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The interaction of microstructural evolution, precipitation and mechanical properties of cold rolled 27Cr-4Mo-
2Ni steels stabilised by Nb/Ti during annealing are investigated. Prior deformations provide an acceleration effect
on bulk sigma precipitation and increase the starting precipitation temperature to ~1000 °C, which can induce a
brittle fracture mode for annealed specimens. The precipitation temperature of Fe,Nb-type Laves phase is ob-
served to be as high as 1050 °C, and these nanoscale Laves phases are intertwined with Nb,C particles, which
are located at sub-grain boundaries. The abnormal relationship between the grain size and the annealing temper-
ature, which is also related to the formation of Nb-containing particles, is determined. The transformation from
Nb,C to Laves phase below 1050 °C release C atoms into the matrix around the Nb,C particles. This further leads
to Liiders deformation during tensile test because of Cottrell atmosphere formation. The y-fibre texture develop-
ment during the annealing process is explained based on orientated nucleation and orientation growth theory.
Super ferritic stainless steels exhibit a good combination of strength and ductility via Laves phase precipitation
control during annealing at approximately 1050 °C for 5-60 min; these properties are advantageous for their ap-

plication with strong y-fibre texture.
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1. Introduction

Super ferritic stainless steels (SFSSs), which are originally designed
for manufacturing seamless tubes worked with seawater medium, are
employed as replacement of copper and titanium pipes because of
their high corrosion resistance, good thermal conductivity, small
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coefficient of thermal expansion, and low production cost [1-5]. The
pitting resistance equivalent number (PREn = %Cr + 3.3% x Mo) of
SFSSs is larger than 35 because 26-32% Cr and 2-4% Mo are added
into these alloys. With a low nickel content and a reasonable molybde-
num content, SFSSs are proven to be cost effective compared with aus-
tenitic and duplex grades [6,7]. The high Cr and Mo concentrations in
the structure allow SFSSs to have considerable strengths resulting
from their solid-solution hardening [8-10]. These concentrations, how-
ever, increase the risk of brittle fracture and corrosion degradation in-
duced by the formation of chromium carbide, such as Cr,3Cg or Cr,N.
Ultra-low C and N are therefore preferred for SFSSs [11]. Considering
the high cost of extreme purification, carbide/nitride-forming elements,
including Nb and Ti, are added to stabilise the residual C and N after
moderate purification [12,13]. It is important to improve the process-
ability of the production of thin-walled or other thin-stamped parts
using ferritic stainless steels, especially SFSSs. The optimization of pa-
rameters for the production process, however, is confronted with prob-
lems [7,8,14,15]. There are several factors that limit the processability of
SFSSs. First, because of their high Cr and Mo contents, SFSSs maintain a
body-centred cubic (BCC) structure until the melting temperature is
reached [10,14]. This eliminates the chance of grain refinement by
phase transformation, which occurs in carbon steels [16]. Second, sev-
eral brittle intermetallics, such as (Fe-Cr-Mo)-type sigma (o), (Fe-Cr-
Mo)-type chi () and Fe,Nb-type Laves (1) phases easily form in the
microstructure because of high Cr and Mo contents together with a cer-
tain amount of Nb, which is detrimental to toughness and plasticity
[8,9,17-22]. Finally, a 475 °C embrittlement also limits the service pro-
cess of SFSSs [23].

The mechanical properties and various physical properties (yield
strength, elongation and stress corrosion cracking resistance) of SFSSs
are closely connected with their microstructures (grain size and tex-
ture). The control of their microstructure during the production process
is therefore crucial to achieve their designed or potential application.
Moreover, prior deformation is observed to have a considerable effect
on the secondary phase precipitation as well as on the recovery and
recrystallisation of their deformed state (structure and texture)
[24-26]. On the other hand, the secondary phase particles provide a
double-edge influence on both the recrystallisation and mechanical be-
haviour [27,28]. It is therefore critical to derive the good mechanical
properties of SFSSs by the microstructural control and process optimiza-
tion. Relatively few studies [29-32], however, discuss the interaction ef-
fect of Laves phase precipitation, recrystallisation behaviour, and related
mechanical properties on SFSSs that contain certain amounts of Nb and
Ti.

In this study, the microstructural evolution and mechanical proper-
ties of deformed and annealed SFSSs stabilised by Nb and Ti are investi-
gated with the objective of understanding the interaction effect of prior
deformation, second-phase precipitation, recrystallisation, and me-
chanical properties during the production process.

2. Experimental procedures

A continuous cast 27Cr-4Mo-2Ni 200 mm thick super ferritic
stainless-steel slab is employed for this investigation; its chemical com-
ponents are listed in Table 1. The as-received slabs were initially hot-
rolled to a t 4.2 mm thickness at a temperature range of 1150-980 °C.
These hot-rolled slabs are first solution-treated at 1100 °C for 20 min,
followed by water quenching. Second, a cold- rolling experiment is per-
formed with a total reduction of 60%, 70% and 80%. Finally, the cold

rolled sheets are annealed at a temperature of 600-1150 °C for
2-240 min followed by water quenching.

