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Figure 5.19. Light micrographs showing the microstructure of duplex rolled
metal IC381 solution treated at 1300 °C for 26 hours and then quenched into
water. The light phase is austenite and the dark one is ferrite. TEM observations
(Figure 5.22) show that the fine particles inside the ferrite grains are austenite
formed during quenching. The measured volume fraction of austenite (excluding

fine particles) is about 0.19.




Figure 5.20. Light micrographs showing the microstructure of duplex rolled

metal IC373 solution treated at 1300 °C for 26 hours and then quenched into
water. Austenite has precipitated mainly at grain boundaries and on inclusions
at the elevated temperature. The fine particles inside the ferrite grains are
austenite formed during quenching. The measured volume fraction of austenite

(excluding fine particles) is less than 0.05.
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Figure 5.21. Light micrographs showing the microstructure of super duplex weld
metal A219 solution treated at 1300 °C for 26 hours and then quenched into
water. The measured volume fraction of austenite (excluding fine particles) 1s

less than 0.53.




Figure 5.20 shows the microstructure of duplex rolled metal IC373 is almost
wholly ferritic at 1300 °C. Note again that the TEM observations (Figure 5.22)
show that the fine precipitates inside the ferrite grains are austenite formed
during quenching. Figure 5.23 confirms that the matrix has a b.c.c crystal
structure whereas the particle (Figure 5.24) has an f.c.c crystal structure. Figure
5.25 shows clusters of fine austenite particles in the same specimen, the clusters
presumably being due to autocatalytic nucleation in which the formation of one
particle stimulates others. TEM EDX microanalysis shows that the chemical
composition of these precipitates (Table 5.3) is the same as the matrix as far
as the substitutional alloying elements are considered. This contrasts with the
partitioning of alloying elements between the coarser ferrite and austenite grains

(see chapter six).

Table 5.3. TEM EDX microanalysis of §-ferrite matrix and fine austenite in
duplex rolled metal IC373 solution treated for 26 hour (concentrations are in

wt.%).

Phase Fe Cr Ni Mo Mn Si

S-ferrite 62.40+0.94 27.5010.95 5.13+0.27 2.85+0.64 1.6910.82 0.43 +0.11

fine austenite 62.2010.46 27.2410.25 5.481+0.24 2.04+046 2.5010.26 0.54 10.17
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austenite particle

Figure 5.22. TEM bright field micrograph showing the precipitation of fine

austenite particles inside §-ferrite grain in duplex rolled metal IC373 solution

treated at 1300 °C for 26 hours.

Figure 5.23. SADP of the matrix (é-ferrite grain in Figure 5.22) showing that

its crystal structure is b.c.c. The zone direction of diffraction pattern is [310].
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Figure 5.24. SADP of the particle (indicated in Figure 5.22) showing that it has

an f.c.c. crystal structure. The zone direction of diffraction pattern is [611].

ferrite

sk "
Figure 5.25. TEM bright field micrograph showing the precipitation of fine

austenite in cluster form in duplex rolled metal IC373 solution treated at 1300

°C.
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5.6 Laser Welding

To investigate the solidification mode of different types of stainless steels
and to elucidate the role of austenite and ferrite nucleation on the solidification
behaviour a series of laser welds traversing stainless steels of different chemical
compositions was studied. Table 5.4 shows the steel grades used in this investiga-
tion. The solidification modes shown in the table are those predicted according
to the Suutala (1983) model. The chemical compositions of the steels are listed
in Table 2.1 and the welding conditions are presented in section 2.3. To ensure
full penetration during welding the thickness of the plates was reduced to 0.5
mm by rolling. The welds were made on thin sheet couples of stainless steels of
two different compositions butted together (e.g. 904L/IC373), the weld starting
on a sheet of one composition and running into the other across the junction
(Figure 2.1).

Figure 5.26 to 5.28 show the microstructures of laser weld metals of these
alloys in the undiluted regions far from the junctions. The microstructure of
laser weld metal of 904L (Figure 5.26) consists of austenite dendrites with in-
terdendritic d-ferrite showing that the solidification mode is austenitic-ferritic.
Figure 5.27 shows that the microstructure of laser weld metal of A219 consists
of dendritic and Widmanstatten austenite and ferrite grains. This confirms
that the solidification mode is ferritic-austenitic. The ferrite dendrites are in-
visible as the result of solid state transformation (é-ferrite to austenite). The
microstructure of laser weld metal of IC373 (Figure 5.28) consists of elongated
ferrite grains in the weld direction with precipitation of austenite mainly at the

grain boundaries. This confirms that the solidification mode is fully ferritic.

5.6.1 Dilution

For the dissimilar joint configuration examined in this study, in which the
weld starts from alloy A (Figure 2.1) and the weld direction is normal to the
metal junction, dilution in weld pool will start as the front of the weld pool
crosses the interface between alloys A and B. To measure the variation of com-

position with distance from the metal junction a scanning electron microscope
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equipped with an energy dispersive X-ray analysis system was used (see section
2.10). The differences in composition of the individual phases present in the
microstructure did not influence the measurements since the compositions were
evaluated over a rastered area (about 0.9x0.12 mm) that was very large com-
pared with the scale of the microstructure (a few micrometres). Measurements
were made along the welding direction at the centre of the weld. Only the major
constituents were analysed, namely Fe, Cr, Ni, Mo, Mn and Si, and the con-
centrations of these elements were normalised to 100 wt.%. In addition, limited
measurements were also made on the individual phases present in microstruc-
ture in order to identify them. The variation of composition with distance for
different welds are plotted in Figure 5.29 to 5.31. All the profiles show a rather
steep initial change in composition followed by a more gradual decline to the
composition of the undiluted alloy (alloy B). With the welding conditions used
(see section 2.3) the length of the transition zone (the zone that the composition
changes completely from alloy A to alloy B) was found to be not greater than

5-6 mm.

Table 5.4. Steel grades used in this investigation and their solidification modes
predicted according to Suutala (1983) model. The Cr,,/Ni,, ratios are calcu-

lated according to Hammar and Svensson (1979) equation.

Steel Grade Creq/Nieq Solidification mode

1C373 4.15 fully ferritic

A219 2.20 mixture of fully ferritic and ferritic-austenitic
904L 0.98 austenitic-ferritic




Figure 5.26. Microstructure of laser weld metal of alloy 904L showing the austen-
ite dendrites with interdendritic §-ferrite. The solidification mode is austenitic-

ferritic.
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Microstructure of laser weld metal of alloy A219. It consists of

dendritic and Widmanstitten austenite plus ferrite grains. This confirms that

the solidification mode is ferritic-austenitic. The ferrite dendrites are invisible

as the result of solid state transformation (d-ferrite to austenite).
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Figure 5.28. Microstructure of laser weld metal of alloy IC373. It consists
of ferrite grains elongated in the weld direction with precipitation of austenite
mainly at grain boundaries. This confirms that the solidification mode is fully

ferritic.
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Figure 5.29. SEM EDX data illustrating the extent of dilution associated with
dissimilar metal joint between alloys A219 and IC373, as a function of distance
normal to dissimilar metal junction. The data show the change in Ni concen-

tration at the centre of the weld. The welding direction is from alloy A219

(wt.%Ni=9.4) to alloy IC373 (wt.%Ni=5.1).
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Figure 5.30. Same as Figure 5.29 except that the welding direction is from alloy

IC373 to alloy A219.
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Figure 5.31. SEM EDX data illustrating the extent of dilution associated with
dissimilar metal joint between alloys 904L and IC373, as a function of distance
normal to dissimilar metal junction. The data show the changes in Ni and Cr

concentrations at the centre of the weld. The welding direction is from alloy

904L (24.7 wt.%Ni, 20.0 wt.%Cr) to alloy IC373 (5.1 wt.%Ni, 25.9 wt.%Cr).
5.6.2 Variation of solidification mode in the transition zone

As the solidification front of the weld pool crosses the interface between
dissimilar alloys A and B, the chemical composition of the weld pool will change.
This obviously can affect the solidification mode, depending on the degree of
dilution in the transition zone. Bhadeshia et al. (1991) have reported a change
of solidification mode from ferritic-austenitic (FA) to austenitic-ferritic (AF)
in the transition zone. When the Cr,, /Ni,, ratios for the two alloys do not
differ much this change was found to persist far from the transition zone. The
Crq/Ni,, ratios of alloys that they have used were in the range of 1.30-1.75,
which makes the degree of dilution low. Starting the laser weld from the steel
with the lower Cr,,/Ni,, ratio (AF solidification mode) they removed the need
for the nucleation of austenite in the transition zone and even in undiluted metal
of alloy with higher Cr,, /Ni . As the result austenite dendrites penetrated into

undiluted regions and the alloy solidified to metastable austenite rather than the
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thermodynamically stable §-ferrite.

