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Electrolytic extraction followed by XRD analysis of precipitates after isothermal annealing of an AISI 441
ferritic stainless steel between 600 and 850°C produced the time-temperature-precipitation (TTP) dia-
gram for the Fe,Nb-Laves phase. The TTP diagram shows two classical C noses, the first one between 750

and 825°C and the second one, estimated to be close to 650-675 °C. TEM analyses show two indepen-

Keywords:

Fe2Nb
Time-temperature—precipitation (TTP)
diagram
Johnson-Mehl-Avrami-Kolmogorov
(JMAK)

Transformation kinetics

dent nucleation mechanisms, i.e. at about 600 °C nucleation takes place on dislocations but above 750°C,
grain boundary nucleation is dominant. The measured solvus temperature of 875°C for Fe,Nb in this
steel is 50 °C higher than predicted by Thermo-Calc®. Kinetic modelling at 800°C agreed well with the
experimental results for a surface energy of 0.435] m~2 and an initial particle center-to-center separation
distance on grain boundaries of about 0.2 pm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ferritic stainless steel type AISI 441, a Ti and Nb dual stabilised
ferritic stainless steel, is commonly used in the manufacture of cat-
alytic converter shells in the automotive industry. The Cr, Nb and
Ti alloying additions improve the stress-corrosion resistance and
mechanical properties by solid solution hardening [1-3]. But these
also lead to the formation of a variety of precipitates such as Nb(C,N)
and Ti(C,N) (carbo-nitrides) and Fe,Nb (Laves phase). The effect of
these Nb precipitates on the high temperature strength of these
steels appears to be still uncertain, but it has been reported that
rapid coarsening of the Laves phase significantly reduced the high
temperature strength [3,4] of the steel.

The effect of Laves phase in the embrittlement of this material
was studied and has been reported elsewhere [5,6]. After solution
treatment at 850°C the steel exhibited good room temperature
impact toughness but above and below this solution temperature
the impact toughness decreased sharply. Below 850 °C the presence
of the Laves phase played a significant role in the embrittlement of
the steel whereas above that temperature, an increase in the grain
size reduced the impact strength. These impact toughness results
largely agree with phase equilibrium calculations by Thermo-Calc®
whereby it was observed that a decrease in the Laves phase vol-
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ume fraction with increasing solution temperature corresponds to
an increase in the impact toughness of the steel. Annealing above
900°C where no Laves phase exists, grain growth is found which
similarly has a very negative influence on the steel’s room temper-
ature impact properties. Where both a large grain sizes as well as
Laves phase are present, it appeared that the larger grain size was
the dominant embrittlement mechanism [6]. Annealing at 850°C
where any grain size effect was minimal, the effect of cooling rate
after heat treatment on Laves phase embrittlement was quantified
with a significant decrease in the impact toughness with decreas-
ing cooling rates down to 1°Cs~! that allowed Laves phase to form
during slow cooling.

The objective of this work published here was to take the above
study further by developing a kinetic model for the Laves phase
precipitation process as a function of heat treatment and steel com-
position, as there is a general lack of thermodynamic and kinetic
data of Laves phase formation and its effects in the manufacture of
exhaust systems from type AISI 441 steel.

2. Experimental procedure

Table 1 shows the chemical composition of the three alloys that
were used in this study, which were supplied by Columbus Stain-
less as 7.8 mm thick hot band materials, with Steel A that had been
found to be brittle in the as received condition. Annealing was done
in a tubular furnace with a type K thermocouple spot welded to the
specimens while the start of the annealing time ty was considered
from the point where the specimen had stabilised at the set tem-
perature, generally after about 400s. After annealing from 600 to
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Table 1
Chemical composition (%wt) of the type 441 ferritic stainless steels.