A Tescan Mira 3 field emission scanning electron microscope (FE-
SEM) equipped with both backscattered electron and electron back
scattering diffraction (EBSD) is employed to characterise the micro-
structure morphology of the longitudinal section (normal direction
(ND) and rolling direction (RD)) of the specimens, which are mechani-
cally polished and thereafter electrochemically polished at —30 °C using
a perchloric acid alcohol solution at 25 V for 0.5-1.0 min. In the EBSD
measurement, the scan steps are set as 0.2-2.5 um according to the ini-
tial grain sizes. The recrystallisation fraction is calculated using Channel
5 software based on the EBSD data. The recrystallisation grains were de-
fined with the critical misorientaion for grain and sub-grain boundaries
of 15° and 5°, respectively. The texture is displayed by using the ODF
(orientation distribution function).

Transmission electron microscopy (TEM) JEOL 2100F is employed to
further show the detailed microstructure of specimens by selected area
electron diffraction (SAED) high-angle annular dark field (STEM-
HAADF) imaging and high-resolution TEM. The thin foil specimens are
produced by double electrolytic jet processing.

Room temperature tensile experiments are performed on an elec-
tronic material testing machine (CMT5250) at a rate of 0.5 mm/min
controlled by an extensometer. Sub-size specimens with a gauge section
of 25 mm x 6 mm are prepared according to ASTM-E8M. Three equiva-
lent specimens were measured under each condition and the standard
deviations of the measured values are also calculated.

3. Results
3.1. Room temperature tensile properties

Fig. 1 shows the engineering stress-strain curves for the 80% cold-
rolled sheets after annealing at 950-1150 °C for 60 min. It is evident
that a high ultimate tensile strength (UTS, ~679 MPa) and yield strength
(0.2% proof stress, YS, ~635 MPa) with an extremely low total elonga-
tion (TE, ~3.1%) are measured for sheets annealed at 950 °C. After an-
nealing beyond 1000 °C, the UTS and YS evidently decrease, whereas
the corresponding TE increases compared with that at 950 °C. When
the annealing temperature is between 1100 and 1150 °C, good tensile
properties are obtained. The UTS is 570-580 MPa, YS is 485-495 MPa,
and TE is ~20.0%, and the tensile curves for the specimens practically
overlap. In particular, a weak Liiders elongation phenomenon [33,34]
is observed in the specimens annealed at 1000 °C, as shown in the en-
larged view embedded in Fig. 1. The upper yield point appears under
the condition where the TE is approximately 0.35% with a stress of
~492.6 MPa, whereas the lower yield point locates at ~0.69% with a
stress of ~489.7 MPa. Moreover, the yield point elongation persists
from 0.35% to 0.95%. For specimens annealed above 1050 °C, however,
Liiders deformation is practically invisible.

3.2. Deformed state

Fig. 2 shows the cold microstructure and the related micro-texture
characterised by the EBSD technique. Few regions are poorly indexed
(Fig. 2a) because of a large residual stress in the microstructure. A recov-
ery annealing at 600 °C for 1440 min is performed to improve the index
quality for texture measurement (recrystallisation fraction is ~3.5%);
the orientation distribution function (ODF) is shown in Fig. 2b. The
cold-rolling microstructure consists of elongated grains along RD with
a width in ND of ~2-10 pm. The grain orientation is characterised by

Table 1

The chemical composition of 27Cr-4Mo-2Ni SFSS (wt%).
C Si Mn P S Cr Ni Mo Cu Nb Ti N Fe
0.015 0.4 0.23 0.022 0.002 27.57 1.98 3.72 0.05 0.37 0.14 0.016 Bal.
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Fig. 1. Engineering stress-strian curvses for 80% cold rolled sheets annealed at 950-1150 °C for 60 min.

partial a-fibre ((110)//RD, running from {001} (110) to {111} (110))
and whole y-fibre ({(111)//ND) texture components (Fig. 2b), which
are the representative deformation textures for low carbon steels and
ferritic stainless steels [35-37]. Specifically, the a-fibre texture is dom-
inant, and the peak is focused on {112} {110) component because of the
large rolling reduction (80%) during cold rolling [36]. Moreover, both
intra-granular and inter-granular deformation inhomogeneities are ob-
served. For example, region A (red region presents practically 0-
orientated grains) shows a larger deformation than region B, and re-
gions A and B exhibit more uniform deformations than region C (blue
region presents practically y-orientated grains), as shown in Fig. 2a.
The elongated grains in region A are 2-5 um wide along ND, whereas
the deformed grains in region B are 5-10 um wide. A number of shear
bands are observed in the y-orientated grains with a deflection angle
of ~17-35° along RD (marked with white arrows in Fig. 2a). In addition,
some {110} (001)-orientated sub-structures (green region) are also ob-
served within the shear bands.

