Modelling of materials properties in duplex
stainless steels
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Work is being undertaken to develop a new multiplatform software programme for predicting a wide range of
materials properties for various alloy types. These properties include thermophysical and physical properties,
mechanical properties, time — temperature transformation (TTT)/continuous cooling transformation diagrams etc.
and the calculations are being applied to a variety of multicomponent alloy types, such as Ni based superalloys,
steels, Ti alloys, Al alloys. The current paper concentrates on duplex stainless steels and describes the scientific
background used for the calculation of TTT diagrams and mechanical properties for these materials. It is shown that
there is very good agreement between the calculated TTT diagrams and the observed results from the literature for
the formation of the 4, y, and the chromium rich o’ phase, while the calculated proof stress, tensile stress and
hardness are in good agreement with the available experimental data. The effects of solution treatment temperature

and the volume fraction of & phase on mechanical properties are also discussed.
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Introduction

Duplex stainless steels (DSSs), which normally contain
22-25Cr, 2-4Mo, 4-7Ni, and 0-1-0-27N (wt-%) and
approximately equal amounts of ferrite («) and austenite (y),
have many applications owing to their excellent combi-
nation of mechanical strength, toughness, and corrosion
resistance. (All compositions in this paper are given in wt-%
unless otherwise stated.) The various grades of DSS are
usually defined by the pitting resistant equivalent number
(PREN), which can be expressed as'

PREN = [Cr] +3-3(Mo]+0:5(W)+16[N] . . . . (1)

Duplex stainless steels can then be categorised as low
alloyed (PREN: 24-25), medium alloyed (PREN: 29-35),
high alloyed (PREN: 36-39), and super duplex (PREN>
40). Typical compositions of these grades are listed in Table 1.

Adding further Cr, Mo, W, and N could theoretically
result in the development of alloys with improved pitting
corrosion resistance. However, the level of addition is
limited by the solubility of nitrogen in the matrix and by
the fact that chromium, molybdenum and tungsten partition
to the ferrite phase. This in turn promotes the formation of
various types of precipitates,” for example, o and y form at
higher exposure temperatures (550 - 1000°C), while o’ forms
in the temperature range 300-500°C, the so called 475°C’
embrittlement.* The formation of these phases results in
the depletion of alloying elements in solid solution, which is
detrimental to toughness and corrosion resistance. Therefore,
prior knowledge concerning the stability of the various pre-
cipitates and their kinetics of formation is highly desirable
both for application to existing grades and for the design of
new alloys. To this end, the ability to accurately model time —
temperature transformation (TTT) diagrams represents an
invaluable tool for the practical user of these alloys.

Additionally, it is well known that both the relative
amounts of austenite and ferrite and their grain size will
affect the mechanical properties of stainless steels. Most
of the formulae developed so far to calculate mechanical
properties have relied on regression analysis. In this case the
input data is the composition of the alloy, volume fraction
of the phases and their grain size.** This can be a time
consuming procedure, usually reliant on experiment to
provide data on volume fractions, with no guarantee that

the desired combination of compositions and phases is
realisable in practice. Recently, a new approach, which
combines the results of CALPHAD predictions with cal-
culation of mechanical properties, has been developed and
applied to various multicomponent solid solutions.® This
method starts with the prediction of the volume fraction
and composition of the phases that result from a particular
alloy composition and heat treatment, and simultaneously
calculates selected mechanical properties in the same soft-
ware package.

The present paper begins with a brief outline of the
models used to calculate the TTT diagram and mechani-
cal properties. This work is part of a more comprehensive
computer programme, called JMatPro, developed to model
materials properties for commercial multicomponent
alloys.” The intention of the present work is to demonstrate
the application of this approach to a wide range of DSSs,
with the purpose of providing reliable models for the
calculation of TTT diagrams and mechanical properties.