In the present work the difference between the Cr,, /Ni,, of the steels used
(Table 5.4) is much greater than those studied by Bhadeshia et al. (1991) and
no change of solidification mode was observed beyond the transition zone. This
confirms that the solidification mode of stainless steels depends essentially on
the composition of steel and the effect of solidification conditions is of secondary
importance in the present context.

Figure 5.32 shows the microstructure of a dissimilar metal junction between
alloys 904L and IC373. The welding direction is from alloy 904L with austenitic-
ferritic solidification mode (Cr,,/Ni,,=0.98) to alloy IC373 with fully ferritic
solidification mode (Cr,,/Ni,,=4.15). Austenite dendrites penetrated into the
transition zone. As the difference between the Cr, /Ni,, is very high solidifica-
tion mode changed from austenitic-ferritic to ferritic-austenitic and then to fully
ferritic as soon as the transition zone was exceeded.

Figure 5.33 shows the microstructure of a dissimilar metal junction between
alloys A219 and IC373. The welding direction is from alloy A219 with ferritic-
austenitic solidification mode (Cr,,/Ni,,=2.20) to alloy IC373. Again austenite
dendrites penetrated into the transition zone but failed to penetrate undiluted
regions of IC373. Figure 5.34 shows the microstructure of dissimilar metal junc-
tions between the same alloys as in Figure 5.33 but with the opposite welding
direction. Again the change in solidification mode ( this time from fully ferritic

to ferritic-austenitic) only occurred in the transition zone.
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Figure 5.32. microstructure of dissimilar metal junction between alloys 904L
and IC373. The weld direction is from alloy 904L (AF solidification mode) to
alloy IC373 (fully ferritic solidification mode). A change of solidification mode
from AF to FA and then to fully ferritic can be seen in transition zone due to

dilution effect.
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Figure 5.33. microstructure of dissimilar metal junction between alloys A219
and IC373. The weld direction is from alloy A219 (FA solidification mode) to
alloy IC373 (fully ferritic solidification mode). A change of solidification mode

from FA to fully ferritic can be seen in transition zone due to dilution effect.
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Welding Direction

Figure 5.34. microstructure of dissimilar metal junction between alloys 1C373
and A219. The weld direction is from alloy IC373 (fully ferritic solidification
mode) to alloy A219 (FA solidification mode). A change of solidification mode

from fully ferritic to FA can be seen in transition zone due to dilution effect.
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5.7 Conclusions

1. Phase diagram calculations of the solidification mode have been found to be
consistent with estimates using the Cr,,/Ni,, approach of the Suutala model.
Of the five different steel grades investigated only one (ZERON100) shows dif-
ferent solidification mode other than predicted by model. This indicates that
the model needs some modification for super duplex stainless steels.

2. Thermodynamic calculations indicate that the suppression of the austenite
phase in super duplex weld metal A219 would lead to the persistence of liquid
to incredibly low temperatures showing that fully ferritic solidification of this
alloy is impossible. This was confirmed experimentally by the failed attempts
to induce the alloy to solidify into a fully ferritic state using laser welds which
traverse dissimilar metal junctions.

3. The results of long time solution treatments at 1300 °C show that duplex
rolled metal IC373 has a wholly ferritic microstructure above this temperature
indicating that the solidification mode is fully ferritic as predicted by calcu-
lations. In the case of steel grades IC381 and A219 the microstructure is a
mixture of ferrite and austenite at 1300 °C . The volume fraction of austenite
that forms at all temperatures in grade A219 is much larger than in grade IC381
as predicted by calculations.

4. The melting point of stecl decreases with increasing the amount of alloying
elements.

5. The melting point of steel increases with increasing heating rate.

6. The solidus temperature on heating is much higher than on cooling and this
difference increases with increasing the heating and cooling rates. This is due
to the superheating of solid and undercooling of liquid.

7. During the quenching of these steels from an elevated temperature (i.e. 1300
°C) very fine austenite particles (some of them in cluster forms) will precipitate
inside the é-ferrite grains. These fine austenite particles have the same chemical
composition as far as substitutional alloying elements are concerned. This is
presumably because they form at a low temperature during the quench, where
diffusion becomes sluggish.

8. Although from published data (e.g. Bhadeshia et al., 1991) the solidifi-
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cation conditions can change the solidification mode from ferritic-austenitic to
austenitic-ferritic when the Cr,, /Ni,, of steel be near to the critical value cor-
responding to the mode change, but the solidification mode depends essentially
on the chemical composition of steel (present by Cr,,/Ni,,) and the effect of

solidification conditions is of secondary importance.
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Chapter 6

ISOTHERMAL HEAT TREATMENT AND ITS EFFECT
ON THE FERRITE/AUSTENITE BALANCE

6.1 Introduction

The essential reason for the success of duplex stainless steels is their higher
strength and better corrosion resistance when compared with austenitic stainless
steels. Moreover, they also have a good weldability. These good properties are
to some extent attributable to the microstructure which contains approximately
50 vol.% each of ferrite and austenite (the super duplex grades might have about
60 vol.% austenite). The relative fractions of the phases can be controlled both
by the composition of the steel or by heat treatment. The effect of chemical com-
position on the balance between ferrite and austenite was discussed in chapter

three. The influence of heat treatment is presented in this chapter.

6.2 Thermodynamic calculations

Phase calculations using MTDATA are present in Figure 6.1. The calcu-
lations take into account the phases liquid, ferrite, austenite, sigma and the
carbides M,,C¢ and M,C,;. They cover a temperature range over which only
liquid, ferrite and austenite coexist. The purpose of these calculations was to
enable a comparison against experimental measurements presented in the sub-
sequent sections. The calculations have been done for a typical duplex wrought
metal (IC381), duplex composition overalloyed with Cr (IC373), duplex weld
metal (UNS31), super duplex wrought metal (ZERON100) and super duplex
weld metal (A219). Their chemical compositions are listed in Table 5.1 and
Table 5.2 shows their Cr,, /Ni,, ratios calculated according to the Hammar and
Svensson (1979) equation. Comparing the results of these calculations shows
that duplex weld metal UNS31 (which has the lowest Cr,, /Ni,,) has the highest

volume fraction of austenite.
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Figure 6.1. The calculated equilibrium phase diagrams for alloys a) typical du-

plex wrought metal (IC381); b) duplex composition overalloyed with Cr (IC373);
c) duplex weld metal (UNS31); d) super duplex wrought metal (ZERON100);

e) super duplex weld metal (A219).
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Figure 6.1. (Continued)

6.3 Equilibrium isothermal heat treatments

Equilibriation heat treatments were carried out on duplex stainless steel
rolled metals IC373, IC381 and super duplex weld metal A219 (Table 5.1); the
heat treatment conditions are summarised in Table 6.1. To avoid oxidation, de-
carburisation and the escape of nitrogen, all the specimens were sealed in silica-
quartz tubes containing a partial pressure of argon (about 100 mm Hg). The
minimum temperature of the heat treatments is 1100 °C to avoid the precipita-
tion of sigma-phase, especially in alloy A219. Figure 6.2 shows the precipitation
of sigma-phase at 1050 °C in super duplex weld metal A219. The maximum
heat treatment temperature used was 1300 °C as the silica-quartz tube is not

stable at temperatures higher than that.