Alloys C Cr Mn Mo Si Ti Ni N Nb

Steel A 0.012 17.89 051 ~0.00 0.50 0.153 0.190 0.0085 0.444
Steel B 0.023 1790 035 <0.01 031 0.171 0.12 0.26 0.39
Steel C 0.014 1830 045 1942 047 0.106 0.15 0.016 0.251

850°C for times of 5-1000 min, the specimens were quenched in
water. The precipitates were then extracted electrolytically using
60% nitric acid in water at a potential of 5V dc and the residue
was vacuum suction filtered using a sub-micron glass filter paper
(<0.7 pm) while the filter paper had been pre-weighed to account
for the very fine precipitates that may remain trapped in it during
the filtration process. The extracted residues where finally rinsed
with ethanol, dried and weighed to obtain the total weight fraction
from the previously weighed steel specimen.

XRD analyses of the precipitate residues were carried out on
a PANalytical X'Pert Pro powder diffractometer with X'Celerator
detector and variable divergence and receiving slits equipped with
an Fe-filtered Co-K, (A =1.789 A) anode as a source of X-rays. Quan-
tification of the various phases’ weight fractions in the powder
residue was carried using Autoquan/BGMN software (GE Inspection
Technologies) employing a Rietveld refinement approach which
enables the volume fraction-time relationship to be found with
fair accuracy measured to within a standard deviation of 30 error
(that is a 99.7% confidence interval) [7].

The microstructures were characterized mainly by thinning
discs for transmission electron microscopy (TEM), particularly to
identify the precipitates by energy dispersive spectrometry (EDS).
TEM observations were carried out between 160 and 200 kV. The
TEM specimens were mechanically ground from both sides to less
than 70 wm. Electropolishing was conducted until perforation of
the disc using a twin jet electropolisher in 10% perchloric acid in
90% acetic acid solution at room temperature at a voltage of 55 dc.

3. Results

Fig. 1 shows the XRD analysis of the precipitate residue from
the as received plant-brittle Steel A. Two main types of precip-
itates where detected, i.e. Laves phase and carbo-nitrides with
some interference from the a-Fe matrix phase often also present.
The results from this steel indicated that the weight percentages
for the Laves phase and (Ti,Nb)(C,N) were about 1.14% and 0.33%,
respectively. The lattice parameters of the Laves phase were also
determined to be a, =0.481 nm and ¢, =0.784 nm, with ¢,/a, = 1.64,
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Fig. 2. The Laves phase volume fraction-temperature/time curves during isother-
mal annealing of Steel A in the temperature range 600-850°C.

which is close to the MgZn, C14-type structure of the Laves phase.
Inthe earlier work on these steels [5,6], this Steel Ain the as received
plant-brittle condition had a Charpy V-notch impact strength at
room temperature of only 11], illustrating the severe embrittling
effect of the 1.14% weight fraction Laves phase present in the
microstructure.

3.1. Equilibrium Laves phase fraction in Steel A

Steel A was first annealed at 850 °C (just above the solvus tem-
perature of 825 °C as predicted by Thermo-Calc® for Steel A) for 2h
to dissolve the Laves phase while limiting excessive grain growth,
and then water quenched. Specimens were thereafter annealed at
various temperatures and for different times before quantifying the
second phase contents. Fig. 2 shows the typical S-shaped curves
for the Laves phase plotted from these analyses after converting
the weight fractions to volume fractions using a molar volume of
2.36 x 10723 m3/mol for Fe,Nb [5]. It was observed that for the
specimens that were heated at 600°C, even after annealing for
1000 min, the Laves phase formation had not reached equilibrium
and was still continuing. This indicates that although the chemical
driving force for Laves phase nucleation should be relatively high at
this temperature due to a high undercooling, the lowered diffusiv-
ity of Nb atoms at this temperature led to a low overall nucleation
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Fig. 1. Atypical XRD scan of the electrolytically extracted precipitate residue from Steel A in the as-received plant-brittle condition, showing the presence of the Laves phase
peaks while the remaining peaks are the carbides and nitrides, indicated by (*) and the a-Fe matrix, indicated by (% ).
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Fig. 3. The Laves phase transformation curves of Steel A between 700 and 825°C
according to the JMAK type of equation.

