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Abstract. Ferrite number (FN) is a crucial parameter for austenite steel welding product, since it has signiﬁcant inﬂuences on the crack sensitivity and ductility at cryogenic temperature. Normally, the FN is measured
using a Feritscope or predicted according to WRC-1992 and the results generally match. This investigation
detected the FN of 304L stainless steel multi-pass GTAW joint protected by mixed shielding gas with different
N2 additions; the measured FN did not match with the FN predicted through WRC-1992 as the N2 content was
more than 1%. The microstructure showed that a fully austenitized zone formed at the inter-bead of the joint
shielded with Ar–1.0%N2 and Ar–1.5%N2, which resulted in the inaccuracy of the FN predicted through WRC1992. The formation mechanism of the fully austenitized zone was proposed based on the nitrogen solubility and
equilibrium phase transformation map. It is suggested that traditional prediction diagrams cannot give an
accurate prediction of the FN during the multi-pass process shielded with N2 addition.
Keywords.

304L stainless steel; ferrite number; nitrogen addition; GTAW; shielding gas.

1. Introduction
Austenitic stainless steel is one of the most widely used
structural materials applied in the nuclear [1, 2] and LNG
industries [3] because of its excellent corrosion resistance
[4, 5] and good ductility at cryogenic temperature [6].
The joint of austenitic stainless steel is composed of
austenite (c) and retained ferrite (a). The content of the
retained ferrite in the joint is measured on a ferrite number
(FN) scale according to ISO 8429 [7] and AWS A 4.2M [8].
Excessive retained ferrite results in the reduction of ductility at cryogenic temperature [9]. According to Lippold
and Kotecki [10], a 50% decrease in fracture toughness
occurs when the weld metal FN increases from 0 to 10.
However, the presence of retained ferrite is beneﬁcial for
preventing the generation of hot cracking [11]. If the FN is
between 0 and 3, the solidiﬁcation mode of the joint is type
AF, which follows the following reaction:
liquid ! liquid þ austenite
! liquid þ austenite þ ferrite
! austenite þ ferrite:

*For correspondence

ð1Þ

AF mode solidiﬁes as primary austenite. Sulphur and
phosphorus tend to segregate at the austenite boundary in
the solidiﬁcation process, making joints solidifying in type
AF mode susceptive to solidiﬁcation crack. If the FN is
between 3 and 20, the solidiﬁcation mode is most likely to
be FA mode, which follows the following reaction:
liquid ! liquid þ ferrite ! liquid þ austenite þ ferrite
! austenite þ ferrite:
ð2Þ
FA mode solidiﬁes as primary ferrite. Joints solidifying
in FA mode are resistant to solidiﬁcation cracking because
ferrite has high solubility to impurities [10]. In industrial
application, it is believed that the joints with FN of 3–7 are
both resistant to solidiﬁcation cracking and have good
fracture toughness at extremely low temperature [12].
Many research works have been conducted on the prediction of FN of the weld metal. DeLong [13] developed
the DeLong diagram based on the chemical composition of
the weld metal to predict the retained ferrite in FN scale.
Siewert et al [14] developed the WRC-1988 diagram based
on solution thermodynamics and kinetics. The WRC-1988
diagram covered an expanded range of compositions than
the DeLong diagram. Kotecki and Siewert [15] propose the
WRC-1992 diagram, which is a modiﬁcation of the WRC-
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1988 diagram. WRC-1992 included a coefﬁcient for Cu and
Ni equivalent, and thereby removed a tendency for the
WRC-1988 diagram to overestimate the FN of weld metal
when the Cu content was high. The axes of the WRC-1992
diagram can also be extended to predict dilution effects in
dissimilar metal joints. At present, WRC-1992 is the most
accurate and reliable diagram to predict the FN [10] of the
austenitic stainless steel joint and widely applied in the
industry.
Previous diagrams predicting the FN of the austenitic
stainless steel joint are mainly based on the chemical
composition and the solution thermodynamics of the weld
metal but effects of thermal cycles in multi-pass welding on
the microstructure and FN of the joint have not been taken
into consideration [13–15]. In this research, four multi-pass
joints were welded using shielding gas with different N2
additions. Their average FN were predicted according to
WRC-1992 and compared to the measured FN. The reason
for the deviation between the predicted FN and measured
FN in the multi-pass joint protected with high N2 addition
shielding gas is explained.

