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Abstract

Despite the great interest in intermetallic phase precipitation in
duplex and super duplex stainless steels, a common controlling
factor in the kinetics of its formation has not been reached yet. For
example, when the time-evolution of sigma phase precipitation
is described by the Johnson-Mehl-Avrami-Kolmogorov (JMAK)
equation, or its modified forms, very different kinetic parameters
were found in the literature, even if duplex stainless steels with
very similar chemical composition and initial conditions are used
in the experiments. In this work, some critical points that affect
the evaluation of the kinetic constants and may cause erroneous
interpretation of intermetallic phase precipitation (kinetics) are
highlighted and discussed. It was shown that the choice of a high
impingement coefficient in the modified JMAK equation leads to a
significant improvement in experimental data description. A series
of recommendations for the future application of the JMAK equation
applied to intermetallic phase precipitation in duplex stainless steels
are finally suggested.
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Introduction

A great number of studies have been conducted on the kinetics
and microstructural evolution of intermetallic phases in duplex and
superduplex stainless steels (DSS, SDSS) since their presence significantly
influences the mechanical properties and corrosion resistance of the
mechanical components. With particular attention to o phase, many
authors have tried to assess the kinetic precipitation mechanism from
the volume fraction variation as a function of time [1-8]. In those
works, isothermal o phase time-evolution was generally described by
the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation, which is
formulated in the original paper by Avrami [9] as follows:

1-V =exp[-Bt*] )

Where, V is the fraction transformed at time ¢, B is a function
of temperature and k is a constant varying between 1 and 4 and
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depending upon the nucleation and growth mechanism. Since then,
many workers commonly write Eq. (1) as:

f -2 =1-exp[-Kt"] @)
Ve

where V_is the equilibrium amount of transformed phase at
temperature T, K is an overall rate constant and # is the Avrami
exponent. This equation is universal if the assumed conditions in the
model are not violated. However, such conditions are seldom obtained
experimentally. In the JMAK model, the transformation is supposed to
occur in an infinite medium and initiate by homogeneous nucleation
with nuclei having a negligible initial radius. Nuclei grow isotropically
at a constant rate and their growth stops at points of impingement
whereas it continues unabated elsewhere. Theoretically, the JMAK
equation can be applied in the case of continuous nucleation or site
saturation, and for volume diffusion controlled growth or interface
controlled growth. The model cannot be derived for a mixture of
the nucleation models [10]. However, when the kinetics parameters
are calculated with JMAK-like equations, the values of the JMAK
exponent are very often between the expected values for site saturation
and continuous nucleation [10].

In order to extrapolate the kinetic parameters (n,K) from
experimental data, Eq. (2) is often rearranged as follows:

ln[ln[ ! H_anM-lnt (3)
1-f

The phase transformation kinetics obeys the classical JMAK
model when the evolution of In[In(1/(1-f))] as a function of In(t) gives
a straight line (Avrami plot).

When studying intermetallic phase precipitation, different authors
[4,7,8] have found that a better interpolation of the experimental
results is obtained by using a modified JMAK model [11]:

1
f_l{uc(m)"

where ¢ (coefficient) is the impingement exponent used to correct
some complex competing effects that may occur during precipitation
such as: a) depletion of the solute content in the untransformed matrix
due to competitive growth of the fraction products, b) direct collision
of two advancing reaction products, or ¢) exhaustion of nucleation
sites.

1/¢
} withc =0 (4)

In addition to the theoretical restrictions of the JMAK model,
there are also physical phenomena to take into account. Kinetic
parameters of intermetallic phase precipitation are influenced
by chemical composition [12], solution heat treatment [13] (and
consequently primary phase proportion, phase and grain size), hot
and cold working [14,15], as well as aging time and temperature.
Although the analysis in the present paper refers to alloys within the
specification of 2205 it is quite apparent that there are significant
individual variations that cannot be ignored (Table 1). For instance,
the alloy with the highest chromium content (22.87%) also exhibits
the highest content of molybdenum (3.21%). Because both of these
elements promote sigma-phase formation this particular alloy [8]
is expected to be the one that is most unstable microstructurally. It
is not surprising that very different JMAK kinetic parameters were
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Table 1: Kinetic parameters related to sigma phase precipitation in a DSS 2205.

