of single phases, tests were

performed only on the base material so that these kinds of

data related to welded joints are still lacking.

In conclusion, welding of DSS and SDSS is often a

critical operation [9–11]. The main difficulty is to obtain

austenite amounts close to 50% and to avoid the precipita-

tion of deleterious phases [12]. Therefore, it is generally

necessary to perform a solution heat treatment on welded

joints in order to homogenize the post-welding metastable

microstructure. This annealing treatment consists in a

heating upto a temperature between 1050 and 1150 �C for

30 min or 1 h, followed by a rapid cooling in order to pre-

vent the precipitation of intermediate phases such as r, v,

and other detrimental phases [13]. The temperature of this

solution heat treatment seems to be a key parameter to

determine the final corrosion properties of the welded joint.

The main issue is to obtain the best corrosion properties both

on the weld metal and on the base material, which are dif-

ferent in terms of chemical composition. To the authors best

knowledge, a satisfactory comprehension of the correlation

between post-welding heat treatment (PWHT) process

parameter and corrosion properties of SDSS is still no

reached. An effort was made in this field by Ferro et al. [13]

who studied the effect of PWHT on corrosion properties of

the DSS SAF 2205. They found a good correlation between

the corrosion properties and the secondary austenite mor-

phology which in turn depended on the PWHT parameters.

Aim of this study is to determine the PWHT conditions

to obtain the most favorable pitting resistance corrosion

properties of the final SDSS welded joints. Special atten-

tion is paid to the comparison between the as-welded and

the annealed microstructure, the evolution of phase balance

and the partitioning of elements for different solution

temperatures.
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In part I of this work, all the aspects which regard the

evolution of the microstructure on UNS S32750 sub-

merged-arc welded joints in relation to the annealing

temperature are taken into account to define the appropriate

conditions for the PWHT.

In part II the predicted pitting corrosion resistance (in

the as-welded and in heat-treated joints) obtained by PREN

evaluations, is compared with the actual pitting corrosion

behavior, measured through anodic polarization curves and

ASTM G48 standard.

Experimental procedure

Materials, welding process, and post-welding heat

treatment

Two 15 mm thick plates of UNS S32750 stainless steel

(previously solutioned at 1070 �C, then water quenched)

were butt welded, with the groove schematically repre-

sented in Fig. 1. The nominal compositions of the base and

filler metal are shown in Table 1.

It can be noted from Table 1 that the filler metal is

enriched in nickel if compared to the base material in order

to ensure the correct austenite/ferrite ratio in the FZ.

Welding process was carried out by means of three runs,

using submerged-arc welding (SAW) process. The process

parameters are listed in Table 2; the heat input was cal-

culated by using Eq. 2 [8]:

HI½kJ=mm� ¼ g
V½V� � I½A�

vel½mm=s� � 1000
ð2Þ

where V is the voltage, I is the amperage, vel is the travel

speed, and g is a coefficient approximately equal to 0.95 for

submerged-arc welding [14].

After welding, the solution annealing was performed in

laboratory furnaces at 1050, 1100, and 1150 �C tempera-

tures for a holding time of 1 h, followed by water

quenching. These heat treatments were performed in the

‘‘precipitation-free’’ temperature range.

Metallographic examinations and chemical analysis

Preparation of metallographic sections transverses to the

weld bead consisted of silicon carbide paper grinding fol-

lowed by diamond paste polishing. Beraha’s tint etch

(80 mL H2O, 30 mL HCl, and 1 g K2S2O5) was used to

reveal the microstructure while oxalic etchant (100 mL

H2O, 10 g oxalic acid, electrolytic 6 V) was used to

identify the possible presence of precipitates.

Microstructural investigations were carried out by

means of light optical microscopy (LEICA) and environ-

mental scanning electron microscopy (FEI QUANTA 400).

The volume fraction of ferrite and austenite was evaluated

carefully by means of LOM interfaced with an image

analyzer (LEICA QWIN); the final value is the average of

at least 12 measurements, each at different zones of the

samples.