Description of model

THERMODYNAMIC CALCULATION OF PHASE
EQUILIBRIA

One of the most critical factors in the successful modelling
of materials properties is the ability to accurately calculate

stable and metastable phase equilibria. The present work
utilises what has become known as the CALPHAD method.®

Table 1 Typical chemical compositions of duplex stain-

less steels
Composition, wt-%
Standard Other
Tradename (UNSS) Cr Mo Ni N elements PREN*
SAF 2304/UR 35N 32304 23 02 4 007 .. 25
SAF 2205/UR 45N 31803 22 3 53 0-17 ... 35
UR 52N 32550 25 3 6:5 0:18 1-6Cu 38
SAF 2507/UR52+ 32750 25 38 7 027 .. 42
ZERON 100 32760 25 36 7 025 0-7Cu, 41

0-7W

*PREN pitting resistant equivalent number.
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The roots of the approach lie in the mathematical des-
cription of the thermodynamic properties of the phases of
interest. Once the thermodynamics of the various phases are
defined, phase equilibria can be calculated using Gibbs energy
minimisation.” The current work uses the thermodynamic
calculation facility EQLib, described in a previous paper.’

CALCULATION OF TIME-TEMPERATURE
TRANSFORMATION DIAGRAMS

The evolution of the volume fraction x of a product phase
during solid state transformation can be described using
the classical Johnson—Mehl - Avrami equation,'®!! which,
for spherical particles and isothermal conditions, can be
expressed as

Vv b4
x= =1—ex (——NG3I4). A ]
Ve D) p{—3 NG 2
where T is the temperature, V is the volume fraction
transformed at time ¢, V.4 is the equilibrium amount of
precipitate, N; is the nucleation rate, and G, is the growth
rate. A more general representation takes the form

x=l—exp(=K" . . . . . . . . .. .03

where K is a constant, subsuming cffects associated with
nucleation and growth, and usually empirically evaluated
for each temperature, and » is the time exponent, often
referred to as the Avrami exponent. In order for equa-
tion (3) to be applied successfully, it has long been known
that # can vary in the range 1 —4. Often, the various values
of n are linked to factors such as shape, whether the
nucleation or growth rate is constant or whether nucleant
site saturation has been achieved. The effect of shape can be
demonstrated by considering the growth of a disk when
equation (3) becomes

x=1-—exp (——;:—N,IOG,ZP) N 3

where /, is the constant thickness of the plate. If there is
site saturation of nucleation sites, the equation for disks
becomes

x=1—~exp(——7tNolont2) T )

where N, is the total number of active nucleant sites. It can
be seen that these conditions reduce the power to which ¢
needs to be raised. An extreme case would be for growth of
a cylindrical needle combined with nucleation site satura-
tion, in this case

x=1—exp[—n(do /2’ NoGrt] . . . . . . . . (6

where d, is the constant diameter of the needle. In these
simple cases, the Avrami exponent takes integer values
of between 1 and 4. However, it is well known that a wide
variety of non-integer values are needed to take into
account the modelling of real materials such as those studied
in this paper. This may be due to complex morphologies or
non-linear growth rates or the fact that growth occurs by, for
example, both plates and needles. In the latter case, growth
is dependent on a combination of one- and two-dimensional
morphologies. Whichever is the case, if non-integer values
are used for the Avrami exponent, the relevant equation
must be formulated in such a way that dimensionality is
maintained. To this end, the following approximations have
been proposed to take into account the effect of shape.!?
For conditions where steady state nucleation operates
p-p
x=1—exp (—/' < NrG}?t"“) N ()

T oA

While for the case where nucleant site saturation has been
reached, the proposed relation is

x=1—exp(—fI"PN,GPPY . . . . . . . . (8

where f'is a shape factor,!! and /. is a ‘critical dimension’,
equivalent to /, or d, in equations (4)—(6). For ¢ and y, a
value for [, of 50 nm is assumed to be reasonable, and for
the case of «', which forms as very thin disks, /. is taken
as 2-5 nm. Based on equations (2)—(6) values for f'will vary
between 1 and 4. However, it has been found that such a
variation actually makes relatively small changes to the final
calculations and, in the present case, a value of unity has
been assumed.