2. Experimental
304L pipes with thickness of 32.8 mm and outer diameter
of 508 mm were used in the multi-pass GTAW process.
T-308L with diameter of 2.4 and 3.8 mm was used as ﬁller
material. A schematic of the multi-pass welding of 304L
stainless steel pipes is shown in ﬁgure 1; the groove is open
with 60 and there are totally 24 passes in the ﬁnial joint.
The chemical compositions of the base metal and ﬁller
material are shown in table 1. Before welding, the surface
of the grooves is polished to remove any contaminations
like dusts, oils and oxides.
The experiments were conducted with different compositions of mixed shielding gas such as pure Ar, Ar–0.5%N2,
Ar–1.0%N2 and Ar–1.5%N2. The ﬂow rate was 15 L
min-1. Pure argon gas at a rate of 15–25 L min-1 acted as
the purging gas for the ﬁrst three passes. During multi-pass
welding, the pass would not engage unless the inter-pass
temperature was brought down under 150 C; welding
parameters used for each pass are shown in table 2; the
current and voltage ﬂuctuate because the arc length is
slightly varied. To easily distinguish each joint, the designation and description of each joint are presented in table 3.
The FN along the welding direction was measured at four
different points using a Feritscope FMP30 on each welding

Figure 1. Schematic of the multi-pass welding of 304L stainless steel pipes.

Table 1. Chemical compositions of 304L pipeline steels and ﬁller wires (wt%).
Element

C

Si

Mn

Ni

Cr

P

S

Mo

N

304L
T-308L

0.0140
0.0100

0.3900
0.3600

1.5300
1.9900

8.0000
10.9100

18.0900
19.5500

0.0390
0.0230

0.0010
0.0050

0.0020
0.0200

0.050
0.035
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Table 2. Welding parameters of each pass.
Pass

Current I (A)

1
2–3
4–20
21–24

Voltage U (V)

101–102
135–139
200–202
200–210

Travel speed v (mm•min-1)

Heat input E (kJ•mm-1)

Diameter(mm)

42
75
106
143

2.0
1.6
2.3
1.7

2.4
2.4
3.2
3.2

13–14
15–16
20–21
20–21

Table 3. The designation and description of weld samples.
Designation

Description

MPJ-Ar-0N
MPJ-Ar-0.5N
MPJ-Ar-1.0N
MPJ-Ar-1.5N

The multi-pass joint shielded
pure Ar
The multi-pass joint shielded
Ar–0.5%N2
The multi-pass joint shielded
Ar–1.0%N2
The multi-pass joint shielded
Ar–1.5%N2

with
with
with
with

Table 4. Chemical compositions of each joint.

Specimen

MPJ-Ar0N

MPJ-Ar0.5N

MPJ-Ar1.0N

MPJ-Ar1.5N

C
Mn
Si
Cr
Ni
N
Mo
Cu
Nb
P
S

0.0124
2.0013
0.3851
19.7544
10.6069
0.0445
0.0226
0.0788
0.0015
0.0264
0.0076

0.0150
1.9955
0.3872
19.7064
10.6082
0.0663
0.0220
0.0758
0.0018
0.0245
0.0075

0.0130
2.0014
0.3900
19.6788
10.6000
0.1109
0.0222
0.0763
0.0024
0.0256
0.0069

0.0144
2.0000
0.3818
19.6885
10.6046
0.1302
0.0223
0.0768
0.0020
0.0262
0.0072

pass. The average FN of these 4 points was regarded as the
FN of the pass. The average FN of each pass was regarded
as the measured FN of the ﬁnial joint. The composition of
each welding pass was measured using an ARL-3460
Optical Emission Spectrometer. The average value of each
welding pass was regarded as the chemical composition of
each multi-pass joint. The equilibrium phase transformation
phase maps were calculated using JMatPro software based
on the stainless steel database.
To study the microstructure, joints were wet-ground
using 2000# grit SiC paper, polished with 2.5 lm diamond
paste and then etched in a solution of 13 wt% FeCl3–47
wt% HCl–40 wt% H2O. Optical micrographs were taken by
OLYMPUS GX51 microscopy.

Figure 2. Relationship between the N2 concentration in shielding gas and the N content in the multi-pass joint.

3. Experimental results
3.1 Chemical composition
The chemical compositions of the multi-pass joints are
shown in table 4. Most of the element compositions were
not signiﬁcantly inﬂuenced with the variation of the N2
supplement, except that the content of elemental N
increased in the deposited metal (ﬁgure 2). Compared to
the original composition in the base metal and ﬁller wire, it
could be speculated that the N element from the shielding
gas was absorbed by the joint.

3.2 FN prediction and measurement
The WRC-1992 diagram [10], as shown in ﬁgure 3, is
widely used in predicting the FN of stainless steel joint in
industrial manufacturing. Hence, the FN was ﬁrst predicted
using the measured chemical composition of the multi-pass
joints.
The chromium equivalent (Creq) and nickel equivalent
(Nieq) [16] of each joint were calculated according to
Equations (3) and (4) and their FN was predicted according
to their Creq, Nieq and WRC-1992 diagram as shown in
table 5.
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Figure 3. WRC-1992 diagram.

