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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
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nd edition cancels and replaces the firsbedition (ISO/TR 22824:2003), which has been te

The main changes are as follows:

— the

— methods of ferrite measurement have been addressed;

— Dbest

— best

— the liist of references has been expanded.

Any feedback\oer questions on this document should be directed to the user’s national standards;
completg listing of these bodies can be found at www.iso.org/members.html.

etallurgical phenomenon gfferrite has been addressed;

practice for reasonable and effective specifications for ferrite has addressed;

practice for dealing with outliers in ferrite measurement has been addressed;
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Official interpretations of ISO/TC 44 documents, where they exist, are available from this page:
https://committee.iso.org/sites/tc44/home/interpretation.html.
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Introduction

This document was prepared by the International Institute of Welding, Commission II, through its
Subcommission II-C, Arc Welding and Filler Metals, in cooperation with Commission IX through its
Subcommission 1X-H, Welding of Stainless Steels and Nickel Base Alloys, on behalf of ISO/TC 44/SC 3.
It constitutes the considered judgement of the experts on measurement and specification of ferrite in
nominally austenitic and duplex ferritic-austenitic stainless steel weld metals.
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Welding — Best practices for specification and measurement
of ferrite in stainless steel weld metal

1 Scope

A —b3 : e eFES; He—appropriate
requirenents, in specifications and other standards and contract documents, on ferrite content.ef’npminally
austenitic or duplex ferritic-austenitic stainless steel weld metals. It also describes a beSt,prqctice on
measurement and measurement reproducibility, and deals with outliers in measurement. It cansiders ferrite
in the we¢ld heat-affected zone of duplex stainless steel. It does not consider specification o measurlement of
ferrite il ferritic stainless steels nor in martensitic stainless steels.

2 Normative references

There arf no normative references in this document.

3 Terms and definitions
For the gurposes of this document, the following terms and definitions apply.
ISO and |EC maintain terminology databases for use in stanidardization at the following addresses:

— ISO Qnline browsing platform: available at https:/fwww.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

3.1
stainlesp steel
any member of a diverse family of alloys’containing at least 10,5 % chromium (the minimum chromium
content which provides for rust free Service in ordinary ambient air free of salt), and often but ndt always
containing substantial nickel, in_which the iron content exceeds that of any other element when [all other
elementd are taken at the specification minima for the alloy

3.2
austenite
face-cenfred cubic crystal structure of iron base alloys that is not ferro-magnetic at ambient tempefatures

3.3
duplex ferriticcaustenitic stainless steel
stainlesq steeltbase metal or weld metal consisting of a microstructure of approximately equal parits ferrite
(3.4) and austenite (3.2)

Note 1 to entry: The ranges of the two phases can be quite broad - often shortened to duplex stainless steel.

3.4
ferrite
body-centred cubic crystal structure of iron base alloys that is ferro-magnetic at ambient temperatures

© IS0 2024 - All rights reserved
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3.5

Ferrite Number

FN

magnetically determined measure of ferrite (3.4) content made using an instrument calibrated according to
1SO 824911

Note 1 to entry: The term is always capitalized to signify conformance with the ISO standard.

3.6

ferrite percent

volumetric content of ferrite (3.4) which can be determined metallographically, by a magnetic instrument,
by x-ray diffraction, or by other means

3.7
martengite
body-centred tetragonal crystal structure of iron base alloys that is ferro-magnetic at ambienttemperatures
and is formed by a shear transformation from austenite (3.2) without diffusion

3.8
nominally austenitic stainless steel
stainlesq steel base metal or weld metal which consists predominately of austenite (3.2) but contains a small
amount ¢f ferrite (3.4) when it reaches ambient temperature directly after solidification

Note 1 td entry: This ferrite (3.4) can transform in whole or in part to austenite (3.2) during hot working and/or
annealing, but will reappear in some form if the steel is once again melted/(e.g7, by gas tungsten arc welding without
filler methl).

4 Metallurgical phenomena of ferrite in stainless’steel weld metal

4.1 Gdneral

The ferrite observed in stainless steel weld metal ofia given chemical composition at ambient tempdrature is
the end 1jesult of its solidification mode, solid state phase transformations during cooling from solidification
temperature, and further solid state phase transformations during reheating cycles caused by depgsition of
subsequént weld passes and/or by postweld-heat treatment.

In pure iron, solidification takes place.at 1 538 °C as ferrite, commonly called “delta ferrite”. Upor] cooling,
this ferrite transforms to austeniteat 1 394 °C. On further cooling to 912 °C, the austenite transforms back
to ferritg, this time commonly termed “alpha ferrite”. Certain alloying elements when added to iron|promote
the aust¢nite phase during s¢lidification. Notable austenite promoters commonly found in stainldss steels
are nickgl, carbon, nitrogen'and copper. The addition of about 4,6 % nickel, or more, to pure iron chgnges the
result ofsolidification from ferrite to austenite.

Certain ¢ther alloying.elements when added to iron promote the ferrite phase during solidification{ Notable
ferrite promoter§ commonly found in stainless steels are chromium, molybdenum and niobigim. Less
common| ferrite;promoting elements occasionally found in stainless steels include aluminium, titanium,
vanadiuin and‘tungsten.

mtly, it has
been proven that manganese at least up to 12 %, is neutral with respect to promotmg ferrite or austenite
during solidification. Manganese,[2] does, however, stabilize austenite with respect to transformation to
martensite at much lower temperatures[3l.

At one time, silicon was thought to be a ferrite promoter during solidification. The role of silicon is less clear
than that of manganese. Experimental work involving weld metal of essentially constant composition except
that silicon was varied from 0,34 % to 1,38 % found negligible effect of silicon on weld metal ferrite content.
(41 However, still higher levels of silicon do appear to promote ferrite.

© IS0 2024 - All rights reserved
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4.2 Solidification mode

4.2.1 General

In stainless steels, two metallurgical phases are possible at temperatures just below the solidus. These
two phases are austenite and ferrite. A particular stainless steel can solidify entirely as austenite (A
solidification mode), entirely as ferrite (F solidification mode), or as a mixture of austenite and ferrite. The
mixed solidification can occur as austenite first, ferrite last (primary austenite or AF solidification mode) or
as ferrite first, austenite last (primary ferrite or FA solidification mode).

The solidification mode is important with regard to weldability of a given stainless steel because it has a
profound effect on the tendency for solidification cracking. Solidification cracking can be readily visible in
the weld|crater or along the weld centreline. But it also can be hidden below the surface and as longitudinal
crackinglalong the root.

4.2.2 solidification mode (austenitic)

Stainlesq steel weld metal that freezes in the A solidification mode generally containg/no ferrite af the end
of solidiflication and generally has the highest tendency towards solidification cracking of the four|possible
solidificdtion modes. Successful welding when this solidification mode is expected can require pelection
of filler metal with unusually low levels of sulphur, phosphorus and otheritrace elements. It cah also or
alternatgly require special welding techniques including deposition of weld metal as small convex runs with
low heat]input, and overfilling of the crater at the end of each run. In the-extreme, grinding of confvex runs
and crater overfill after each weld run can be required to obtain sound weld metal.

Austenitjc stainless steel base metals and their corresponding weld metals that are high in nicke| content
generally exhibit the A solidification mode. Examples of weldymetals which can be expected to ¢xhibit A
solidificgtion mode include 25 20 (310), 18 36 H (330), 27 31 4'Cu L (383), and 20 25 5 Cu L (385).

Some imjprovement in solidification cracking resistange can also be observed if filler metal of abnormally
high manganese content is available. Normal mangaumese content would be typically in the 1 % to 2 )b range,
while abpormally high manganese would typically-be in the 3 % to 9 % range. Examples of A solidification
mode filler metals of abnormally high manganese’content include 25 20 Mn and 20 16 3 Mn L (3161{Mn).

4.2.3 AF solidification mode (primary austenite)

Stainlesq steel weld metal that freezes in the AF solidification mode generally forms a small amount of
ferrite ir] the interdendritic spaces between columnar austenite crystals in the last stages of solidjfication.
Some paftitioning of alloy elements generally takes place, with ferrite-promoting elements chronjium and
molybdepnum (if the latter is present) concentrating more in the ferrite, and austenite-promoting glements
nickel, carbon and nitrogen-(if the latter is present) concentrating more in the austenite. Weld mletal that
solidifieg in the AF modegenerally has only slightly less tendency for solidification cracking than w¢ld metal
that soliglifies in the &*nfode. The same welding techniques and weld metal composition modificatjons that
are beneficial for theA solidification mode are also beneficial for the AF solidification mode.

