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Abstract
The phase balance is commonly determined as a part of the duplex stainless steel (DSS) welding procedure qualification. In this
work, the aim was to find a reliable, but still fast method to measure the ferrite content of DSS welds. Four methods were
compared: image analysis with light optical metallography, magnetic measurements with Feritscope andMagne-Gage, and X-ray
diffractometry (XRD). Image analysis with a magnification of ×500 was concluded to be most accurate on condition that the
image quality was sufficiently high. The best contrast for image analysis was achieved by covering all surfaces apart from the part
of interest with adhesive tape and etching the sample in a modified Beraha II solution. The Feritscope systematically
underestimated the average ferrite volume fraction compared with image analysis, and a correction factor of 1.1 is suggested.
Magne-Gage in turn resulted in considerably higher ferrite numbers as compared with the Feritscope and would require a
correction factor of 1.18. Besides the long duration of XRDmeasurements, the method proved unsuitable for ferrite measurement
due to the coarse texture of the microstructure.
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1 Introduction

Duplex stainless steels (DSSs) combine the advantages of
ferritic and austenitic stainless steels. The properties are being
determined by the chemical composition and the phase bal-
ance. The high chromium content and alloying with nitrogen
contribute to high strength and the resistance to intergranular
corrosion, and stress-corrosion cracking is better than for most
austenitic grades. As compared with ferritic alloys, DSSs are
more ductile, less sensitive to hydrogen embrittlement and
more resistant to localized and general corrosion. The corro-
sion resistance increases with the chromium, molybdenum,
and nitrogen content, but high levels of chromium and

molybdenum also increase the risk of formation of intermetal-
lic phases at an elevated temperature [1]. While the base metal
consists of approximately equal proportions of ferrite and aus-
tenite, the weld metal can show a significantly wider range.
When welding, the solidification is normally fully ferritic and
austenite forms upon cooling [2]. The microstructure of welds
can be influenced by the heat input and cooling rate, mainly by
adjusting the arc energy and limit the inter-pass temperature to
100–150 °C. Although preheating is rarely applied for
welding DSS, it might be necessary if the plates are very thick
and/or heavily restrained to reduce cooling rates and stress
levels. If the temperature is lower than room temperature,
preheating up to 50–80 °C can be performed to guarantee
dry joint surfaces. The weld metal chemical composition,
however, has the largest influence on the final microstructure.
This is in turn a function of the composition of the steel grade,
filler metal, and shielding gas. The joint preparation affects the
dilution from the base material. A final post-weld heat treat-
ment dissolves intermetallic phases, and the austenite content
increases, but is for practical reasons rarely used in practice
[3].

Filler metals for DSS are mainly of matching composition
or slightly over-alloyed compared with the base material to
compensate element loss and segregation in the weld metal.
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To ensure sufficient austenite formation, however, the specially
developed fillers are over-alloyed by 2–4% with nickel [4]. In
the case of multilayer welding, this means that the nickel con-
tent in the subsequent weld beads increases and more austenite
can be formed. Another effect of multilayer welding is the
formation of secondary austenite due to reheating by deposi-
tion of subsequent beads [5]. Welding without filler material is
not recommended as this can lead to a primarily ferritic weld
metal with lower pitting resistance and impact toughness [6].
The use of austenitic fillers, on the other hand, can change the
solidification mode to ferritic-austenitic, which can lead to
lower strength and resistance to stress-corrosion cracking [7].
Duplex alloys are not often subject to any form of cracking, but
with partly austenitic solidification or very high austenite
levels, there is an increased risk of solidification cracking [8].

The mechanical properties and corrosion resistance are re-
lated to the duplex microstructure, and therefore, the ferrite
content is important and sometimes specified. Some industry
specifications, such as NORSOK M-601 [9], set the limit for
the base material at 40–60% ferrite and 35–65% for welds,
while others state 30–70%. The microstructure is not a prop-
erty itself, but an unbalanced ferrite/austenite ratio may cause
inadequate mechanical and corrosion properties, and there-
fore, requires further investigations.