3.3. Recovery and recrystallisation

Fig. 3 shows the representative recovery and part recrystallisation
microstructures of specimens annealed at 600 °C with an 80% reduction.
After annealing for 30 min, the recovery is activated in the most heavily
deformed regions. A typical local area with a heavy deformation is
shown in Fig. 3a. Few banded structures consisting of numerous 1-5-
pum sub-grains are found aligned at ~35° to the RD (marked with yellow
lines in Fig. 3a). These banded structures are evidently developed along

the shear bands, as shown in Fig. 3a. Furthermore, the sub-grains are
orientated around the Goss orientation ({110} (100)) and ~y-fibre,
which is considered as the nuclei site for recrystallisation nucleation
in ferrous alloys [38]. In particular, high-strain regions around TiN par-
ticles that contain a number of LAGB (low-angle grain boundary with
a misorientation of 2-15°) are also observed in the microstructure. As
the annealing time increases to 2880 min, the combined microstructure
of recovery and recrystallisation is observed, as shown in Fig. 3b. Several
recrystallised grains, 5-10 pm in size, are found to be embedded in the
y-orientated regions, which have evolved from the sub-grains along
the shear bands (marked by yellow arrows in Fig. 3b). On the other
hand, the (001)//ND regions (A and B in Fig. 3b) remain un-
recrystallised or in the recovered state with several LAGBs in these
grains.

Fig. 4a shows the recrystallisation kinetic annealing at 950-1100 °C.
It is evident that full recrystallisation (definition: recrystallisation frac-
tion >95%) is rapidly completed in 2 min when the annealing tempera-
ture is >1000 °C. >240 min is required for specimens annealed at
1000 °C. During the annealing treatment at 950 °C, full recrystallisation
seems abnormally difficult to accomplish even if the annealing time
reaches 240 min. The recrystallisation fraction increases from ~79.8%
to 88.0% when the annealing time is prolonged from 2 to 60 min,
whereas it anomalously decreases to ~60.5% when the annealing time
is further extended to 240 min (Fig. 4a).

The average grain size distribution measured by the EBSD shown in
Fig. 4b indicates that the size increases as the annealing temperature in-
creases. On the other hand, the grain size scarcely changes in spite of
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Fig. 2. Microstructure and micro-texture of 80% cold rolled: (a) IPF-Z and (b) constant ¢2 = 45°orientation distribution function (ODF).
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Fig. 3. IPF-Z maps of 80% cold rolled specimens annealed at 600 °C for (a) 30 min and
(b) 48 h. The color orientation triangle is same as that in Fig. 2a. The black lines
represents the boundaries with misorientaion >5° in (a) and >15° in (b).

increasing the annealing time from 2 to 240 min when the heating tem-
perature is <1050 °C. The sizes also reduce in the range ~13-16 um,
which deviates from the traditional understanding that the grain size
increases continuously with increasing temperature and time [8,9,15].
At an annealing temperature of 1050 °C, a visible grain growth
(~26.4 um) is observed only when the annealing time is 2240 min. The
grain size significantly increases with increasing annealing time at
1100 °C, and the maximum grain size of ~59.2 um is reached after an-
nealing for 240 min.

Fig. 5 shows the recrystallised microstructure and related micro-
texture evolution after annealing at various temperatures for 60 min.
After annealing at temperatures <1000 °C, few elongated grains along
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the RD together with several fine recrystallised grains (<5 um) are
found in the microstructure. This indicates the occurrence of an incom-
plete recrystallisation with a fraction of ~22.3% at 950 °C. These un-
recrystallised grains are characterised by an approximate 6 orientation,
and a large number of LAGBs (marked by white lines in Fig. 4) are mea-
sured with frequencies of ~23.9% and 17.4% at 950 and 1000 °C, respec-
tively, especially in the elongated grains. When the annealing
temperature is >1050 °C, the microstructure consists of fully equiaxed
grains with an LAGB of 10.2% at 1100 °C. The constant 2 = 45° ODF,
which is calculated using Channel 5 software, is embedded in the corre-
sponding inverse pole figure. As the temperature increases, the texture
gradually progresses from the a-fibre texture towards the y-fibre tex-
ture component (mainly {111}(112)), which is reported to be beneficial
for the formability of FSS [39,40]. Furthermore, the maximum texture
intensity is enhanced from 7.36 (at {112} (110) for 950 °C) to 11.1 (at
{111} (112) for 1100 °C).