Attimes|AF solidification mode can be found in 19 12 3 L (316L),25 20 (310) and 2016 3 Mn L (316L n) weld

2312 L (309L) is dep051ted

4.2.4 FA solidification mode (primary ferrite)

Stainless steel weld metal that solidifies in the FA solidification mode generally forms columnar ferrite
grains with a small amount of austenite that forms in the interdendritic spaces during the last stages of
solidification. Some partitioning of alloy elements generally takes place, with ferrite-promoting elements
chromium and molybdenum (if the latter is present) concentrating more in the ferrite, and austenite-
promoting elements nickel, carbon and nitrogen (if the latter is present) concentrating more in the austenite.
Weld metal that solidifies in the FA mode generally has the highest resistance to solidification cracking of all

© IS0 2024 - All rights reserved
3


https://standardsiso.com/api/?name=9a289a69110f97fbfed530f384960550

ISO/TR 22824:2024(en)

solidification modes. Such weld metals can generally be deposited without fear of solidification cracking. No
special welding techniques or composition modifications are needed to obtain sound weld metal.

Most common nominally austenitic stainless steels and their corresponding filler metals are generally
designed to solidify in the FA mode. This includes 19 9 L (308L), 23 12 L. (309L), 19 12 3 L. (316L) and 19 9 Nb
(347). Although ferrite might not be detected in the corresponding base metals, due to solid state phase
transformation during hot working and annealing of the base metal, ferrite generally reappears when these
base metals are autogenously welded. This is due to the steel mills manipulating the base metal composition
to obtain FA solidification which improves yield of quality steel during hot working.

Many nominally martensitic stainless steel weld metals, and their corresponding base metals, solidify as FA,
including 13 (410), 13 4 (410NiMo), 420 and 17-4PH, but these are outside the scope of this document.

4.2.5

Stainles
solidific
of the A

F solidification mode (ferritic)

br AF solidification mode, but not as resistant as weld metal of the FA solidification mod

mode compositions, if solidification cracking is encountered, the welding techniques mentioned un

solidific

dtion mode will generally cure the problem.

Examplefs of stainless steels and their corresponding weld metals that selidify in F mode includ
lean dup!lex, and super duplex stainless steels such as 2205 base metal and‘its 22 9 3 N L (2209) fill

2101 an
(2594). (

4 steel weld metal that solidifies in the F solidification mode contains nopatstenite when
dtion is complete and is generally much more resistant to solidification cracking than weld metal

b, With F
Her the A

b duplex,
er metal;

its normal filler metal 23 7 N L (2307); and 2507 and its corresponding filler metal 2§ 9 4 N L
ther base metals and filler metals that solidify as F mode in¢lude 29 9 (312), 17 (430) and|18 L Nb.

Any austlenite found in these steels and weld metals at ambient té€mperatures results from solid stgte phase

transfor

18 LNb

4.2.6

When a
solidific

ire outside of the scope of this document, but 29 9 (312) is within the scope.

Mixed solidification modes

mation of some ferrite to austenite, as discussed in 4.3xSteels and weld metals such as 17 (430) and

yeld metal composition is very close to one'of the boundaries between solidification modgs, mixed
dtion modes can occur. These can be A/AF, AF/FA, or FA/F. From the point of view of r¢sistance

to solidification cracking, it makes little difference if the solidification modes are mixed A/AF| (similar

likelihoo
cracking]

greater
microsc

macrosc

@pic scale or on a macroscgépic scale. Figure 1 shows a submerged arc single run fillet weld e

d of solidification cracking) or if\the solidification modes are mixed FA/F (similar solidification
resistance). But mixed AF/FA solidification can be significant because AF mode has a significantly
fendency for solidification cracking than FA mode. Mixed mode solidification can happen on a

xhibiting

bpic mixed solidification mode, with solidification cracking in the AF solidification mode reggion.
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»

1  stainless steel plate 3 E \}idification mode area of weld

Key

2 carbpn steel plate 4 \‘Q&F solidification mode area of weld

NOTE The difference in etching - the region of the Weld close to the 304 stainless steel solidified in
while thaf close to the structural carbon steel solidifiediin AF mode. Scribe lines indicate the original meta
before wglding. The 304 stainless steel helped to pro\'@)te FA solidification, while the structural carbon steel
promote AF solidification. A solidification crack be seen in the AF solidification mode region.

N
Figure 1 — SAW weld joining 304 s a‘ilgéss steel (bottom) to structural carbon steel (top) usi
o) filler metal

O

4.3 Solid state phase t\cé%formation of ferrite to austenite

@)
431 eneral Q‘Q

Lymanl[3] sho n 19 9 L (304L) weld metal, FA solidification mode, that ferrite contained about
4 % Ni, whi e adjacent austenite contained 18 % Cr, 11 % Ni. Ogawa and Kosekiltl showed in 22(

When fefrite ‘?@Y&nite coexistin stainless steel and its weld metal, the two phases differ in composition.

stainles Qpe (22 % Cr, 6 % Ni, 3 % Mo, 0,12 % N nominal composition) that ferrite in annealed

rolled metal contained over 25 % Cr, about 5 %% NI, about 4 % Mo and almost 0 % N, while the

FA mode,
surfaces
helped to

ng 309L

25 % Cr,
5 duplex
and hot
adjacent

austenite contained less than 21 % Cr, over 7 % Ni, about 2,5 % Mo and nearly 0,30 % N. However, in the
as-welded condition, the Cr, Ni and Mo did not vary appreciably between the two phases but the ferrite
contained almost 0 % N while the adjacent austenite contained nearly 0,30 % N, and there was much more
ferrite in the as-welded condition than in the annealed and hot rolled condition. This illustrates that under
weld cooling conditions, only nitrogen diffuses appreciably in this steel to allow austenite formation in the
solid state. Carbon in 29 9 (312) weld metal plays the same role as nitrogen in 2205 and its weld metal.

© IS0 2024 - All rights reserved
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4.3.2 A solidification mode alloys

After A solidification mode takes place, the weld metal is already austenite and no transformation of ferrite
to austenite takes place.

4.3.3 AF solidification mode alloys

After AF solidification mode takes place, some ferrite can transform to austenite during cooling. Subsequent
annealing in the temperature range of about 800 °C to 1 200 °C, or hot working in this temperature range,
can cause some or all of the ferrite to transform to austenite as some nickel and other austenite promoting
elements diffuse into the ferrite and some chromium (and molybdenum if present) diffuse out of the ferrite.

4.3.4 FA solidification mode alloys

After FA| solidification mode takes place, a large amount of the ferrite originally present at the end of
solidificdtion transforms to austenite in part because the ferrite becomes thermodynamieally less stable and
in part af some nickel and other austenite promoting elements diffuse into the ferrite while some clhromium
(and molybdenum if present) diffuse out of the ferrite. As a result, the ferrite seen atjambient temperatures
is much Jess than what was present at the end of solidification. Subsequent ann@aling in the temperature
range oflabout 800 °C to 1 200 °C, or hot working in this temperature range, generally causes mdre of the
ferrite t¢ transform to austenite. This transformation behaviour of ferrite to austenite can be unflerstood
more fully by reference to Figure 2[7] where it can be seen that the range of.compositions over whicl the two
phases, dustenite and ferrite, coexist shifts to higher chromium contentwith falling temperature. Ahnealing
and hot working can cause all of the ferrite to disappear in some alloys such as 19 9 L (308L or 3P4L) and
19 12 3 1L (316L). However, remelting, as in autogenous GTA weldinig,)will cause the ferrite to reform during
solidificgtion.

Ni/m Ni/m

25 20 15 10 5 0 5 20 15 10 5 D

2
1600 1600
L y+L L

T

\

—— —
L0017 51 MO 5t
+
y+L y+54\\ y+6+L \y+6|
1200 /\ 5§ 1200 | | P 5§
o Vs \ ° Vs 65 \
T°C 10007 T/°C 1000
S R
800 y+6+0 /\\\ |\\ 800 —H o
y+o _\E ( y+o y+6+o
)
600 T 50 600 \
400 577500 15 20 25 30 40015720 25 30 35 40
Cr/m Cr/m
a) 70 % Fe b) 60 % Fe
Key
T temperature 6  delta ferrite
m percent by mass o sigma
L liquid Ys austenite solvus
Y austenite 6, delta ferrite solvus

Figure 2 — Pseudobinary sections of the Fe-Cr-Ni ternary phase diagraml(Z]

Some higher carbon martensitic stainless steels also solidify in FA mode. These generally transform entirely
to austenite on cooling through the temperature range of about 1 200 °C to about 800 °C, which in turn
transforms to martensite at temperatures generally below about 300 °C. Ferrite is unlikely to be found
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in such steels at ambient temperature unless an extended tempering is subsequently performed at about
600 °C to 700 °C to precipitate and spheroidize carbides and allow martensite to recrystallize as ferrite.