Based on the base material and filler metal composition, it
is possible to make a rough estimation of the ferrite content in
the weld metal. Alongside with the somewhat outdated
Schaeffler diagram [10] and DeLong diagram [11], the
WRC1992 diagram [12] is considered to be most appropriate
to predict the amount of ferrite in DSSs [13]. The calculated
chemical composition of the weld deposit is divided into the
Cr and Ni equivalents, and the ferrite number FN can be found
in the diagram. Since the nickel contents in the base material
and filler metal differ, the amount of diluted base material is
crucial for the final weld metal composition. Another weak-
ness is that element loss due to evaporation from the filler and
weld metal, depending on the arc energy and shielding gas
composition, is not taken into account. Both cases would re-
quire an analysis of the actual weld metal deposit to get the
exact composition. In addition, important factors such as
cooling rate and reheating of passes are not taken into account
and the prediction may not be accurate.

The ferrite content can be measured by magnetic methods,
quantitative metallography like for example planimetry, lineal
analysis, or differential point counting [14] or by different
methods using electron diffraction such as X-ray diffractom-
etry (XRD) or electron backscatter diffraction (EBSD). As
XRD, EBSD and manual counting in accordance with
ASTM E 562 [6] are rather time-consuming and thus fairly
expensive; image analysis and magnetic measurements with
Feritscope are more frequently used.

In image analysis, the fraction of each phase ismeasured on
etched samples in high magnification using a light optical

microscope with special software. This is considered to be
one of the most accurate techniques [15, 16] and together with
point counting, usually the only method accepted when devel-
oping welding procedure specifications. The precision, how-
ever, is dependent on the surface quality of the sample;
scratches and limited etch quality are influencing the final
result. As mentioned in ASTM E 562, the magnification
should be sufficiently high to clearly resolve the microstruc-
ture. As the magnification is increased, the field area de-
creases, and the field-to-field variability increases. This re-
quires a greater number of fields, but at the same time, higher
resolution means that small fractions of, for instance, second-
ary austenite is included in the measurement for better accu-
racy. For duplex welds, the magnification is often set to ×500
and small welds may even require ×1000. When examining
large amounts of specimens, this is a rather a time-consuming
operation.

Image analysis requires skilled operators and highly devel-
oped microscopes and software, and the special polishing and
etching procedure make the method quite ineffective.
Magnetic measurements are thus often an attractive alterna-
tive. A Feritscope uses the principle of magnetic induction for
ferrite measurement and measures all magnetic components in
the otherwise non-magnetic structure. On the field, Feritscope
may be the only practical possibility of being a non-
destructive method.Magne-Gagemeasures, by use of a spiral
spring, the force which is necessary to remove a permanent
magnet from the surface of a specimen. The ferrite number
can be calculated according to the previous calibration using a
primary set of standards [17]. The Magne-Gage instrument
has in many laboratories been replaced by the Feritscope but
has historically played an important role for ferrite measure-
ments. Many of the weld metal standards used today to cali-
brate instruments such as the Feritscope have been produced
and assigned an FN using a Magne-Gage. Another quantita-
tive method to determine the relative amounts of ferrite in
DSS is X-ray diffractometry (XRD) by measuring the peak
positions and intensity of deflected X-rays which are particu-
lar for a specific crystalline phase and its weight fraction [18].

The aim of this work was to find a reliable method to
measure the ferrite content of multipass 22Cr duplex welds,
which is fast but still as accurate as possible. Different ways to
determine the ferrite fraction are evaluated.

2 Experimental

The base material was 30-mm-thick 22Cr duplex stainless
1.4462/UNS S32205 with the composition given in Table 1.
Double fillet welds were welded with the flux-cored arc
welding (FCAW) process in PB/2F position. The vertical plate
had a bevel angle of 55° and 50° and both plates got clamped
firmly. The T-joint preparation is shown in Fig. 1.
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The filler metal was a flux-cored wire of T 22 9 3 N L R/
E2209T0 type (Table 2). The welding parameters were set to
achieve spray arc transfer and to keep the arc energy at 1 5 kJ/
mm (Table 3). One hundred percent CO2 was used as
shielding gas and the inter-pass temperature was kept below
150 °C.