3.4. Precipitation

Fig. 6 shows the representative morphology of the intermetallic
phase after annealing at 950-1100 °C for 60 min. After annealing at
950 °C for 60 min, the bulk sigma phase, nano-size Laves phase, and
Nb,C, as well as TiN and Nb(C, N) particles, are observed in the micro-
structure. The sigma phase is formed at both grain boundaries and
shear bands, as well as around TiN particles, because of the high energy
stored in these regions (Fig. 6a) [41]. In particular, numerous
microcracks are found within the bulk sigma phase (inset in Fig. 6a) be-
cause of the fast precipitation kinetics and the brittle nature of this
phase [9]. The sigma phase is well indexed by the EBSD, and the inter-
face between the sigma phase and ferrite matrix belongs to the relation-
ship of {202}0//{110}a with the deviation peak at ~12.3° (Fig. 7). The
fine Laves phase (200-500 nm) also nucleates at the grain and sub-
grain boundaries (Fig. 6a). The formation of TiN and Nb(C, N) particles
are the result of stabilisation reactions during the solidification process
because of their high reaction temperature (analysed in our previous
study based on thermodynamic calculations and experimental observa-
tions [8,9,14]). After annealing at 1000 °C for 60 min, few sigma-phase
precipitations, ~3.9 + 0.3%, are detected compared with those
(~9.7 & 0.7%) at the 950-°C annealing. Numerous Fe,Nb-type Laves
phase and Nb,C particles, however, are observed at the sub-grain/
grain boundaries except for the previously mentioned TiN and Nb(C,
N) particles, as shown in the TEM image in Fig. 8. As the annealing tem-
perature further increases to 1050 °C, no sigma-phase precipitation ap-
pears, whereas both Laves phase and Nb,C particles are found; the total
Laves phase and Nb,C volume fraction is 0.22 4 0.02%. When the an-
nealing temperature reaches 1100 °C, only TiN and Nb(C, N) or NbC par-
ticles are observed. The results of further EDS (energy dispersive
spectrum) analysis summarised in Table 2 indicate that the sigma
phase mainly consists of Fe, Cr, and Mo, whereas the Laves phase is
enriched with Nb and Mo elements, which are approximately (Fe, Cr,
Ni) , (Mo, Nb, Si)-type Laves phase.
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Fig. 4. The recrystallization kinetics and the average grain size distribution of the 80% cold rolled specimens after 950-1100 °C annealing for various time.
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Fig. 5. IPF-Z images for 80% cold rolled sheets after annealing at 950-1100 °C for 60 min: (a) 950 °C, (b)1000 °C, (c)1050 °C and (d) 1100 °C. The a1, b1, c1 and d1 are the corresponding
constant @2 = 45°orientation distribution function (ODF) calculated using Channel 5 software. (The white lines represents the LAGB with the misorientaion of 2-15° and the high-angle

grain boundary (HAGB) with the misorientaion above 15° are marked by blank lines).

4. Discussion
4.1. Recrystallised texture evolution during annealing

The texture phenomenon usually occurs during the deformation and
subsequent annealing of ferrous alloys, such as interstitial free steels
[42], electrical steels [43], and ferritic stainless steels [36,44]. The forma-
tion of texture may be related to their properties, such as formability
and magnetic property; hence, microstructure control is important to
ferrous alloys [42-44].

SEM MAG: 3.00 kx WD: 7.93 mr;|
SM: RESOLUTION Det: BSE 50 pm.

' Laves phase

SEM MAG: 10,00 kx WD: 10.06 mm
SM: RESOLUTION Det: BSE 10 ym

SEM MAG: 10.00 kx
SM: RESOLUTION Det: BSE

MIRA3 TESCAN| SEM MAG: 2 00

SM: RESOLUTION Det BSE

Orientation dependence is usually represented by the Taylor factor,
M, which is described as follows [45-47]:

_ Oy _ 3oy

M= Tc - Seij

(1)

where &, is the plastic strain increment in a state of stress, 0y; 7. is the
critical resolved shear stress; 36, is the sum of shear strain on a given
slip system to achieve the strain, &;. The M value map for the rolling de-
formation with ¢, = 45° ODF was separately calculated by Sun [29] and

WD: 7.99 mm MIRAZ .'I‘ESCAN

WO 11,92 mm

Fig. 6. SEM-BSE morphology of intermetallics for 80% cold rolled sheets after annealing at 950-1100 °C for 60 min: (a) 950 °C, (b)1000 °C, (c)1050 °C and 1100 °C.
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Fig. 7. (a) Sigma phase distribution and (b) the related phase interface deviation meaasured by EBSD in 80% cold rolled specimens after 950 °C annealing for 240 min (in image (a), the
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Kestens [37]. The results reported by Sun are displayed in Fig. 9. Accord-
ing to the calculated results, the 6-fibre texture possesses a small M
value of ~2.5, whereas the «y-fibre texture has a larger M value of 3.7
(at{111}(112)) and 4.1 (at {111}{110)). The M values of a-fibre texture
range from 2.5 to 4.1, which correspond to the texture component
shifting from {001} (110) to {111} (110) along « orientation lines.
Eq. (1) also shows that large M values indicate a shear strain on a
given applied strain. During the plastic deformation, the stored
strain energy, E, is also orientation-dependent with the sequence
E110>E111>E112>E100 (relative to the ND) [48,49].

In this study, typical deformed a-fibre (from {001} (110) to {111}
(110)) and vy-fibre textures are formed because of the small M values
of a and +y-orientated grains. The M values of a-fibre texture that are
smaller than those of y-fibre texture create a more uniform deformation
in the interior of a-orientated grains than that in -y-orientated grains.
Moreover, the large M values of y-fibre texture also cause the formation
of shear bands in these grains. When the largest M values are in the
(110)//ND texture, some (110)-orientated substructures are observed
within the shear bands in y-orientated grains.

After recovery annealing, such as at 600 °C, the texture component is
practically stable because only dislocation slip and climb, and
polygonisation occur [29]. As the annealing temperature or annealing
time increases, recrystallisation nucleation is activated. The {110}
(001) nuclei preferentially appears within the shear bands in +y-
orientated grains because of the initial formation of the {110} (001)
structure within the shear bands during cold rolling. This phenomenon
is in accord with that in Fe—Si alloys [50,51]. In addition, y-orientated
nuclei ({111}(112) and {111} (110)) are also formed in the considerably
deformed v-orientated grains because of stored high energy and large

-

100 nm
. A

aes(Fesz)

Fig. 8. TEM-BF and HRTEM (high resolution) images showing the Laves transformation
from Nb,C in the 80% cold rolled sheet after annealing at 1000 °C for 2 min.

heterogeneity in these grains according to the oriented nucleation the-
ory [52].