4.3.5 F solidification mode alloys

After F solidification mode in duplex stainless steels, as the weld metal cools through the temperature range
of about 1 200 °C to about 800 °C, diffusion, primarily of nitrogen but also carbon if present, permits some
transformation of ferrite to austenite. This transformation begins at the ferrite grain boundaries so that,
in the early stages, the ferrite grains become largely enveloped by austenite. Nitrogen and carbon tend to
concentrate in this grain boundary austenite by diffusion out of the adjacent ferrite, which in turn slows or
stops further transformatlon along the gram boundarles Then further transformatlon of ferrlte to austenite

has bee
constitut
version

wrought]

Schaefflé
constitut
known §
ferrite c

ign of the ferrite content at ambient temperatures of stainléss steels in the as-solidified

of considerable interest for about one hundred years,4n 1920, Strauss and Maurerl8l
ion diagram to predict microstructures in wrought chromium-nickel stainless steels. A
bf this diagram was offered by Scherer et all?l and.s¢emed applicable to weld metal a
stainless steels.

1, concentrating on weld metal deposited by MMA (SMAW), developed several versi
ion diagram, the last of whichll% became @ery popular and is still referenced today d4
hortcomings. This Schaeffler Diagram is~shown in Figure 3. It makes reasonable predi

(309L, 1

into accqunt the important role of nitrogen in promoting austenite, mischaracterizing the role of mg

both wi
promoti
ferrite th
significa
18 8 Mn

ntent in common nominally austenitié:stainless steel weld metals such as 19 9 L (308L)
12 3 L (316L) and 19 9 Nb (347). Theshortcomings of the Schaeffler Diagram include failuy

regards to ferrite content and martensite formation, and mischaracterizing the role of
g ferrite. As a result of these shortcomings, the Schaeffler Diagram predicts considera
lan is actually found in high nitrogen weld metals, predicts no ferrite in 18 8 Mn weld me

Atten-like

3 PH also

ugh the

dtenite is
is|the aim.

10), 13 4

ondition
bffered a
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led the effort in the USA Welding Research Council to develop a magnetic system fd

and was adopted into the ASME Code shortly thereafter. DeLong also developed a revisi
pbrtion of the Schaeffler.Diagram to address the nominally austenitic stainless steel wel
hto account the austenite’ promoting effect of nitrogen while using the magnetic system

ment, resulting in a-diagram of more limited range than that of Schaeffler, as shown in Fig]

ht of the DeLang-Diagram are identical to those of the Schaeffler Diagram, and DeLong
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Under tHe auspices of the USA Welding Research Council, McCowan et alll4] collected over nine hundred
weld mefal compositions and corresponding Ferrite Numbers, and applied linear regression analysis and
computelr mapping to the data to provide-revised chromium and nickel equivalents and a revised conjstitution
diagram|that became known as the-WRC-1988 Diagram because a short form of the reportl12] was published
before the complete report. This diagram eliminated the shortcoming of the Schaeffler Diagram| and the
DeLong Piagram with respectito manganese not promoting austenite. It also eliminated the shortcoming
of the edrlier diagrams with)respect to silicon not promoting ferrite, at least up to 1,4 % Si. Fuither, the
WRC-1948 Diagram incofporated the solidification mode data of Suutalall®l to divide the diagrany into the
four soliflification modeg (A, AF, FA and F) described earlier. The WRC-1988 Diagram greatly enlqrged the
range of fompositionsfor which ferrite predictions can be made as compared to that of the DeLong Piagram.
The predictions .of the WRC-1988 Diagram versus those of the DeLong Diagram over the range of Ofto 18 FN
were copparedby KoteckillZl using an independent data set of actual compositions and measuref Ferrite
Numberg. The errors (measured FN versus predicted FN) were found to be markedly reduced with {the WRC-
1988 Diqgram, as can be seen in Figure 5.

A minor adjustment was made to the WRC-1988 Diagram by Kotecki and Siewert[18] to include a coefficient
for copper in the nickel equivalent, and in this form but without the solidification mode boundaries, it was
incorporated into the ASME Code to replace the DeLong Diagram in 1994. The WRC-1992 Diagram is shown
with the solidification mode boundaries in Figure 6. A more significant modification of the WRC-1992
Diagram was made by Koteckill?] in adding boundaries below which martensite is predicted to appear in the
weld metal. This version of the WRC-1992 Diagram is shown in Figure 7.
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Other m¢thods of predicting Ferrite Number in stainless steel weld metals have been developed using neural
networkk, but they do not lend themselves to.yisual presentation in the form of a constitution diagrgm. Vitek
et all20L121] provided such a neural network.énline, but it is no longer available online.

4.5 Effects of welding conditions on ferrite

4.5.1 General

There ajle two ways in which welding conditions can affect weld metal ferrite content. One way is that
welding fonditions can-affect weld metal chemical composition. The second way is that welding cqnditions
can affedt the coolingate through the temperature range in which ferrite transforms in part to augtenite.
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4.5.2 Welding conditions which affect chemical composition

4.5.2.1 | Dilution

When thee weld metal is diluted by thelting of the base metal(s) or by melting of previously deposited weld
metal, either or both of which mixes with the molten filler metal, the weld metal will have a different chemical
composifion from that of the-undiluted weld deposit from that filler metal. As a result, the diluted w¢ld metal
cannot ble expected to contain the same amount of ferrite as the weld metal from the undiluted filler metal.
The extgnt of this change-in chemical composition can be estimated by estimating the amount of dilution
combinef with the composition(s) of the substrate(s) on which the filler metal is deposited and the yndiluted
composition of the.wéld metal from the filler metal. This is commonly done on a constitution diagfam such
as the WRC-1992.Piagram by connecting the two or more compositions by tie-lines and proceeding along
the tie-lihes injproportion to the estimated amount of dilution. This procedure for estimating ferrit¢ content
of dilutefl weld metal is detailed by Koteckil22].[23],

4.5.2.2 Without dilution

The most common compositional change that can occur without dilution is pickup or loss of nitrogen from
the weld pool. Protection of the welding arc from air incursion is often imperfect. If air enters the welding
arc, nitrogen molecules can be disassociated to produce monatomic nitrogen ions which readily dissolve
into the weld pool. Since nitrogen is a very strong austenite promoter, nitrogen incursion tends to reduce
the weld metal ferrite content as compared to that of more completely shielded weld metal from the same
filler metal. Drawing an abnormally long arc with covered electrodes in MMA (SMAW) or disturbance of the
shielding gas in gas shielded arc welding are welding conditions which can cause nitrogen incursion and
ferrite reduction in the weld metal as compared to properly shielded weld metal. This is explained in more
detail by Lefebvre.[24] See also Long and DeLongl13] for effects in GMAW.
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Conversely, in the case of filler metal which is designed to contain high nitrogen, loss of nitrogen can occur,
particularly when using GTAW (TIG). This mainly affects duplex stainless steel weld metal. Accordingly,
shielding gas of argon plus one to three percent nitrogen is commonly used for GTAW and plasma arc
welding to prevent formation of excessive ferrite.[22] Root purging with nitrogen or nitrogen-bearing gas is
also generally used for this purpose.

4.5.3 Welding conditions which don’t affect chemical composition

In stainless steel weld metals which solidify in FA mode, transformation of some part of the ferrite begins
almost immediately after solidification is complete, in the vicinity of 1 400 °C under normal weld cooling
conditions. Between about 1 400 °C and 1 200 °C, diffusion of both substitutional alloylng elements (Cr, Ni,
Mo, Nb ates that
some poftion of the austenite promoting elements (Ni, C, N and Cu if present) will dlffuse from|the ferrite
towards|the austenite, causing the austenite portion of the microstructure to grow. At the sametiine, some
portion ¢f the ferrite promoting elements (Cr, Mo, Nb and others if present) will diffuse from.the justenite
towards|the ferrite. Diffusion of the substitutional alloy elements slows markedly belew*about 1 200 °C,
while th¢ interstitial elements C and N remain mobile to as low as 800 °C.