Chemical composition (wt%) of DSS 2205 T.(C)t Controlling
Authors . . T (min), T(C) T(C) |V n ¢ |Q(KJ  factor in the
Cr Ni Mo N Mn Si C Cu ° (VBIVy) : " e mol) formation of
sigma phase
Z'”;f]ret 2243|488 313 0.18 0.14 0.67 0.023 -  860* |1065-,(54:46) (850 800  24* 7+0.73 |0  375:466 Nucleation
Radjietal. 1,; 65 501 2.19 0.13 121 029 003 0.21 1050,-,(51:49) 850 - - 14 03 9ggq  Diffusion (interface
[4] reaction)
Magnabosco ,; » 570 2.98 0.16 1.6 044 0016 - 940" 1120,30,(41:59) 850 850  >54 1 0 185 Grain Boundary Cr
[3] diffusion
Ferro and . . .
Bonollo[z] 2287 511321 047 155 043 002 038 915  1050,30(56:44) 850 868 25  0.97 0o - Site Saturation
Lara et al. [5] - - - - - - - - - 800 |- - 0.77 o |- -
Momeni and
Dehghani  21.23/6.55 3.03 -  0.024 0.87 002 - - 1150,20,(47:53) 800 - 25 |1 0o - Site Saturation
[14]
Calliarietal. ») 75 504 319 0.16 146 056 003 - - 1050,30,(49:51) 850 - 25 411 0o - Grain Boundary
[26] diffusion
Sieurin and )
Sandstorm  |21.46 55 |2.98 0.16 |1.46 - - - |o30* - 865 |- - - - Diffusion of Mo
[30]
Calucio Dos
Santos and x i o . . Diffusion of Mo (o
22,07 5.68 3.20 0.17 1.38 0.34 0.017 |0.15 960** 1175,30, (57:43) 850 850  ~28% 1.42;0.22 0 341,24 !
Mafnabosco nucleation)
[32]

Note: *Estimated value, **ThermoCalc; T =solvus temperature; T =solution temperature; t = solution holding time; V./V_ primary phases balance; T = aging temperature;
T =temperature at the nose of the C curve; V, =equilibrium amount of transformed sigma phase at T,; n=Avrami exponent; c=impingement exponent; Q=activation

energy

found. For the above-mentioned reasons, a universal master model
describing intermetallic phase precipitation is hardly deduced from
literature data. Table 1 summarises the results obtained by different
authors about the kinetics of sigma phase precipitation in a DSS 2205
starting from very similar initial conditions and aging temperatures
0f 1073 K (800°C) or 1123 K (850°C). Obviously, very different values
of the Avrami time exponent were obtained.

Other than theoretical and physical aspects, such anomalies may
be due to uncertainties in the experimental data or to an incorrect
use of the model as well. The first ones are associated with the
experimental procedure (i.e.: difficulties in obtaining a rapid heating
to the aging temperature or errors associated with intermetallic phase
quantification methodology (e.g. Optical Microscope (OM), Scanning
Electron Microscope (SEM), thermoelectric power [5], Electron
Backscatter Diffraction (EBSD)). The incorrect use of the model may
be related to the violated conditions of validity [16-20] as well as the
inappropriate choice of the kinetic model (i.e.: Eq. (2) instead of Eq.
(4)) [21] or an erroneous formulation of the model itself [22].

In this paper the possible causes of these anomalies are highlighted
and a series of recommendations for the future application of the
JMAK equation to intermetallic phase precipitation in DSS and SDSS
are suggested. Some of these recommendations are already mentioned
in the literature, others have not yet been taken into account. The
aim of this work is to collect in a single paper the main critical issues
related to the use of the JMAK equation in order to improve, in the
future, the experimental data interpretation with particular attention
to secondary phase precipitation in DSS and SDSS. As an example,
in the final part of the paper it is shown that, by using an appropriate
model for ¢ phase precipitation and experimental data taken from
the work of Elmer et al. [1], the value of the Avrami coefficient (n)
can be reinterpreted (compared to the conclusions deduced by Elmer
at al. [1]) and found more in agreement with the theoretical values
(n=1+4).