Table 6.1. Heat treatments.

Temperature (°C) 1100 1150 1200 1250 1300
Time (h) 315 165 65 48 26
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Figure 6.2. The microstructure of super duplex stainless steel alloy A219 solution
treated at 1150 °C for 2.5 hours before quenching in water. Sigma-phase (bright
white) has been precipitated on the grain boundaries between austenite (yellow)

and ferrite (dark colour).

Figures 6.3-6.6 show the microstructures of duplex alloy IC381 after heat
treated at different temperatures. The light phase is austenite and the dark one
is ferrite. The fine particles inside the ferrite grains are austenite formed during
quenching. The volume fraction of austenite (excluding the fine particles) was
measured using both the linear point counting and image analysing techniques.
As the temperature was reduced from 1300 (Figure 5.19) to 1100 °C (Figure
6.6) the measured volume fraction of austenite (excluding fine austenite which
has precipitated during quenching) increased from about 0.19 to 0.65.

Duplex rolled metal IC373 has a Cr,,/Ni,, ratio which is much higher so

eq
that the formation of austenite is retarded to a much lower temperature com-
pared with IC381 (Figure 6.7-6.10). Figure 6.9 shows allotriomorphic austenite
at d-ferrite grain boundaries after heat treatment at 1150 °C for 165 hours. The
volume fraction of austenite (excluding the fine particles) is less than 0.05. By
comparison, the specimen which was heat treated at 1100 °C, contained about
0.28 volume fraction of austenite (excluding the fine particles).

In the case of super duplex weld metal A219 (Figures 6.11 to 6.14) with a

Cr,,/Ni,, ratio of 2.20 (Table 5.2) the solidification mode is ferritic-austenitic
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(chapter 5), so the volume fraction of austenite at all temperatures is much
higher compared with 1C373 and IC381. As the temperature was reduced from
1300 (Figure 5.21) to 1100 °C (Figure 6.14) the measured volume fraction of
austenite (excluding fine austenite which has precipitated during quenching)
increased from 0.53 to 0.70. The microstructure of specimen heat treated at
1100 °C (Figure 6.14) shows that d-ferrite has decomposed to austenite plus
sigma phase. This confirms that sigma phase in super duplex stainless steel
weld metal A219 forms at higher temperatures compared with duplex stainless
steel wrought metals IC381 and IC373. This is due to higher amount of Cr and
Mo in the super grade (these two elements are strong sigma formers).

The measured volume fractions of austenite for different specimens are listed
in Table 6.2. Figures 6.15-6.17 shows the variations of equilibrium (calculated
and measured) volume fraction of austenite with temperature for alloys IC381,
IC373 and A219 respectively. The agreement is good in all cases except for IC373
which contains a less austenite at high temperatures than is predicted. This is
the only alloy which solidifies completely to ferrite. The nucleation of austen-
ite must therefore be difficult. The situation would be worse by the fact that
elevated temperature heat treatments lead to excessively coarse é grain struc-
tures, so that the number density of haterogenous nucleation sites is drastically
reduces. Consequently, the observed discrepancies at elevated temperatures are
attributed to the kinetic hindrance of transformations. The fact that agreement
with the phase calculations is recovered for the heat treatment at 1100 °C (fine

4 grain structure, larger nucleation site) confirms this hypothesis.

Table 6.2. Equilibrium volume fraction of austenite measured using both the

linear point counting and image analysis techniques.

Steel Grade Temperature °c

1100 1150 1200 1250 1300
IC381 0.6510.07 0.6030.05 0.34710.03 0.29+0.03 0.1910.03
1C373 0.2810.04 <0.05 <0.05 <0.05 <0.05
A219 0.70+0.06 0.7540.05 0.681+0.06 0.5740.05 0.5310.06
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Figure 6.3. Light micrographs showing the microstructure of duplex rolled metal
IC381 heat treated at 1250 °C for 48 hours and then quenched into water. The
light phase is austenite and the dark one is ferrite. The fine particles inside
the ferrite grains are austenite formed during quenching. The measured volume

fraction of austenite (excluding the fine particles) is about 0.29.
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Figure 6.4. Light micrographs showing the microstructure of duplex rolled metal
IC381 heat treated at 1200 °C for 65 hours and then quenched into water. The
light phase is austenite and the dark one is ferrite. The fine particles inside
the ferrite grains are austenite formed during quenching. The measured volume

fraction of austenite (excluding the fine particles) is about 0.34.
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Figure 6.5. Light micrographs showing the microstructure of duplex rolled metal
IC381 heat treated at 1150 °C for 165 hours and then quenched into water. The
light phase is austenite and the dark one is ferrite. The fine particles inside
the ferrite grains are austenite formed during quenching. The measured volume

fraction of austenite (excluding the fine particles) is about 0.60.
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Figure 6.6. Light micrographs showing the microstructure of duplex rolled metal
IC381 heat treated at 1100 °C for 315 hours and then quenched into water. The
light phase is austenite and the dark one is ferrite. The fine particles inside
the ferrite grains are austenite formed during quenching. The measured volume

fraction of austenite (excluding the fine particles) is about 0.65.




Figure 6.7. Light micrographs showing the microstructure of duplex rolled metal
IC373 heat treated at 1250 °C for 48 hours and then quenched into water. This
figure shows that the equilibrium microstructure at the elevated temperature
consists of huge d-ferrite grains with a small amount of austenite formed mainly
at the grain boundaries. The fine particles inside the ferrite grains are austenite
formed during quenching. The measured volume fraction of austenite (excluding

the fine particles) is less than 0.05.
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Figure 6.8. Light micrographs showing the microstructure of duplex rolled metal
IC373 heat treated at 1200 °C for 65 hours and then quenched into water. This
figure shows that the equilibrium microstructure at the elevated temperature
consists of huge d-ferrite grains with a small amount of austenite formed mainly
at the grain boundaries. The fine particles inside the ferrite grains are austenite
formed during quenching. The measured volume fraction of austenite (excluding

the fine particles) is less than 0.05.



400 pan

Figure 6.9. Light micrographs showing the microstructure of duplex rolled metal
IC373 heat treated at 1150 °C for 165 hours and then quenched into water. This
figure shows that the equilibrium microstructure at the elevated temperature
consists of huge §-ferrite grains with a small amount of austenite formed mainly
at the grain boundaries. The fine particles inside the ferrite grains are austenite
formed during quenching. The measured volume fraction of austenite (excluding

the fine particles) is less than 0.05.
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Figure 6.10. Light micrographs showing the microstructure of duplex rolled
metal IC373 heat treated at 1100 °C for 315 hours and then quenched into water.
The light phase is austenite and the dark one is ferrite. The fine particles inside
the ferrite grains are austenite formed during quenching. The measured volume

fraction of austenite (excluding the fine particles) is about 0.28.