For this work, three specimens with one, two, and three
layers were investigated. To be able to study these separately,
the experimental setup was selected to vary the weld length.
The first pass, the root, was as long as the base plate
(320 mm). Every following layer was shortened by a quarter
of the previous layer.

Cross-sections were cut and embedded with epoxy hot
mounting resin. The detailed procedure for grinding and
polishing is summarized in Table 4.

As the most important factor for image analysis is high
contrast, different etchants such as Beraha II, Murakami,
V2A, Lichtenegger+Bloech, oxalic acid, sodium hydroxide
solution, and KOH were applied on polished base metal
cross-sections. The selection of these etchants was based on
the work by Petzow [19].

Ferrite measurement of welds was performed at a magnifi-
cation of ×500 as recommended for point counting method in

ASTM E562 [20]. Each weld bead was divided into
five areas, and for each area, five pictures were taken
in a light optical microscope—a total of 25 images per
weld bead. The ferrite content was measured based on
the phase fractions using the software AxioVision from
Zeiss. The software counts all Bdark^ pixels, which are
ferrite when etched with Beraha II. If the polishing and
etching are not perfect, the threshold can be adjusted
manually or scratches can be painted over with the cor-
rect color. Hence, there might be an influence of the
user’s judgment. To investigate such possible influence
of different users, two different operators were indepen-
dently examining the same samples.

Measurements by Feritscope were performed on the cross-
sections prepared for image analysis using a Fischer
Feritscope FMP30. For each bead, five different points were
measured and reported as percent ferrite (% ferrite) as well as
ferrite number (FN).

Measurements by Magne-Gage were also made indi-
vidually for each bead. These measurements were re-
peated five times at the same point. Since the size of
the probe was about the size of the bead itself, the
entire bead is measured at once and not a specific area
within a bead. Measurements were performed for the
sample with one layer/one bead and two layers/three
beads. As the second layer of the sample with three
layers/six beads was somehow too small for the rela-
tively large size of the probe, it was not possible to
investigate the single-weld beads for this sample
separately.

X-ray diffraction analysis was performed on five different
measuring points only on the cross-section with one layer/one
bead and made on XRD data from a Discover (Bruker), Cu-
Kα radiation (1.54 Å) with a LynxEye position-sensitive de-
tector. Data was analyzed with the Rietveld method using the
program Topas version 4 (Bruker). The data was collected
between 47.5–93° 2θ. In this range, austenite Bragg peaks
with hkl 200, 220, and 311 and Bragg peaks with 200 and
211 can be found if present.

Fig. 1 Joint preparation

Table 1 Chemical composition of DSS base material 1.4462/UNS
S32205, wt%

C Si Mn Cr Ni Mo N

0.022 0.3 1.8 22.8 4.6 2.5 0.20

Table 2 Chemical composition of DSS flux-cored wire all-weld metal,
wt%

C Si Mn Cr Ni Mo N

0.030 0.9 0.6 22.7 9.0 3.15 0.135

Table 3 Welding parameters

Voltage
V

Current
A

Welding speed
m/min

Arc energy
kJ/mm

Wire feeding
m/min

Polarity

29 230 0.27 1.48 14 DC+
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3 Results

Although all applied etchants revealed the microstructure
(Fig. 2), the best contrast was achieved using Beraha II, and

therefore, this etchant was selected to be used for all welded
specimens in this work.

Without elucidating the microstructure properly, it was not
possible to make reliable measurements. Despite the high

Table 4 Preparation of stainless
steel for image analysis Step Grinding 1 Grinding 2 Polishing 1 Polishing 1