Theoretical Analysis

When the kinetics of intermetallic phase precipitation is studied
in the frame of the JMAK theory or its modifications, the kinetic
parameters are obtained by interpolating experimental results (f(t))
with Eq. (3) or its modified forms [4]. In the following paragraphs
each parameter of the JMAK equation is analysed and discussed. All
experimental data with particular reference to the kinetics of sigma
phase precipitation in DSS 2205 are taken from literature.

Equilibrium amount of transformed phase at temperature
T(V,)
eq

The use of Eq. (3) requires knowledge of the equilibrium amount
of transformed phase at temperature T (V, ) and the time needed
to reach it (Egs. (2) and (3)). However, such parameters are often
uncertain. First of all it is not always explicitly mentioned whether the
equilibrium fraction of sigma-phase is that defined by the composition
of ferrite or the overall composition. If the austenitic phase is not
included in the calculations, the redistribution of nitrogen, which
is very fast, is neglected. Although the role of nitrogen has not been
investigated in detail it is highly likely that it plays an important role
in the formation of sigma-phase.

The V,_value depends significantly on chemical composition of
the alloy [12] and temperature. At temperature T=1123 K (850°C),
thermodynamic calculations by means of Thermo-Calc© (TCFE8
database), give a value of Veq ~ 24 pct. (against a value of 30 pct.
obtained after 360 h of aging [31]). Previous calculation of the phase
equilibria showed a value of Veq(1123 K (850°C)) = 20 pct by using
an earlier and a different version of ThermoCalc [1,3]. Even when
such a parameter (V) is obtained by means of experimental tests,
the measured values differ from thermodynamic calculations and
from each other. For example, Magnabosco [3] obtained a value of
Veq(1123 K (850°C)) = 54 pct. He suggested that equilibrium was
not reached at the studied temperatures even considering the long-
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term aging applied. Other researchers found values of about 25 pct
(Table 1) by relative short-term aging (~10 h) and by a not specified
estimation method [1]. Theoretically, by using the Avrami plot (Eq.3)
and data of intermetallic phase volume fraction obtained by short-
term aging, it would be possible to extrapolate the value of V, and the
time needed to reach it. However it is not always possible to use such
a methodology because data do not always follow the linear trend of
the Avrami plot [1,4]. In those cases, the impingement exponent ¢
should be known a priori.

Some uncertainties about the value of V, may depend on the
methodology of investigation used (i.e. SEM, EBSD, standard
metallography) [23]. In particular, uncertainties on intermetallic
phase quantification are strongly reduced if Z contrast mode-SEM
(Z=atomic number) or EBSD techniques are used instead of standard
metallography (image analysis applied to optical micrographs) [24-
26]. If the corrosion products of the etchant enhance the contours,
the image analysis overestimates the areas; while, if the intermetallic
phase is not completely etched, image analysis underestimates the
corresponding areas. Similar effects were observed when analysing
sigma-phase in an austenitic stainless steel of type 347 [27] and is
equally applicable in duplex stainless steels. In the present work, by
using ten SEM micrographs at 1000X on unetched samples processed
by Image] software, it was found that after 27 h at 1123 K (850°C)
the sigma transformation is not yet completed (Figure 1); after 504 h
ferrite completely disappeared and a value of V equal to 27.8 + 0.5 pct.
was obtained (DSS 2205 chemical composition: Cr 22.56, Ni 5.32, Mn
0.84, Mo 2.9, C 0.029, Si 0.34, Fe Bal. (wt%)). It can be observed that
this value is close to the standard value assumed in the literature (25
pct., Tab. 1) and that was obtained after long-term aging [3]. From
the above considerations it can be understood that a common value
of V, (T) has not yet been reached. Even if slight variations in alloy
chemical composition may result in a high variation in the V, value,
further investigations and theoretical consideration seem necessary to
obtain coherent and realistic values of such a parameter as a function
of temperature.