and growth rate. At 700 °C it was also found that the formation rate
of the Laves phase is much higher than at higher or lower tempera-
tures, an observation that already hints at the possibility of a second
lower temperature nose in a TTP diagram for this phase. A similar
semi-quantitative observation was made by Sawatani et al. [8] on
a Ti and Nb stabilised low C, N-19%Cr-2%Mo stainless steel, where
they observed that the Laves phase precipitates were in a far larger
quantity after annealing at about 700°C than at other annealing
temperatures. At 850°C in Fig. 2, the volume fraction of the Laves
phase in Steel A reached a maximum of only 0.005%, and a proper
S-curve could not be established. However, this already shows a dis-
crepancy between the experimental evidence of a 0.005% volume
fraction of Laves phase remaining at 850 °C vs. the Thermo-Calc®
prediction that no Laves phase should be present at and above about
825°C in this composition of Steel A.

3.2. Laves Phase transformation kinetics

The kinetics of an isothermal transformation is usually
expressed by the modified Johnson-Mehl-Avrami-Kolmogorov
(JMAK) type of equation:

V, =1 — exp(—kt") (1)

where V), is the Laves phase volume fraction, k is the reaction
rate constant, and n is the time exponent. From Fig. 2, the mea-
sured points that fall between 5 and 95% on the S-curves (only on
the specimens annealed in the temperature range of 700-825 °C)
were plotted in the {Inln[1/(1 - V,)]} vs. {Int} relationship, see
Fig. 3. The time exponent values of n were found to generally range
between 1.37 and 1.54. This suggests that Laves phase nucleation
in this temperature range takes place on either plane or edge grain
boundaries [9].

The activation energy Q for the Laves phase’s formation was
estimated from the reaction rate constant k and was found to be
211.3kJ/mol, a value that is somewhat lower than the reported
activation energy for the volume diffusion of Nb in an Fe—-Cr matrix
of about 240KkJ/mol [10,11]. This measurement of the activation
energy was carried out using only data from the temperature range
of 750-825°C as it appears that the precipitation mechanism may
be different at lower temperatures.
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Fig.4. Atime-temperature—precipitation (TTP) diagram for the Laves phase forma-
tion in Steel A.

3.3. Temperature effect on isothermal transformations

From Fig. 3 it was possible to complete an isothermal
time-temperature-precipitation (TTP) transformation diagram for
Steel A as shown in Fig. 4 for the measuring times (tsy and tgsy) for
the beginning and end of transformation and for 50% transforma-
tion, i.e. t50%. From Fig. 4, it should be noted that the points from
Fig. 2 at 600 °C could not be used in the TTP diagram as equilibrium
had not been reached and only estimated dashed lines for a second
nose are shown below 700°C.

The results show the likely presence of two classical C noses
on the transformation curves for Steel A, the first one occurring
at a higher temperature of about 825°C and the second one at
much lower temperatures, estimated to possibly be in the region of
about 650-675 °C. Because of extraordinarily long annealing times
to reach equilibrium from the much slower diffusion, it was found
to be impractical to find the exact point of this lower tempera-
ture nose. The available results, however, are sufficient to show
that there are likely two different nucleation mechanisms within
the Laves phase transformation. In the work done by Silva et al.
[12] on the AISI 444 ferritic stainless steel (that is, similar to Steel
C from this work) the authors have also estimated a nose of their
transformation curve to be between 800 and 850 °C. Thermo-Calc®
predictions on this Steel A have predicted the solvus temperature
of the Laves phase to be 825 °C, but the experimental results indi-
cate that the Laves phase still exists up to the temperature of 850 °C
with a solvus temperature rather close to 875 °C, see Fig. 5.

3.4. Effect of grain size on the transformation kinetics of laves
phase in Steel A

Specimens from Steel A were first annealed at the respective
temperatures of 850 °C and 950 °C for 2 h and then water quenched.
The corresponding linear intercept grain sizes were determined
to be 49.9 pm and 152.1 wm, respectively from which the grain
boundary surface areas per unit volume S, were calculated to be
4.01 x 10* and 1.32 x 10* m?/m3, respectively, i.e. a difference of
67% in the potential nucleation site availability for grain boundary
nucleation. Subsequently, the specimens were annealed at 750°C
for different periods in order to compare the Laves phase transfor-
mation kinetics. Fig. 6 shows that the precipitation rate of the Laves
phase is indeed retarded by the larger grain size, purely due to a
smaller number of nucleation sites. However, an equal level of the
maximum or equilibrium volume fraction could be achieved from
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Fig. 5. Comparison between experimental and Thermo-Calc® calculated weight
fractions of Laves phase in Steel A. The points and dotted line represent the experi-
mental results while the full line is as predicted by Thermo-Calc® for this steel.