In stainlg¢ss steel weld metals which solidify in the F mode, such as duplex alloys, austenite formation generally
doesn’t Begin until about 1 200 °C or even lower, so there is less time for diffdsion, and the substitutional
alloy elements do not diffuse greatly. Ogawa and Kosekil®l showed that the s@bstitutional alloying glements,
especially nickel, scarcely diffuse to any appreciable extent in a 22 % Cr duplex weld metal. Low hgat input
welding [rapid cooling) can result in very high weld metal ferrite contentiin such alloys[24],

If the copling rate is slower through the temperature ranges in #which diffusion is appreciable, the alloy
elementg have more time for diffusion. But if the cooling rate is slower, then solidification is also slower, so
that the jas-solidified microstructure is coarser and therefore<the distances over which the alloy glements
must diffuse are greater. As a result, ferrite variation with cooling rate is relatively minor for the¢ cooling
rates thdt accompany most arc welding processes including MMA (SMAW), GTAW (TIG), GMAW (MIG) and

Extremely slow cooling rates, as in strip cladding-with submerged arc welding or electroslag welging, can
produce ignificantly lower ferrite content than the composition of the weld metal would suggest[24l.

Rapid copling rates in the case of duplex stainless steels, such as during laser welding, laser hybrid welding
or resistance welding, can largely prevent significant nitrogen diffusion and result in much highg¢r ferrite
content {han would be otherwise expected[261.[27],

Extremely rapid cooling rates, as-in-pulsed laser welding, can dramatically change the solidificatior mode of
weld metals that would normally-solidify in FA mode and contain ferrite at ambient temperatures tp A mode
and conthin no ferrite at ambient temperaturel28l.122], The end result can be that compositions whith would
normally be very resistant.to solidification cracking become severely susceptible to solidification cfacking.

4.6 Alpha prime,and intermetallic phase formation

In additipn to_ferrite transformation to austenite at high temperatures in stainless steels and weldl metals,
other phlase§ €an precipitate or form within ferrite, and these other phases are generally undesjrable. In
the température range of about 280 °C to about 540 °C, a chromium-rich body-centred cubic phase can
form by spinodal decomposition of the ferrite over hundreds to thousands of hours. Tt forms most rapidly
at about 475 °C and seriously embrittles the ferrite, so the embrittlement is commonly referred to as
475 °C embrittlement. Because this chromium-rich phase has the same crystal structure as the ferrite
and is generally coherent with the ferrite, it is commonly called alpha prime. This phenomenon is common
to ferritic stainless steels, austenitic stainless steel weld metals containing ferrite, and duplex ferritic
austenitic stainless steels and weld metals. Alpha prime formation is accompanied also by a marked increase
in hardness[30-[33],

A number of intermetallic phases can also form within ferrite in stainless steels and stainless steel weld
metals with long time exposure to elevated temperatures. These intermetallic phases are commonly
mentioned lumped together under the term sigma phase which is the most common of these phases.
Sigma phase consists of approximately equal amounts of chromium and iron. There are many more phases
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including chi phase (an iron-chromium-molybdenum phase), R-phase, G-phase, tau-phase and Laves-phase.
All of them embrittle the ferrite[341.[35],

Alpha prime and intermetallic phases are not normally found in the as-welded condition of nominally
austenitic stainless steel weld metal nor of the lower alloyed duplex stainless steels and weld metals.
However, in the 25 % chromium duplex stainless steel weld metals and heat-affected zones, small amounts
of intermetallic phases can sometimes be found[341.[35],

4.7 Chromium nitrides and secondary austenite

With falling temperature, nitrogen has very limited solubility in ferrite. This can lead to precipitation of
chromium nitrides in duplex stainless steel weld metal and HAZ below about 900 °C if the cooling rate is too
rapid to permit the nitrogen to diffuse to austenite areas.[341[35] Increasing the nitrogen content increases
the templerature at which austenite begins to form, which reduces or eliminates nitride formatign!q.

Secondary austenite precipitates in duplex stainless steel weld metal when ferrite of a prewiously deposited
weld run is reheated by deposition of a subsequent weld run.[341.35] This austenite ¢ends to be |lower in
nitrogen} chromium and molybdenum compared to the composition of the primary-austenite that|forms at
higher tgmperatures.

4.8 Pdastweld heat treatment

As the intermetallic phases form from ferrite at elevated temperatures, the ferrite content is dgcreased.
In 19 9 (B08) type weld metals containing normal ferrite content initially, it was found that as little as one
hour at 50 °C, 750 °C or 850 °C caused 20 to 40 % of the initial feprite content to be gone (due mainly to
M,5C, pijecipitation at the original ferrite-austenite interface).l3¢MMost stainless steel filler metals jntended
for service where creep is a consideration are not low carbenygrades. In these, carbides precipitdte at the
ferrite/a[lstenite interface with the tendency for the austenite'to supply the carbon and the ferrite fo supply
chromium and other carbide forming elements to the‘interface. Chromium and other carbide|forming
elementg are generally at higher concentrations in theferrite than in the austenite, and they diffyise more
rapidly in the ferrite. When these carbides precipitatéat the ferrite/austenite interface, the result is depletion
of these |elements in the ferrite adjacent to the original interface and partial transformation of ferrite to
austenit¢ in the depleted areas. The overall ferrite content of the weld metal is accordingly decreasgd. Sigma
phase was apparent after 20 h or more. Almgst all of the remaining ferrite present had transformed|to sigma
phase affer about 1 000 h. However, the properties of the weld metal were not greatly damaged.

The very lean nominally austenitic filler metal 16 8 2 (16-8-2) can experience sufficient chromiuny carbide
precipitdtion to raise its martensité ‘start temperature to above ambient temperature.[37] The r¢sult can
be a falsg high ferrite measurement because instruments sensing magnetic properties cannot digtinguish
between|ferrite and martensite!

Alpha pifime and intermetallic phases form readily in ferrite during high temperature exposure ¢f duplex
stainlesqsteels and theirweld metals.[341.135] Both cause serious detrimental effects to mechanical properties
and corrpsion resistance. This damage is reversible by proper annealing heat treatment with rapifl quench
from the annealing temperature. Intermetallic phases such as sigma form during heating to the ajnnealing
temperafure and these need to be dissolved at the annealing temperature Base metal spec'fications
typically i
(see Figd
content in duplex stalnless steels Since weldlng filler metals for duplex stalnless typically contam about

9 % nickel as compared to 4 % to 7 % nickel in the corresponding base metal, this can increase the required
minimum temperature for proper annealing of weldments made with filler metal. It has been demonstrated
that 2205 type duplex stainless steel weld metal containing 8,3 % Ni contained a large amount of sigma
phase after 1 066 °C anneal and required annealing at 1 093 °C to eliminate sigmal49l,

As with alpha prime precipitation, intermetallic formation is accompanied by a marked hardness increase
in duplex stainless steels[341.[33],
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steel weld _fgetals have useful engineering properties over a much narrower temperatu
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range for the cla551f1cat10n (e.g., by mtroductlon of another heat or lot of flller metal or by gam or loss of
nitrogen due to welding conditions), by a change in composition due to dilution from the substrate, by a
large change in cooling rate from solidification temperature, or by a reheat cycle (e.g., in the weld metal that
becomes the high temperature HAZ of a subsequent weld deposit or due to a postweld heat treatment). In
duplex ferritic-austenitic stainless steel weld metals, which solidify in F mode, the same factors can cause
similar changes in ferrite content, except that there is more sensitivity to smaller cooling rate changes from
solidification temperature, particularly if the nitrogen content of the metal is towards the low end of the
specification range.
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5.2 Tensile properties at ambient temperatures

In nominally austenitic stainless steel weld metals, an increase in ferrite content caused by composition
changes or by cooling rate changes is generally accompanied by a modest increase in tensile and yield
strength, and by a modest decrease in tensile elongation and reduction in area. A minor exception to this
general behaviour is if the reduction in ferrite is caused by an increase in the interstitial elements carbon
and/or nitrogen. Carbon and nitrogen tend to increase tensile and yield strength which can more than offset
the effect of the reduction in ferrite. Overall, these effects of changes in ferrite content are generally minor
and can generally be ignored because the weld metal properties will exceed specification requirements.

In duplex ferritic-austenitic stainless steel weld metals, tensile properties are little affected by ferrite
changes caused by composition changes so long as the ferrite content does not exceed commonly specified
maximum [imits.I® T These Timits will be considered in more detail later. Ferrite content due to high cooling
rates from solidification temperature can exceed specified maximum limits and can cause serigusreduction
in tensil¢ elongation and reduction of area. For example, the high cooling rates of resistancespot welds tend
to result{in very high ferrite contents, with chromium nitride precipitation within the ferrit€.[27Z] The same
is true of laser welds[42l,

In nomipally austenitic stainless steel weld metals, annealing heat treatments, generally redude ferrite
content and reduce tensile and yield strength as compared to the as-welded condition, but increage tensile
elongatign and reduction in area. In general, this effect is not important beeause the weld metal [strength
still excegeds the corresponding base metal requirements.