Figure 6.11. Light micrographs showing the microstructure of super duplex weld
metal A219 heat treated at 1250 °C for 48 hours and then quenched into water.
The light phase is austenite and the dark one is ferrite. The fine particles inside
the ferrite grains are austenite formed during quenching. The measured volume

fraction of austenite (excluding the fine particles) is about 0.57.
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Figure 6.12. Light micrographs showing the microstructure of super duplex weld
metal A219 heat treated at 1200 °C for 65 hours and then quenched into water.
The light phase is austenite and the dark one is ferrite. The fine particles inside
the ferrite grains are austenite formed during quenching. The measured volume

fraction of austenite (excluding the fine particles) is about 0.68.
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Figure 6.13. Light micrographs showing the microstructure of super duplex weld
metal A219 heat treated at 1150 °C for 165 hours and then quenched into water.
The light phase is austenite and the dark one is ferrite. The fine particles inside
the ferrite grains are austenite formed during quenching. The measured volume

fraction of austenite (excluding the fine particles) is about 0.75.
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Figure 6.14. Light micrographs showing the microstructure of super duplex weld
metal A219 heat treated at 1100 °C for 315 hours and then quenched into water.
This figure shows that ferrite (dark phase) has decomposed to austenite (gray
phase) plus sigma (bright phase). is austenite. The measured volume fraction

of austenite is about 0.70.
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Figure 6.15. Calculated and measured equilibrium volume fractions of austenite
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Figure 6.16. Calculated and measured equilibrium volume fractions of austenite
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Figure 6.17. Calculated and measured equilibrium volume fractions of austenite

as a function of temperature in super duplex weld metal A219.

6.4 Effect of Ferrite/Austenite Balance on Hardness

The experiments show that the hardness has a close relation with the vol-
ume fraction of é-ferrite in duplex stainless steels. Figure 6.18 shows the mea-
sured hardness against the heat treatment temperature over the temperature
range 1100-1300 °C. In this temperature range, the microstructure is ferritic-
austenitic and almost free from other precipitation (except for alloy A219 heat
treated at 1100 °C that microstructure consists of three phases austenite, ferrite
and sigma phase). The hardness was found to increase with increasing heat
treatment temperature. This is expected because of the accompanying increase
in the volume fraction of é-ferrite which is the harder of the two phases. For
temperatures below 1200 °C, super duplex weld metal A219 is harder than du-
plex rolled metal IC381 although its volume fraction of austenite is higher. This
1s due to the formation of sigma phase at 1100 °C in alloy A219 (Figure 6.14).
In the case of 1150 °C this can be due to precipitation of chromium nitride as

the nitrogen and chromium content of A219 is larger than in IC381 (see section

6.6).
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Figure 6.18. Measured hardness values as a function of the heat treatment
temperatures. The measured fractions of austenite (excluding fine particles) are

also included.
6.5 Equilibrium partitioning of alloying elements

The concentrations of different elements in each phase were measured using
an EDX analyser on a scanning electron microscope (see section 2.10). Only
the major constituents were analysed, namely Fe, Cr, Ni, Mo, Mn and Si. The
concentrations of these elements were normalised to 100 wt.%. Between these
elements molybdenum has a much larger atomic mass compared with the oth-
ers. Since the microanalytic measurements are carried out assuming that all
the elements absorb X-rays to a similar degree, the molybdenum data are likely
to be flawed, the extent of the error depending on the thickness of the particle
along the electron beam direction (a parameter which is very difficult to deter-
mine). The chemical composition of each phase was analysed twenty times in

each heat treated specimen (Tables 6.3 to 6.6), the error bars show the standard
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deviation. Figures 6.19 to 6.24 show the calculated and measured partitioning of
different alloying elements in duplex rolled metal IC381 and super duplex weld
metal A219 as a function of temperature. As the temperature increases the equi-
librium concentration of chromium in ferrite decreases while its nickel content
increases (Figures 6.19 and 6.20). The equilibrium nickel content of austenite
also increases with temperature (Figures 6.20 and 6.23). There is broad agree-
ment between calculations and measurements, except for molybdenum where

the discrepancies are large.

Table 6.3. TEM EDX microanalysis of é-ferrite in duplex rolled metal IC381

heat treated at different temperatures (all concentrations in wt.%).

Temperature Fe Cr Ni Mo Mn Si

°c

1300 64.301+0.47 24.3010.47 5.47F£0.09 3.37%0.19  1.9730.05 0.47 F0.02
1250 65.001+0.82 24.671+0.47 4.974+0.17 3.303+0.14 1.80+0.22 0.43 +0.02
1200 64.6710.47 24.6710.47 5.0010.14 3.47F0.12 1.871+0.25 0.47 £0.05
1150 64.0010.62 26.001+0.35 4.601+0.27 3.7130.23 1.4330.21 0.49 $0.02
1100 63.6710.47 25.671+0.47 4.47%0.17 3.87%0.12 1.83F0.05 0.46 10.04

Table 6.4. TEM EDX microanalysis of austenite in duplex rolled metal IC381

heat treated at different temperatures (all concentrations in wt.%).

Temperature Fe Cr Ni Mo Mn Si

°c

1300 64.671+0.47 23.2010.47 7.0010.22 2.901+0.73  2.133+0.05 0.45 £0.07
1250 65.671+0.47 22.671+047 7.00%t0.22 2.2740.12 2.13+0.26 0.40 £0.04
1200 66.0010.87 22.004+0.57 7.23+0.19 2.3740.05 2.1010.08 0.41 F0.03
1150 66.1010.43 22.10%t0.63 7.31%0.23 2.33+0.13 1.70%0.16 0.33 0.05
1100 65.001£0.61 22.00%0.72 7.20+0.33  2.603+0.67 2.40+0.15 0.46 +0.06
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Table 6.5. TEM EDX microanalysis of é-ferrite in super duplex weld metal A219

heat treated at different temperatures (all concentrations in wt.%).

Temperature Fe Cr Ni Mo Mn Si

e

1300 58.001+0.97 28.75+0.43 8.27+0.25 4.15F0.17 0.63+0.07 0.48 £0.06
1250 57.3310.47 29.33+0.47 7.73%£0.15 4.43+0.41 0.67%0.13  0.56 £0.04
1200 58.001£0.50 29.0010.50 7.171+0.26 4.73+0.29 0.66+0.06 0.55 10.06
1150 57.0040.50 30.1010.63 6.95+0.25 4.45+0.55 0.9910.01  0.43 10.07
1100 57.001+0.50 30.0010.20 6.80F+0.20 4.85+0.05 0.77t0.11  0.62 +0.02

Table 6.6. TEM EDX microanalysis of austenite in super duplex weld metal

A219 heat treated at different temperatures (all concentrations in wt.%).

Temperature Fe Cr Ni Mo Mn Si

°c

1300 59.001+0.50 26.50+0.50 10.251+0.43 2.601+0.25 0.68+0.13  0.45 F0.10
1250 58.5010.50 27.0010.50 10.0010.50 3.201+0.40 0.761+0.06 0.48 £0.09
1200 59.00+0.50 27.0010.82 9.901+0.14 2.351+0.55 0.85+0.19 0.39 +0.17
1150 58.0010.82 27.3310.47 9.871+0.12 3.00+0.08 1.530.64 0.40 £0.08
1100 59.001+0.50 26.00+0.50 11.00+0.50 3.05+0.25 0.70F0.11  0.47 F0.05
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Figure 6.19. The calculated and measured partitioning of chromium in duplex

rolled metal IC381 as a function of temperature.
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6.6 Precipitation of Cr,N

With increased use of N as an alloying element in duplex and super duplex
stainless steels, the tendency for the precipitation of chromium nitrides of type
Cr,N in the temperature range 700-900 °C has been enhanced (Hochmann
et al., 1974). The precipitate can even form during quenching from solution
treatment temperatures. Nilsson and Liu (1988) have observed Cr,N of 200-
500 A diameter at §/§ boundaries after quenching in water from 1150 °C in
some super duplex steels. Roscoe et al., (1985) have shown that precipitation of
Cr,N is more likely when solutionising is performed at higher temperatures, for
instance 1300 °C. However, the effect of Cr,N on the mechanical and corrosion
properties has not been separated from that of sigma, since Cr,N and sigma

often coexist.