During the recrystallisation annealing at low temperature, i.e., 950 and
1000 °C, the recovery is swiftly activated before the recrystallisation pro-
cess, and only {(110)//ND and +y-orientated nuclei develop into recrystal-
lised grains because of stored high-deformation energy. Uniform ~-fibre
textures, including {111} (110), {111} (112), and {110} {001}, are mea-
sured. Moreover, the fast recovery of {112} (110) deformed grains also ac-
counts for the remaining elongated grains. Some un-recrystallised grains
are retained because of the small residual driving force for recrystallised
grain boundary migration. For high-temperature annealing, such as at
1050 and 1100 °C, the {111} (112) grains rapidly develop at the expense
of {112} (110) and {111} (110) grains according to the oriented growth
theory. For example, there is a 35°(110) rotational relationship between
the {111} (112) texture and strong cold-rolling texture component of
{112} (110) that approaches the ideal 27° (110} rotational relationship,
which is characterised by a %19a coincidence site lattice. The rotational
relationship between {111} (110) and {111} (112} is 30° (111}, which ap-
proximates the 27.8°(111) relationship, specifically the 313b coincidence
site lattice. The {111} (112) nuclei can selectively grow into the {112}
(110) and {111} (110) deformed grains because of the high mobility of
these special boundaries (219a and 313b). Most {112} (110) and {111}
(110) deformed grains are thus exhausted after the annealing treatment,
and the recrystallised texture is focused on {111} (112). The stability of
Goss texture is maintained when the annealing temperature is <1050 °C
because of the initial nucleation position. As the annealing temperature
increases to 1100 °C, the Goss texture shifts to {111} (112) because of
the rotation of 35°(110) between {110} (001) and {111} (112).

4.2. Prior deformation effects on precipitation and recrystallisation kinetics

According to previous studies, the sigma phase is usually formed in
the temperature range 704-927 °C. On the other hand, the Laves
phase for SFSSs, such as 25Cr-3Mo-4Ni [17], 29Cr-4Mo-2Ni [6],
28Cr-4Mo-2Ni [3,4], and 27Cr-4Mo-2Ni [14,15], is formed in the tem-
perature range 650-800 °C after solution treatment. In this research,
the tested steels are cold-rolled before the annealing treatment, and
the precipitation of sigma and Laves are detected at higher tempera-
tures (>950 °C). The prior cold deformation may therefore have a con-
siderable influence on the sigma-phase formation.

In order to demonstrate the dependence of sigma precipitation on
prior cold deformation and annealing conditions, cold-rolled sheets
with total reductions of 60%, 70%, and 80% are further analysed using
BSE images; results are shown in Fig. 10a. It is evident that the sigma
precipitation is accelerated by the increase in cold-rolling reduction
both at 950 and 1000 °C annealing. A sigma-phase content of approxi-
mately 6.3 4 0.6% is measured in cold-rolled specimens with a 60% re-
duction after annealing at 950 °C for 60 min, and 7.5 + 1.2% and 9.7 +
0.7% sigma-phase contents are observed in annealed specimens with
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Table 2

SEM-EDS results of typical precipitates in annealed 27Cr-4Mo-2Ni SFSS (At.%).
Elements Fe Cr Nb Si Ni
Sigma phase 622 + 1.8 313 +£ 1.7 52 + 08 - 04 + 0.1 1.6 + 03
Laves phase 545 + 35 22.0 £+ 2.8 85+ 09 95+ 14 3.8 +£0.7 1.7 + 04

70% and 80% reductions, respectively. Additionally, sigma precipitation
kinetics are compared with recrystallisation kinetics, as shown in
Fig. 10b. Visible incubation periods are observed in the sigma precipita-
tion curves for both 950 and 1000 °C annealed specimens. Precipitation
kinetics is considerably enhanced as the annealing time increases. The
specimens annealed at 950 °C exhibit stronger kinetics than those
annealed at 1000 °C. After annealing at 950 °C for 240 min, the maxi-
mum sigma-phase content reaches 31.6 + 2.7%. The kinetics curves in
Fig. 10b also indicate that recrystallisation kinetics is faster than
sigma-phase precipitation. In general, the secondary phase usually nu-
cleates at the grain boundary, sub-grain boundary, and dislocations
[53]. During the preheating process, static recovery and recrystallisation
are rapidly activated because of heavy cold rolling (Fig. 3). Moreover,
numerous fine recrystallisation grains (the smaller the grain size, the
more grain boundaries) and few LAGBs are obtained (Fig. 5). More nu-
cleation sites, such as grain boundaries, dislocations, and regions around
TiN particles (several LAGBs are found around TiN particles, as shown in
Fig. 3a) are afforded for sigma precipitation (Fig. 6a). The dislocations
also provide a fast diffusion route for solutes (such as Cr and Mo) that
is necessary for sigma-phase coarsening. The higher amount of energy
stored in the deformed microstructure provides a strong driving force
for sigma-phase transformation; a similar phenomenon is also observed
in the hot rolling and aging process of SFSS [41]. The sigma precipitation
temperature reaches higher values, such as 950 and 1000 °C, because
the sigma precipitation kinetics is distinctly enhanced by heavy cold-
rolling deformations, as shown in Fig. 6.

