Prediction of Austenitic Weld Metal
Microstructure and Properties
With advent of new stainless steels, a wider range of alloys
must be considered in predicting ferrite

BY D. L. OLSON

ABSTRACT. Diagrams, such as the
Schaeffler and DeLong diagrams, have
been used to assist in the proper selection and use of austenitic filler materials
and to predict weld metal microstructures and properties. These diagrams
have been very successful in predicting
the amount of delta ferrite in stainless
steel weld metal. This paper is concerned
with the predictability of austenitic weld
metal microstructure and properties over
a larger compositional range.
There are two main different types of
phase transformations associated with
austenitic weld metal. Existing analytical
methodology has been successful at predicting quantitatively the nature of the
liquid to delta ferrite transformation. But
the austenite to martensite transformation for high alloy weld metal needs to be
better understood if welding consumables for new high manganese ferrous
alloys are to be developed to achieve
optimum properties and service behavior. In this paper, new expressions are
introduced to predict the martensite start
room temperature composition or the
martensite start temperature. Some of
these high manganese ferrous alloys are
the basis for the new " n o chromium"
stainless steel. Various available diagrams,
which allow for the prediction of weld
metal microstructure, will be given.
New mathematical forms for expressions to predict weld metal phase stability
and microstructure, based on solution
thermodynamics and kinetics, will be
introduced. These new expressional
forms should allow for better predictability over a larger alloy range. The non-

homogeneous (cored) nature of the weld
metal composition will also be considered. These new forms can allow fundamental alloying and solid solution information to be obtained from the microstructure or property correlations with
the weld metal compositions.
Introduction
As new engineering materials are
developed it is important to develop the
methods and materials for welding them.
Austenitic weld metals are frequently utilized for joining various engineering
materials and for a variety of reasons.
Austenitic consumables have been extensively used to form the transition weld
metal in dissimilar ferrous alloy joints, to
join stainless steel, in weld repair, in
hardfacing, and in corrosion resistant
claddings. If properly alloyed, austenitic
weld metal is strong, ductile, resistant to
hot-cracking, and capable of retaining
potentially troublesome contaminants in
solid solution. Austenitic consumable
wire is readily cold formed, facilitating its
production. But some austenitic compositions are characterized by a high thermal
expansion coefficient which often leads
to the development of high residual
stresses in the weld. Weld metal microstructures based on traditional austenitic
weld metal compositions can be predicted from empirical diagrams, such as
the Schaeffler diagram (Ref. 1). Difficulties
arise, however, when the weld metal
composition extends beyond the application range of the original empirical relationships. This situation is the case, for

instance, when the Schaeffler diagram is
applied to weld metal of a different
thermal history, or of a vastly different
chromium concentration, than that of the
original study. It would, therefore, be
advantageous to utilize the fundamentals
of materials science to develop expressions which would be more generally
applicable to predict weld metal microstructure and properties.

The Fe-Cr-Ni Weld Metal System
In 1906 Guillet (Ref. 2) first introduced
the Fe-Cr-Ni alloy system as a potential
engineering material for corrosion resistance and mechanical applications. The
works of Gieson (Ref. 3), Monnartz (Ref.
4), and Maurer and Strauss (Ref. 5) led to
the commercialization of the 18Cr-8Ni
alloys, the basis for most of the 300 series
stainless steel alloys. By 1934, the understanding that low carbon contents (0.03)
gave austenitic stainless steel a superior
intergranular corrosion resistance was
established.
Strauss and Maurer (Ref. 6) introduced
a nickel-chromium diagram, which was
later modified by Scherer, Riedrich and
Hoch (Ref. 7), that allowed prediction of
the various phases in the microstructure
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austenitic welding during this period had
to do with welding high strength (armor)
materials for the national defense efforts
(Refs. 9-24). The use of austenitic weld
metal in welding difficult ferrous assemblies was based on the knowledge
obtained during the previous decade that
austenitic stainless steel can maintain high
ductility and moderate strength over a
large temperature range with fairly wide
compositional variations. What was
required for proper application of FeCr-Ni austenitic consumables was some
quantitative method to predict the maximum amount of base metal dilution that
can be realized and still achieve the weld
metal composition which will produce a
ductile austenitic matrix and not a brittle
weld metal martensitic structure.

r

1939 modified

Feild, Bloom and Linnert (Ref. 10)
applied the Newell-Fleischmann expression to predict weld metal microstructure
- FERRimTROOSTOSORBITE
and found that the expression did not
+
accurately predict solidified microstructure. Their specific concern was in prePEARL.ITE,
dicting austenitic weld metal microstructure that was being used to weld armor
steel. They reported that the weld should
contain some ferrite to assist in preventFig / — The nickel-chromium diagram used by Maurer to predict microstructure. Notice that the ing root bead cracking. Feild, Bloom and
phase boundary lines are curved
Linnert (Ref. 10) reported that a modification to the Newell-Fleischmann expression, by changing the constant, 8, to 14 in
within the composition range of 0 to 26
line for the boundary for the austenite
equation 1, gave a better prediction of
weight percent chromium and 0 to 25
and austenite plus ferrite regions on the
austenite stability for the compositional
weight percent nickel. If carbon, silicon
Maurer diagram-Fig. 1. The Newellrange where chromium varied from 18 to
and manganese contents were held withFleischmann equation was reported to
21 percent and nickel varied 9 to 11
in specific limits, the lines of this nickeldescribe the austenite stability curve in
percent. Moving the austenite promoter
chromium diagram were useful in prethe 14 to 19 percent chromium and the
to the left side, the expression becomes
dicting microstructure for a given compo10 to 16 percent nickel range.
sition. The diagram had curved lines, as
The science of welding with austenite
seen in Fig. 1, defining regions of austenfiller materials became a high interest
Ni + 0.5Mn + 30C
ite, ferrite, martensite, troostosorbite
topic just prior to and during World War
(Cr + 2Mo - 16)2
(very fine pearlite), and regions of combiII. Besides the need to produce quality
(2)
+ 14
nations of these phases. The diagram was
stainless steel consumables, the activity in
12
developed based on wrought materials
and not solidified materials.
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Newell and Fleischmann (Ref. 8) were
§281first in developing an expression for
ro
SCHAEFFLER 1947
defining austenite stability as a function of
+ 26
alloy content for this system. They were
also concerned with wrought product.
I 24
AUSTENITE
Maurei^
/
/^haeffler
Their constituitive expression for predict?22
ing the austenite-austenite plus ferrite
boundary is given as:
-