In this study, chromium nitride was found to precipitate intragranularly
inside the §-ferrite grains during quenching from solution temperatures higher
than 1100 °C in super duplex weld metal A219. Their precipitation was not
observed in duplex rolled metals IC381 and IC373. This is due to the fact
that the nitrogen content of A219 is more than twice that of IC381 and 1C373.
Specimens of alloy A219 heat treated at 1150 °C were found to be harder than
specimens of alloy IC381 even though the ferrite volume fraction of IC381 is
higher ( Figure 6.18). This may be due to the precipitation of chromium nitride
in alloy A219. Figure 6.25 shows the very fine precipitations of chromium nitride
particles inside é-ferrite grain which have formed during quenching from 1300
°C in A219. Figure 6.26 shows the dark field image of the same particles and
Figure 6.27 shows the diffraction pattern of the matrix confirming that matrix
has a b.c.c. crystal structure and chromium nitride precipitation do occur in
ferrite. Figure 6.28 shows TEM micrographs of carbon replica extract from
same sample. The electron diffraction pattern shown in Figure 6.29 confirms
that particles have a structure which is trigonal, consistent with that reported
by Eriksson (1934). The EDX microanalysis of the carbon replica samples shows
that the particles are very rich in chromium (Table 6.7). These results confirm

that the particles are likely to be chromium nitrides.
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Figure 6.25. Bright field TEM micrographs from thin foils showing the intra-
granular precipitation of Cr,N in é-ferrite formed in A219 during quenching

from 1300 °C.
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Figure 6.26. Dark field TEM micrographs from thin foils showing the intragran-

ular precipitation of Cr,N in é-ferrite formed in A219 during quenching from

1300 °C.

Figure 6.27. SADP of the matrix of Figure 6.25. The zone direction of the
diffraction pattern is [311].
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Figure 6.28. Bright field TEM micrographs from carbon replica extracted from

A219 sample quenched from 1300 °C showing the Cr,N particles formed during

quenching.

Figure 6.29. SADP of the Cr,N particles. The zone direction of the diffraction

pattern is [518].



Table 6.7. TEM EDX microanalysis of chromium nitride particles formed during

quenching from 1300 °C in A219 (all concentrations in wt.%).

Fe Cr Ni Mo Mn Si

7.2530.43 84.5710.61 0.5110.09 0.1210.03 2.7210.05

6.7 Modelling of T

Computer programs have been used to estimate the ferritisation tempera-
ture (the temperature where the microstructure is wholly ferritic, T;) and vol-
ume fractions of austenite. The aim was to provide a simple way of estimating
these values. MTDATA therefore provided the raw data which were fitted using
regression analysis. These computer programs are presented in appendices A, B
and C respectively.

The first program calculates the Ni., and Cr,, using the Pickering equa-
tion (see section 3.4). It then employs regression analysis using values of T
calculated by the MTDATA package as actual values, in order to determine an
empirical formula for Ty as a function of Ni,, and Cr,,. In some cases, the cal-
culation of T; by MTDATA required the liquid phase to be suppressed. These

calculations have produced the following empirical equation where T in degree

*C.

T = 1201 + 30.59 x Ni,, — 3.62 x Cr, (6.1)

Figure 6.30 shows calculated and actual T against Ni,, /Cr,, for the steels
presented in Table 2.1.
The second computer program is written to calculate the coefficients of

the elements in Cr,, and Ni,,, in order to design a new equation for super

q
duplex stainless steels. These calculations have produced the following empirical

equation where all the concentrations are in wt.%.

Crq = Cr + 25i + 4Mo + 5V + 5.5A1 + 0.75Nb + 1.5Ti + 0.75W
Ni,, = Ni + Co + 0.5Mn + 0.3Cu + 15C + 1IN
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Figure 6.30. Calculated and actual T} of different types of duplex stainless steels
listed in Table 2.1.

The third computer program is designed to predict the volume fraction of
austenite using two dimensional regression analysis on input values of austenite
fraction (calculated by MTDATA) against undercooling below T;. The following
empirical formula is the result of these calculations where T and T, are in
degree °C and V. is the volume fraction of austenite (T can be calculated from

equation 6.1).

In(V,, +0.0194) = 1.393In(T; — T + 1) — 3.945 (6.2)

Where T is less than T;. It is important to know that the application
of equation 6.2 to predict the equilibrium volume fraction of austenite is lim-
ited over the temperature range where the microstructure is duplex (i.e. where
sigma phase and other precipitates are unstable). This means for the steels that
we studied in this chapter this equation can be used only where 1100<T<T,.

Secondly, this equation gives the equilibrium volume fraction of austenite at the
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desired temperature. But since austenite always forms during quenching in order
to obtain the desired balance between austenite and ferrite at room temperature,
a heat treatment should be designed which produces lower fractions of austenite
than that required. Figure 6.31 shows the variation of calculated volume frac-
tion of austenite (predicted by equation 6.2) and actual values (calculated by

MTDATA) with temperature for super duplex weld metal A201.
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Figure 6.31. The variation of volume fraction of austenite (predicted and actual)

with temperature for super duplex stainless steel weld metal A201 (Table 2.1).

6.8 Conclusions

1. Both the thermodynamic calculations and experimental measurements show
that within the temperature range 1100-1300 °C, ferrite and austenite are the
only phases which are present in duplex and super duplex stainless steels studied
(except in super duplex A219 that sigma phase was found to form at 1100 °C).
2. The agreement between thermodynamic calculations and experimental vol- ~

ume fractions of austenite for samples which underwent prolonged isothermal

heat treatments is good in all cases where the nucleation of austenite is rela-
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tively easy.

3. As the temperature decreases the volume fraction of austenite in duplex and
super duplex increases, causing the hardness to decrease.

4. Sigma phase does form at higher temperatures in super duplex stainless steel
compared with the duplex grades. This is the effect of the higher Cr and Mo
content (which are the strong sigma-phase formers) in the super duplex grades.
5. Chromium nitride was found to form during quenching from elevated solution
temperature in super grade A219 (which has higher nitrogen content). The

precipitation of these particles increases the hardness.
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Chapter 7

PRECIPITATION IN SUPER DUPLEX STAINLESS STEELS

7.1 Introduction

Duplex stainless steels have better mechanical and corrosion properties com-
pared with austenitic and/or ferritic stainless steels, because they combine the
favourable properties of ferrite (§) and austenite (), which are present in ap-
proximately equal amounts. However, a variety of undesired phases and precipi-
tates may also appear if the steel is improperly treated at elevated temperatures.
The presence of these precipitates can spoil the mechanical and corrosion proper-
ties. This chapter deals with an experimental characterisation of these undesired

phases.

7.2 Previous Work

Josefsson et al. (1991) have reviewed the work which has been done by many
researchers on phase transformation in duplex stainless steels, as summarised in
Table 7.1. Solomon et al. (1979) have studied the phase transformations for
the duplex alloy U50 and have proposed a TTT diagram which is presented in
Figure 7.1.

Table 7.1. Precipitates and phases which have been observed in duplex stainless
steels (Josefsson et al., 1991).

Type of Nominal chemi- Temperature Lattice para- Reference

precipitate cal formula range (OC) meter (A)

) - . a=2.86-2.88

Y - a=3.58-3.62

o Fe — Cr — Mo 600-1000 a=8.79, c=4.54 Hall and Algie, 1966

Cr,N Cr,N -900 a=4.795, c=4.469 Eriksson, 1934

X Fe,cCr,,Mo,,  700-850 a=8.92 Kasper, 1954

R Fe — Cr — Mo 550-650 a=10.903, c=19.342 Rideout et al., 1951

s Fe,Mo,3N, 550-600 a=6.47 Evans and Jack, 1957

M.C, M,C, 950-1050 a=4.52, b=6.99 Rouault et al., 1970
c=12.11

M,;Ce M,,Cq 600-950 2=10.56-10.65 Bowman et al., 1972
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7.2.1 Secondary austenate

Secondary austenite is the austenite produced by transformation from fer-
rite. The ferrite to austenite transformation can happen over a wide temperature
range and via different mechanisms depending on the transformation tempera-

ture.