For the successful calculation of TTT diagrams, the
above equations rely on the ability to calculate both
nucleation and growth rates. In the present work, the
nucleation rate N, was obtained by modifying the previous
equations used by Saunders and Miodownik!? for nuclea-
tion from the liquid to include an effective wetting angle

NoDesr G*
N, = ag exp <—kT)

_ NoDeff _ 167m(3 AIJS1
a2 3NKT AG2,

0

where N, is the number of potential sites for nucleation,
a, is an atomic spacing, G* is the Gibbs energy barrier to
nucleation, k is Boltzman’s constant, N is Avagadro’s
number, T is the temperature, o is a constant relating AH,
to the matrix/nucleus interfacial energy, 0 is a wetting
angle, f(0)=(2—3cosf+cos°8)/4, and AH,,, and AG,, are the
enthalpy and molar Gibbs energy driving force of trans-
formation respectively.

The original derivation of G* assumed that the matrix/
nucleus interfacial energy is related to AH,, via a constant o
and that the surface energy is isotropic in nature,'* which is
unlikely to be the general case in the solid state. Never-
theless, it is considered that the enthalpy of transformation
does play a part in the chemical Gibbs energy part of the

£(6) ®

surface energy and this potentially allows this parameter

to be considered in a comparative and systematic fashion.
The value of the wetting angle is found empirically. It is
taken to represent the efficacy of a heterogeneous nuclea-
tion site and, therefore, subsumes effects associated with the
anisotropic nature of the surface energy. In many of the
cases considered so far, it has been found that 8 is small and
nucleation so easy that conditions of nucleant site satura-
tion apply.!?

The diffusion coefficient Deg in the above equation is
taken as concentration dependent and calculated using the
following expressions

DetT:DgeXp(_Qeff/RT) S (10)
where
D= "xD) . . . . . . ... ...
and
Qeff=inQi R § 1))

In equations (11) and (12), x; is the mole fraction of element
i in the precipitate and D? and Q; are the frequency factor
and activation energy for the diffusion of element i in the
ferrite matrix, Following experimental observation, the pre-
cipitation of the various phases of interest (here, g, x, and
') is taken to occur from the ferrite phase that is formed at
the duplexing temperature and the requisite values of D?
and Q; are taken from literature.'>'¢

The growth rate of a precipitate can be calculated using
the following equation'

Go=pAG . . . . . .1

where p is the interface mobility and combines factors such
as diffusivity (in this case calculated by equations (10)—
(12)) and the atomic vibration frequency. The driving force
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for growth in atomic units is AG and is directly calculated
from AG,,. Explicitly inputting the diffusivity and molar
driving force into equation (13) gives
AGy

G, hDeff(RT)...........(14)
where x is a constant. In the present work x has been
empirically evaluated and its value tested against theoretical
estimates where agreement is very good. Except for a true
invariant reaction, such as a eutectoid transformation, an
important feature is that AG,, can vary as a function of
amount transformed. For example, as growth of a pre-
cipitate from a supersaturated solid solution proceeds to
equilibrium, AG,, can vary between a maximum at the
beginning of transformation and zero on completion. This
creates complications in solving the basic equations. How-
ever, where the amount of transformation remains rela-
tively small, as for the present calculations, the value of
AG,, at the start of transformation may provide a reason-
able approximation. If AG,, varies sharply, or more
substantial fractions transformed need to be calculated,
the decrease in growth rate as a function of x needs to be
considered and this will be discussed in a further paper.'?