At an annealing temperature of 950 °C, the recrystallisation fraction
first increases then decreases with increasing annealing time (Fig. 4a).
This phenomenon is related to the sigma and Laves phase precipitations.
For short-time annealing, the recrystallisation nucleation is first acti-
vated because the incubation period for recrystallisation is shorter
than that for sigma precipitation. As the annealing time increases, the

9, (0°-90°)
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Fig. 9. The calculated Talor factor (M) associating to the ¢, = 45° ODF [29].

Laves phase content increases and Laves phase particles are found at
dislocations. Laves phase particles exhibit a pinning effect on sub-
grain and grain boundary migrations. The recrystallisation is thus
impeded, and the grains are kept at an elongated state. Moreover, the
sigma phase shows fast precipitation kinetics at 950 °C and is
characterised by a bulk shape. The fast sigma precipitation and coarsen-
ing yield a certain stress to the surrounding ferrite matrix and induce
several dislocations in the matrix near the precipitation location. In
our previous study, the foregoing phenomenon was also observed [9].
When the sigma precipitation content is sufficiently large, the
micro-strains are generated in the matrix, and LAGB is formed. The
un-recrystallisation region is thus increased, indicating that the
recrystallisation fraction decreased.

4.3. High Laves precipitation induced by prior deformation

In order to evaluate the high-temperature precipitation of Laves
phase, TEM analysis is further performed; results are shown in Fig. 11.
Numerous intermetallic particles are observed at both sub-grain and
grain boundaries in specimens annealed at 1000 °C for 60 min, as
shown in the STEM-HAADF image (Fig. 11a). A partially enlarged
TEM-BF drawing of the intermetallics in Fig. 11a is also shown in
Fig. 11b, and the related SAED of points 1 and 2 in Fig. 11b are displayed
in Figs. 11c and 9d, respectively. The SAED results confirm that the Laves
phase and Nb,C particles are interlocked at grain boundaries or sub-
grain boundaries. The bright linellae along the boundaries (Fig. 11a)
also indicate that the segregations around sub-grain and grain bound-
aries of atoms, such as Nb, Mo, and Cr, occur because of their high con-
centrations in steel and high reheating temperature for annealing [54].
The TEM-EDS point analysis is performed around these regions, marked
by points 3-7 in Fig. 11a; results are summarised in Table 3. It is evident
that high concentrations of Nb and Mo are enriched near the bound-
aries, and a certain concentration gradient appears from the in-grain
to the boundaries. In addition, the thermodynamic calculation under
the 1100 °C quenching condition followed by the 1000-°C isothermal
aging is also performed using JMat Pro V7; related results are shown
in Fig. 12. The calculated results also indicate that both Laves phase
and Nb,C particles are formed during the 1000-°C annealing. V. Kuzucu
et al. [55] reported that when ~3.0 wt% Nb is added to 18% Cr ferritic
stainless steels, Nb,C particles are observed to dissolve after annealing
at 1100 °C. In this study, several sub-grain boundaries (Fig. 5) are
formed by the dislocation climb and cross-slip, i.e., the recovery process
during reheating after heavy cold-rolling. Numerous dislocations pro-
vide a preferential route for Nb/Mo diffusion; thus, the boundary segre-
gation of Nb and Mo atoms is observed. As the Nb/Mo diffusion
continues, the level of Nb at the boundaries satisfies the requirements
for Nb,C and Laves phase formation. The Nb,C carbides and Laves
phase occur during annealing at 1000 °C. When annealing is conducted
at 1100 °C, no Nb,C carbides are found, which is in accord with the re-
port of V. Kuzucu.

4.4. Laves phase precipitation effect on recrystallisation grain size

The recrystallisation grain size is generally controlled by
recrystallisation nucleation and grain growth, which are considerably
affected by the pinning effect of secondary phases containing Nb, such
as Laves phase and Nb,C located at the sub-grain and grain boundaries.
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The Zener pinning forces by the Nb-containing phase, Pz, can be
expressed as [56].

_ 3yl

Pz = 2112

(2)

where v is the interfacial energy per unit area of boundary; fis the vol-
ume fraction of particle; r is the average particle radius; [ is the average
grain intercept length. The value of [ can be related to the average grain
diameter, D, by | = nD/4 [57].

The driving pressure for the recrystallisation-front migration, P;, can
be related to the dislocation density difference (Ap) between recrystal-
lised and non-recrystallised regions by [56,58].
P, = Gb*Ap/2 3)
where G is the shear modulus (~50 GPa at 1000 °C); b is Burgers vector
length (~0.25 nm); Ap is estimated to be ~2.8 x 10'4/m? based on the
strain hardening model. Assuming that the average Taylor is 3, this
model is given by the following [29,59]:
Ao ~ 3/2Gb\/Ap (4)
where Ao (~500 MPa) is the yield stress increment between cold-rolled
and fully annealed specimens (annealed at 1050 °C for 2 min); G is
~80 GPa at room temperature for stainless steels [60]. By substituting
the foregoing in Egs. (3) and (4), P, is estimated to be ~0.4 MPa. For
the tested steels after annealing for 60 min at 1000 °C, the Nb-