7.2.1.1 Transformation temperatures greater than 650 °C

At temperatures above 650 °C austenite will form as Widmanstatten pre-
cipitates in various morphologies (Southwick and Honeycombe, 1980). Because
of the high temperature, diffusion accompanies transformation and the austenite

has a higher content of Ni than the ferrite matrix from which it grows.
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Figure 7.1. TTT diagram of a duplex stainless steel alloy U50 after Solomon et
al., 1979.

7.2.1.2 Transformation temperature in the range 700-900 °C

In this temperature range the transformation of §-ferrite to austenite tends

to occur by a eutectoid reaction

6ferrite =0+ Yaustenite (71)
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because the §-ferrite becomes destabilised by the precipitation of o which reduces
the Cr and Mo concentrations in ferrite. The §-ferrite grains therefore change

into intimate mixtures of austenite and o.

7.2.1.3 Transformation temperatures less than 650 °C

At temperatures less than 650 °C the mobility of substitutional elements
such as Cr, Ni and Mo is very small. Ferrite will transform to austenite via a
mechanism that shows great similarities with martensite formation. The precip-
itation of austenite is isothermal and there is no difference in the composition of
austenite and ferrite matrix with respect to the substitutional solutes. South-
wick et al. (1980) have shown that the /4 orientation relationship is of the
Nishiyama-Wasserman type. This form of austenite precipitates inside the fer-
rite grains independently of the precipitation of other phases and has been called

7, in some literature (Southwick and Honeycombe, 1980).

7.2.2 Sigma phase

Sigma phase is an intermetallic compound with a body centred tetragonal
(b.c.t.) crystal structure, occurring mostly in the Fe-Cr and Fe-Cr-Mo systems.
In Fe-Cr alloys containing more than 22 wt.% Cr, sigma phase has a composition
centred on a Cr content of about 45 wt.%, and can appear during prolonged heat
treatment at temperatures above 550 °C (Castro and de Candenet, 1968). In
Fe-Cr-Mo systems the temperature range of stability is extended as Mo stabilises
sigma. Maehara et al. (1983) have shown that Cr, Mo and Si increase both the
precipitation rate and volume fraction of sigma in a large number of duplex
steels. Ni on the other hand reduces the equilibrium volume fraction of sigma.
However, it accelerates precipitation kinetics by reducing the §-ferrite fraction,
and increasing the partitioning of o-promoting elements to ferrite.

Strutt and Lorimer (1984) have investigated the structure property relation-
ships of ZERON 100 which is a super duplex stainless steel of nominal composi-
tion 25 Cr, 7.5 Ni, 3.5 Mo and 0.25 N wt.%. Their measured C-curve for 5 vol.%
sigma is shown in Figure 7.2. They found that the nucleation of sigma-phase
occurs on ferrite/austenite boundaries, presumably due to the good cr;'stallo-

graphic match of the {111} plane of sigma and the {111} plane of austenite.
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Preferential growth of sigma-phase into ferrite occurs because the ferrite is Cr-
rich. The ferrite near the sigma naturally becomes depleted in Cr and Mo, and

hence sometimes tends to partially transform to austenite.
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Figure 7.2. The measured C-curve for 5 vol.% sigma-phase formation in forged
ZERONI100 based on quantitative metallographic data.(Strutt and Lorimer,
1986).

As sigma phase is hard and brittle, its presence in welds can cause em-
brittlement and its absorption of chromium can sensitise the alloy to corrosion

(Hevbsleb and Schwabb, 1984).

7.2.8 Cr,N

See chapter six.

7.2.4 Chi phase

Chi phase is another intermetallic compound which can precipitate in du-
plex and super duplex steels which precipitates in the temperature range 700-900
°C (Thorvaldsson et al., 1985). As it is brittle it has an adverse effect on tough-
ness, but owing its much lower volume fraction, it is much less important than

sigma phase.
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7.2.5 R phase

R phase is a Mo-rich compound which appears to be detrimental to tough-
ness. Nilsson et al. (1991) have investigated its precipitation in a Fe-22Cr-8Ni-
3Mo wt.% weld metal. It precipitates in temperature interval 550-650 °C and
has an approximate composition of Fe-25Cr-6Ni-34Mo-4Si wt.%. These data
must obviously depend on alloy chemistry as well, although the details are not

known.

7.2.6 Carbides

Carbides of type M,C, precipitate in the temperature range 950-1050 °C
and M,;C4 below about 950 °C. Thorvaldsson et al. (1985) have observed pre-
cipitation of both types of carbide at §/§, v/v and 6/~ boundaries. However,
due to the low carbon content of duplex and super duplex steels carbides play
a less important role compared with other types of stainless steels with higher

carbon contents.

7.2.7 w-nitride

m-nitride is a detrimental intermetallic compound that may precipitate in-
tragranularly in duplex and super duplex stainless steels (Thorvaldsson et al.,

1991). It can easily be confused with sigma phase with a chemistry of approxi-

mately Fe-35Cr-3Ni-34Mo wt.% (ideally Fe,Mo,;N,).

7.2.8 Low temperature ageing

Iron-chromium ferritic solid solutions have a tendency to show the cluster-
ing of atoms, rather than a random distribution. The clustering manifests at low
temperatures since at elevated temperatures, entropy effects tend to randomise
the solution. There are severe embrittling effects which occur as a consequence
during prolonged low temperature ageing, at temperatures in the vicinity of
430-470 °C. A chromium rich o’ “phase” precipitates on a very fine scale, prob-
ably by a mechanism involving spinodal decomposition. These effects are not
explored in the present work, but could be quite important if duplex and super

duplex alloys are used in the appropriate service conditions (Strangwood and

Druce, 1990).
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7.3 Thermodynamic calculations

The purpose here was to investigate the carbide and sigma phases using
the MTDATA package for super duplex weld metal A219 (Table 5.1). Figure
7.3 shows the calculated phase diagram of the alloy. In addition to é-ferrite and
austenite, sigma phase and M,;C¢ also precipitate. Note that other carbides

( M,C, and M,C ) were also included in the analysis but do not form in the

equilibrium state.
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Figure 7.3. The equilibrium phase fractions for super duplex weld metal A219.

7.8.1 Discussion

The above calculations are in good agreement with literature data which
indicate the only important precipitation in duplex and super duplex stainless
steels in temperature range 600-1000 °C is sigma-phase and M,;Cg, although
the maximum volume fraction of the latter phase is only about 0.006, negligible
when compared with sigma phase. This is because new duplex and super duplex
alloys contain little carbon (less than 0.03 wt.%). Further calculations therefore
neglect any phases other than §, v and o.

7.8.2 Calculations assuming only 6, v and o ezist

p
Thermodynamic calculations have been done for duplex and super duplex
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alloys IC381, IC373, UNS31, ZERON100 and A219 (Table 5.1) in the tempera-
ture range of 600-1000 °C. the results are presented in Figure 7.4. Figure 7.4a
shows the equilibrium precipitation of sigma-phase in an ordinary duplex stain-
less steel IC381. The sigma-phase begins to precipitate at 865 °C and its volume
fraction increases as the temperature drops. At about 680 °C its equilibrium
volume fraction reaches a maximum of about 0.18. At temperatures below 680
°C the austenite should transform to ferrite.

Figure 7.4b shows that the o, temperature is much higher for alloy 1C373
which has been overalloyed with Cr compared with TIC381. The sigma-phase
volume fraction is also much higher (its maximum is about 0.32 at 680 °C). In
the duplex weld metal UNS31 as Mo and Cr are lower in concentration compared
with IC381 o, is lowered to 820 °C with correspondingly smaller volume frac-
tion. Super duplex alloy ZERON100 (Figure 7.4d) contains a larger Cr and Mo
content compared with TIC381 leading to a higher o, temperature and volume
fraction. The interesting result is that the calculated phase diagram for super
duplex weld metal A219, shows the highest o, temperature (about 990 °C). How-
ever, due to its higher Ni content the volume fraction of o-phase is smaller than
in ZERON100. With large Ni concentrations (UNS31 and A219) ferrite does
not form at low temperatures at all until o precipitation is completed. Con-
sequently there is no d-ferrite phase available to decompose to austenite plus
sigma. Hence, the calculated fraction of sigma-phase is in such alloys always

rather small.