In order to perform the TTT diagram calculations, the
first step is to build up a self-consistent diffusion database
for D? and Q; and obtain values of x;, AHy, and AG,, via
thermodynamic calculations. Apart from these terms, spe-
cific parameters for 8, Ny, and p were evaluated for the
various precipitates mainly based on matching the experi-
mental results for transformation in SAF 22057 and
SAF 2507.218

CALCULATION OF MECHANICAL PROPERTIES

The yield or proof stress of single phase materials can be
calculated using the standard Hall - Petch equation'®

oy=ao+kd™'? . . . . . . ... (15

Where g, is the yield or proof stress, g, is the intrinsic
flow stress, k is the Hall — Petch coefficient, and d is the grain
size. Two types of databases for solid solution hardening
have been created: one for flow stress and the other for
Hall-Petch coefficients. These databases are similar in
format to thermodynamic ones in that they comprise input
coefficients for the pure metals and solid solution strength-
ening coefficients as a function of pairwise mixing of
the various elements. It has been reported previously® that
this approach can give a very good result for the solution
hardened 0-2% proof stress in austenitic stainless steels and
ferritic stainless steels. For DSS, the total proof stress can
be obtained by the classical linear laws of mixtures, which is
a special case of a more generalised approach?®

Gy=G§CCK‘CC+GSCCVbCC. B 0 1))

where 6™ and ¢ ;‘“ are the proof stress for the austenite and
ferrite p%ase respectively and Vi, and ¥V, are the volume
fraction of the. two phases predicted by thermodynamic
calculation at the solution heat treatment temperature.

Once the proof stress of DSS has been calculated, the
ultimate tensile stress (UTS) and hardness can be derived
from the inter-relationship between the proof stress, hard-
ness and UTS as described previously.®

Results and discussion

PHASE EQUILIBRIA

Figure 1 shows the equilibrium phases present in a
SAF 2205 alloy as a function of temperature. Validation
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1 Calculated phase amount v. temperature plots for
SAF 2205 alloy

of the calculated result against experiment shows that
excellent agreement with known phase equilibria is found.®
The change in the amounts of austenite and ferrite is
calculated very well, the formation of ¢ and y is correctly
predicted while the formation of the M,;Cg and Cr;,N also
agrees well with experiment. Figure 1 can be taken to
represent the general behaviour of most DSSs; the various
temperature ranges of phase formation may change but,
otherwise, the phases formed are very similar in most alloys
of this type.

TIME -TEMPERATURE TRANSFORMATION
DIAGRAMS

Time —temperature transformation diagrams for the pre-
cipitate in DSSs have been calculated as described in the
previous section. When Si, Mn, and C are not mentioned
in the original paper, a content of 0-4Si, 1Mn, and 0-01C
has been assumed. Figure 2 shows the calculated TTT
curves for the start of transformation (taken here as
0-5 vol.-% transformed) for ¢ and y in a medium alloyed
DSS SAF 2205 and compares these with the experimental
results from Thorvaldsson.!” The calculated TTT diagram
shows two C curves, one for ¢ and the other for y. The nose
of the C curve for ¢ phase locates at a temperature close to
850°C and at a time of ~ 10 min while the nose for y phase
occurs towards to a lower temperature and a shorter time.
The relative positioning of the C curves for ¢ and y is quite
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2 Calculated time-temperature transformation diagram
for start of ¢ and y phase formation in SAF 2205
duplex stainless steel: symbols represent experimental
results from Thorvaldsson et al.'”
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3 Calculated time-temperature transformation diagram
for start of 6 and y phase formation in SAF 2507 super
duplex stainless steel: symbols represent experimental
results from Nilsson and Wilson®

typical for DSS>'#2! and, in the case of SAF 2205, is
evidenced by the fast formation of y below the nose of the
C curve of ¢ before it subsequently transforms to ¢, which
is the stable equilibrium phase. A similar type of TTT
diagram is both calculated and experimentally observed
for SAF 2507 (Fig. 3). Since SAF 2507 contains a higher
lever of Cr and Mo, the nose times are shorter and towards
higher temperatures compared with those in SAF 2205.
It takes less than 1 min for the o phase formation at
around 900°C, which is consistent with the experimental
observation.'®

At first sight, the appearance of y in SAF 2205 and
SAF 2507 may appear strange because the equilibrium
temperature range for y formation is well below that of 4.
Figure 1 shows the equilibrium phases formed in SAF 2205
while Fig. 4 shows a similar diagram for SAF 2507. How-
ever, when the formation of each phase is considered
separately (Fig. 5), it can be seen that the metastable solvus
for y is very close to that of ¢ and it is this solvus that has
to be considered when modelling the decomposition of
the undercooled, supersaturated solid solution. The faster
transformation kinetics for y are modelled as being due to
enhanced nucleation, as has been previously postulated,
with N for y taken as being about one order of magnitude
larger than for o.