both grain sizes, although at different annealing times, approxi-
mately an extra 400 min for the larger grain size. It is revealing to
note that the difference in time to achieve the 50% transformation
level in Fig. 6 is reasonably close to the earlier 67% difference in the
grain boundary nucleation site availability. These results confirm
that grain boundary nucleation of the Laves phase is of overriding
significance in this steel at a temperature of 750°C. In a similar
study done by Pardal et al. [13] on a superduplex stainless steel
UNS S32750, the authors have made similar qualitative observa-
tions, but they did not determine the overall effect of the grain size
on the volume fraction as was done here.

3.5. Effect of the steel’s composition on the Laves phase’s
transformation kinetics

The effect of the steel’s composition on the Laves phase kinetics
was investigated comparing Steel A (0.444Nb-0.153Ti-~0Mo),
with the Steel B (0.36Nb-0.171Ti-<0.01Mo) and Steel C
(0.251Nb-0.106Ti-1.942Mo). The grain size of these materi-
als was kept relatively constant and the transformation kinetics
was investigated by annealing the specimens at 750°C over
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Fig. 6. Effect of grain size on the kinetics of the Laves phase transformation in Steel
A at 750°C. The specimens were annealed first at 850 and 950 °C, respectively to set
initial different grain sizes with minimal (at 850°C) or no (at 950°C) Laves phase
present and were then annealed both at 750 °C for different annealing periods.
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Fig. 7. Effect of the steel’s composition on the Laves phase transformation kinet-
ics. The specimens from these steels were all solution annealed at 850°C and then
annealed at 750 °C for different annealing periods.

different periods of time. Fig. 7 shows the results which indicate
that at 750 °C, Steel A has a much higher volume fraction of Laves
phase than Steels B and C, and this agrees with the Thermo-Calc®
predictions for these three steels as shown in Table 2.

Fig. 7 also indicates that reducing the Nb and Ti contents as in
Steel B (in comparison with Steel A) did not have any significant
impact on the 50% volume fraction kinetics of the Laves phase pre-
cipitation but only on the final volume fraction. The addition of
1.94% Mo as in Steel C, however, has an impact by slightly retard-
ing the 50% precipitation time of the Laves phase. Ahn et al. [14]
have also observed that the precipitation of Fe;Nb Laves phase in
an 0.01C-0.38Nb-1.2Mo steel was slower than in an 0.01C-0.38Nb
steel, and this was postulated to be due to Mo retarding the rate of
Nb diffusion.

3.6. Microstructural analysis of the transformation kinetics in
Steel A

The nucleation mechanisms of the Laves phase during transfor-
mation were investigated in Steel A after annealing at 600, 750 and
800 °C for 30 min, which allowed for a suitable time of precipitate
growth, so that they could be analysed using TEM-EDX.

Fig. 8 shows the precipitate microstructure after annealing at
600°C. At the lower magnification (Fig. 8(a)) the remnant of the
coarse grain boundary Laves phase precipitates could be found from
the (later found to be inadequate!) solution treatment at 850 °C for
2 h. At a higher magnification (Fig. 8(b), the same area analysed
from Fig. 8(a) is indicated by a circle, and the micrograph indicates
that the nucleation sites for the Laves phase in this case are pri-
marily on dislocations and subgrain boundaries. Remaining Laves
phase precipitates in Fig. 8(a) that present an asymmetrical shape
on grain boundaries after the “solution treatment” at 850 °C, may
have a low mismatch with one grain but grow into the adjacent

Table 2
Comparison between the Thermo-Calc® predictions and experimental values for the
Laves phase weight fraction after annealing at 750 °C to equilibrium conditions.