Surface SiC paper 1200 MD – Largo MD – Dac MD – Chem

Suspension Water Dia Pro Largo 9 Dia Pro Dac 3 OPS

Rotation speed, rpm 300 150 150 150

Force/specimen, N 25 40 20 15

Time, min As needed 5 4 3

g

a

c 

e

b

d

f

Fig. 2 Base material DSS etched
using. a Beraha II: Ferrite dark,
austenite bright. b Murakami:
Ferrite brown, austenite white. c
V2A: Ferrite light gray, austenite
dark gray. d Lichtenegger+
Bloech: Ferrite light blue,
austenite white. e Oxalic acid:
Ferrite dark gray, austenite light
gray. f NaOH: Ferrite blue,
austenite yellow. g KOH: Ferrite
dark, austenite bright
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contrast on the base material, the surface quality of welds
using Beraha II was not satisfactory (Fig. 3a). When two dif-
ferent operators measured the average ferrite content of sam-
ples with improper etching, unevenly etched parts were falsely
counted as austenite and the scatter was fairly large.
Comparing the results for Fig. 3a, user 1 measured a ferrite
content of 42%, while user 2 measured only 33%. For this
reason, the etching procedure needed to be improved. The first
adjustment was to reduce the amount of potassium
metabisulfite to max. 0.5 g per 100 ml stock solution
(Table 5). The second improvement was to etch the layers
separately by covering all the unobserved areas with adhesive
tape. This increased the image quality substantially (Fig. 3b).
The difference in average value and standard deviation with
improper and proper etching can be seen in Fig. 4.

With proper etching, the images could be evaluated by the
software, the average ferrite content and the standard devia-
tion for each area (Fig. 5), each weld bead, and the total weld
can be calculated. Figure 6 shows the average ferrite content
and standard deviation for the specimen with two layers/three
beads for each local area (Fig. 6a), weld bead (Fig. 6b), and
total weld (Fig. 6c).

As 25 images for every weld bead is fairly time-consuming
for multipass welds, attempts were made to optimize the mea-
surements. A first effort by reducing the magnification to ×50
and taking fewer pictures was not effective as the resolution
was insufficient to capture the small details. As shown in Fig.
6, the values deviated and there was an inconsistency between
the two operators. Using a magnification of ×50 the first op-
erator systematically underestimated the ferrite content, while
the second consistently overestimated the ferrite content com-
pared with the results using a magnification of ×500 (Fig. 7).

Since the high magnification must be maintained, the sec-
ond variable, the number of images, was reduced. One image

was randomly picked out of each area, and the average ferrite
content was calculated again. This procedure was repeated
five times to generate one image per area. Figure 8 shows
the results from the optimized procedure as compared with
the original method. The average ferrite content and standard
deviation indicate that the results with the optimized method
were within the standard deviation of the original method.

With the chosen procedure of image analysis, the evolution
of ferrite content per weld bead can be viewed in detail in Fig. 9.

The results of the measurements by Feritscope are shown
as ferrite content in percentage (% ferrite) in Fig. 10 and as
ferrite number (FN) in Fig. 11. The standard deviation for the
single beads was 1–4% ferrite when measurements were per-
formed in percent ferrite and 2–5 FNwhen ferrite number was
measured.

Figure 12 shows the results from the Magne-Gage mea-
surements in FN. The standard deviation of the repeated mea-
surements for the single beads was about 1–8 FN.

Table 6 summarizes the measurements performed with
XRD. The diffraction patterns showed heavy texturation,
and this was accounted for using a spherical harmonics func-
tion when refining the data. Very little or no ferrite was mea-
sured for the first four samples (0–7%), while the last sample
showed 43%.

4 Discussion

The difference in etching quality between the base material
and the welded joints can possibly be explained by the differ-
ence in element distribution and variation in microstructure
[8].Most etching procedures have been developed for the base
metal where the ferrite stabilizing elements are more concen-
trated in the ferrite and the austenite stabilizing elements in the
austenite. In the weld metal, the nickel content is significantly
higher due to the addition of filler metal, and the microstruc-
ture is primarily controlled by the distribution of nitrogen [21].
When etching the base material, there is only one type of
microstructure present, while a welded sample contains base
material, weld metal, and the heat-affected zone. In addition,
there may be oxides and slag present in the weld cross-section.
When etching a cross-section consisting of the base material,

a bFig. 3 a Inadequate and b
adequate etching for image
analysis after changing the
etching procedure

Table 5 Modified Beraha II

Stock solution Distilled water 800 ml

Hydrochloride acid 400 ml

Ammonium bifluoride 48 g

Add to 100 ml of stock solution Potassium metabisulfite 0.5 g
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heat-affected zone, and weld metal, the result may thus be
uneven as preferential etching may take place in the base
material first and change the redox potential in the chemical

solution. This problem can be solved by sealing off all other
areas using adhesive tape. Then, only the area in focus will be
etched and hence the quality increases.