Chemical analysis of the joints was performed by using

an optical spectrometer for chromium, molybdenum, and

nickel content; nitrogen content was determined using a

LECO oxygen nitrogen analyzer. EDAX GENESIS energy

dispersive spectroscopy (EDS) interfaced with ESEM was

used to measure the content of substitutional alloying ele-

ments in austenite and ferrite (by using a 25 kV acceler-

ating voltage). Each value is an average of more than 10

EDS measurements normalized with respect to the chem-

ical composition using the following equations:

cc
El ¼

ctot
El

Vcð1� Pc
ElÞ þ Pc

El

ð3Þ

ca
El ¼

ctot
El Pc

El

Vcð1� Pc
ElÞ þ Pc

El

ð4Þ

where cEl
tot is the total content of the analyzed element (El)

obtained from chemical analysis in the case of chromium,

molybdenum, and nickel, and from LECO in the case of

nitrogen; Vc is the volume fraction of austenite and Pc
E1 is

the partitioning ratio of the element calculated from

experimental data and given by the ratio between the mass

fraction of the element in ferrite and the mass fraction of
Fig. 1 Schematic representation of the adopted groove (T = 15 mm,

A = 4 mm, S = 5 mm, B = 6 mm)

Table 1 Chemical composition (wt%) of the materials used in the study

C Cr Cu Mn Mo N Ni Si P Co V Ti Nb W S

Base metal—UNS S32750 0.018 24.8 0.32 0.79 3.85 0.27 6.92 0.22 0.025 – – – – – 0.001

Filler metal—25 9 4 NL 0.014 25.12 0.096 0.45 4.04 0.228 9.6 0.39 0.014 0.085 0.047 0.005 0.01 0.01 0.0005
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the element in austenite. Such temperature-dependent

value was estimated, for nitrogen, on the basis of previous

work of Atamert and King [15]. A good agreement

between the calculated nitrogen content in single phases

and the measurements with different techniques (Wave-

length dispersive X-ray spectroscopy WDX, and X-ray

diffraction) was verified [16].

Results and discussion

Chemical analysis

Figure 2 shows the macrostructural appearance of a cross-

section of the joint.

It can be noted that the first pass is characterized by a

very small area, thus, hereafter only the second and the

third runs will be considered for investigations. They will

be identified as bottom and top pass, respectively. The

dilution ratio was calculated both for the total joint (54%)

and for each pass (61 and 43% for top pass (TP) and bot-

tom pass (BP), respectively). It can be observed that the

dilution ratio of the top pass is higher than the dilution ratio

of the bottom pass because of the different thermal inputs

used in such zones (Table 2).

Chemical investigations on top pass, bottom pass, and

base metal were performed with an optical spectrometer in

order to verify the actual chemical composition of the FZ

and BM. Table 3 shows the results obtained and the cal-

culated values of PREN20 and PREN30 (Eq. 1, with k = 20

and 30, respectively).

The results collected in Table 3 show that chromium,

molybdenum, and nitrogen contents do not change con-

siderably from top to bottom pass; while TP is poorer in

nickel than BT. This fact is due to the lower dilution ratio

of this last zone compared to upper zone of the bead, thus

the effect of the filler metal, in terms of nickel content, is

less evident. The values of pitting resistance equivalent

number calculated in the as-welded condition are similar

for the two passes considered. Chromium, molybdenum,

and nitrogen contents in base material are higher than in

FZ, and consequently the calculated PREN for the base

metal is higher than the one calculated for the bead.

Hereafter, the chemical composition obtained from

chemical analysis, that is an ‘‘average’’ value referring to

welded zone, was supposed to be constant with the solution

temperature; while the ‘‘local’’ chemical composition,

referred to austenite and ferrite phases, was supposed to

change in relation to the annealing temperature.

Microstructure evolution

The microstructure of the base material in the as-received

conditions (austenite volume fraction, 53 ± 1.94%) is

shown in Fig. 3.

The microstructure of the as-welded specimen in the FZ

was modified as a consequence of the rapid cooling

involved in SAW process. The microstructures of top and

Table 2 Welding parameters

Weld layer Side Filler metal Current Volt range

[V]

Travel speed

range [cm/min]

Average heat

input [kJ/mm]
Class Diameter

[mm]

Type

polarity

Ampere

range [A]

1 A 25 9 4 NL 2.4 DC-EP 340 360 29 31 54 56 1.09

2 A 25 9 4 NL 2.4 DC-EP 390 410 32 34 46 48 1.60

3 B 25 9 4 NL 2.4 DC-EP 540 560 39 40 36 38 3.35

Fig. 2 Macrography of the analyzed multi-pass welded joint showing

the three passes performed

Table 3 Chemical analysis (wt%) and calculated PREN of base and

weld metal

Sample Cra Moa Nia Nb PREN20 PREN30

Top pass 23.91 3.63 7.93 0.23 40.5 42.8

Bottom pass 23.36 3.58 9.28 0.23 39.8 42.1

Base metal 24.32 3.70 6.62 0.27 41.9 44.6

a Derived from optical spectrometer analysis
b Derived from LECO analysis
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bottom pass are very similar and consist of primary ferrite

grain decorated with grain boundary austenite and side-

plates austenite (Widmanstätten-type) nucleated from grain

boundary austenite (Fig. 4). The austenite volume fractions

were 48.1 ± 1.9 and 48.3 ± 3% in the top and bottom

pass, respectively.