Fig. 11. Precipitaion in 80% cold rolled sheets after annealing at 1000 °C for 60 min: (a) STEM-HAADF; (b) partial enlarged detail with TEM-BF for (a)

and 2 in (b).

containing phase particle size is ~400 nm, fis ~0.02, and D is ~15 um;
v is reported to be ~1 ]/m? [61]. By substituting all parameters into
Eq. (3), P, is determined to be ~0.7 MPa, which is higher than the
value of P,. The recrystallisation is therefore not completed with the
~91% fraction in specimens annealed at 1000 °C for 60 min. Some non-
recrystallised regions, however, are still observed because of the reduc-
tion in dislocation density induced by the fast recovery process before
recrystallisation. As the annealing time increases, the recrystallisation
fraction gradually increases because of the slight reduction in the quan-
tity of Nb-containing particles and the rapid recrystallisation nucleation.
When annealing is implemented at 1050 °C for 60 min, P, is ~0.3 MPa
because the particles in the microstructure are few (fis ~0.002 and r is
~200 nm), and P, is ~0.4 MPa. Full recrystallisation is thus facilely com-
pleted (Fig. 2a).

For the recrystallised grain growth, the driving pressure, Pg, can be
described as [58] follows:

Pg =2v/D (5)

where Py is ~0.14 MPa in the case of annealing at 1000 °C. This pressure
is considerably smaller than the P, value of ~0.7 MPa. Grain growth is
therefore difficult to initiate. After annealing at 1050 °C for 240 min,
the Nb-containing particles coarsened with a size (r) of ~6 um, and the
volume fraction (f) is approximately 0.0059; thus, P, is approximately
0.002 MPa, indicating the near-miss of Zener pinning effect. As a result,
grain growth is initiated. When the temperature increases to 1100 °C,
no Laves and Nb,C particles are found, and normal grain growth occurs.

2109) 5221

m point 1

51/nm

; (¢) and (d) are the SAED of point 1
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Table 3
Chemical component of measured point in Fig. 7a by TEM-EDS (wt%).
Fe Cr Si Nb Mo Ni

Point 3 54.5 220 43 9.2 8.3 1.7
Point 4 58.9 28.8 14 35 42 1.7
Point 5 56.1 28.1 19 83 4.1 1.5
Point 6 62.5 329 0.8 - 2.2 1.6
Point 7 58.1 27.0 25 53 5.5 16

4.5. Sigma precipitation embrittlement

The fracture morphology of annealed specimens is shown in Fig. 13.
An evident brittle fracture region is observed in specimens with 70%-
80% reductions and annealed at 950 °C for 60 min. For specimens
annealed at 1000 °C for 60 min, the fracture morphology is mainly com-
posed of dimples. In comparing specimens with various reductions
annealed at the same temperature, it is evident that the brittle fracture
morphology feature becomes distinct as the amount of reduction is in-
creased from 60% to 80%. This phenomenon indicates that the ductile-
to-brittle transition (DBT) occurs when the amount of precipitated
sigma phase is abundant. The nano-size Laves phase, however, seem-
ingly exhibits an insignificant influence on toughness, differing from
that observed in austenitic stainless steels [62,63]. According to the
Cottrell model [64], the DBT occurs when

oykyd'? = K& + ookyd"/*>Cpry (6)

where 0y is the brittle fracture stress or flow stress; ky is the Hall-Petch
slope; d is the average grain size; 0y is the lattice friction stress; pis the
shear modulus; y is the effective surface energy of an implied crack; and
Cis a constant.

In this study, the value of d is practically constant in the given tem-
perature range, whereas 0y, increases in the course of sigma-phase pre-
cipitation. Moreover, the incoherent interface between the sigma phase
and ferrite matrix adversely affects their deformation coordination. The
foregoing also considerably impedes the slip propagation across grain
boundaries that can further increase k,. This is particularly the case in
a continuous grain boundary network resulting from sigma-phase for-
mation. The microcracks within the sigma phase can also act as crack ini-
tiation sites and can decrease y [65]. Furthermore, our previous study
[9,41] has shown that sigma phase has a considerably higher Vickers
hardness than ferrite matrix, which exhibits a different deformability
under tension. As a result, the combination of existing microcracks

with the sigma phase, high Vickers hardness, and incoherent interface
is the main reason of sigma precipitation embrittlement after high-
temperature annealing. The annealing microstructure at 950 °C also ex-
hibits large work hardening (low recrystallisation fraction), which in-
creases k,. The ductility of specimens annealed at 950 °C is thus
further decreased although the sigma precipitation content in the mi-
crostructure is only 6%.

4.6. Liiders deformation associated with Laves transformation

Ferritic stainless steels are usually machined by the forming process,
during which the homogeneous plastic deformation is required [44]. In
this study, Liiders deformation is determined for specimens annealed at
1000 °C, which is undesired for the aforementioned alloy. Compared
with the microstructure of specimens annealed at other temperatures,
Laves phase precipitation has the most remarkable difference, and Liiders
deformation is considered to be related to Laves phase transformation.

For ferritic stainless steels, the solubility product of Laves phase (in
mass %) can be described as follows [66].