7.8.8 Partitioning

Sigma-phase is a brittle phase rich in chromium, and in the alloys such
as A219, exists in equilibrium with austenite for temperatures below 990 °C.
Figures 7.5 to 7.7 show the expected equilibrium partitioning of Cr, Mo and
Ni respectively between austenite and sigma over temperature range of 600-990
°C. It is interesting that the Cr concentration in sigma-phase is about twice
that in austenite with the partitioning becoming more pronounced at lower

temperatures.
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Figure 7.4. The calculated equilibrium phase fractions. a) duplex stainless steel
IC381; b) overalloyed with Cr, IC373; c) duplex weld metal UNS31; d) super
duplex stainless steel ZERON100; e) super duplex weld metal A219.
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Figure 7.4. (Continued)
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Figure 7.5. The calculated equilibrium partitioning of chromium between sigma

phase and austenite in super duplex weld metal A219.
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Figure 7.6. The calculated equilibrium partitioning of molybdenum between

sigma phase and austenite in super duplex weld metal A219.
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Figure 7.7. The calculated equilibrium partitioning of nickel between sigma

phase and austenite in super duplex weld metal A219.
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7.8.4 The equilibrium sigma-start temperature

The previous work has shown that most of the elements which are ferrite
formers (for example Cr and Mo), also promote sigma-phase formation and
widen the temperature range where sigma phase is stable. The calculations
show that as the Cr,, increases, so does the equilibrium o, temperature (Figure

7.8).

There is a strong effect of Mo on the precipitation of sigma-phase (Figure
7.9), the correlation of the o, temperature against Mo content being better than
against the Cr,,. These results lead to the conclusion that although the Cr,, of
the alloy is important in determining the precipitation of sigma phase (specially
on the volume fraction of the phase), but the most important factor on this
precipitation is the Mo content of the alloy (specially on the temperature range

where the sigma-phase is thermodynamically stable).
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Figure 7.8. The calculated equilibrium sigma start temperature against Crgq of
the different duplex and super duplex stainless steel alloys as listed in Table 5.1.

The chromium equivalents are calculated according to Hammar and Svensson

(1979).
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Figure 7.9. The calculated equilibrium sigma start temperature against Mo

content of the different duplex and super duplex stainless steel alloys as listed

in Table 5.1.
7.4 Isothermal aging Heat Treatments

To construct the TTT diagrams for sigma phase precipitation in super
duplex stainless steel alloy A219, specimens were isothermally heat treated in
the range 600-1100 °C. To prevent oxidation and decarburisation, they were
sealed in silica tubes under partial pressure of argon (about 100 mm Hg). An
electric furnace with an even temperature distribution was used for the heat
treatments with an accuracy of £5 °C. After an appropriate time interval, the
specimens in their capsules were dropped into and broken under water. Sigma
phase formation causes a sharp increase in the hardness (Table 7.2).

The Vickers hardness number (VHN) of the as-received material is 293.
Figure 7.10 shows the hardness of specimens aged for 2 hours at different tem-
peratures. The hardness peaks at about 850 °C, indicating that the amount

of sigma phase formed at this temperature is a maximum compared with other
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ageing temperatures. Up to 30 vol% of o- phase was observed in specimens aged
at 900 and 800 °C.

Table 7.2. Vickers hardness for aged specimens of super duplex stainless steel
weld metal A219 (see Table 5.1 for chemical compositions and Table 2.2 for

welding conditions).

Temp°C lmin Smin 10min .5 hr lhr 2hr 4hr 8hr

1100 291 293 287 292 287 283 285 285
1000 208 301 318 320 360 360 366 366
900 278 314 341 345 398 411 433 415
800 294 306 323 332 400 397 385 418
700 292 291 291 294 296 342 356 362
600 288 291 286 295 294 293 309 314
4
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Figure 7.10. Vickers hardness of specimens of weld metal A219 (see Table 5.1
for composition and Table 2.2 for welding conditions) aged for two hours at each

temperatures.
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Figure 7.11. Hardness of weld metal A219 (see Table 5.1 for composition and

Table 2.2 for welding conditions) aged at 900 °C for different times.

Figure 7.11 shows the hardness of specimens aged at 900 °C, as a function
of ageing time. The hardness peaks at 433 VHN after four hours of aging.
Metallography indicates that the fraction of sigma almost does not increase
beyond an ageing time of four hours, but the precipitates coarsen with continued
ageing. However, the drop of hardness probably was more to do with the fact

that almost all of ferrite transformed into softer austenite.

7.5 Microstructural Observations

Optical, SEM, TEM electron diffraction and EDX analysis were used to
characterise the aged specimens. Sigma phase was not found for the specimens
aged at or below 600 °C and above 1050 °C. The different phases were identi-
fied by their electron diffraction patterns and also by EDX analysis on SEM or
TEM. The volume fraction of sigma phase was measured both by point counting
and image analysis techniques. Figure 7.12 is an optical micrograph showing the
microstructure of super duplex stainless steel alloy A219 aged at 600 °C for 16
hours. The phases in this specimen were identified by TEM EDX microanalysis
(Table 7.3) and TEM SADP. From this information it was found out that the

light etching phase i1s austenite and the dark one is ferrite. Although the speci- ~
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men has been aged at this temperature for a long time but there is still no sign
of sigma phase precipitation.

The sigma phase volume fraction was found to be more than 0.01 in the
specimens aged at 700 °C whenever the ageing time was more than 10 minutes.
Figure 7.13 shows the microstructure of the alloy aged at 700 °C for 10 minutes.
The fraction of sigma is estimated to be less than 0.01. Very fine particles of
sigma phase precipitated on §/~ grain boundaries. At 800 °C sigma phase was
found to form more rapidly (Figure 7.14). With increasing ageing time, sigma
phase was observed to grow inside the é-ferrite grains (Figure 7.15). Figures 7.16
to 7.18 show the microstructures of specimens aged at 900 °C for 1, 5 and 10
minutes respectively. As sigma phase grows inside ferrite the surrounding area
becomes depleted of Cr and Mo, and hence unstable with respect to austenite
formation. These new austenite particles have a very fine Widmanstatten mor-
phology (Figure 7.17). Table 7.4 shows the TEM EDX results for specimen aged
at 900 °C for 5 minutes. As the ageing time increases, so does the sigma fraction
until almost all ferrite decomposes to sigma plus austenite (Figure 7.20). Fig-
ure 7.19 shows that the decomposition of ferrite is slower at 1000 °C compared
with at 900 °C. However after a long aging time (16 hours) again all ferrite

transformed to sigma plus austenite at this temperature (Figure 7.20).

Table 7.3. TEM EDX microanalysis of the ferrite and austenite phases in super
duplex weld metal A219 aged at 600 °C for 16 hours (all concentrations are in

wt.%).

Phase Fe Cr Ni Mo Mn Si
Ferrite 57.740.3 28.5+0.7 7.940.6 4.910.3 0.4F0.1 0.510.1
Austenite 58.410.5 24.940.2 10.11+0.2 3.240.1 0.4+0.1 1.010.1

For short ageing times, sigma phase was observed to precipitate mostly
at the austenite/ferrite grain boundaries and then grow into the ferrite grains.