In duplex ferritic-austenitic stainless steel weld metals, proper annealifig might reduce ferrite content, but
it invarigbly reduces tensile strength and yield strength.[40] This stréngth reduction appears to he due to
partial spheroidization of the microstructure. It can be significantjwhen welds are made in castingg that are
subsequéntly annealed.

5.3 Toughness

In general, as ferrite increases in nominally austenitic'stainless steel weld metals, toughness as measured
by Charpy V-notch testing at a given temperature tends to decrease, other factors being equal. Both
oxygen fnd nitrogen are detrimental to telghness, particularly at cryogenic temperaturgs,[43].[44]
thereforg¢ any investigation of toughness nuist take these factors into account. In particular, increasing
nitrogen|in nominally austenitic stainless\steel weld metal in an effort to reduce ferrite is likely [to prove
counterproductive as regards toughness:

In duplek ferritic-austenitic stainless steel weld metals, increasing ferrite is also generally detrirhental to
toughness at temperatures such as~40 °CI4ll, Ferrite content near the lower end of the normally $pecified
range b¢comes especially necessary for meeting toughness requirements when the filler metgl is flux
shielded|(manual metal arg,f]ux cored arc and submerged arc welding) because the relatively high oxygen
content ¢f the weld metal)as compared to that of inert gas shielded weld metal, has a negative pffect on
toughness that generdally needs to be offset by lower ferrite content. Although service temperatures for
duplex sfainless steels are seldom as low as -40 °C, toughness testing at -40 °C or even -46 °C is sgmetimes
used to gssess wHether embrittlement due to precipitation of intermetallic compounds has occurrefd[34].[35],

5.4 Resistance to chloride stress corrosion cracking (CSCC)

The nominally austenitic stainless steels and their matching weld metals that can contain ferrite are not
considered suitable for service in environments that require resistance to CSCC.[43] These steels and weld
metals fall in the range of austenitic stainless steel nickel contents that is most susceptible to CSCC, as
indicated by the well-known Copson curves shown in Figure 946,

On the other hand, the ferritic stainless steels and the duplex ferritic-austenitic stainless steels have useful
resistance to CSCC.[43] Over the range of ferrite requirements normally specified, there appears to be no
information concerning the effect of the ferrite content on CSCC resistance. In duplex stainless steels,
a ferrite content above the normally specified range is detrimental both to mechanical properties and
corrosion resistance.[42] Of more interest is the effect of ferrite content below the range normally specified.
The American Petroleum Institute allows ferrite content as low as 25 % if corrosion and other tests are
satisfactory to the purchaser[48],
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There are two somewhat contradictory reports of studies of low ferrite content. Both used covered
electrodes of varying nickel content, based upon a 22 9 3 N L (2209) composition, to vary the ferrite content
of the weld metal. A 1993 study examined CSCC in boiling 44 % MgCl,, in 40 % CaCl, at 100 °C, in the “Wick
Test”, and in simulated evaporated seawater.[9] In the highest nickel weld (14,8 %, ferrite content not given),
CSCC was observed in boiling 44 % MgCl,, and pitting was observed in the lower nickel welds. No mechanical
properties of the weld metals were reported. A 2019 report of a study of 22 % Cr duplex stainless steel
weld metal in which nickel content was used to vary the ferrite content showed that specified base metal
mechanical properties and acceptable CSCC resistance in boiling 26 % NaCl were met at as low as 14 %
ferrite or 20 FN.[30] No similar information is available on other duplex stainless steel alloy weld metals. The
matter of an appropriate minimum ferrite requirement for CSCC resistance is unsettled.
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Figure 9 — Copson curves of CSCC susceptibility of austenitic stainless steels[4¢]

5.5 Sulsceptibility to corrosion in certain media

In generdl, the presence of ferrite ina'stainless steel weld metal is not detrimental to corrosion resistance.
Howeve}, in certain special mediaywhere nominally austenitic stainless steel weld metals are usef, ferrite
can be aggressively attacked¢Probably the best known example arises in the manufacture of urea.[24] It is
then nedessary to specify.very low ferrite limits (A or AF solidification mode) and design the wegld metal
to providle acceptable solidification cracking resistance as well as acceptable corrosion resistanceg. A filler
metal composition sueh.as 20 16 3 Mn N L (316LMn) might be selected for this type of application.|A duplex
stainlesq steel basemetal and filler metal would clearly be inappropriate for such service.

5.6 Creep resistance

place in
stainless steel base metal and stainless steel weld metal over extended time periods (often many thousands
of hours) when subjected to stresses below the short time yield strength of the metal. In service at these
temperatures, a number of transformations take place within the ferrite or at the ferrite/austenite interface,
as discussed in 4.6. Service under creep loading tends to accelerate these transformations. The design life of
nominally austenitic stainless steel weld metal under creep conditions can range from a few minutes, as in a
rocket motor case, to thirty years or more, as in a power generation plant.

The effect of ferrite content in 19 9 (308) MMA (SMA) weld metal on creep and stress rupture properties
has been investigated.[51] Weld metals of 2 FN, 6 FN and 10 FN were found to behave similarly, while 16 FN
weld metal performance was somewhat inferior, as can be seen in Figure 10. Sigma phase was found in the
tested samples of all but the 2 FN weld metal. Oddly, rupture elongation was lower for the 2 FN and 16 FN
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weld metals than for the 6 FN and 10 FN weld metals. Since the 2 FN weld metal likely solidified as AF mode,
perhaps the lower elongation was due to the presence of microfissures, but that is not stated in the report.
Small amounts of sigma phase appear to not affect the creep properties of the lower FN weld metals, but the
16 FN weld metal was adversely affected.

Duplex ferritic-austenitic stainless steels and their corresponding weld metals are not appropriate for
service under creep conditions.
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Figure 10 — Larson-Miller’comparison of stress-rupture properties of 19 9 (308) weld me
6 Measurementof ferrite in stainless steel weld metal
6.1 Gdneral
The preserece-efterrie-romnaHysasteniteand-duplesterridenustenitestatrlesssteelweld-m

metals can

be detected and, to a certain extent, measured by several methods. These include metallographic means
(point counting, linear intercept analysis, quantitative television microscope, comparison with atlas), x-ray
diffraction, Mdssbauer effect, saturation magnetization, magnetic permeability, and magnetic attractive
forcel32l.[53], More recently, electron backscattered diffraction (EBSD) has arisen as a laboratory tool for
ferrite measurement.[24] Of these methods, metallographic methods, magnetic permeability, saturation
magnetization and magnetic attractive force are used in industry. Saturation magnetization, as practiced in
Russia and some other parts of eastern Europe, uses a cylinder machined from the weld metal. The methods
most used in industry outside Russia and eastern Europe seem to be metallographic means and instruments
based on magnetic permeability or magnetic attractive force. Constitution Diagrams (Schaeffler Diagram,
DeLong Diagram, WRC-1988 and WRC-1992 Diagrams) are sometimes considered measurements, but they
are actually predictions, somewhat akin to weather forecasts, rather than measurements.
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6.2 Considerations in ferrite measurement

The following considerations need to be kept in mind when making ferrite measurements, and especially
in comparing ferrite measurements from different sources and/or from different measuring methods or
instruments.

a) Ferrite in a stainless steel weld metal is non-uniformly distributed even in a single weld run.

b) Inamulti-run weld deposit of nominally austenitic or duplex stainless steel weld metal, each succeeding
run reheats and therefore partially anneals the substrate weld metal, generally causing a reduction of
ferrite in the reheated weld metal, at least in the reheated weld metal close to the fusion boundary.

asureme o “Wa eren olumes of weld metg An ins umen uringby
maghetic permeability does not normally sense the same volume of weld metal as does an in§trument
meapuring by magnetic attractive force. And magnets of different size and/or strength sense different
volumes of weld metal.

d) For magnetic permeability measurements and magnetic attractive force measureinents, the duality of
the $urface preparation influences the measurement. A rough surface can produce false low results,
whille a cold-worked surface can produce false high results if martensite formgs.during cold-work.

e) Instruments measuring by magnetic attractive force or magnetic pefmeability cannot digtinguish
between ferrite and martensite since both phases are ferromagnetic.

f) The heat-affected zone of a weld is generally too small for ferrite content to be measured reliably by an
instfument measuring by magnetic permeability or by magneti¢ attractive force. The same applies to
the yveld metal of narrow laser and electron beam welds.

g) Metallographic ferrite measurements are critically depehdént upon the precision and consisterjcy of the
etchjng procedure and on interpretation of the contrast distinction between ferrite and austehpite. The
qualiity increases with freshly polished surfaces, recently mixed etchants, taping off areas of nq interest
with an adhesive tape and examining welds directly or after storing in air-free environment.

h) It is|generally assumed that area measurements on a two-dimensional image are equal to tle three-
dim¢nsional (volumetric) ferrite percent, In'reality, the validity of this assumption, depends, to p certain
extept, upon the homogeneity of the ferrite distribution.

i) Metallographic measurements and‘saturation magnetization measurements are destructive tepts.