8 10 12 14 16 18 20 22 24 26
CHROMIUM PERCENT

//

Ni =

(Cr + 2 M o - 1 6 )

2

12
+ 30(0.10-C) + 8

Mn

18

2

16

(1)

where the chemical symbols represent
weight percent of that element. Notice in
the Newell-Fleischmann equation that
manganese is reported to be one-half as
effective in stabilizing austenite as nickel.
Carbon was reported to be 30 times
more effective than nickel. Also, chromium and molybdenum were both found
to have a nonlinear relationship with
nickel, which is consistent with the curve

282-s I OCTOBER 1985

/ /

AUSTENITE

+

S

FERRITE

14

d 12
9. 10
z
8

A +

7^-

M

s

s

Schaeffler
A

(A + M)
I

I

^

^+M+F) '
I

i

i

+ U
I

I

T—

Maurer

14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 3 3

CHROMIUM EQUIVALENT (Cr + 2-5 Si + 1-8 Mo + 2 Cb)
Fig. 2 — The Schaeffler diagram of 1947, which indicates some of the primary phase boundaries,
compares the curve from Maurer's nickel-chromium diagram to the Schaeffler diagram which uses
nickel and chromium equivalent equations. Notice the coefficient used for the chromium
equivalent equation and that the lines are not linear

Post and Eberly (Ref. 22), w h o were
concerned with austenite to pseudo-martensite transformation during cold working, reported the following equation for
austenite stability:
Ni + 0.5Mn + 35C =
(Cr+ 1.5Mo-20)2
+ 15
12

(3)

(4)

Thomas (Ref. 19) suggested the following
more inclusive linear equation for predicting the austenite stability boundary relative to delta ferrite formation:
Ni + 0.5Mn + 30C =
(5)
1.1 (Cr + M o + 1.5Si + 0.5Cb) - 8.2
These were the first steps towards the
linearization of the final Schaeffler and
DeLong diagrams.
Schaeffler (Ref. 17), using the above
concepts for microstructural correlation
and an extensive experimental effort,
made a diagram which had compositional
variables on the axes and ranges for the
specific weld metal
microstructural
phases plotted in the diagram. The coordinates of the diagram were given as
nickel-equivalent and chromium-equivalent, on the vertical and horizontal axes,
respectively. This choice of axes allows
correlation of the effects of the "austenite formers" (Ni, Mn, C, etc.) and the
"ferrite formers" (Cr, M o , etc.) on the
final microstructure. One of the original
Schaeffler diagrams is seen in Fig. 2.
The original Schaeffler nickel equivalent equation, which has compositions
given in weight percent, is described (Ref.
17) as follows:
Ni(eq) = Ni + 0.5Mn + 30C

IO
+

(6)

This equation is consistent with the earlier
finding of Newell and Fleischmann (Ref.
8). This empirical expression indicates
that, in comparison to manganese, nickel
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The Post-Eberly equation was used to
explain austenite stability in the chromium
range of 14 to 25 percent and a nickel
range of 7 to 21 percent. Thus, it was
shown that the Newell-Fleischmann
expressional form was satisfactory in the
prediction of austenite stability relative to
both delta ferrite and martensite.
The concept of equivalence started to
take a more established form when
Campbell and Thomas (Ref. 15) reported
that 25 chromium 20 nickel weld metal
microstructure and mechanical properties could be correlated to small additions
of molybdenum and columbium by
using a chromium equivalent expression, which was written as chromium
equivalent = Cr + 1.5Mo + 2Cb. Binder,
Brown and Franks (Ref. 24) reported
austenite stability relative to delta ferrite
is given by:
Ni + 30C + 26N = 1.3Cr - 11.1
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Fig. 3 — The Schaeffler diagram of 1948 gives a more quantitative description of the ferrite content
and the lines were presented as linear

is twice as effective as an austenite stabilizer. Notice the extremely strong austenite stabilizing influence of carbon. The
original Schaeffler chromium equivalent
equation is given (Ref. 17) by:
Cr(eq) = Cr + 1.8Mo + 2.5Si + 2Cb
(7)
Notice on the original Schaeffler diagram, as seen in Fig. 2, that the phase
boundary lines have curvature. This curvature, which suggests elemental synergistic effects, implies that these equivalence equations should have had cross
terms if the lines on the diagram were to
be linear. The experimentally determined
curved boundary lines between fully austenite weld metal and the austenite-plusferrite region were reported by Schaeffler (Ref. 17) to be expressed mathematically by the equation
Ni e q =

(Creq-16)2
2+ 12

(8)

It is interesting that the quadratic nature
of the austenite stability showed up as
late as 1969, when Griffith and Wright
(Ref. 169) reported the following equation:
Ni + 0.5Mn + Cu + 35C + 27N =
1/12 ( C r + 1 . 5 M o - 2 0 ) 2 + 15