Oxalic acid etchant was used to reveal the presence of

secondary phases. The possibility of chromium nitride pre-

cipitation in HAZ during welding of DSS was indicated in

several studies [6, 17, 18]. It is more likely to occur in ferrite

phase because the solubility of nitrogen in ferrite drops

rapidly with a decrease in temperature. In this case, some

chromium-rich and nickel-poor precipitates were observed

in HAZ (which had a very limited extension, approximately

100 lm). These precipitates were mainly detected in the

bottom pass which is characterized by a lower heat input and

thus a higher cooling rate (Fig. 5). They are observable

inside the ferrite grain, at the ferrite/austenite grain bound-

aries, and at the ferrite sub-grains boundaries (Fig. 6). It was

reported that these secondary phases can have a detrimental

effect on corrosion properties [8, 19–21]. Finally, no other

kind of precipitate was observed.

A FZ micrograph of the solution-treated specimens is

reported in Fig. 7. Compared to the as-welded conditions,

both intragranular austenite, precipitated on ferrite grains,

and Widmanstätten-type austenite, nucleated at grain

boundaries and grown inside the ferrite, were observed

[15]; as a consequence, the total austenite volume fraction

Fig. 3 LOM micrograph of the as-received material showing the

typical microstructure constituted by austenite (white phase) and

ferrite (dark phase)

Fig. 4 LOM micrograph of the FZ of the as-welded specimen,

showing the types of austenite detected; dark phase ferrite, white
phase austenite

Fig. 5 LOM micrograph of the HAZ of the as-welded specimen

showing the presence of precipitates

Fig. 6 ESEM micrograph of HAZ (as-welded samples) showing the

types of precipitates detected: intragranular, d/c boundaries sites, and

at ferrite sub-grain boundaries
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in the welded zone increased after solution annealing.

Results from image analysis are summarized in Table 4.

The obtained results have shown that FZ is more sen-

sitive than the base material, in terms of austenite volume

fractions variations as a function of the solution tempera-

ture. Moreover, it can be seen that for the weld metal, the

austenite volume fraction increases after solution treat-

ment, if compared with the as-welded specimen. This

phenomenon occurs at all the annealing temperatures up to

1150 �C. The higher the solution treatment temperature,

the lower is the final austenite volume fractions, as justified

by the equilibrium diagram reported in [22]. Both the top

and the bottom part of the FZ showed a similar phase

balance after the heat treatment. Nevertheless, the austenite

volume fraction in BM decreases after solution treatment if

compared with the as-received conditions. One has to

remember that the base material was previously solutioned

at 1070 �C, thus, the heat-treated and the as-received

materials shown the same austenite fraction value at about

1050–1060 �C. In particular, it was found that annealing

temperatures at around 1150 �C are much higher for the

BM solution treatment.

Regarding the heat affected zones, the precipitates

observed in the as-welded joints are not detected in the

solution-treated specimens. This fact is in agreement with

the TTT diagram reported in [1] in which it can be seen

that for temperatures higher than 950 �C the precipitates

are not stable and thus dissolve into the matrix during the

heat treatment. Moreover, the growth of austenite particles

takes place inside the ferrite grains and starting from grain

boundaries austenite, where the precipitates were observed

before the solution treatment (Fig. 8); since Ramirez et al.

[23] have found a direct relation between the secondary

austenite nucleation and chromium nitrides dissolution in

HAZ, it can be supposed that the observed precipitates in

the specimens analyzed in this work are the same.

EDS analysis

Table 5 collects the normalized chromium, nickel, and

molybdenum contents as a function of phase (ferrite, aus-

tenite), solution temperature, and area (FZ, BM).

The data collected in Table 5 show that ferrite (both in

FZ and BM) becomes richer in chromium and molybde-

num and poorer in nickel content as the annealing tem-

perature increases. These results are in agreement with the

observations made by Badji et al. [24] and by Tan et al.

[25] in a similar material. However, when the solution

temperature increases, the increasing in the ferrite volume

fraction induces a short of dilution effect and this phase

becomes poorer and poorer in ferrite-stabilizer elements.