As well as calculating the start of transformation, the
approach adopted here also appears to successfully account
for larger amounts of transformation. Figure 6 shows the
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5 Calculated amount of ¢ and y phase in SAF 2507
duplex stainless steel with the other phase suppressed

calculated TTT diagram for the formation of 5 vol.-% of
o phase in Zeron 100, a super DSS, and compares this to
experiment.?*>?* There is reasonable agreement between the
calculated nose time and nose temperature and the experi-
mental data, which are rather scattered.

Figure 7 shows the calculated TTT diagrams for two
types of super duplex stainless weld metals with the basic
compositions of Fe—25Cr—9Ni—(3-4)Mo—0-25N.?> The
WCuN alloy (Fig. 7a) contains about 0-9W and 0-6Cu while
the SDN alloy (Fig. 7b) is virtually W and Cu free. Both
TTT curves of ¢ and y are calculated for the 1% inter-
metallic formation. The switch from o formation to yx
formation matches the experimentally observed bay area
rather well. For 5% intermetallic formation, only the TTT
curve for ¢ is plotted. This is based on the consideration
that the amount of y phase in super duplex stainless is
usually very small (less than 2 vol.-% in Zeron 100 steels)
and also due to the fact that it is a transient phase that will
transform to ¢.2!

It is also of interest to model the transformation kinetics
of the chromium rich «' phase. This phase forms between
300-500°C, with its peak transformation rate around
475°C, giving rise to what is often referred to as the 475°C
embrittlement. The transformation occurs because the ferrite
from the duplex treatment becomes unstable with respect to
the formation of almost pure Cr. This instability is usually
understood to arise from the Fe—Cr binary phase diagram
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. 6 Calculated time-—temperature transformation diagram

for formation of 5 vol.-% ¢ phase in Zeron 100 steel:
symbols represent digitised points of experimental
curves from Prouhéze and Martin?® and Wang et al.2*
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where there is a miscibility gap in the «(Fe,Cr) solid solu-
tion. This causes the breakdown of the high temperature
solid solution to «Fe and «Cr, with the latter alternatively
described as a'. It is sometimes postulated that o’ may form
by spinodal decomposition.? However, detailed thermo-
dynamic analysis by Hayes ez al,® on Fe—Cr—Ni based
alloys, shows that alloys with the Cr and Ni levels usually
associated with DSS are unlikely to decompose by spinodal
decomposition above 300°C, Instead, transformation is
suggested to be by a nucleation and growth process, which
is how the transformation has been treated in this paper.
Figure 8 shows the comparison between a calculated TTT

600 -
550 |
500 | <
450 & SAF 2507

400 |

Temperature (°C)

350 L

300 |

250 ey i [P
1 10 100 1000
Time (hours)
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for start of «’ phase formation in SAF 2507 alloy: sym-
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curves from Nilsson?®

1000 4
900 |
© 800 |
g
J 2205 Si
g 700 T 05 ch
a. —a— 52N Sigma
§ 600 [ .o 52NCh
& r —e—2507 Slg?na
BRI s
N igima
500 ‘ -e-%--. Z100 Chi
g
400 + 2507 All)pha‘
[ Z100 Alpha'
300 Loy ; "
0.001 0.010 0.100 1.000 10.000 100.000
Time (hours)