,Q.
^>

(

Notice the similarity of this equation with
the expressions of Newell and Fleischmann (Ref. 8), Feild, Bloom and Linnert
(Ref. 10), and Post and Eberly (Ref. 22),
which were described above. It must be
remembered in reviewing the work of
various investigators that the heat input
(and thus cooling rate) influences the
nature of the solidified microstructure
and will also cause shifts in these
curves.
A Schaeffler diagram, nearly as we
now know it, can be seen in Fig. 3. This

diagram was introduced (Ref. 18) in 1948.
It increased the ability to quantitatively
predict weld metal microstructure, especially in the t w o phase region of austenite
and delta ferrite. Also notice the synergistic influence of chromium on the austenitic stability of nickel. It takes approximately 30 weight percent nickel to stabilize austenite with no chromium, but only
12 weight percent nickel with 19 weight
percent chromium. This diagram has a
chromium equivalent as suggested in
equation 7.
Schaeffler (Ref. 17) also demonstrated
on his original diagram a method to
graphically predict weld metal microstructure as a function of the amount of
base plate dilution. In 1949, Schaeffler
(Ref. 1) reported a modified diagram as
seen in Fig. 4. It is this diagram that is used
today. The major modification is with the
chromium equivalent expression, which
was changed to be
Chromium Equivalent =
Cr + M o + 1.5Si + 0.5Cb

(10)

Seferian (Ref. 27) developed an expression to calculate the amount of delta
ferrite from these nickel and chromium
equivalent expressions. This expression is
given as:
delta ferrite = 3[Creq - 0.93Ni eq - 6.7]

(11)
where the nickel and chromium equivalents are calculated using the Schaeffler
equations.
Two other similar diagrams have been
reported. Schneider (Ref. 25) developed in
1960 a diagram for the prediction of cast
microstructure, as seen in Fig. 5. This diagram introduced cobalt and vanadium to
the nickel and chromium equivalent, respectively. Kakhovskii, et al. (Ref. 26),
reported the diagram illustrated in Fig. 6 for
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Fig. 4 - The Schaeffler diagram of 1949, the diagram which is commonly used to predict
ierritic-austenitic dissimilar weld metal microstructure, had coefficient changes in the chromium
equivalent expression when compared to the Schaeffler diagram of 1948

weld metal, which also quantifies the
alloying influence of vanadium and titanium.
The Schaeffler diagram (Fig. 5) is divided into regions based on the transformation behavior of austenite. Liquid to austenite and austenite to martensite transformations are on the left of the diagram,
while liquid to ferrite transformations are
on the right. The mechanism of this
martensite (diffusionless) transformation
is understandably different from those of
the nucleation-and-growth of ferrite from
liquid.
DeLong and Reid (Ref. 28) investigated
the portion of the original Schaeffler diagram which is important to the compositional range of austenitic stainless steel
and constructed a diagram. This diagram,

seen in Fig. 7, has been very instrumental
in advancing the utilization of stainless
steel, in that it allowed for quantitative
and reproducible prediction of the
amount of delta ferrite. It has been
accepted as practice to expect that austenitic stainless steels should have a single
phase austenitic structure after rolling and
annealing, but 3-8% delta ferrite is
expected in the austenitic weld metal to
reduce the susceptibility of hot cracking
in austenitic stainless steel welds. DeLong
and Reid introduced a modification to the
nickel equivalent expression by adding
the influence of nitrogen. The nickel
equivalent equation, then, is given as
follows:
Ni eq = Ni + 0.5Mn + 30C + 30N
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Tables 1 and 2 list the reported coefficients for elements in the nickel and
chromium equivalent equations for predicting delta ferrite. Much of the apparent variation is due to the broad range of
alloys from which these coefficients were
generated.
Szumachowski and Kotecki (Ref. 30)
have recently found better agreement
between calculated and measured ferrite
numbers for an extended manganese
range, up to 12.5 weight percent, by
using a modified nickel equivalent equation. The original DeLong nickel equivalent expression, which has been found to
be very useful for manganese contents
common to the 300 series stainless steel,
was found to seriously underestimate the

KAKH0VSKII
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Notice that the nitrogen was found to
have the same influence of austenitic
stability as carbon. Long and DeLong
(Ref. 29) made further changes to this
diagram by altering the lines after an
extensive experimental and analytical
analysis to improve its ability to predict
delta ferrite. This diagram is given in Fig.
8. They also made some evaluation of- the
experimental and statistical error in its
use. They found that with filler metals of
types 308, 308L and 347 stainless steels
the Schaeffler and DeLong diagrams are
essentially equal, except at high nitrogen
levels, in their ability to predict stainless
steel weld metal microstructure. The
Schaeffler diagram, as reported in Fig. 9,
was found to underestimate the ferrite
content for the filler materials of types
316, 316L and 309 stainless steels. The
revised DeLong diagram was determined
to be an improvement for these higher
alloyed stainless steels. Long and DeLong
(Ref. 29) reported that their diagram is
fairly insensitive to typical heat input variations found in arc welding.
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Fig. 5— The Schneider diagram, which was developed for cast materials,
reports the influence of cobalt and vanadium on the nickel and
chromium equivalent expressions
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ferrite number of weld metal above 2.5
weight percent manganese. They replaced the 0.5Mn term by a small constant. The modified nickel equivalent was
reported to be
Ni eq = Ni + 30(C + N) - 0.35

DELONG and REID I956
% Ferrite

(13)

The coefficient for manganese in the
nickel equivalent equation has been in
question ever since the first Schaeffler
diagram (Ref. 19). It has been reported,
based on armor welding during World
War II, that above 4 percent manganese
there is some question about the use of a
coefficient of vi. Hull (Ref. 31) investigated stainless steel castings with high manganese contents and reported the diagram that is seen in Fig. 10. Figure 10
indicates the austenite to delta ferrite
boundary. The nickel equivalent, which
also has terms for cobalt, copper and
nitrogen, has t w o terms for manganese:
one linear term with a coefficient of 0.11
and a square term with a coefficient of
0.0086.
The molybdenum coefficient has been
reported to have a value between one
and two, as seen in Table 2. Kotecki (Ref.
32) reexamined the effect of molybdenum on the ferrite number and the chromium equivalent expression. The DeLong
chromium equivalent expression, as seen
in equation 10, suggests that molybdenum additions have the same influence in
promoting ferrite as do chromium additions. Kotecki found that the WRC-DeLong diagram (Fig. 8) overestimated the
ferrite number on the weld metal and this
overestimation can be corrected by using
a molybdenum coefficient of 0.7. In a
similar investigation, Novozhilov, et al.
(Ref. 33), found that the value should be
1.5.