It can be observed that nickel content is higher in the FZ

than in the BM because of the filler metal influence.

Finally, EDS analysis shows that chemical composition of

austenite and BM is more stable than ferrite and welded

metal, respectively. In fact, the bead is a metastable zone if

compared with the base material, and it is easy to suppose

that the major changing, in terms of phase chemical com-

position, affects above all the welded joint.

Fig. 7 LOM micrograph of the welded zone of the solution-treated

sample (1100 �C) showing the types of austenite formed in relation to

annealing treatment (dark phase ferrite, white phase austenite)

Table 4 Experimental austenite volume fractions (%) at different

zones of FZ and BM as a function of the annealing temperature

Sample Fused zone Base

material
Top pass Bottom pass

As-welded 48.1 ± 1.9 48.3 ± 3 53 ± 3.3

ST 1050 �C 64.9 ± 3.7 65.8 ± 1.6 55.6 ± 1.2

ST 1100 �C 58.8 ± 3.7 62.3 ± 3 49.3 ± 2

ST 1150 �C 48.6 ± 0.7 51.8 ± 2 47.8 ± 2.3

Fig. 8 HAZ micrograph of the solution-treated specimen (1100 �C)

showing the growth of austenite particles in place of precipitates
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Partitioning of substitutional elements

Weld metal

Table 6 summarizes the experimentally calculated parti-

tioning ratios (Pc
E1) of molybdenum, chromium, and nickel

in the FZ of as-welded and annealed specimens.

It can be noted that Pc
E1 values for Mo, Cr, and Ni in the

as-welded condition are close to 1, as reported in literature

[11]. This is in agreement with the fact that in the FZ the

cooling rate is high enough to inhibit the partitioning of

elements between austenite and ferrite. After solution

treatments, partitioning ratios of Cr and Mo reach the

equilibrium values; ferrite enriches in chromium and

molybdenum, and becomes poorer in Ni. It can be noted

that, molybdenum is characterized by a higher partitioning

ratios than chromium, thus it can be considered a stronger

ferrite-stabilizer than chromium, as found by Weber et al.

for the same material [26].

Base material

Table 7 collects the experimentally calculated partitioning

ratios for chromium, nickel, and molybdenum in the BM,

both for as-welded and solution-treated samples, and the

values derived from the experimental measurements car-

ried out by Tan et al. [25] and Charles [27] for the same

material.

A comparison between partitioning ratios as a function

of annealing temperature reported by Tan et al. [25] and

the values found in this study is shown in Fig. 9.

A sufficient agreement was found between the experi-

mental data and the values reported in literature for all the

annealing temperatures.

Nitrogen content calculation

Nitrogen weight fraction and its partitioning between fer-

rite and austenite are fundamental for determining the

pitting corrosion behavior of super duplex stainless steels.

Concerning the as-welded conditions of austenitic/fer-

ritic stainless steels, it has been shown by Liljas [28] that at

high cooling rates, the interstitial elements controlling the

reaction (e.g., nitrogen) are heavily concentrated to the

Table 5 Cr, Mo, and Ni contents (wt%) of the specimens analyzed

Sample Zone Austenite Ferrite

Cr Ni Mo Cr Ni Mo

As-welded FZ 23.59 ± 0.16 8.81 ± 0.49 3.47 ± 0.11 23.67 ± 0.12 8.41 ± 0.48 3.73 ± 0.61