6.3 Metallographic percentferrite by optical methods

Originally, measurements were done by polishing and etching, then counting the fraction of the impage that
correspdnds to ferrite. This\is a destructive test and is still used extensively by industry. Standard jmethods
today in¢lude point codnting according to ASTM E562[52] and automatic image analysis accordingto ASTM
E1245.15p] For these ‘miethods to produce accurate and reproducible measurements of percent ferrite, it is
essential that theetching produce complete optical contrast between ferrite and austenite. Over-etching
broadens the interface between the two phases and thereby results in one or the other phase bejng over-

counted|Under-etching leaves one (or both) phases without optical contrast and thereby results in under-
counting 6fthe phase. Failure to obtain consistent and complete optical contrast between the tv_vllo phases
seems to De responsible for generally poor reproducibility of measurement in round robin tests. For example,

a round robin among five laboratories in the USA reported measurements on a single sample ranging from
5,9 % to 11,6 % ferrite, average 9,0 %52,

In a much more recent round robin, Hosseini et al.[34] evaluated various etchants and procedures for
obtaining complete optical contrast between ferrite and austenite in 25 % Cr super duplex stainless steel
weld metal. They settled on a particular etch and procedure, and generated a round robin of weld metal
ferrite measurements among four laboratories that seemed reproducible. However, heat affected zone
measurements were substantially less reproducible.

It seems clear that metallographic measurements by optical methods are capable of providing reproducible
results provided that careful attention is paid to the etching procedure to obtain uniform optical contrast
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between ferrite and austenite without broadening the interface between phases. Image analysis dominates
duplex stainless steel welding procedure qualifications in Europe.

6.4 Metallographic measurement of ferrite by EBSD

Metallographic measurement by EBSD avoids the etching problem of metallographic measurement by optical
methods. The sample is polished but not etched. For the highest quality, the polishing procedure would
result in completely deformation-free surfaces. This can require an extra vibrational polishing step using
colloidal silica. A scanning electron microscope (SEM) with EBSD capability produces a map contrasting
ferrite with austenite that is free of the problems with etching uniformity, under-etching and over-etching.
[54] Automatic 1mage analy51s software then calculates the ferr1te percent. ThlS method seems capable of
measuripgjpe A - A ainly due to
the highifi investment costs of the 1nstrument Itis also a destructlve test.

6.5 Fefrite measurement by x-ray diffraction

Measurement by x-ray diffraction has been evaluated and found to be unsuitable duesto-the highly ftextured
crystal sfructure of the weld metall52L.[53].[57],

6.6 Fefrite measurement by electrochemical dissolution of austenite

Gill et al.[38] used selective electrochemical dissolution of austenite, with gravimetric measurerpents, to
estimate| ferrite in 18 12 3 (316) weld metal. The method is very time-¢onsuming and it is not pqssible to
ascertainm that all and only austenite was dissolved. The method isadestructive test and has not bpen used

by indusgry.

6.7 Fefrite measurement by saturation magnetization

Ferrite easurement as a volumetric percent determined by saturation magnetization is the $tandard
method psed in Russia and many other countries ¢f;the former Soviet Union[32l. It is a destrucfive test.
Apparenfly both 4,0 mm diameter[0 and 5,0 mnrdiameter(®ll by 60 mm specimen length have bgen used
for weld|metal testing. Depending upon the weld run size and the position of the centre of the cylindrical
sample ih the weldment, this cylindrical sample might or might not include reheated weld metal off reduced
ferrite cpntent. The intensity of saturatipnimagnetization of ferrite (4mlg), in units of Tesla, is a fupction of
the composition of the ferrite, as given by Formula (1)[2I:

4mlgl= 2,1 - 0,027 5 %Cr - 0,033°0 %Ni - 0,026 0 %Mo - 0,067 0 % Ti - 0,061 0 %Si - 0,063|0 %Al -
0,060 0 %V - 0,028 0 %Mn (1

Formulal(1) indicates thatallalloy elements considered diminish the saturation magnetization of the ferrite.
It is necg¢ssary to know thie ferrite composition as well as to measure the saturation magnetizatipn of the
ferrite-cpntaining weldmetal (4ml) to arrive at the ferrite content of the weld metal using Formula (?) below:

% F + 100 (4nl/4mly) (2)

WhereZ%F is percent ferrite

Another saturation magnetization approach, a vibrating sample magnetometer (VSM), has been used
experimentally to measure percent ferrite content of very small (0,5 mm by 3 mm by 3 mm) melt spun
ribbonsl3l. There is no known standard applicable to this method.

6.8 Ferrite measurement by magnetic attraction

A proprietary instrument for measuring ferrite in nominally austenitic stainless steel weld metal by
magnetic attraction dates from 1956 according to Severn Engineering Company. A USA national standard
based on magnetic attraction measurements was first published in 1974[64], This method later became the
basis of ISO 8249[1], the international standard for ferrite determination.
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1SO 8249 provides the procedure for calibrating instruments based upon measuring the attractive force of
a magnet to arrive at the ferrite content of a weld sample. Primary calibration employs a magnet of specified
geometry. The attractive force (sometimes called the “tearing-off force”) is converted to an arbitrary Ferrite
Number according to a table or equation in the standard. The Ferrite Number is defined by the thicknesses
of non-magnetic coatings over a low carbon steel. Sets of such coating thickness standards are available
from the US National Institute of Standards and Technology (NIST). The calibration is a straight line. The
standard magnet can be used with a laboratory beam balance to measure attractive force directly, or it can
be part of an instrument such as a Magne-Gage (of USA origin).

A critical element of the calibration is the strength of the standard magnet which is required to be 5,0 FN/g
(£0,5 FN/g). After the calibration line has been established with the coating thickness standards, the magnet
strength requirement is easily checked by hanging a ferro-magnetic weight of about 5 g from the magnet
and detdrmining the FN from the calibration line that corresponds when the instrument barely] lifts the
weight. If the magnet is found to be weaker than allowed (i.e., producing a relationship that is more than
5,5 FN/g)), experience has shown that false high FNs will be found[®2]. Conversely, false low FNswill pe found
when mgasuring weld metal with a magnet stronger than allowed (i.e., producing a relationship tHat is less
than 4,5|FN/g).

Calibration for FN measurements of instruments using magnets other than the defined'magnet of ISQ) 8249111,
or of in§truments using a principle other than magnetic attraction (such as{magnetic permeability), is
provided for in ISO 82491l by the use of secondary standards which have a weld-metal-like microstructure.
Ferrite Numbers are initially assigned to secondary standards by instruments that are calibrated [with the
primary|standards (coating thickness standards). Such secondary standards have been sold in th¢ past by
Teledyng McKay in the USA and later by TWI in the United Kingdom. They are currently available fqr sale by
NIST in the USA. It is a requirement of ISO 8249[] that the calibration'ef an instrument be checked fegularly
before uping it for measurements. It is known that the standardumagnet strength can be affected|by close
iy to another magnet or by mechanical shock. So primary standards (coating thickness standards)
or secondary standards must be readily available to ensure correct measurements of FN accdrding to

Measurement of Ferrite Numbers according to 1SO 8249[] is required to be done along the smoojthed flat
top centreline of a weld run in order to characterize‘that weld run. If the surface is not smoothed flat, false
low FN readings will result. Smoothness becomé&symore critical when measuring high FNs such as dn duplex
ferritic-gustenitic stainless steel weld metals/In smoothing the surface (filing, grinding or polishing), cold
work myst be avoided because it can induce martensite formation, especially in lower alloyed austenitic
stainlesq steel weld metals. Since martensite is ferro-magnetic as is ferrite, the presence of martensite
causes fdlse high Ferrite Numbers to be obtained.

This method is non-destructive and’is extensively used by industry in North America, but little or pot at all

6.9 Measurement byinagnetic permeability (magnetic induction)

Commertfial instruments using this method of measuring ferrite apply a pulse of electric current through a
coil withla ferromagnetic core in contact with the material under test, or a pulse of electric current through
the matdrial under test, and evaluate the magnetic response of the material under test. Instrumengs can be
obtained toprovide results in Ferrite Number or in ferrite percent, depending upon calibration. The|primary
standards {¢oating thickness standards) provided by NIST are generally not applicable for calibfation of
these instruments. Secondary standards must be readily available for regular checking of calibration of any
given instrument according to 1SO 8249[1], Figure 11[57] jllustrates results when secondary standards are
and are not used to check calibration. This method can be non-destructive if used on the top surface of a
weld rather than on a cross-section, and is extensively used by industry.