Creq = Cr + Mo + l-5Si + 0 5Cb
Fig. 7— The DeLong and Reid diagram of 1956, which was designed for the range of composition
for stainless steel, introduces the influence of nitrogen to the determination of the amount of delta
ferrite in stainless steel weld metal

Schoefer (Refs. 34-36) developed a
diagram, as seen in Fig. 11, for predicting
the amount of delta ferrite in cast FeCr-Ni alloys. This diagram has the coordinates of the chromium equivalent to
nickel equivalent ratio and ferrite number. Schoefer modified the nickel and
chromium equivalents for use with his
diagram and they are given as follows:
Cr eq = Cr + 1.5Si + M o + Cb - 4.99

(14)
and
Ni e q = Ni + 30C + 0.5Mn +
26(N - 0.02) + 2.77

The Schaeffler and Schoefer diagrams
would be expected to predict different
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The concept of the Potak and Sagalevich diagram construction (Ref. 37) has
also been extended by Barmin and Korolev (Ref. 38) to the prediction of the
amounts of martensite, austenite and primary Laves phases. Figure 13 illustrates a
diagram which has vertical axis parameter
given by:

1,3
S 12
UJ

„ „
' '

l 3

results since the solidification and cooling
rates are very different.
Potak and Sagalevich (Ref. 37) proposed a new form for constitutional diagram (Fig. 12) for the prediction of stainless steel cast and weld metal microstructure. This diagram has a horizontal axis
for ferrite stability expression called the
ferrite formation equivalents, Cr^q, and a
vertical axis for martensite stability called
the martensite formation chromium
equivalent, Cr£q. These chromium equivalent expressions, which are given in Fig.
12, are very comprehensive in considering potential alloy additions. The elemental coefficients are different, depending
on whether they are relating to a martensitic or liquid to ferrite transformation.
This diagram is reported to allow for
better ability to predict in the region of
martensite-ferrite-austenite triplex weld
metal microstructure. The coefficients KM
and Kp for carbon and nitrogen vary from
25 to 65, depending on the carbon
and nitrogen concentrations and the type
of transformation being described. A KM
and KF diagram is incorporated into Fig.
12 to allow for the selection of these
coefficients.

s s

, = 18 - 1.5Ni + 0.1Co 0.7Mo - 0.5Ti - 0.2Si

(16)

17

18
19
20
21
22
23
24
25
26
27
where By represents austenite stability
CHROMIUM EQUIVALENT (Cr + Mo + I 5 Si + 0 5 Cb)
expression. When By — 0, this equation
describes the phase boundary between
Fig. 8 — The Long and DeLong diagram of 1973 improved the accuracy of the earlier DeLong and
Reid diagram and also introduced the scale for ferrite number
martensite and martensite-austenite at
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Fig. 9 - The Schaeffler diagram of 1949 with a refined percent ferrite scale
room temperature. The horizontal axis is
described by a parameter, ft, where
ft = 2 . 5 - 0.01 N i - 0 . 0 6 C o 0.12Mo - 0.50Ti - TOOSi
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where ft relates the influence of alloy
composition to promote Laves phase
formation.

Role of Delta Ferrite
The hot cracking susceptibility of austenitic stainless steels is reduced with a
duplex microstructure (Refs. 39-68).
Investigators contend that three to eight
volume percent delta ferrite is required
to reduce hot cracking susceptibility.
However, ferrite is not a sufficient condition to prevent hot cracking. Recent
investigations have shown that a primary
ferrite solidification mode is also necessary (Refs. 69-104). To ensure primary
ferrite solidification, alloy composition
must lie on the effective chromium-rich
side of the liquidus projection line on the
Fe-Cr-Ni phase diagram shown in Fig.
14.
The liquidus line starts on the ironnickel as a peritectic three phase reaction.
The peritectic behavior will occur until
the liquidus line crosses the austenite
solidus line, which occurs at approximately 8 weight percent chromium and 5.5
weight percent nickel. After crossing the
austenite solidus, the liquidus stays
between the ferrite and austenite solidus
lines, which represents the eutectic type
reaction that is illustrated in the isopleth
shown in Fig. 15. Fredriksson (Ref. 105)
has investigated the solidification behavior in iron-base alloys in the region where
there is a transition behavior from peri-
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tectic to eutectic reaction behavior.
Suutala, et al. (Refs. 73, 74), determined the liquidus projection line as a
function of modified nickel and chromium equivalent expressions, as seen in Fig.
16. He clearly distinguishes the regions of
primary ferrite and primary austenite.
Suutala indicates the location of the liquidus line on the DeLong diagram in Fig.
17. It is clear from Fig. 17 that not all
ferrite is primary ferrite and that using
ferrite content as a measure of hot cracking susceptibility must be done with discretion. Suutala (Ref. 74), Vitek and David
(Ref. 102), and Lippold (Ref. 167) have
illustrated that the boundary between
primary austenite and primary ferrite