Weight fraction

Thermo-Calc® Experimental values

Steel A 0.0041 0.0054
Steel B 0.0011 0.0013
Steel C 0.0029 0.0025
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Fig. 8. TEM micrographs and Laves phase EDX spectra of the specimen of Steel A solution treated at 850 °C for 2 h then annealed at 600 °C for 30 min; (a) a low magnification
micrograph showing coarse grain boundary Laves phase precipitates possibly remaining from the inadequate solution treatment, and (b) the same area within the circle but
at a high magnification, showing Laves phase precipitates nucleated at 600 °C on subgrain boundaries and dislocations.

grain with which they do not have a rational orientation relation-
ship because of that interface’s higher surface energy and mobility.
Similar observations were made by Li [15] in a 12Cr-2W steel with
the nucleation and growth of the Fe, W Laves phase.

The microstructure of Steel A after annealing at 750°C is shown
in Fig. 9. Comparing this specimen with the one that was annealed
at 600°C in Fig. 8(b), the volume fraction of the Laves phase after
only 30 min is already higher, suggesting a higher nucleation rate
at 750°C. Also, there are more of the Laves phase grain boundary
precipitates than dislocation precipitates, see Fig. 9(a). This sug-
gests that the most preferred nucleation sites for the Laves phase
at 750°C are the grain and subgrain boundaries, unlike as after
annealing at 600 °C, where primarily precipitation on dislocations
occurred.

Fig. 10 shows the micrographs of the specimen after annealing at
800°C, which is heavily “decorated” with Laves phase precipitates

on grain boundaries. At the higher magnification, it was observed
that the preferred sites for the Laves phase nucleation are almost
exclusively on grain boundaries, with very few precipitates on dis-
locations if compared to the specimen annealed at 600 °C. Also, it
can be observed that the presence of the dislocations in Fig. 10(b)
did not serve as preferred nucleation sites for the Laves phase as
was the case at lower temperatures.

Comparing all three sets of microstructures, it is concluded
that dislocations, subgrain and grain boundaries act as preferred
nucleation sites for Laves phase precipitation. Analyses of the
microstructures and also on the basis of the classical heterogeneous
nucleation theory, demonstrate that nucleation on the grain bound-
aries is dominant at the higher annealing temperatures of 750°C
and above, see Figs. 9 and 10, where the undercooling and hence
the chemical driving force for nucleation are relatively low and
the system then lowers its retarding force through grain boundary

S o

Fig. 9. TEM micrographs of Steel A solution treated at 850 °C and then annealed at 750°C; (a) a low magnification micrograph showing grain and subgrain boundary Laves
phase precipitates, and (b) at a higher magnification, showing Laves phase precipitates nucleated on the subgrain boundaries.
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Fig. 10. TEM micrographs of the specimen solution treated at 850 °C and then annealed at 800 °C; (a) at a low magnification, showing grain boundary Laves phase precipitates,
and (b) at a higher magnification showing Laves phase precipitates nucleated on the sub- and grain boundaries but not on dislocations.

nucleation. As the temperature is decreased and the undercooling
and hence the chemical driving force becomes higher, however,
heterogeneous nucleation on dislocations becomes more signifi-
cant.

4. Discussion
4.1. Nucleation

The nucleation rate under isothermal heterogeneous nucleation
conditions and rate controlled by the slow diffusivity of Nb, can be
presented by [9]:

N = cN,—exp RT

. khT (_ AG* +Q) 2)

4y® {2 -3 cosf + cos 0}
© 3(AG+AGY

AG* (3)

where ¢ is the Nb content in solution in the steel, N, is the num-
ber of available nucleation sites per unit volume, k and h are the
Boltzmann’s and Planck’s constants, respectively, T is the absolute
temperature, AG* is the activation energy for nucleation, y is the
surface energy per unit area of the precipitate-matrix interface and
fis the contact angle between the Laves phase particle and the grain
boundary. The critical embryo size r* for forming a stable nucleus
is then given by:

= 4y (4)
(AGy + AG:) {2 - cos6 — cos? 0}

where AG, is the chemical free energy change per unit volume and
AG; is the misfit strain energy around the particle, which is often
relatively small compared to the chemical driving force AG, and,
hence, was neglected in the calculations of AG* and r*. The contact
angle between the Laves phase and grain boundary was estimated
from some TEM micrographs to typically lie between 20° and 30°.