Note that the calibration standards provided by the magnetic permeability instrument manufacturer
are not always stainless steel.[2¢] In the case cited, the instrument manufacturer’s calibration proved to
be incorrect. This observation agrees with the finding shown in Figure 11.157] Calibration checks using
secondary standards of well-established ferrite content are essential to verify the calibration of such an
instrument.
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6.10 Location and volume of measurement

ISO 8249
run. Thig
put into
run weld
as repor
don’t ne
instrumg
as ferritg

ISO 8249
and then

methods[57]

(1l is very specific about making FN measuréments along the smoothed flat top centreline
is practical because it is non-destructive - the material on which the measurement is mag

service. Since it is known that ferritedistribution in a weld is not homogeneous, more so if
, location of measurement is a sighificant concern. Metallographic measurements of perce

fed in the literature are generally’made on a cross-section of a weld, so these latter measy

cessarily correspond to measurements of FN according to ISO 8249.[11 Measurements

bnts using magnetic permeability (magnetic inductance) principles, especially if reportin
percent, are sometimes.rhade on a cross-section of the weld.

averaged to provide the FN for the weld run.

The vol

size and|strength of the magnet. The volume of weld metal sensed by the standard magnet of IS
is on thg order*of'a few cubic mm. The volume of weld metal sensed by an instrument based on 1
permealility, (magnetic inductance) principles seems to be similarly on the order of a few cy
Metallographic measurements each consider one square mm or less, so many areas are usually mez

e of weld-metal sensed by an instrument measuring magnetic attraction force depends

hree

of a weld
le can be

a multi-
nt ferrite
rements
made by
c results

[l is also specific ifrfequiring a minimum of six locations along a weld run centreline to be measured

upon the
D 8249[1]
magnetic
bic mm.
sured to

reach an

average value. Measurements made by saturation magnetization according to GOST 26364

61] sense

a volume of several hundred cubic mm, much larger than that of any of the other methods described above.
Measurements made by saturation magnetization using a VSMI&3] sense a volume of about 5 cubic mm. These
points must be kept in mind when selecting a measurement method and especially in drawing conclusions
about results from one method as compared to results of another method.

The effect of weld size or volume, and proximity to a ferro-magnetic substrate, on ferrite measurement using
two instruments with permanent magnets was examined by Gittos[Z], Cylinders of various diameters were
machined from SAW weld metal and embedded in non-magnetic plastic mount or placed in snug fitting holes
in ferro-magnetic carbon steel. A collar was used with the Magne-Gage to place the magnet precisely on
the centre of the cylinder surface. Cylinders smaller than 12 mm diameter were found to produce reduced
Ferrite Numbers on plastic mounted cylinders and inflated Ferrite Numbers on carbon steel mounted
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cylinders. This is a more severe condition than making measurements of weld metals of varying width in
which the weld metal is essentially infinitely long in two directions and is limited only in width. Both a
Magne-Gage and an Elcometer Inspector Gauge were used to make Ferrite Number measurements on stacks
of 23 12 Nb (309Nb), 19 9 Nb (347) and Ni 6082 (NiCr-3) strips 0,5 mm in thickness over carbon steel.
Similar results were obtained with both instruments. About 5 mm of strip thickness was required to make
the result insensitive to the carbon steel presence under the strips.

6.11 Measurement in the HAZ

Ferrite measurement in the HAZ of welds in duplex stainless steels has been of concern because the rapid
cooling rates of common welding processes tend to result in considerably more ferrite in a thin layer of
the HAZ immnr‘infn]y ndjarnnf to the fusion hnnndnry than is present inthe base metal. This thin ]ayer
of the HAZ is on the order of 10 microns in width. Due to its small width, measurement by ahy method
described above, except for metallographic measurement, is unsuitable. The ferrite content imthis [region is
of imporfance because excessive ferrite, if present at the surface exposed to the corrodent, canresult in poor
corrosioh resistance and poor toughness. Ferrite measurements in portions of the HAZof"duplex ftainless
steel welds heated to peak temperatures close to but below the austenite solvus temperature cdn detect
small defreases in ferrite content.

Ferrite measurements in the HAZ of nominally austenitic stainless steels, as inl the case of duplex stainless
steels, ate only possible by metallographic methods. Metallography can detéct'a small amount of ferrite in
the portion of the HAZ closest to the fusion boundary. This ferrite is generally of no consequence.

6.12 Rdproducibility of measurement

If a specification is to be written requiring a selected range of.ferrite content in a weld, the reproducibility
of measyrement by any applicable method has to be taken inteyaccount. For this discussion, reproducibility
means the confidence interval that is obtained when several agents make measurements indep¢ndently.
These agents can include any or all of the following: a filler metal producer, a certification body, a fgbricator,
a master|contractor, an insurance company and a regulatory body. There could be others involved.

The repijoducibility of Ferrite Number measureménts made according to ISO 8249011 has been extensively
studied |by IIW Commission II. Several round robins of measurement were conducted, using both
magneti¢ attraction and magnetic permeability methods. The most recent of these is that led by Farrar,[68]
consistinjg of 17 participating laboratories in 8 countries. The results of these round robins indifate that
the reprpducibility (scatter) of measurement for all-weld metal pads (as might be produced for cprtifying
a batch qf filler metal) is plus or minus 10 % around the mean value. On groove welds as might beg made in
productipn, the scatter was greater,.about plus or minus 20 % around the mean value.

In contrgst to the many round robins conducted on the method of ISO 8249,111 there are few round fobins of
other mgthods, and they,ihvelve significantly smaller numbers of participants. An early round ropin, with
five partfcipants, of metallographic ferrite measurements in nominally austenitic stainless steel weld metals
found scptter of abodt-plus or minus 30 % of the mean value.[52] Much more recently, a round ropin, with
four participants,-of’'metallographic measurements in duplex ferritic-austenitic stainless steel w¢ld metal
found scatter of ohly about plus or minus 4 % of the mean valuel34],

Round r&rbins of ferrite measurements by saturation magnetization are unknown.

6.13 Correlations between Ferrite Number and ferrite percent

The magnetic properties of ferrite depend upon the chemical composition of the ferrite. Both saturation
magnetization,[22] as shown by Formula (1), and Ferrite Number measurements on 100 % ferrite steels (see
Figure 12[69]) demonstrate this. Consequently, a simple relationship between Ferrite Number and ferrite
percent cannot be expected, and ferrite percent measurements from instruments purportedly calibrated in
ferrite percent, without a correction for ferrite chemical composition, must be viewed with scepticism.

On the other hand, Ferrite Numbers are independent of ferrite chemical composition. This means that
the engineering significance of a given Ferrite Number needs to be considered in view of the chemical
composition of the alloy under consideration.
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Various conversion factors from Ferrite Number to ferrite percent have been proposed. Figure 12 can
provide estimates of conversions when ferrite composition is taken into account. To use Figure 12, one must
know the iron content of the ferrite in the weld metal of interest. In weld metals that solidify in the FA mode,
austenite and ferrite can coexist at temperatures high enough for diffusion of alloy elements to take place.
Lymanl2] investigated the composition of the austenite and the ferrite in autogenous 19 10 L (304L) type
GTA weld metal and found that the ferrite contained about 26 % Cr versus about 18 % in austenite, and
about 4 % Ni in the ferrite versus about 12 % Ni in the austenite. This leads to the conclusion that the iron
content of the ferrite in such weld metal can be taken, to a first approximation, as the overall iron content of
the alloy. In alloys which solidify in the F mode (duplex ferritic-austenitic stainless steel weld metals), very
little diffusion of elements other than nitrogen can take place in the as-welded conditionl], which again
leads to the conclusion that, to a first approximation, the iron content of the ferrite can be taken as the
overall iron content of the alloy. Conversions using Figure 12 can be compared to conversions found in the
literaturp[241.[621.[70LI71] which might or might not take ferrite composition into account. Some cpnversions
are shown for comparison in Table 1. No consistent pattern of conversion is evident.
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Figure 12 — Ferrite Number of. 100 % ferrite steels as a function of iron content[6?]