9 Calculated time-temperature transformation diagrams
for 4, y, and o phase formation in duplex stainless
steels

curve for o' and that observed experimentally for
SAF 2507.2

In order to demonstrate the effect of composition on the
phase transformation behaviour, the TTT diagrams for g, y,
and o' formation in different grades of duplex steels were
calculated and summarised in Fig. 9. It is evident that
adding Cr, Mo, and W will promote the formation of the
intermetallic phases and, apart from UR 52N, the C curves
for y tend to lie towards lower temperatures and shorter
times than for . This sequence of precipitation has been
experimentally confirmed in these alloys.!'”'82! However,
the competition betweén o and y can change depending on
the chemistry of the alloy. For example, it has been reported
that y phase is not present in a 29Cr—6Ni—2Mo-0-38N
super DSS owing to its higher level of nitrogen and lower
level of molybdenum.?” The calculated nose temperatures
for the «’ formation for all the alloys are ~475°C, which
correctly reflects the experimental situation. It has been
noted that the nose time for o' formation in SAF 2205 is
~20 h, while the nose times in SAF 2507, Zeron 100 and
UR 52N alloys are very close to a value of ~ 10 h. This may
be due to the higher Cr content in the latter three alloys.

MECHANICAL PROPERTY OF SOLUTION
HARDENED DUPLEX STAINLESS STEELS

Tensile and hardness calculations

The first step in calculating the proof stress is to obtain the
composition and volume fraction of the austenite and fer-
rite in the solution treated condition. This is achieved by
thermodynamic calculation. It should be noted that as the
molar volumes of austenite and ferrite are very similar, the
calculated mol.-% value provides a very reasonable estimate
for the volume fraction. A typical result for a Zeron 100
duplex steel is given in Table 2. It can be seen that y and «
have roughly equal volume percentages at this temperature,
but the y phase is enriched in Ni, Cu, Mn, C, and N white
the o phase is enriched in Cr, Mo, W, and Si.

In order to complete the calculation for DSS, the
mechanical properties for both austenite and ferrite need
to be calculated by using the model described before.®
Figures 10 and 11 show a comparison between experimen-
tally observed and calculated tensile property values for a
wide range of multicomponent austenitic and ferritic stain-
less steels that form the basis for the mechanical property
modelling undertaken in the present paper. Excellent
agreement between calculated and observed values is
obtained. ?®% '

Once the requisite properties of austenite and ferrite
are obtained, the 0-2% proof stress of the duplex material
can be calculated using equation (16). Figure 12 shows the
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comparison between calculated and experimental 0-2% proof
stress for various DSSs at room temperature. The observed
results are from a variety of authors'* 32 and the com-
positions of the alloys vary from low alloyed materials to
super DSS. Except for the alloys quoted by Gysel,*! which
are cast alloys with grain sizes of ~30 um, the grain size
for the other DSS is very small, in the region of 10 pm. The
calculated results are in excellent agreement with experiment.

The phase fractions of austenite and ferrite in DSS exert a
considerable effect on most properties of DSS and are
mainly determined by composition and heat treatment.*?
Figure 13 illustrates the variation of 0-2% proof stress of a
DSS as a function of the solution treatment temperatures
with the assumption that they have the same grain sizes. The
proof stress of austenite and ferrite phases is also included in
this figure. It can be seen that the proof stress strength of the
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12 Comparison between calculated and experimental
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13 Calculated 0-2% proof stress for Zeron 100 alloy as
function of solution treatment temperature: proof
stress of corresponding austenite and ferrite phases
also included

duplex alloy increases with increasing solution temperature
owing to the higher volume fraction of ferrite, since the
strength of ferrite at the appropriate grain size is higher than
that of austenite. However, it has been reported that higher
solution temperature treatment could result in a decrease
in toughness.’> To balance the strength, toughness and
corrosion resistance, the optimum heat treatment tempera-
ture is to produce equal amount of austenite and ferrite.
As mentioned in the previous section, once the proof
stress is calculated, the tensile strength and the hardness can
be predicted via the inter-relationship among these proper-
ties. Figure 14 shows the agreement between calculated and
experimental values, which is also very good.