The rate constant (K) and the activation energy (Q)

In the literature, the JMAK equation is used by some authors
[2,3,5,6,14] in its original form (Eq. (2)) [9] and by others authors
[1,4,7] in the following form:

J =1=exp[—(K7)"] (5)

where it can be noted that now K is squared to n and thus Eq. (3)
becomes:

ln{ln(Lﬂzn-anﬂrlnt (6)
I-f

At constant temperature, if it is assumed that the Avrami exponent
n does not vary in time, n and K are constants. Consequently, the
interpolation of experimental data with Eq. (3) or (6) does not affect
the value of n; however, by using alternatively Eq. (3) or (6), different
values of K are expected. In particular, the values obtained will differ
by a constant. This could result in an error if the constant K is used to
calculate the activation energy (Q) of the precipitation process by the
following equation:

K =K,exp(-Q/RT) (7)

where K is the pre-exponential factor, Q is the activation energy
and R is the gas constant.

The use of an Arrhenius-like temperature dependence for the rate
constant has been assumed several times [1,3,4], without motivation.
Since the values of K were calculated with both Eq. (3) and Eq. (6),
errors in the calculation of Q and erroneous interpretations of the
precipitation mechanism of intermetallic phase are present in
literature. In a recent work on o phase dissolution in a DSS 2205 [28],
it was found that if the activation energy was calculated by assuming
the dependence of K by the exponent #, the activation energy value for
o phase dissolution was very close to the activation energy of Cr grain
boundary diffusion; otherwise, the calculated values was an order of
magnitude higher than the previous one and thus without physical
significance. Consequently, it seems reasonable that the correct value
of K is obtained by using Eq. (5) instead of Eq. (2).

Furthermore, it should be recognised that, in the case of
intermetallic phase precipitation, the use of an Arrhenius-like
temperature dependence for the rate constant is problematic if the
undercooling is small. The rate of nucleation ( Nhel ) of sigma particles
is given by:

: AG,
N, =VN, exp [——R;f’ jexp(—%) (8)

where v is a vibration frequency factor, N, is the total number of
heterogeneous nucleation sites per unit volume, AG' is the energy
et

barrier against nucleation and Q, is the activation energy for the
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Figure 1: Micrographs of 72h-aged 2205 DSS sample: a) EBSD phase map: sigma (yellow), austenite (red), ferrite (green); b) BSE-SEM micrograph: sigma
(white); after polishing with colloidal silica, twins within y-austenite grains can be seen.
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atomic migration across the nucleus/matrix interface. Now, N . can
be approximated as A/AT? [10], where A is a constant and AT is the
undercooling or overheating with respect to the temperature at which
the two phases are in equilibrium. Conversely to intermetallic phase
dissolution, during intermetallic phase precipitation the nucleation
rate N, is highest at an intermediate temperature (due to the
competitive influence of undercooling (driving force) and diffusivity
on the reaction kinetics) (Figure 2).

It means that the characteristic C-shape of time-temperature-
transformation (TTT) curves for precipitation cannot be modelled
by substituting Eq. (7) in Eq. (5). Despite this, different authors
used Eq. (7) for the calculation of Q without specifying the limits of
applicability of that formula [3,4].

Now, if it is supposed that during the early stage of intermetallic
phase precipitation, the reaction rate is controlled by the nucleation
rate (N, ), the time taken to precipitate a certain fraction of
intermetallic phase (¢) is inversely proportional to N et [29]:

* b AG;e\ Qd
1 =—ex +=4
N, P [ RT RT ©)

where b is a kinetic constant. By taking the natural logarithm on
both sides of Eq. (9), the following equation is obtained [29]:

In(r") = In| 2 |+ 2%+ O
N, RT

v

(10)

By plotting In(t") vs 1/T, a C-curve is obtained with well-defined
asymptotes. At high undercooling, AG,, is negligible and the slope
of the curve becomes constant and equal to Q/R. Starting from the
experimental C-curve, it is thus possible to calculate Q,. By using
this method, Elmer et al. [1] calculated values of Q, for o phase
precipitation significantly higher than the activation energy for Crand
Mo diffusion as obtained by others authors [3,30]. They concluded
that nucleation is likely a controlling factor in the formation of sigma.
This is consistent with the observation that there is no well-defined
orientation relationship between sigma and the ferritic matrix [31]
and the fact that chi-phase, which is isomorphous with the matrix
and therefore nucleates much more easily, often provides necessary
nucleation sites for sigma-phase. It should be added that the ability to
form chi-phase is a strong function of the composition, a circumstance
that complicates comparisons even further. However, this method
could be dependent on the number of discrete experimental points
used to model the shape of the C-curve. As a matter of fact, the
asymptote slope may vary accordingly.