Fig. 4 Average ferrite content
using image analysis on samples
with inadequate and adequate
etching

Fig. 5 Average ferrite content per local area with five images per area for all cross-sections

a b c

Fig. 6 Average ferrite content and standard deviation for each a local area, b weld bead, and c total weld
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The main advantage of image analysis is that there is addi-
tional photo evidence of themicrostructure that can easily give
a rough impression of the phase balance and be used in re-
ports. On the other hand, the ferrite fraction might be
overestimated since possible secondary austenite, which is

finely distributed in the ferritic matrix of previous beads and
forms during multipass welding, will not be etched properly
and therefore not detected. This disadvantage could possibly
be counteracted by using a higher magnification, but this
would also mean a higher effort.
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Fig. 10 Evolution of ferrite
content in % ferrite measured
using Feritscope
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Fig. 11 Evolution of ferrite
content in FN measured using
Feritscope
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Figure 13 shows the ferrite content in % ferrite of all three
specimens measured by image analysis as compared with the
Feritscope readings. The Feritscope values were systematical-
ly lower than that in image analysis. Multiplying the
Feritscope results with a factor of 1.1, however, gives roughly
the same result as with image analysis. This is in agreement
with the work by Hosseini et al. [22] on superduplex stainless
steel welds. The highest deviation can be observed for the
sample with three layers/six beads which is up to 20%. This
is possibly related to the higher fraction of secondary austenite
formed in multipass welds.

Another possible explanation for this deviation might be
the internal calculation of the device from ferrite number to %
ferrite (Fig. 14). The measurement is determined in ferrite
number (FN), then computed according to Fischer’s in-
house conversion relationship and displayed as percent ferrite.
It is known that this converted ferrite measurement shows an
uncertainty of ± 16% of the measurement, as indicated by the
gray area above and below the conversion curve [23].

The ferrite number FNmeasured by Feritscope andMagne-
Gage is shown in Fig. 15. In terms of ferrite number, the
Magne-Gage instrument showed higher results comparedwith
measurements with Feritscope for the samples with one layer/
one bead and two layers/three beads. Multiplying the ferrite
number using the Feritscope by a factor of 1.18 gives roughly
the same values as with Magne-Gage. The ferrite number

measured by Magne-Gage of the sample with three layers/
six beads is not considered as the probe size was too large
for the size of the single-weld beads.

The deviation may be explained by the calibration of the
Magne-Gage. The calibration curve for FN > 60 showed some
slight bend for higher dial readings. Hence, the assigned linear
regression equation resulted in somewhat too high ferrite
numbers and also a higher standard deviation. Apart from
the difficulty to properly calibrate the particular instrument
used in this investigation and finding an experienced operator,
another problem is that the size, shape, and orientation of
ferrite particles affect the readings of the Magne-Gage [24].
Although Magne-Gage is the only instrument which can be
calibrated to primary standards, another disadvantage is the
relatively large size of the probe and therefore its limited spa-
tial resolution compared with other methods. While the stan-
dard deviation of image analysis and Feritscope is a matter of
the different ferrite contents within a single bead, the standard
deviation of the Magne-Gage measurements is due to its poor
reproducibility. Here, the absence of an experienced operator
probably played a significant role. Although there are plenty
of results showing that a well-calibratedMagne-Gage, used by
an experienced operator does not give a large standard devia-
tion, the instrument is not the quickest and easiest method to
use.