Table 3

4.2. Growth

To simplify this model, it is assumed that all the Laves phase
precipitation occurs on grain boundaries and the growth and nucle-
ation of the precipitates takes place simultaneously as it has often
been observed that nucleation is superseded by growth very early
within the precipitation process [16-18]. The growth of the pre-
cipitates is assumed to be controlled by the diffusion of Nb in the
ferrite matrix. Assuming that the particle size is large enough, the
position of the interface under one-dimensional parabolic growth,
which corresponds to the radius r of large spherical particles, is
given by [3,19-21]:

. ¢—cob
r=82+/Dnpt With 2=~ 4/2——— (5)
cha ¢

where Dy, is the Nb diffusion coefficient in ferrite, t is the reaction
time, §2 is the supersaturation, ¢ is the Nb content of the alloy c®?
and ¢ are the equilibrium concentrations in the ferrite matrix o
and in the precipitate f (i.e. the Laves phase, Fe,Nb), respectively.
If c®P is approximated by the solute concentration in the matrix
after ageing for a long period of time and which is obtained from
Thermo-Calc®, the supersaturation 2 of Nb for each steel can be
calculated as shown in Table 3.

The supersaturation of Nb for Steel A annealed between 800°C
and 600°C, does not vary significantly and therefore the growth
of the particles appears to be controlled by the diffusion rate. It is
further assumed that the nucleation rate N for the Laves phase that
led up to the growth stage is a constant and that soft-impingement
does not occur. At time ¢ the radius of the particle nucleated at time
t1 (0<t; <t) is expressed by Eq. (5). Assuming a spherical particle,
the growth rate G, at time t; is given by:

dr

_ 2
Gy =4nr —d(t )

(6)

Therefore, the number of nuclei precipitated between t; and
t; +dtq is N dt1. The rate of increase in the volume of all the particles

Calculated equilibrium mole fractions at the interface Fe,Nb/ferrite for Nb between 600 and 800°C in AISI type 441 ferritic stainless steel.

Temperature (°C) XZ’E for Fe;Nb (mole fraction)

xﬁ‘; in ferrite (mole fraction) Supersaturation, €2

600 2.25x1073
650 2.00x 1073
700 1.50 x 103
750 1.00 x 103

800 420x 104

5.80 x 10~4 1.410
8.30x 1074 1411
1.33x 1073 1.414
1.83x 1073 1.416
2.41x1073 1.420
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formed at t; is then given by:

- 3/2
—coB .
dv _ Sx/inD3/2 |:C C :| N(t—t1)3/2 (7)

dt = 3 Nb cha _ ¢

To convert Eq. (7) into the volume fraction of the precipitates
V,, this equation is multiplied by (¢ — c®f)/(cf* — &). By consider-
ing this composition factor and integrating Eq. (7), the following
equation for the volume fraction can be obtained [13,14]:

162 3/2 |:E‘C°‘ﬂ

~15 Pw | w@p 7

1/2
Nt5/2 (8)

Vy=1-exp

Eq.(8)above, is the typical Johnson-Mehl-Avrami-Kolmogorov
(JMAK) type of equation to describe the kinetics of the precipitating
Laves phase in an AISI type 441 steel and utilising Thermo-Calc®
software to predict the driving forces.