solidification is not just a function of weld
metal composition, but is a function of
the growth rate when the welding process promotes growth rates greater than
10 mm/s (0.39 in./s).
Delta ferrite amount, morphology and
distribution required to produce optimal
weld strength were determined to be
service temperature dependent. At low
service temperatures, delta ferrite has a
ductile to brittle transition temperature
(Refs. 106, 107). Therefore, a weld metal
microstructure containing a low ferrite
content with a noncontinuous network is
desired to limit brittle crack propagation.
Less than eight volume percent delta
ferrite is required to insure a noncontinuous network. For each type of austenitic
stainless steel, there is a specific volumepercent of delta ferrite which yields optimum strength.
At high temperature, delta ferrite transforms to sigma phase, which is brittle
(Refs. 108-110), thus, also requiring control of the ferrite content. For type 316
stainless steel, five volume percent delta
ferrite provides a noncontinuous network and optimum high temperature
creep strength (Ref. 110).
The Fe-Cr-Ni-N W e l d M e t a l System
Small amounts of nitrogen in austenitic
stainless steels have been known to alter
microstructure-sensitive properties and
are probably the greatest source of error
in using the diagrams. Early investigators
studied nitrogen as a solid solution
strengthener and as a potential substitute
for a certain amount of nickel in austenitic
stainless steel (Refs. 111-119). It was
determined that nitrogen acted as a solid
solution strengthener similar to carbon;
however, the nitrogen strengthening

Table 1—Nickel Equivalents for Delta Ferrite Prediction

(a)

Mn2

C

N

17.0
30.0

11.0

0.5

1.0

0.5

30.0

1.0
1.0
1.0
1.0
1.0
1.0

0.5
0.5
0.5

30.0
30.0
30.0
30.0
27.0
30.0

30.0
30.0
20.0
37.0
10-25

1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.5
0.11
0.5
0.31
0.5
0.5

30.0
24.5
30.0
22.0
30.0
30.0
30.0

18.4
13.6
14.2
30.0
8-45.0
30.0

Ni

Mn

I.O
l.O

0.5
0.5

Ota)

0.82

M n functionality is replaced by a constant of 0,35.

Cu

Co

0.3

0.5
0.6

0.44
1.0

0.4

1.0
0.41

Investigators

Ref.

Avery
Feild, Bloom and
Linnert
Henry, Claussen and
Linnert
Schaeffler
Ferree
DeLong and Reid
Cuiraldenq
Potak and Sagalevich
Castro and de
Cadenet
Schneider
Hull
Okagawa, et al.
Suutala
Kakhovskii, et al.
Norozhilov, et al.
Kotecki

166
10
164
1
165
28
64
37
58
25
31
124
126
26
33
30

effect was found to be temperature
dependent (Refs. 120-122).
Small nitrogen variations alter delta ferrite content in weld metal microstructures
(Refs. 29, 33, 123-127). Investigators
have empirically described the austenitizing effect of specific alloying elements
relative to nickel (Ref. 17). A variety of
nitrogen coefficients have been determined (Refs. 28, 29, 33, 74, 124, 125, 128)
for these nickel equivalent expressions
and are listed in Table 1. The recent
values of 13 to 14 for the 18Cr-8Ni
stainless steel weld metal are probably
better estimates than the earlier reported
value of 30. The weld metal nitrogen
content of austenitic stainless steel was
found to be a function of the welding
variables (Refs. 129, 130).
The weld metal concentration has
been measured as a function of the
partial pressure of nitrogen in the argon
shielding gas. The weld metal nitrogen
content has an apparent parabolic relationship (Refs. 77, 93, 131). Arata (Ref.
131) reported data which suggests that
the base metal nitrogen content is in a
form which does not take part in the gas
solubility reaction during welding. The
observation develops from the fact that
the weld metal nitrogen content is the
same as the original base metal when the
pure argon shielding gas is used (Ref.
131). The total weld metal nitrogen content is the sum of the residual nitrogen
content of the melted base metal and the
nitrogen picked up from the shielding
gas-metal interaction (Ref. 124).
Since the base metal nitrogen content
apparently does not enter the gas-metal
equilibrium during welding, Okagawa, et
al. (Ref. 124), normalized the weld metal
nitrogen concentration data by subtracting the base metal nitrogen concentration

Table 2—Chromium Equivalents for Delta Ferrite Prediction
Cr

Si

Cb

Mo

1.0 1.6
1.0
1.0
1.0 2.5
1.0 1.0

2.8
2.0
2.0
2.0

2.0
1.5
1.8
2.0

1.0 1.5
1.0 1.5
1.0
1.0 1.5
1.0 1.5
1.0 2.0
1.0 0.48
l.O 1.5
1.0 1.5
1.0 2.0
1.0 1.5
1.0 1.5
1.0
1.0 1.5

0.5

1.0

0.5

1.0
2.0

Ti

Al

W

V

Ta

5.0

3.5

0.9
0.14
1.0
0.5

1.21
1.0
1.0
1.5
1.0
1.37
1.5
0.7

2.0
0.5

4.0
4.0
2.2

3.0
4.0
2.48

1.5
2.27

0.21
0.5

2-5
3.5
3.0

0.5

5.0
1.0

from the measured weld metal nitrogen
concentration. When the normalized
nitrogen concentrations squared is plotted as a function of nitrogen shielding gas
partial pressure from the data of a number of investigators (Refs. 77, 117, 124),
all the data correlated well, suggesting
that most investigators observed the
same gas-metal reaction.
Soluble nitrogen was found to have a
major influence on the weld metal microstructure; in particular, the quantity and
distribution of delta ferrite. The base
metal nitrogen is apparently in a form
which does not influence the weld metal
solidification behavior. Figure 18 includes
the ferrite content measurements of
Okagawa, et al. (Ref. 124), Cieslak, et al.

Mn

Investigators

Ref.