The best agreement in the results was observed for the
image analysis and the Feritscope for the samples with one
layer/one bead and two layers/three beads. Still, the Feritscope
values are systematically lower than the results of image anal-
ysis. The Feritscope analyzes approximately a volume of
10 mm3. Therefore, a minimum dimension of the sample
and a certain distance from the probe to the edge of the sample
is necessary. If this requirement is not given, a drop in the
measured FN values will occur. This is known as the edge
effect [25]. Manufacturers of duplex filler metals prefer to be

Table 6 Results of the
XRD measurements for
the sample with one
layer/one bead

Measurement % ferrite

01 0

02 1

03 0

04 7

05 43
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50 49
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Fig. 13 Comparison of ferrite
content between image analysis
(magnification ×500) and
Feritscope
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on the lower side of the ferrite content by adding nickel for an
improved impact toughness. If not taking the conversion fac-
tor of 1.1 times the value measured with the Feritscope into
consideration, it is possible that welds may not pass the
requirements.

The XRD measurements proved to be unsuitable for deter-
mining the ferrite content, and this is believed to be caused by
the grain morphology. A reliable XRD measurement requires
that there are several small grains with random orientation in the
XRD beam [26]. The weld consists of fairly large ferrite grains
while the austenite grains are smaller. Also, the ferrite grain
growth during solidification will take place in <100> crystallo-
graphic direction [27]. Therefore, the experimental setup for
XRD analysis in this work was not a well-suited technique
for ferrite quantification in duplex stainless steel welds.

Regardless of the measuring method, the ferrite content
decreased as the number of weld layers increased. There are
two main explanations: the formation of secondary austenite
on reheating and the addition of nickel through the filler
metal. The first pass melts more base material and will be
somewhat more diluted in nickel than the following layers.
The root pass thus showed a fairly high ferrite content, but
the austenite fraction increased somewhat on reheating by
subsequent weld passes. The austenite formation was more
pronounced in the following pass/layer, and this is suggested
to be a result of nickel additions from the filler wire and less
dilution from the parent material. The final weld bead again
showed a higher ferrite content as it is not reheated by any
further welds and somewhat more diluted from the vertical
base material. This complex change of the ferrite content can

Fig. 14 Internal conversion of FN
to % ferrite given for the
Feritscope [23]
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be observed in Fig. 5. The variation of ferrite content within
each bead can be significant.

It is known that the use of pure CO2 as shielding gas may
lead to somewhat higher weld metal austenite content [28].
Worst case, this can lead to a phase balance outside the spec-
ification and affects the mechanical properties. For the partic-
ular flux-cored wire in the examined multipass welds, the
average ferrite content was 54 ± 5% according to image anal-
ysis. This is within the stricter 35–65% limit set for the phase
analysis in NORSOK M-601 [9] and thus fulfills most indus-
try specifications.

5 Conclusions

The effect of multipass welding on the ferrite content was
investigated for a 22Cr duplex stainless steel welded with a
matching flux-cored arc wire over-alloyed in nickel. Four dif-
ferent methods were used to determine the phase balance:
image analysis, Feritscope, Magne-Gage, and XRD. The fol-
lowing conclusions could be drawn:

– Among the typically recommended etchants, modified
Beraha II proved most suitable for this material combina-
tion for image analysis.

– In addition to the advantage of having an actual image for
reporting and for comparison, image analysis is consid-
ered to be the most accurate method for measuring the
weld metal ferrite content.

– The highest surface quality with most uniform etching
was obtained when covering all surfaces that were not
examined with an adhesive tape.

– It was possible to optimize the time for determining the
ferrite content by reducing the number of measurements
from five images to one per area of interest and still hav-
ing a comparable mean value and standard deviation.

– The Feritscope is designed to measure ferrite numbers,
and a conversion curve is used to change the values into
percent ferrite. Compared with image analysis, the per-
cent ferrite will be approximately 10% lower compared
with image analysis and a correction factor of 1.1 is
suggested.

– Although the XRD technique is a well-knownmethod for
measurement of different fractions in structures, the
acclaimed method was not suitable for measuring the fer-
rite content of these DSS welds.

– In this study, the Magne-Gage instrument showed higher
ferrite numbers and a larger standard deviation than the
Feritscope and a correction factor of 1.18 is suggested.

– The limitations of the individual methods should be con-
sidered carefully if the measured ferrite content is close to
the limit of the specification and especially when
multipass welding.
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