4.3. Parameters required for calculations

The chemical free energy change per unit volume AG, of pre-

cipitate is given by:
AG

AGy = — 9

b= (9)
where V, is the equilibrium volume fraction and v the molar vol-
ume of the Laves phase, and AG is the molar free energy change of
the precipitation reaction and is obtained from the Thermo-Calc®
software, which leads to the solubility product for the Laves phase
Fe,Nb in Steel A with weight percentage of:

—2968.6
T
This expression differs from the one obtained by Fujita et al. [22]
in their recent work on niobium alloyed ferritic stainless steels, also
for the Laves phase:

—3780.3
T

log [Nb] = +0.1569 (10)

log [Nb] = +2.4646 (11)

4.4. Activation energies and critical radii

The following assumptions for the Laves phase transformation
kinetics were used; (i) no treatment of soft impingement was intro-
duced during the nucleation and growth stage, (ii) the normalised
particle-size distribution at different nucleation times and growth
rates remained constant and (iii) that the precipitation proceeds in
an Fe-Nb-C alloy system and takes place only on grain boundaries,
i.e.any precipitation on subgrain boundaries was excluded from the
model. Also, from the results of both the XRD and Thermo-Calc® cal-
culations, as the volume fraction of the carbo-nitride had shown no
significant change, only the nucleation and growth of Laves phase
was assumed to be taking place. Finally, the density of nucleation
sites Ny was estimated to be about 1 x 108 m~3 from the measured
grain size and hence the grain boundary area per unit volume of
4.10 x 10* m2 m~3 and the observed center-to-center Laves phase
separation distance of about 0.2 pm as shown typically in Fig. 10(b).
There is one unknown parameter, the interfacial energy y and this
is treated as a fitting parameter. The calculations were carried out
at 800 °Cand the parameters that were used for the Laves phase for-
mation are shown in Table 4. The diffusion coefficient for niobium
in ferrite is given by Fridberg et al. [10]:

7240000>

D =D,1.5 x 104 exp ( T

(12)

where R=8.314]mol~! K- is the universal gas constant and T is
the absolute temperature. As 800 °C is substantially above 0.5T,

Table 4

Parameters used in the calculations for Laves phase formation on grain boundaries.
Parameters Values
Unit cell volume, Ve (m3) 1.57 x 1028
Molar volume, Uy, for Fe;Nb (m?/mol) 2.36x 1023
Density, p of Fe;Nb (kg/cm?) 8.58
Lattice parameter, of bcc a-Fe (nm) 0.28
Contact angle, 6 (°) 24

Table 5

The calculated values of the free energy change AG, the driving force AG,, the acti-
vation energy for the nucleation AG*, and the critical particle size r* for the Laves
phase’s nucleation at 800°C.

Temp. (°C) AG (J/mol) AG, (J/mol)

-230x 108

AG*(])
1.20 x 1019 325

r* (nm)

800 -90

in absolute temperatures, volume diffusion is assumed to be more
prominent in this model than grain boundary diffusion.

The activation energy for nucleation AG* and the critical particle
size r* for the Laves phase’s nucleation were calculated from Eqgs.
(3) and (4), assuming the surface energy of the Laves phase y to be
0.435]m~2 are shown in Table 5 below.

4.4.1. Volume fractions

Calculated volume fractions from Eq. (8) for the Laves phase
during isothermal annealing at 800°C are shown in Fig. 11 using
y=0.435] m~2 as a fitting parameter and is compared to the corre-
sponding experimental S-curve. Note that Eq. (8) does not lead to
an actual estimate of the absolute volume fraction within the steel
at any point but predicts only the accumulated volume fraction of
the Laves phase during the transformation kinetics. Therefore, for
comparison purposes the experimental values had to be normalised
with respect to their equilibrium volume fraction in this figure.

Inherent in Eq. (8) is the fact that a large particle, which has
nucleated within the early stages of precipitation, grows contin-
uously even while the volume fraction approaches equilibrium.
Because of the capillary effect, small particles which nucleated late
begin to dissolve from coarsening even though the large ones con-
tinue to coarsen. It has been demonstrated that the mean particle
radius at first increases approximately parabolically with time as

12

—— Experimental values
——~ Calculated values

1.0 s

0.8 1

0.6 -

Normalised Vol. fraction

0.2 1

0.0

102 10

Time (sec.)

Fig. 11. Comparison between the experimental data and calculated isothermal
transformation curves for the Laves phase’s precipitation at 800 °C in the AISI type
441 ferritic stainless steel, with N, =1 x 10" m~3 and y =0.435] m~2. Note that the
experimental data does not reach a normalised volume fraction of zero as the initial
solution treatments at 850 °C were all based on the estimated Thermo-Calc® solvus
temperature value of 825 °C instead of the later determined 875 °C.
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all the particles initially grow from supersaturated solid solution
[23].