Avery
Feild, Bloom and Linnert
Campbell and Thomas
Schaeffler
Henry, Claussen and
Linnert
Schaeffler
Ferree
Runov
DeLong and Reid
0.45 Cuiraldenq
Potak and Sagalevich
Hull
Schoefer
Castro and de Cadenet
Schneider
Kakhovskii, et al.
Suutala
Norozhilov, et al.
Kotecki

166
10
15
17
164
1
165
66
28
64
37
31
36
58
25
26
126
33
32

(Ref. 77), and Espy (Ref. 117) as a function
of normalized weld metal nitrogen content. The agreement suggests that the
ferrite content is not a function of the
total weld metal nitrogen, but only a
function of that part which is in solid
solution. These findings again suggest that
the base metal nitrogen is in a form which
does not influence weld metal solidification behavior during the short period of
the welding cycle. The large variation in
nitrogen coefficient for the nickel equivalent expression is probably associated
with correlating both the nonsoluble and
soluble nitrogen contents to the weld
metal microstructure.
Molinder (Ref. 132) has reported that
weld metal microstructures of titanium
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steel cast and weld metal microstructure
stabilized grades of austenitic stainless
steel cannot be accurately predicted by
the DeLong diagram. The influence of
carbon and nitrogen to promote the
austenite phase in these stabilized stainless steels is reduced by the removal of
these elements from solution by titanium
carbide and nitride formation. The ferrite
forming ability should be related to the
residual uncombined titanium and not the
total titanium content. For titanium stabilized weld metal, Molinder reported that
this grade can be considered as unstabilized steel with C + N greater than 0.030
weight percent.
Pryce and Andrews (Ref. 133) have
introduced expressions to calculate effective titanium and columbium contents to
be used to predict solid solution stability.
These equations subtract the titanium
and columbium contents which are
assumed to be tied up as precipitates.
These equations are given as:
T y = Ti - 4 [(C - 0.03) + N]
Cbeff = Cb - 8 [(C - 0.03) + N]

(18)
(19)

It is not surprising that there is a large
discrepancy in the nitrogen coefficient,
considering it is very difficult to determine the most significant nitrogen content which is the nitrogen that is in solid
solution.
One method to account for the proper content of alloying addition which is to
be used for the prediction of phase
stability is by the PHACOMP analysis
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(Refs. 133, 134). PHACOMP analysis has
been used to predict whether a superalloy will produce sigma phase. This analytical approach determines the amount of
the alloy contents that are associated
with precipitates or second phases and
adjusts the alloy contents to obtain the
content of the solid solution. The PHACOMP uses the adjusted composition to
make microstructural prediction.
The Fe-Mn-Ni-Cr Austenitic W e l d
Metal
The Fe-Mn-Ni system was first investigated by Parravano (Ref. 136). Later,
Rapatz (Ref. 137), Spraragen and Claussen (Ref. 138), Avery and Chapin (Ref.
139), Avery (Ref. 140), Danhier (Ref. 141),
DeLong (Ref. 142), and DeLong and Reid
(Ref. 143) made important contributions
for welding applications. Hochmann (Ref.
144) and Tavadze and Grikurov (Ref. 145)
have reported on the complex role of
manganese additions in austenitic stainless steels. The phase stability of FeMn-Ni-Cr austenitic weld metal was
recently evaluated by Self, et al. (Ref.
146), over a composition range greater
than that considered by the original
Schaeffler construction. The weld metal
microstructures for compositions less
than 18 weight percent chromium consist
of austenite and martensite in volume
fractions which range from fully austenitic
to fully martensitic weld metal. Self,

Olson and Matlock (Ref. 146) were interested in the ability of the Schaeffler nickel
and chromium equivalent expression to
predict the martensitic transformation in
high alloy weld metal.
The effect of alloying upon the M s
temperature in low-chromium alloy steels
has been previously reported (Refs. 147149), though not specifically for weld
metal. The Andrews equation, with alloy
contents in weight percent,
M s = 539 - 423C - 30.4Mn •
1 7 . 7 N i - 12.1Cr- - 7.5Mo

(20)

has been found to predict the approximately 100 percent-austenite phase
boundary in an Fe-Mn-Ni weld metal
system with chromium contents of less
than five weight percent. Thus, by assuming that the martensite start temperature,
M s , of interest is 20°C (68°F), equation 20
reduces to
17.07 - 13.9C - Mn - 0.58Ni
0.40Cr - 0.25Mo = 0

(21)

Self, et al. (Ref. 146), found that equation 21 describes well the martensite start
temperature for their Fe-Mn-Ni-Cr weld
with chromium contents less than one
weight percent. It should be noted that
this expression (equation 21) is not consistent with the expressions used by
Schaeffler since it is apparent that manganese was found twice as effective at
austenitizing than nickel, just opposite of
the Schaeffler suggestion. With Fe-Mn-
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Ni-Cr weld metal with chromium content
in the range of nine weight percent,
significant departure was found for the
100 percent-austenite boundary predicted from an evaluation of the
Andrews equation. For this chromium
level, manganese and nickel exhibit
approximately equal efficiencies in stabilizing austenite. At nine percent chromium the manganese and nickel relationship
to austenite stability is also not correctly
described by 0.5Mn:1Ni relation suggested by Schaeffler (Ref. 1) at this chromium
concentration.
However, Eichlemann and Hull (Ref.

19

150) have shown that at even higher
chromium levels (greater than 16%) the
Mn:Ni coefficient ratio does approach
the value suggested by Schaeffler. Using
their martensite start temperature of
20°C (68°F), the austenite-martensite line
is described by
38.59 - M n - 50.1(C + N) 1.83Ni- 1.25Cr - 0.83Si = 0

,

{ll)

It is apparent that the effect of nickel to
stabilize the austenite phase is being
enhanced and/or the effect of manganese is being retarded by the addition of
chromium. The former is indicated, since

the synergistic effect of chromium and
nickel on austenite stabilization in stainless
steels has already been reported (Ref.
151). A best-fit general criteria for the
range of 0-16 weight percent chromium
to achieve fully austenite weld metal has
been reported by Self, Olson and Matlock (Ref. 146) to be:
M n + [0.0833(Cr) + 0.5]Ni +
0.0742(Cr)2 - 1.2Cr > 14.00

(23)