BM 23.24 ± 0.10 7.87 ± 0.24 2.93 ± 0.17 25.61 ± 0.23 5.12 ± 0.22 4.62 ± 0.20

ST 1050 �C FZ 22.70 ± 0.52 9.76 ± 0.40 2.81 ± 0.15 25.40 ± 0.71 6.41 ± 0.58 5.11 ± 0.41

BM 23.12 ± 0.19 8.02 ± 0.27 2.88 ± 0.35 25.79 ± 0.18 4.90 ± 0.21 4.70 ± 0.24

ST 1100 �C FZ 22.69 ± 0.51 9.87 ± 0.60 2.72 ± 0.26 25.09 ± 0.65 6.65 ± 0.44 4.97 ± 0.61

BM 22.97 ± 0.15 7.91 ± 0.33 3.09 ± 0.20 25.84 ± 0.20 5.17 ± 0.13 4.39 ± 0.07

ST 1150 �C FZ 22.46 ± 0.12 10.09 ± 0.38 2.69 ± 0.19 25.01 ± 0.47 6.84 ± 0.23 4.68 ± 0.18

BM 23.39 ± 0.25 7.90 ± 0.23 2.98 ± 0.12 25.32 ± 0.14 5.24 ± 0.11 4.48 ± 0.18

ST solution-treated

Table 6 Experimental partitioning ratios calculated in FZ

Sample Cr Ni Mo

As-welded 1.00 0.96 1.08

ST 1050 �C 1.12 0.66 1.82

ST 1100 �C 1.11 0.67 1.83

ST 1150 �C 1.11 0.68 1.74

ST solution-treated

Table 7 Experimental partitioning ratios in BM

Sample Cr Ni Mo

Experimental

As-welded 1.10 0.65 1.58

ST 1050 �C 1.12 0.61 1.63

ST 1100 �C 1.12 0.65 1.42

ST 1150 �C 1.08 0.66 1.50

Literature

ST 1030 �Ca 1.17 0.62 1.81

ST 1050 �Ca 1.17 0.64 1.72

ST 1080 �Ca 1.16 0.66 1.56

ST 1100 �Ca 1.15 0.67 1.50

ST 1150 �Ca 1.13 0.70 1.49

ST 1180 �Ca 1.13 0.72 1.50

ST 1200 �Ca 1.12 0.73 1.41

ST 1080 �Cb 1.15 0.65 1.60

ST solution-treated
a Values reported by Tan et al. [25]
b Values reported by Charles [27]
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austenite. In particular, a nitrogen Pc
E1 value of about 1/10

has been measured [28] and used in this study for esti-

mating the nitrogen content in the as-welded conditions.

Instead, regarding the annealed specimens, the nitrogen

Pc
E1 value was assumed to follow the ratio given by

Atamert and King [15]: the nitrogen mass fraction in the

c-phase being about seven and eight times higher than in

the d-phase at 1050 and 1250 �C, respectively. For the

intermediate annealing temperatures considered in the

present study, the value was, in first approximation, line-

arly interpolated.

Table 8 shows the calculated nitrogen contents for

austenite and ferrite at different annealing temperatures,

both for BM and FZ (the base metal was previously solu-

tioned at 1070 �C).

It can be observed that austenite becomes richer in

nitrogen as the solution temperature increases, while the

nitrogen content in ferrite does not substantially change.

Moreover, the austenite in the bead seems to be more

sensitive to annealing treatments, in term of nitrogen

content.

Conclusions

Chemical composition, microstructure, and partitioning of

elements were evaluated on UNS S32750 submerged-arc

welded joints in the as-welded and annealed conditions.

The following specific conclusions can be drawn:

• Even if a nickel-rich filler metal is used, the phase

balance of UNS S32750 is upset during welding as a

consequence of the rapid cooling involved in SAW: the

austenite amount decreases if compared with BM and

Fig. 9 Comparison between the

partitioning ratios calculated in

this work and the values derived

from literature versus annealing

temperature in BM

Table 8 Calculated nitrogen content (wt%) for ferrite and austenite

at different solution temperatures

Sample Zone Austenite Ferrite

As-welded FZ 0.42 0.05

BM 0.46 0.06

ST 1050 �C FZ 0.33 0.05

BM 0.45 0.06

ST 1100 �C FZ 0.35 0.05

BM 0.47 0.06

ST 1150 �C FZ 0.38 0.05

BM 0.49 0.06
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its morphology changes to grain boundary austenite and

side plates Widmanstätten austenite. After annealing

treatment, the austenite volume fraction in the FZ

increases for all the annealing temperatures, if com-

pared with the as-welded samples; however, the

austenite volume fractions decrease as the post-welding

annealing temperature increases. The more favorable

phase balance in the FZ is reached at annealing

temperatures ranging between 1100 and 1150 �C, while

for the BM the best phase balance is achieved at lower

temperatures (between 1050 and 1100 �C) because of

its different composition if compared with the filler

metal.

• Some chromium-rich precipitates were detected in the

HAZ of the as-welded specimens, which dissolve after

annealing treatments above 1050 �C.

• Because of the high cooling rate induced by the

welding process, the experimental (Cr, Mo, Ni) parti-

tioning ratios of the substitutional elements in the FZ of

the as-welded specimen are close to 1. Thus, austenite

and ferrite have the same chemical composition with

the exception of nitrogen content, which is heavily

concentrated in austenite. After solution treatment the

partitioning ratios in FZ reach the equilibrium values,

that is, ferrite enriches in chromium and molybdenum

while austenite enriches in nickel and nitrogen. It was

found that FZ is more sensitive to Pc
E1 variations with

annealing temperature than the BM.
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