Most experimental work of this kind has been performed by
cooling down to room temperature before the ageing treatment.
Because of the experimental limitations rather few investigations
have employed ageing immediately after solution treatment, thereby
avoiding cooling and subsequent heating. The former situation
builds up more nuclei and, therefore, enhances the kinetics. This
circumstance also leads to difficulties when comparing results from
different sources.

The time exponent (n) and the impingement exponent (c)

Despite the use of DSS 2205 samples with similar composition and
microstructure (prior to the aging heat treatment), different values of
the Avrami exponent were obtained in the literature (Table 1). This
is partly due to the dependence of n on many parameters related to
the initial conditions of the material (i.e.: austenitic/ferritic grain size,
solution time and temperature); partly to the difficulties inherent

in the isothermal test execution. For example, the time to reach the
isothermal temperature is critical and the use of small samples and salt
bath is therefore crucial. De facto, the Avrami exponent calculation by
using Eq. (5) and data obtained with short aging heat treatments may
be significantly influenced by the experimental methodology used.

About sigma phase precipitation, the Avrami coefficient was
found both constant [2-4] and variable during the isothermal
aging [1,32]. In this last case, it was suggested that the variation
of the local Avrami coefficient n(f) is due to a change in the
transformation mechanism. However, as observed by Wang et al.
[21], a changing kinetic exponent may result from inappropriate
use of kinetic model. At T=1123 K (850°C), Elmer at al. [1] found
that the local Avrami exponent varies from 0.7 to 7 (Figure 3a).
They thus suggested that the mechanism for the transformation
is changing as the transformation proceeds. However, by means
of Eq. (4), it is easy to verify how it is possible to linearize the
experimental results by Elmer et al. [1] in a plot In[((1-f)*-1/c)]
versus In(t). The values of n (= 4) were found to have only a slight
dependence on temperature (Figure 3b).

In order to linearize the experimental results by Elmer et al. [1],
high values of the impingement coefficient ¢ were found in this work
compared to those found in literature about sigma phase precipitation
(c=10 against ¢=0.3 [4]). It is however clear that the experimental results
by Elmer et al. [1] are very different from those obtained by other authors
in literature (Table 1) and deeper investigations may be necessary for a
better comprehension of o phase precipitation kinetics.

From the above observations, the following generalised JMAK
model is thus suggested:

1—exp[—(K?)"] withc=0
1 Ve (11)
- — withc#0
1+ c(Kt)"
Conclusions

Intermetallic phase precipitation in DSS 2205 is influenced
by many factors such as the initial alloy conditions, e.g. austenitic/
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Figure 2: Schematic representation of the nucleation frequency during
precipitation and dissolution phenomena.
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Figure 3: JMAK plot of the sigma phase fraction: a) from JMAK equation (c=0) [1], b) from modified JMAK equation (¢=6.75, (T=973-1023 K (700-750°C)), c=10
(T=1073-1123 K (800-850°C)), n(700°C)=4.23, n(1023 K (750°C))=5.5, n(1073 K (800°C))=4.65, n(1123 K (850°C))=4.15 ).

ferritic grain size, primary phases balance, ageing temperature and
heterogeneous nuclei distribution. For this reason it seems unlikely
that a universal master model on the formation of intermetallic
phase can be achieved. However, when the kinetic mechanism of
intermetallic phase precipitation is assessed by means of the JMAK
equation, some recommendations are suggested in order to correctly
interpret the experimental results:

With particular reference to o phase, the equilibrium amount of
transformed phase at temperature T (V) should be obtained by very
long aging heat treatments.

The general formulation of JMAK equation should be used (Eq.

(11).

When the rate constant K is used to calculate the activation energy
(Q), it should be squared to # in the JMAK formulation.

In case of sigma phase precipitation, the activation energy should
be calculated by using only experimental data at sufficiently low
temperatures.

The amount of intermetallic phase, if calculated by means of image
analysis, should be obtained by using EBSD or SEM micrographs of
unetched samples.

The use of small samples and salt bath is recommended in order
to reduce the time to reach the isothermal temperature, especially
when volume fractions of intermetallic phase at short aging times
have to be measured.
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