Self, Olson and Matlock (Ref. 146)
simplified their austenite stability criteria,
rearranged variables and replotted their
room temperature martensite start com-
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positions in Fig. 19. Both original Schaeffler data and their o w n were plotted to
test their modified nickel equivalent
expression. Apparently, the original nickel
equivalent expressions cannot describe
both regions of the Schaeffler diagram
accurately (the solidification formation of
delta ferrite and the athermal martensitic
transformation).
It should be noted from equation 23
that there is an interaction between chromium and nickel, and a self-interaction of
chromium, as indicated by the (Cr)2 term.
The 0.083(Cr)(Ni) term expresses the synergistic stabilization of austenite by nickel
and chromium, while the (Cr)2 term is an
expression of non-ideal solution behavior
of chromium, which becomes appreciable when chromium atoms become nearest-neighbors for compositions greater
than six percent chromium. It is also
interesting that the (Cr)2 term was in early
equations of Newell and Fleischmann
(Ref. 8), Feild, Bloom and Linnert (Ref. 14),
and Post and Eberly (Ref. 22).

ond phases. Figure 20 indicates the calculated austenite-martensite start boundary
line as a function of service temperature.
Notice the large shift in this boundary as
the temperature approaches cryogenic

Fe-Mn-Ni-AI W e l d M e t a l Alloy
System
The Fe-Mn-Ni-AI alloy system offers an
austenitic matrix by proper alloying with
manganese, nickel and aluminum additions. These alloys can have mechanical
properties and corrosion resistance similar to the Fe-Cr-Ni austenitic stainless
steels (Refs. 153-157). The austenitic
phase stability for this weld metal alloy
system has been characterized by Carpenter, Olson and Matlock (Ref. 158).
Their results are illustrated in Fig. 2 1 .
Notice that both alpha and epsilon martensite can form from austenite in this
alloy system. The upper right corner of
the diagram achieves a microstructure
very similar to type 308 stainless steel
weld deposit, which is characterized by
an austenitic matrix and an aluminum-rich
delta ferrite phase. The nature of the
stability of aluminum-rich ferrite still
needs further investigation if Fe-Mn-Ni-AI
weld metal is to substitute for the traditional Fe-Cr-Ni weld deposits. Notice the
similarity between Fig. 21 and the original
Schaeffler diagram in Fig. 4.

Self, Olson and Edwards (Ref. 152),
using a statistical regression analysis of the
data from 16 different investigations,
obtained an expression for martensite
start temperature as a function of alloy
composition. This equation is given as:
Ms = 5 2 6 - 1 2 . 5 Q - 1 7 . 4 N i 29.7Mn - 31.7Si
- 3 5 4 C - 20.8Mo - 1.34(CrNi) +
22.4(Cr + Mo)C

better expressional form for these microstructural predictive equations. It is anticipated that the new expressional forms
may be better suited to predict weld
metal microstructure and properties over
a larger compositional range. For a transformation to occur, t w o main conditions
must be fulfilled. First is the thermodynamic desire for the transformation. Second is the kinetics of the transformation,
which involves the mechanism and rate
of the reaction. The martensitic transformation is most sensitive to thermodynamic desire (Refs. 148, 160), whereas
the delta ferrite formation is more likely
coupled to kinetic considerations.
Considering
the
austenite-ferrite
transformation, the thermodynamic desire for transformation is given by:

, , .,
[
^>

AG7^„ = AG?0,-AGI01

Using a modified regular solution model, this free energy change is composed
of t w o sets of summations (Ref. 1) —the
contribution of individual alloying elements and (Ref. 2) the interaction term of
the alloying elements (cross product
terms). If the microstructural sensitivity
property, P, is directly related to the
amount of transform product, Liu, et al.
(Ref. 159), suggest the following expressional form should be considered:
P = KNlNi + K M n Mn + KsiSi +
KCrCr + Kcr-MnCrMn + KosCrSi . . .

This equation does incorporate the
switch in the relative austenite stability
experienced for manganese relative to
nickel that was reported by Self, Olson
and Matlock (Ref. 146) with variations in
chromium content. Equation 24 also corrects for the loss in austenite promotion
(Nieq) and ferrite promotion (Creq) due to
some of the carbon, chromium and
molybdenum being depleted from the
solid solution with the formation of sec-

(25)

Thermodynamic and Kinetic
Approaches in the Development
of Expressions for Weld Metal
Behavior Prediction

nM
[zb

>

If the set of cross product terms is not
considered, the expression suggests
forms similar to the ones used for nickel
and chromium equivalent equations. It
becomes apparent that much of the
information about alloying behavior is
lost without the interaction terms, especially for the alloys with high alloying

In contrast to the experimentally determined expressions discussed above, Liu,
Matlock and Olson (Ref. 159) considered
a fundamental approach to establish a
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Fig. 19 — The martensite start composition for room temperature as a
function of modified nickel and chromium equivalents. The Schaeffler
original data was used with the results of Self et al, to determine this
line

contents. The expressional form given in
equation 26 should be consistent with the
evaluation of the martensitic transformation on the left side of the Schaeffler
diagram.
If the kinetics is controlling the transformation, the phase stability (thermodynamic) criteria will not be sufficient for
the alloy behavior prediction. It is essential to consider the transport of elements,
which controls the rate of the transformation. Considering the free energy difference resulting from the difference in
chemical potential for a specific element
and using a modified regular solution
model to describe the phases involved in
the transformation, Liu, et al. (Ref. 159),
suggested a general solution of the following form for the nickel and chromium
equivalents:
Ni,eq = Ni [1 + k M n Mn
+ k N N + k c C]

(27)

Crec, = Cr [1 + ksjSi +
k M o Mo 4- kNbNb + kTjTi]

(28)

These nickel and chromium equivalent
expressions should better fit the right side
of the Schaeffler diagram where the
solidification behavior controls the weld
metal microstructure.
Once again, the form obtained is quite
different from the nickel and chromium
equivalent expressions found in the literature. Instead of only a simple summation
of single element effects, a cross term
(product term) should be introduced to
describe the importance of the interaction between the specific element and
the other alloying elements.