Tdble 1 — Relationships proposed between Ferrite Number (FN) and ferrite percent (FP)

Weld Metal Type Ferrite percent method Relationship Bi:’;gi:ﬁg:y

[9 9 (308) Saturation Magnetization FN=1,70 FP [62]

[9 9 (308) Figure 12 FN=1,55FP [69]
2293 NL (2209 Metallography FN=1,67FP-10 [71]
2293 N L (2209) Figure 12 FN =1,42 FP [69]
2293 N1LY2209) Metallography FN=1,69 FP-76 [71]

229 3NL(2209) Metallography FN=1,18 FP [74]
2594 N L (2594) Metallography FN=1,1FP [54]
259 4N L (2594) Figure 12 FN=1,3FP [69]

7 Specification of ferrite in stainless steel weld metal

7.1 General

When ferrite content limits are to be imposed on filler metals in a purchase order, or on weldments via
contract documents, it is essential that the method of measurement be specified and that the limits be both
necessary for the intended application and realistic in view of the reproducibility of measurement. Failure
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to adhere to these principles in specifications can result in needless expenses and delays in completion
of a weldment. It is therefore appropriate to consider what limits are necessary and realistic for various
weldments.

Because it is non-destructive and because of its well-established reproducibility of measurement, the
method of ISO 8249[1l is used when applicable. The WRC-1992 Diagram (see Figure 6) is useful for predicting
the ferrite content of weld metal, but it cannot replace measurement by 1SO 82490l for providing a high
degree of assurance that weld metal properties will be as desired.

Guidance based on experience for appropriate weld metal (and HAZ where of concern) ferrite content follow.

7.2 Non-magnetic requirements

In weldnpents requiring non-magnetic weld metal, such as in magnetic resonance imaging (MRI))e€quipment,
weld mefal with as near as possible to 0 FN are desired. A filler metal providing Type A solidification mode
re 6) would normally be used. The weld metal can be susceptible to solidificationtcracking, so that
tighter than normal restriction of P and S impurities, greater than normal Mn contenty and/or Jow heat
input welding procedures promoting convex weld profile can be helpful towards preyenting solidification
crackingl It is not possible to reproducibly measure 0 FN with instruments calibrated‘according to SO 8249.
1l The raw data from the round robin of ferrite measurements is not showsi.in the Farrar repprt cited
earlier,[F] but can be found as an [IW Commission Il document.[Z2] The study(n¢luded a weldment produced
with a “fil ferrite” type 18 15 3 L filler metal. Of the 15 laboratories measuring ferrite on that weldment, 13
reported 0 FN, but two reported non-zero FN < 0,2. While Ferrite Numiber measurements can hgve some
applicabllity for a non-magnetic requirement, more appropriate cane an acceptance criterion of magnetic
permeaHility (i) less than or equal to 1,01[24],

7.3 Sefrvice environments in which ferrite is aggressively attacked

Certain |corrosive environments aggressively attack férrite, for example, environments found in the
manufacture of urea. For successful service in such environments, any ferrite, if present must be
discontifuous. A filler metal providing Type A sdlidification mode (see Figure 6) would norpally be
required. The same restrictions on composition and/or welding procedure mentioned in 7.1 would|again be
used. Lirhitation of ferrite content to FN < 0,5 is‘the guideline.

7.4 Cryogenic applications requiring weld metal toughness

A typical requirement is 0,38 mm lateral expansion, minimum, in a Charpy V-notch test at -196 °C. Ferrite is
detrimental to toughness at crypgenic temperatures so that some limitation of maximum ferrite content is
necessatly. However, weld metal o0xygen and nitrogen content also have detrimental effects on toughness so
that a sippgle blanket ferriteitange is not the guideline. It is usually desirable to obtain Type FA solidification
mode fo1f freedom from solidification cracking concerns.

Desire for low ferrite*and for Type FA solidification mode are somewhat conflicting concerns. The inert
gas shielded welding processes GMAW and GTAW offer the most freedom in specifying weld metal ferrite
content. |[Ferrite-contents of 10 FN or even higher have been shown to provide cryogenic toughness of
0,38 mm lateralexpansion with 19 9 L (308L), 19 9 L Si (308LSi), 19 12 3 L (316L) and 19 12 3 L Si|(316LSi)
filler metals, At the same time, the 19 9 L and 19 9 L Si filler metals provide FA solidification generplly at or
above 3 Fi¥; i i1 i dificatt —Fherefore,
specification of 3 to 10 FN or 4 to 10 FN, respectively, is workable and realistic for GTAW and GMAW deposits
in view of the reproducibility of ferrite measurement.

On the other hand, the flux shielded welding processes MMA (SMAW), SAW and FCAW produce weld metals
with considerably more oxygen content (typically 500 to 900 ppm) than do the inert gas shielded processes
(typically 100 to 150 ppm). As a result, the tolerance for ferrite is more limited if a cryogenic toughness
requirement of 0,38 mm lateral expansion is to be met consistently. Commercial products offering up to
5 FN, or even 6 FN, maximum ferrite content, and offering to meet 0,38 mm lateral expansion minimum can
be found for these flux shielded processes. However, it is by no means certain that both FA solidification and
0,38 mm lateral expansion minimum will be consistently achieved. If the cryogenic toughness requirement
is to be consistently met, it can prove necessary to accept ferrite levels indicating AF solidification mode
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(less than 3 FN) for these processes and to take extra precautions (such as producing small convex weld
runs and filling craters) to avoid or lessen tendencies towards solidification cracking. Crack-free weld metal
would then need to be verified by extensive non-destructive examination (NDE). Engineering judgement
needs to be applied when deciding fitness for purpose.

7.5 High temperature service

Asnoted in 4.5 and 5.5, precipitation of intermetallic compounds (generally lumped together as sigma phase
for discussion), and of alpha prime, occurs in the ferrite of nominally austenitic stainless steel weld metals at
about 300 °C and higher. Small amounts of these precipitations are generally not detrimental to the intended
service, but larger amounts are detrimental. As a result, an upper limit on as-welded ferrite content is often
Specifie n]nng with o lower limit that would imp]y EA solidification mode. For non-stabilized filler metal
types sugh as 19 9 H (308H) and 19 12 3 H (316H), a lower limit of 3 or 4 FN and an upper limit of 12|or 15 FN
is the gujdeline.

Very low alloyed nominally austenitic stainless steel weld metals such as 16 8 2 (1628-2) achieve FA
solidificgtion mode above about 1 FN, so that a minimum of 1 FN has been the guideline for that filler
metall48] along with a maximum of 5 FN. This latter requirement seems somewhatunnecessary ip view of
the high¢r allowable ferrite contents noted above for other non-stabilized filler métals.

Weld mefals stabilized with Nb or Ti, such as 321 or 19 9 Nb (347), seem to require more ferrite thap implied
solely byl the need for FA solidification in order to avoid solidification cragking. A lower limit of 5{or 6 FN,
along with an upper limit of 12 FN is the guideline.

7.6 Dissimilar welds

Probablyf the most common dissimilar welds involve joints of:stdinless steel to carbon steel or low alloy steel
support gtructures or attachments. Filler metals such as 299 (312), 23 12 L (309L), 23 12 2 L (B09LMo)
or 23 12| L Si (309LSi) are often selected for this purpaese: The selection is normally based on mgchanical
propertigs, not corrosion resistance. As a result, the main concern is obtaining FA solidification ynder the
dilution [conditions expected. The root run is most.at risk for solidification cracking if FA solidification is
not achig¢ved. Filler metal providing at least 10 FN'in the undiluted condition can be specified td provide
FA solidification in such dissimilar welds with*30 to 35 % dilution, with the dilution equally provided by
the two pase metals. Higher dilution, as possible in SAW and GTAW, can require filler metal of higher FN
to achieye FA solidification mode. Alternately, at least 3 FN in the root run of the dissimilar weld can be
specified. If there is no high temperature service anticipated, no upper limit on ferrite content of the filler
metal or|weld metal is generally necessary.

An exceftion to this guideline applies to 18 8 Mn and 307 filler metals. Due to the high Mn content (apout 6 %
in 18 8 Min and about 4 % in.307), FA solidification is not necessary to avoid solidification cracking - under
conditions of AF or even A'solidification, such weld metal is generally resistant to solidification crag¢king.

7.7 Byffer layers'and cladding

Applicatjon of buffer layers and cladding using stainless steel filler metals is done by a variety of welding
processds. Some welding processes, particularly submerged arc welding and gas tungsten arc welfding, are
capable pf/producing a broad range of dilution. In most cases, FA solidification mode provides resistance to
solidificatiomrer adxiug sothat apc\,ifit,dtiuu of 3-FN-miiom (5 o6 FNmimmumrfor-wetdmetatstabilized
with Nb or Ti) is appropriate. An upper ferrite limit is unnecessary unless the weld metal will undergo
postweld heat treatment and/or experience high temperature service. In these latter cases, an upper ferrite
content limit of 12 FN is the guideline, as in 7.4.

An exception to this guideline applies to the situation where ferrite in the cladding would be aggressively
attacked, as in 7.2. Again, cladding with filler metal such as 20 16 3 Mn N L (316LMn) must be specified to
contain no more than 0,5 FN.
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