As the fraction of sigma phase increased (to values greater than =~ 0.2) at the /
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Figure 7.13. The microstructure of super duplex stainless steel A219 aged at
700 °C for 10 minutes. Note the bright fine sigma precipitations mostly at
austenite/ferrite grain boundaries. The sigma fraction is probably less than

0.01.
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Figure 7.14. The microstructure of super duplex stainless steel A219 aged at
800 °C for 1 minute. Note the bright fine sigma precipitations mostly at austen-

ite/ferrite grain boundaries. The sigma fraction is probably less than 0.01.
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Figure 7.15. The microstructure of super duplex stainless steel A219 aged at
800 °C for 10 minutes. Note the growth of sigma phase inside ferrite grains.

The sigma fraction is about 0.08.
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Figure 7.16. The microstructure of super duplex stainless steel A219 aged at
900 °C for 1 minute. The bright phase which has precipitated mainly in grain

boundaries is sigma with fraction probably less than 0.01.
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Figure 7.17. The microstructure of super duplex stainless steel A219 aged at
900 °C for 5 minutes. Ferrite grains have decomposed to sigma and austenite.
The new austenite has a very fine Widmanstatten morphology. The measured

volume fraction of sigma is about 0.07.
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Figure 7.18. The microstructure of super duplex stainless steel A219 aged at

900 °C for 10 minutes. The measured volume fraction of sigma is about 0.21.
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Figure 7.19. The microstructure of super duplex stainless steel A219 aged at

1000 °C for 5 minutes. The measured volume fraction of sigma is about 0.03.
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Figure 7.20. The microstructure of super duplex stainless steel A219 aged for 16
hours a) at 900 °C with about 0.30 volume fraction of sigma b) at 1000 °C with
about 0.31 volume fraction of sigma. Sigma phase has become the prominent

second phase and there is almost no sign of ferrite.

171



Figure 7.21. SEM micrographs showing the microstructure of super duplex
stainless steel A219 aged at 900 °C for four hours. The bright phase is sigma
and the dark one is austenite. Note that the sigma phase has almost formed a

network.




TEM confirmed that in specimens aged for short time periods in temper-
ature range 700-1050 °C sigma phase precipitated mostly at austenite/ferrite
grain boundaries and grew into the ferrite grains. Figure 7.22 shows the mi-
crostructure of specimen aged at 900 °C for 5 minutes and Figures 7.23 to 7.25
show the SADP of different phases found in this specimen. In the samples aged
for a long time, large volume fractions of sigma phase were found. Correspond-
ingly, the volume fraction of é-ferrite phase which was about 0.35 in the original
weld microstructure, had become very low hardly detectable. It seems that all
of the ferrite transformed into sigma plus austenite. Figures 7.26 to 7.31 show

the microstructures of the specimens aged for 16 hours.

7.6 Measurement of Sigina Phase Volume Fraction

The volume fractions of sigma phase in different aged specimens were mea-
sured both by point counting and image analysis. Light micrographs were used

to do these measurements. Table 7.5 shows the results of these measurements.

Table 7.5. Measured volume fraction of sigma phase for different aged specimens

of super duplex stainless steel weld metal A219.

Temp°C lmin Smin 10min .5hr lhr 2hr 4hr 8hr 16hr
1100 - . - - - - - - .
1000 - 0.03 0.04 0.06 0.29 022 021 020 0.25
900 - 0.07 0.21 0.28 038 036 038 035 0.30
800 : 0.01 0.08 0.31 035 032 033 031 0.31
700 - - - 0.01 0.04 033 035 034 031
600 - - - - - - - - -
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Figure 7.22. Bright field TEM micrographs showing the microstructure of super
duplex stainless steel A219 aged at 900 °C for 5 minutes. Ferrite grains have

decomposed to sigma plus austenite.
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Figure 7.23. Diffraction pattern of the dark phase in figure 7.22 (sigma phase)

confirms that it has a b.c.t. crystal structure. The zone axis is [110].

Figure 7.24. Diffraction pattern of the small light particles in figure 7.22 (austen-

ite) confirms that they have a f.c.c. crystal structure. The zone axis is [110].



Figure 7.25. Diffraction pattern of the grain point out in figure 7.22 (ferrite)

confirms that it has an b.c.c. crystal structure. The zone direction is [310].
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Figure 7.26. Bright field TEM micrograph showing the microstructure of super
duplex stainless steel A219 aged at 600 °C for 16 minutes. Note the precipitation
of fine austenite particles inside §-ferrite grain. Microstructure consists of ferrite

and austenite and there is no sign of sigma.
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Figure 7.27. Bright field TEM micrograph showing the microstructure of super
duplex stainless steel A219 aged at 700 °C for 16 hours. Sigma phase has made
a network and there is no sign of ferrite as it has completely decompose to sigma

plus austenite. Tables 7.6 and 7.7 show the TEM EDX data of the two phases.
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Figure 7.28. Bright field TEM micrograph showing the microstructure of super
duplex stainless steel A219 aged at 800 °C for 16 hours. Sigma phase has made
a network and there is no sign of ferrite as it has completely decompose to sigma

plus austenite. Tables 7.6 and 7.7 show the TEM EDX data of the two phases.
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Figure 7.29. Bright field TEM micrograph showing the microstructure of super
duplex stainless steel A219 aged at 900 °C for 16 hours. Sigma phase has made
a network and there is no sign of ferrite as it has completely decomposed to

sigma plus austenite. Tables 7.6 and 7.7 show the TEM EDX data of the two

AT\
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phases.
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Figure 7.30. Bright field TEM micrograph showing the microstructure of super
duplex stainless steel A219 aged at 1000 °C for 16 hours. Sigma phase has
made a network and there is no sign of ferrite as it has completely decomposed
to sigma plus austenite. Tables 7.6 and 7.7 show the TEM EDX data of the two

phases.
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Figure 7.31. Dark field TEM micrograph showing the microstructure of super

duplex stainless steel A219 aged at 1000 °C for 16 hours.

Figure 7.32 is a time-temperature-transformation (TTT) diagram for sigma
phase formation in super duplex alloy A219 based on the measured volume frac-
tion in the aged specimens. The C-curves for 1 and 5 volume % sigma phase
formation is presented in that figure. Note that compared with conventional
duplex stainless steels (Figure 7.1) the temperature range where sigma phase
precipitates has been widened. Sigma was found to be stable even at the speci-

mens aged at 1050 °C.

7.7 Relation between Volume Fraction of Sigma Phase and Hardness

In the temperature range 700-1050 °C both the hardness of the specimens
and volume fraction of sigma phase were found to increase with ageing time.
Figure 7.33 shows the variations of hardness and sigma phase volume fraction
with temperature for specimnens aged for two hours. A very good correlation
can be seen between the amount of sigma phase formed and the hardness of
the specimens. It was found that a hardness of 320 VHN corresponds to the
presence of 0.05 volume fraction of sigma phase. The maximum sigma phase

volume fraction of 0.38 was measured in the specimen aged at 900 °C for four
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hours. The measured hardness of this specimen was maximum (433 HV).
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Figure 7.32. C-curves for 1 and 5 vol.% sigma-phase formation in super duplex

stainless steel weld metal A219 based on measured volume fraction of sigma in

the aged specimens.
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Figure 7.33. Variations of sigma phase volume fraction and hardness with tem-

perature for specimens aged for two hours.
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7.8 Partitioning of the Alloying Elements between Austenite and Sigma

The microstructures of specimens aged at 700, 800, 900 and 1000 °C for 16

hours consist mainly of austenite and sigma phase. Tables 7.6 and 7.7 show the

TEM EDX data for the sigma phase and austenite respectively. These measure-

ments show that while Cr and Mo partition into sigma phase, Ni partitions into

austenite. The data are not all consistent with the thermodynamic calculations;

this must be a consequence of the fact that equilibrium has not been achieved

for the short time heat-treatments used.

Table 7.6. TEM EDX microanalysis of sigma phase in super duplex weld metal

A219 specimens aged at different temperatures for 16 hours (all concentrations

in wt.%).

Temperature Fe Cr Ni Mo Mn Si

°c

1000 52.010.7 3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>