Table 5. Creq, Nieq and the predicted FN of each joint.

Specimen
Creq
Nieq
Predicted
FN

MPJ-Ar0N

MPJ-Ar0.5N

MPJ-Ar1.0N

MPJ-Ar1.5N

19.778
11.951
7.56

19.730
12.387
5.91

19.703
13.292
5.52

19.7122
13.7318
3.75

Table 6. Results of the measured FN.

Specimen
Measured
FN

MPJ-Ar0N

MPJ-Ar0.5N

MPJ-Ar1.0N

MPJ-Ar1.5N

7.61

5.86

3.82

1.87

Figure 4. Comparison of the predicted FN and the measured FN.

Creq ¼ Cr% þ Mo% þ 0:7Nb%;

ð3Þ

Nieq ¼ Ni% þ 35C% þ 20N% þ 0:25Cu%:

ð4Þ

The average value of the measured FN is shown in
table 6. The comparison of the predicted FN and measured
FN is shown in ﬁgure 4. It was noticed that WRC-1992
gave a good prediction of the FN when the N2 ratio was 0%
and 0.5% but gave a higher predicted FN when the N2 ratio
was 1.0% and 1.5%. According to the related papers and
experimental condition, this phenomenon is observed only

in multi-pass process with N2-mixed shielding gas; hence it
is reasonable to presume that the phase of the joint may be
different from that of the single-pass joint. The
microstructure is observed to verify this hypothesis.

3.3 Microstructure
The microstructure of the root pass and the ﬁller layer of
the joints is presented in ﬁgure 5. The residential ferrite
showed two different morphologies, namely lathy ferrite
and skeletal ferrite [17]. With increasing N2 content in the
shielding gas, lathy ferrite disappears and the length of

Sådhanå (2020)45:182
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Figure 5. Microstructure of the joints protected with different N2 supplements.

skeletal ferrite decreases in the root pass of the joints. There
was more residential ferrite at the root than at the ﬁller part

in each joint, which was because of the higher dilution rate
and cooling rate at the root pass than in the middle.
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Figure 6. Typical microstructure of the inter-bead region of the joints (a) MPJ-Ar-0N; (b) MPJ-Ar-0.5N; (c) MPJ-Ar-1.0N and
(d) MPJ-Ar-1.5N.

The microstructure of the inter-bead regions of the joints
is shown in ﬁgure 6. It was noticed that there was a fully
austenitized zone at the inter-bead of MPJ-Ar-1.0N and
MPJ-Ar-1.5N while the inter-bead regions of MPJ-Ar-0N
and MPJ-Ar-0.5N were composed of both austenite and
residential ferrite, whose microstructure was different from
the typical microstructure. The existence of the fully
austenitized zone resulted in the higher prediction of FN
through WRC-1992 than the measured FN. The relative
mechanism will be presented in section 4.

3.4 The equilibrium phase transformation map
The equilibrium phase transformation map of each joint is
calculated according to its chemical composition and

shown in ﬁgure 7. In each of the joints, a nucleated prior to
c phase suggesting that all of the joints solidiﬁed in type FA
mode. The relationship between the austenite solvus temperature Tad and N content in the deposited metal is plotted
in ﬁgure 8. Tad increases obviously with increasing N2
concentration, suggesting that elemental N signiﬁcantly
promotes the a?c transition in the cooling process.

4. Discussion
Analysing the microstructure of each joint shows that a
fully austenitized zone appears when using shielding gas
containing more than 1% N2 addition. This fully austenitized zone is rarely seen in the single-pass joint and is the
reason why WRC-1992 gives an inaccurate prediction. Its

Sådhanå (2020)45:182
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Figure 7. The equilibrium phase transformation map: (a) MPJ-Ar-0N; (b) MPJ-Ar-0.5N; (c) MPJ-Ar-1.0N and (d) MPJ-Ar-1.5N.

Figure 8. Relationship between N2 content of deposited metal
and Tad.

formation mechanism can be explained according to the
analyses of elemental N solubility in ferrite and in
austenite.