—3780.3

log[Nb] = T

+2.4646 (7)

The soluble contents of [Nb] at 1050, 1000, and 950 °C are approxi-
mately 0.40%, 0.31%, and 0.25%, respectively. In the tested steels, ap-
proximately 0.37% Nb is added into the alloy. If all [C] is formed as
NbC, 0.12% Nb would be consumed. If [C] is formed as Nb,C, 0.23% Nb
is required. In this study, the microstructure of two types of niobium
carbide, NbC and Nb,C, is formed. The required Nb for stabilising [C] is
thus 0.12%-0.23%, which leaves 0.14-0.25% Nb for the formation of
Fe,Nb. According to Eq. (7), the residual Nb content is smaller than
the solubility in the temperature range 1000-1050 °C. The Nb content
is therefore insufficient for the formation of Fe,Nb in the specimens
annealed at 1000-1050 °C. As a result, high-temperature Laves precipi-
tation is seemingly not driven by the decrease in the solubility product
of ND that is applicative to low-temperature Laves precipitation [65].

A study of V. Kuzucu [55] shows that Nb,C particles facilely form in
ferritic stainless steels when Nb is up to 3.0%. With increasing annealing
temperature, these Nb,C particles transform into NbC. In this study, the
boundary segregation of solute atoms (Nb) occurs because of numerous
LAGBs or sub-grain boundaries in the microstructure that are induced
by static recovery after heavy cold-rolling (Fig. 11a). The Nb concentra-
tion that accumulates in these local positions around the boundaries is
considerably higher than 3.0% (Table 3); accordingly, Nb,C particles
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Fig. 12. Calculated precipitaion evolution of Laves phase, Nb,(C,N) and Nb(C,N) particles in the tested specimens held at 1000 °C after 1100 °C solution treating.
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are formed. As the annealing temperature (such as 1000 °C) increases,
Nb,C particles are transformed into Fe,Nb-type Laves phase, and free
C atoms are simultaneously released according to the following.

Fe -+ Nb,C—|[C] + Fe;Nb—Fe + NbC (8)

High-temperature Laves phase precipitation therefore occurs. After
the above-mentioned transformation process, [C] atoms are extruded
and distributed around the Fe,Nb phase; the schematic is shown in
Fig. 14. In the subsequent tensile test at room temperature, the Cottrell
atmosphere [34,67] forms and results in Liiders deformation. When the
annealing temperature increases to 1050-1100 °C, the C distribution
homogenisation is advanced, and only NbC or Nb(C,N) particles are ob-
served. As a result, Liiders deformation phenomenon does not occur.

In conclusion, induced by prior cold rolling, Laves phase particles
form at a high temperature of ~1050 °C. These provide the pinning effect
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20 pm

d-f)1000 °C for 60 min with (a, d) 60%, (b, e) 70% and (c, f) 80% rolling reductions.

on grain growth for Nb-stabilised SFSSs. Meanwhile, brittle sigma-phase
precipitation does not occur. Moreover, apart from the mechanical
properties, uniform y-fibre texture, which improves these properties,
is obtained. The pre-precipitation of Laves phase at ~1050 °Cis a poten-
tial route to achieve an optimum microstructure for Nb-stabilised SFSSs
production.

5. Conclusions

A hot-rolled 27Cr-4Mo-2Ni SESS is cold-rolled and annealed at
950-1100 °C. The microstructural evolution, precipitation, and mechan-
ical properties are investigated. Some of the conclusions drawn are as
follows.

1. The cold-rolled deformation texture is composed of a-fibre and -y-
fibre. Several shear bands are observed within y-oriented grains,
whereas uniform deformations appear in 6-fibre grains and a-fibre

O Laves

= Nb,C

<> NbC

« [C]

== Grain boundary

— Sub-grain boundary
— Shear band

Fig. 14. Schematic diagram for release of C atoms accociated to Laves phase transformation from Nb,C particles: (a) 1000 °C, (b) 1050 °C and (c) 1100 °C.
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grains because of strong deformation heterogeneity. The strong y-
fibre texture is obtained after recrystallisation annealing because of
the preferential nucleation at shear bands within heavy deformation
grains.

. Prior deformation accelerates the sigma formation and enhances the

starting precipitation temperature to 1000 °C because of the pres-
ence of considerably numerous nucleation sites, including grain
boundaries, sub-grain boundaries, shear bands, and regions around
TiN particles. The sigma precipitation and coarsening decrease the
recrystallised kinetics and substantially deteriorate tensile plasticity.

. Nano-size Nb-containing particles, such as Laves phase and Nb,C,

are formed at grain and sub-grain boundaries after annealing at
950-1050 °C. These particles do not deteriorate the tensile plas-
ticity. When they are dissolved at 1100 °C, only TiN and NbC/N
particles remain.

. The grain growth during recrystallisation is inhibited by the boundary

precipitation of Nb-containing particles, including Laves phase and
Nb,C, because of their pinning effect on grain boundary migration.

. The transformation of Laves phase from Nb,C releases numerous C

atoms into the matrix around these Nb-containing particles. It fur-
ther results in Liiders deformation during the tensile deformation be-
cause of the formation of Cottrell atmosphere.
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