Although the predicted curve fits quite well with the experimen-
tal one, the question of course arises of how valid are the fitting
parameter 0.435]/m?2 for the surface energy as well as the esti-
mated value of 1 x 10'8 m~3 for the initial nucleation site density?
Firstly, a value for the surface energy of 0.435]/m? is reasonable
as the Laves phase is known to be incoherent, hence its preference
for heterogeneous nucleation on grain and subgrain boundaries as
well as a reported rapid coarsening rate at high temperatures [3,4].
Secondly, an estimate of the value of 1 x 10'¥ m~3 for the initial
nucleation site density was based on the measured grain boundary
area only and ignored any nucleation subgrain boundaries. Should
it have been possible to add this area of potential nucleation sites
also to the estimate, the center-to-center separation distance of
Laves particles would have to be larger than the observed 0.2 pm
from Fig. 10(b), possibly something more as seen in Fig. 10(a). The
sensitivity of the number density of the nucleation sites N, and
the interfacial energy y on the S-shaped transformation curve has
been established in the niobium-alloyed ferritic stainless steel also
for MgC carbides by Fujita et al. [19] and it was observed that
their results are affected more by the interfacial energy than by
the number density. This is to be expected because of the y3 term
appearing in the activation energy AG* in the exponential part of
the nucleation equation.

When the experimentally determined activation energy (that
is, Q=211 kJ/mol within the temperature range of 750-825 °C) for
the Laves phase transformation kinetics is employed in the model,
this gives the initial nucleation site density N, as approximately
2.2 x 10 m~3 at800°C, i.e. about 4.5 thousand times lower, a value
that would lead to a particle separation distance on grain bound-
aries as high as about 9 wm, which does not agree with the typical
observations at 800 °C in Fig. 10.

4.5. Summary

This modelled JMAK equation agrees reasonably well with the
experimental data and analyses of the microstructures and also
agrees qualitatively with the basis of the classical heterogeneous
nucleation theory. For instance, it demonstrates that nucleation
of the Laves phase on grain boundaries (where the initial nucle-
ation site density N, is relatively much lower than for homogeneous
nucleation), is dominant at the higher annealing temperatures of
800°C and above, where the undercooling AT and hence the driv-
ing forces AG, for nucleation are relatively low and the system then
lowers its retarding forces through grain boundary nucleation. As
the temperature is decreased and the undercooling AT and hence
the driving forces are higher, however, heterogeneous nucleation
on dislocations becomes more significant, and hence, the initial
number of the nucleation sites N, becomes higher. This parame-
ter has a significant impact on the transformation kinetics of the
Laves phase, and any increase in the number results in a decrease
in the formation rate.

5. Conclusions

e A time-temperature-precipitation (TTP) diagram for the Laves
phase in stainless steel AISI 441 that was determined from the

transformation kinetic curves, appears to show two classical
noses, i.e. the first one occurring at higher temperatures of about
750-825°C and the second one at much lower temperatures,
estimated to possibly be in the range of about 650-675 °C. Trans-
mission electron microscopy (TEM) analyses show that there
are two independent nucleation mechanisms at these respec-
tive temperature ranges. At lower temperatures of about 600°C,
nucleation takes place principally on dislocations and as the
annealing temperature is increased to above 750 °C, grain bound-
ary nucleation becomes more dominant.

The effects of grain size and Mo additions on the transformation
kinetics of the Laves phase, show that, by increasing the grain size
or adding the alloying element Mo to AISI 441 stainless steel, that
the rate of formation as well as the equilibrium quantity of the
Laves phase formed, is lowered.

For the kinetics at 800°C and by assuming an interfacial energy
of 0.435] m~2 for the incoherent Laves phase and estimating the
nucleation site density on grain boundaries N, as 1 x 108 m—3
from the measured grain size of 49.9 wum which gives an
observed 0.2 pm particle center-to-center separation distance,
the modelled S-shaped transformation curve agrees well with the
experimental one at 800°C.
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