The Influence of Heat Input
on Austenite Phase Stability
in W e l d M e t a l
Coring, which results from segregation
of solidification, can be observed in weld
metal microstructure. The nonhomogeneous distribution of alloying elements
associated with this phenomenon is
revealed by the corrugated microstructure. The nominal (average) weld metal
composition of the alloying elements may
be quite different from that of the composition at any given position in the weld
metal. Therefore, the compositional fluctuation (above and below the nominal
composition) must also be considered.
In the case of highly alloyed ferrous
materials, the resulting solidification will
proceed with a primary austenite or ferrite phase (depending on the composition) in the form of a dendrite or cells
depleting or segregating specific alloy
additions into the liquid adjacent to the
solid interface. The nature and amount of
sequential transformation which occurs
on cooling will depend on the stability of
these regions and the thermal experience. One of the ways of expressing the
austenite stability for cored material, such
as with weld metal, is to assume that a
sinusoidal distribution function can be
applied to each of the segregating elements, for example:
/2TTX\

Cr = Cr0 + ACr Sinl
1
" X0 /

are segregated to the interdendritic
region, then sine function is used for
those elements. But if specific elements
are rejected from this interdendritic
region, cosine functions are to be used
for them. By substituting these sinusoidal
element composition equations into the
nickel and chromium equivalent expressions suggested above, the variation of
the austenite stability relative to a homogeneous material can be calculated by
integrating the nickel or chromium equivalent equation from X 0 /2 to X0, where X0
is the dendritic spacing. The resulting
forms should allow for the influence of
cooling rate. The dendrite spacing is a
function of cooling rate, which suggests
that austenite stability increases for fast
cooling rates and lower heat input. Self
homogenization during cooling will be
more complete for a smaller dendritic
spacing; that is AMn, ANi, and ACr are
smaller. For an improvement to the sinusoidal distribution model, a multiple component Scheil equation (Refs. 161, 162,
168) should be developed and considered. Such a modified Scheil equation
should more adequately describe the
solidification behavior of a dendrite.
However, the high temperature of the
welding process and the self-annealing
effect suggest that the sinusoidal distribution approach is likely to give a good first
order approximation of weld metal
microstructure.

(29)
Conclusions

where Cr 0 is the nominal composition
and the ACr is the amplitude of the
sinusoidal distribution. If some elements

With the advent of artificial intelligence
computer information retrieval systems, it
is essential that our quantitative ability to
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Fig. 20 — The martensite start composition for various temperatures as a
function of modified nickel and chromium equivalents. The (Cr+Mo)C
term is only used if extensive carbide precipitation is probable
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predict austenitic w e l d metal microstruct u r e and p r o p e r t i e s be carefully r e v i e w e d
and analyzed. It is essential that t h e m o s t
c o m p r e h e n s i v e quantitative expressions
f o r p r e d i c t i n g m i c r o s t r u c t u r e as a f u n c t i o n of c o m p o s i t i o n and t h e r m a l experie n c e be used in t h e s o f t w a r e f o r these
n e w c o m p u t e r aided design a p p r o a c h e s
f o r c o n s u m a b l e selection. This p a p e r
r e v i e w e d the e v o l u t i o n o f m a n y of o u r
present day diagrams f o r p r e d i c t i n g w e l d
metal m i c r o s t r u c t u r e associated w i t h the
use o f austenitic filler materials and suggests s o m e n e w analytical f o r m s f o r
f u t u r e predictive techniques. It is anticip a t e d that w i t h the increase in the
numerous
phase transformations
inv o l v e d w i t h austenitic w e l d deposits as
t h e alloy additions are e x p a n d e d , f u t u r e
predictive techniques will rely o n m a t h e matical expressions rather than diagrams
to make comprehensive
quantitative
phase p r e d i c t i o n o f w e l d m e t a l m i c r o structure.
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This bulletin contains t h r e e s u m m a r y reports prepared by the Japan Pressure Vessel Research
Council (JPVRC) Subcommittee on Hydrogen Embrittlement:
1) " H y d r o g e n Attack Limit of 2Vi C r - 1 Mo Steel," by Task Group I;
2) " E m b r i t t l e m e n t of Pressure Vessel Steels in High Temperature, High Pressure Hydrogen Environm e n t , " by Task Group II; and
3) " H y d r o g e n Embrittlement of Bond Structure Between Stainless Steel Overlay and Base M e t a l , " by
Task Group III.
The three Task Group reports were translated and summarized for publication by JPVRC and have
been reviewed and edited by the U. S. PVRC Subcommittee on Hydrogen Effects for publication in this
bulletin.
The price of WRC Bulletin 305 is $14.00 per copy, plus $5.00 for postage and handling. Orders should
be sent with payment to the Welding Research Council, Rm. 1 3 0 1 , 345 E. 4 7 t h St., New York, NY
10017.
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Papers are solicited for the A S M / A W S / W R C - s p o n s o r e d conference on "International Trends in
Welding Research," to be held in Gatlinburg, Tenn., May 18-22, 1986. This eight-session symposium will
cover heat and fluid flow problems in welds, solidification, solid state transformations, mechanical
behavior of welds, and welding processes and process c o n t r o l . Conference proceedings will be published.
Submit abstracts up to 300 words by November 15, 1985, to S. A. David, Materials Joining Laboratory,
Metals and Ceramics Divisions, Oak Ridge National Laboratory, P. 0 . Box X, Oak Ridge, TN 3 7 8 3 1 .
Inquiries for future information should be addressed to American Society for Metals (ASM) Conference
Dept., Metals Park, OH 4 4 0 7 3 .
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