4.1 The formation of fully austenitized zone
The fully austenitized zone was the typical microstructure
in MPJ-Ar-1.0N and MPJ-Ar-1.5N. In this section,

Figure 9. Nitrogen solubility in ferrite and in austenite.

mechanism of how this zone forms will be analysed based
on the diagram of nitrogen solubility in ferrite and in
austenite constructed by J C Lippold (ﬁgure 9) [13] and the
characteristic temperatures in ﬁgure 8.
As mentioned in section 3.4, the four joints solidiﬁed as
type FA. In multi-pass welding of austenitic stainless steel
(ﬁgure 10) there are normally three regions forming under
the welding arc, namely: welding pool (WP, marked in
red), high temperature heat-affected zone (HTHAZ, marked
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Figure 10. Multi-pass welding of austenitic stainless steel.

in purple) and low temperature heat-affected zone
(LTHAZ, marked in blue). The boundary of WP and
HTHAZ is liquidus (B1). The boundary of HTHAZ and
LTHAZ is the austenite solvus (B2).
For MPJ-Ar-1.5N (ﬁgure 11), the temperature at B2 is
1306.7 C and the nitrogen solubility of austenite at this
temperature is only 0.11% as read from ﬁgure 8. However,
the nitrogen content at the surface of the joint is as high as
0.13%. The nitrogen content in solution is lower than the
average nitrogen content at the LTHAZ adjacent to B2.
Therefore, there is a great driving force on the nitrogen
atoms in LTHAZ adjacent to B1 to escape towards
HTHAZ. However, because of the rapid cooling of welding
process, there is insufﬁcient time for these N atoms to reach
the welding pool, which consequently increases the residential N content at the HTHAZ. These N atoms greatly
promote the a?c transition in the cooling process and lead

Figure 11. Schematic of the formation of the fully austenitized zone in MPJ-Ar-1.5N.

Figure 12. Schematic of the welding process of MPJ-Ar-0N.

Sådhanå (2020)45:182
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Figure 13. Schematic of the FN measurement of (a) MPJ-Ar-0N and (b) MPJ-Ar-1.5N.

to the formation of the fully austenitized zone at the interjoint of MPJ-Ar-1.5N and also in the joint using even
higher N2-mixed shielding gas.
For MPJ-Ar-0N (ﬁgure 12), the temperature at B2 is
1226.3 C and the nitrogen solubility of austenite at this
temperature is as high as 0.23%. However, the nitrogen
content at B2 is as low as 0.0445%. N atoms are not prone
to moving from LTHAZ to HTHAZ. Therefore the segregation of elemental N does not happen at HAZ and the fully
austenitized zone is not observed at the inter-joint of MPJAr-0N.

4.2 Prediction of FN of austenitic stainless steel
multi-pass joint
WRC-1992 was established based on solution thermodynamics and kinetics of the weld metal. Therefore, it gives a
good prediction on the FN of single-pass joint. However,
the solid state phase transition in multi-pass welding process was not taken into consideration. The result of this
paper indicates that WRC-1992 can be applied when using
shielding gas containing N2 lower than 1% during multipass welding because there is no elemental segregation or
solid state transition happening in the following reheating
(ﬁgure 13a). Nevertheless, WRC-1992 cannot give an
accurate prediction of FN to the multi-pass joint shielded
with Ar–1.0%N2 and Ar–1.5%N2 as N atoms tend to segregate at the HTHAZ and form a fully austenitized zone in
the solid state transition. According to Kshirsagar et al [18],
the magnetic ﬂux of the FMP30 Feritscope is as deep as 3
mm but the average height of each bead is only 2 mm
(ﬁgure 13b). Thus, the fully austenitized zone is within the
range of the magnetic ﬂux of Feritscope FMP30 and results
in the higher predicted FN from WRC-1992.
The results of this experiment indicate that the prediction
of the ferrite content of the multi-pass joint should take
both thermal cycles, element segregation and solid state
transition into consideration. Methods such as machine
learning and neural network prediction may be applied to
make an accurate prediction of FN of the multi-pass joint.

5. Conclusion
In this research, a mismatch of FN was found between the
measurements using the Feritscope and the predictions
using WRC-1992 in the multi-pass joint shielded with
different N2 additions. To explain this phenomenon, the
microstructure was observed and the mechanism of how the
fully austenitized zone formed was proposed. The major
conclusions are summarized here:
1. For mulit-pass welding process, WRC-1992 gave a good
prediction of the FN of the joint shielded with pure Ar
and Ar–1.0%N2. However, the predicted FN is higher
than the measured FN when more than 1.0% N2 is added
to the shielding gas.
2. In each of the joints, the ferrite content in the root pass is
higher than in the ﬁller passes. The fully austenitized
zone is observed in the multi-pass joint shielded with
Ar–1.0%N2 and Ar–1.5%N2.
3. The existence of the fully austenitized zone results in the
higher prediction of the FN using WRC-1992. The
formation of this zone should be attributed to the
segregation of N atoms in multi-pass welding process.
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