Ductile/brittle fracture transition

Among the various types of precipitates, ¢ is the most
important owing to its high volume fraction and much

Table 2 Calculated phase amount and concentration of alloying elements in austenite and ferrite at 1140°C for Zeron

100 alloy

Element concentration, wt-%

Phase amount,

Phase mol.-% Fe c Si Mn Cr Mo Ni Cu N w
¥y 50-01 62:13 0-028 0-35 11 2319 2-71 870 0-84 0-430 0-51
4 49-99 60-76 0-002 0-45 0-89 26-82 4-29 529 0-56 0-049 0-89
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14 Correlation of experimental mechanical properties with
values calculated from 0-2% proof stress for duplex
stainless steels

experimental work has been done to show its effect on the
mechanical properties.”'”*? The general conclusion is that
the proof stress, tensile stress and hardness increase while
the toughness decreases with increasing amount of the o
phase. However, while tensile strength, proof strength and
hardness tests are relatively insensitive to small amounts of
o phase (<10 vol.-%), a Charpy test reveals a very sharp
decrease of toughness at an early stage of phase transfor-
mation.

Figures 15 and 16 show, respectively, the correlation of
the calculated TTT diagrams for 5 and 10 vol.-% of ¢ with
the superimposed Charpy test data for SAF 2205 and
SAF 2507.!7!8 The experimental curves roughly represent
a critical impact energy of 27 Joules, which is the critical
limit for conventional toughness accepted by DSS users. It
is evident that the transition curves from ductile to brittle
fracture lie within the TTT curves for 5 and 10 vol.-% of o,
which is consistent with the observed results.!$ -

Conclusions

In this paper, models have been described for the calcula-
tion of time—temperature transformation (TTT) diagrams
and mechanical properties of duplex stainless steel (DSS).
The methodology is very flexible and there is no restriction
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15 Calculated time-temperature transformation dia-
grams for 5 and 10 vol.-% of o phase formation in
SAF 2205 super duplex stainless steel: symbols repre-
sent experimental values for room temperature duc-
tile to brittle transition from Thorvaldsson et al."’

16 Calculated time-temperature transformation dia-
grams for 5 and 10 vol.-% of ¢ phase formation in
SAF 2507 super duplex stainless steel: symbols refer
to experimental results above and below 27 J, which
is room temperature ductile to brittle transition value
from Nilsson and Wilson'®

on the number of components or phases taking part in
the calculation, as long as the necessary thermodynamic
and kinetic data are available. The approach can be used in
a predictive fashion using only the alloy composition and
duplexing temperature, the latter being obtained from a
thermodynamic calculation. The main conclusions are
summarised below. :

1. The TTT diagrams for a variety of DSSs have been
calculated and compared with experimental observation.
The agreement in all cases is very good. An advantage of
the current model is that few input parameters need to be
empirically evaluated. Where empirical values are used, for
example in consideration of shape and nucleant densities,
specific values have been defined for each precipitate type
(i.e. o, x, or ’). Consequently, once these values are defined
they have been self-consistently applied to all types of DSSs
and the model can therefore be used in a predictive fashion.

2. It has proved possible to model the faster transforma-
tion kinetics of the y phase by considering that there are an
increased number of nucleant sites available for this phase
compared with ¢. The model then correctly displays the
observed characteristic of y formation whereby the nose
temperature lies at lower temperatures than for ¢ but at
shorter times. It has also proved possible to model the
formation of the metastable precipitate ' successfully.

3. A model that calculates solid solution strengthening of
ferrite and austenite, as a function of composition and grain
size has been used to calculate the proof stress of the austenite
and ferrite phases in a duplex alloy. The resultant values have
been combined using a simple mixture model to predict the
proof stress of a variety of DSSs. Good agreement between
calculated values and experimental observation is found.

4. Using previously established relationships, values for
tensile stress and hardness have been calculated from the
0-2% proof stress and compared with experiment. The
agreement is very good.

5. Time—temperature transformation calculations for
SAF 2205 and SAF 2507 show that the ductile to brittle
transition as revealed by Charpy test is associated with
between S and 10 vol.-% of ¢ in good agreement with values
suggested in the literature.
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