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Various amounts of Ti (0, 2, 4 and 6 wt%) is added to a ferritic alloy with a nominal composition of Fe
e10Cre10Nie6.5Ale3.4Moe0.25Zre0.005B (wt%) (FBB8). The microstructure and composition of the
matrix and precipitate phases are characterized by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). For the Ti-modified steels, the bcc ferritic matrix is strengthened by sub-
micron L21-Ni2TiAl-type precipitates which contain (i) Fe-inclusions with the precipitates' overall di-
ameters ranging from 100 to 500 nm for both FBB8-4 wt%Ti and FBB8-6 wt%Ti, or (ii) B2-NiAl sub-
precipitates with an average diameter of 50e100 nm for FBB8-2 wt%Ti. By contrast, the Ti-free FBB8
alloy contains B2-NiAl precipitates with Fe-inclusions. The four FBB8-Ti alloys were subjected to creep
experiments at 700 �C in the stress range of 60e300 MPa. Threshold stresses for all studied compositions
were observed, ranging from 69 to 179 MPa, with the most creep-resistant alloy being FBB8-2Ti with L21/
B2 precipitates. Based on these mechanical results and detailed electron microscopy observations, the
creep mechanism is rationalized to be general dislocation climb with repulsive elastic interaction be-
tween coherent precipitates and the matrix dislocations.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Ferritic steels, due to their excellent thermal conductivity, low
thermal expansion coefficient and low cost, are attractive re-
placements for austenitic steels and Ni-based superalloys for high-
temperature, high-stress applications, such as turbine blades in
thermal power plants [1e3]. However, their practical usage in such
applications is limited because of their insufficient creep resistance
at temperatures above 600 �C [4]. Previous studies of ferritic Fe-Ni-
Al-Cr-Mo steels, with approximate compositions of Fe (bal.), 9e11
Ni, 9e12 Cr, 3e10 Al, 3e3.5 Mo, 0.005 B (nominal wt%) [5e7], have
demonstrated the ability to precipitation-strengthen a body-
centered cubic (bcc) a-Fe-Cr-Ni-Al-Mo matrix with B2-ordered
NiAl precipitates (designated as b0) [8] with sub-micron size. Due
to a low lattice parameter mismatch between the b0 precipitates
and the a-ferritic matrix (0.2887 and 0.2866 nm, respectively [9]), a
tern.edu (M.J.S. Rawlings).
schung GmbH, Düsseldorf,
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coherent a/b0 structure can be obtained, providing a bcc analog to
the face-centered cubic (fcc) g/g0 structure found in Ni-based su-
peralloys [10,11]. The coherent, two-phase a/b0 microstructure, in
the Fe-Ni-Cr-Al(-Mo) steels studied [7], is responsible for their
excellent coarsening and creep properties above 600 �C.

In B2-NiAl, replacing half the Al atoms by Ti results in the
Heusler-phase (L21) Ni2TiAl, which displays greater creep resis-
tance than NiAl when tested in their respective monolithic forms
[12,13]. The lattice parameter mismatch between the L21 (Ni2TiAl-
type) phase and Fe-based matrix (0.5865 and 0.2866 nm, respec-
tively [14]) is sufficiently low as to allow for a semi-coherent
Heusler-phase precipitate structure within the (bcc) ferritic ma-
trix in ferritic steel containing Ni, Al and Ti. Recent microstructure
studies in such Ti-modified steels have shown dispersion of both B2
(NiAl-type) and L21 (Ni2TiAl-type) phases in a Fe-based matrix
where the B2 domains have formed only within the L21 pre-
cipitates, giving rise to a hierarchical microstructure of finer pre-
cipitates within larger precipitates [15,16].

In this paper, we present a systematic microstructural and creep
study of alloys based on the well-studied FBB8 composition
(Fee10Cre10Nie6.5Ale3.4Moe0.25Zre0.005B wt%) [17e21], to
which 2, 4 or 6 wt% Ti is added, with the aim of modifying the B2-

mailto:michaelrawlings2015@u.northwestern.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2017.02.028&domain=pdf
www.sciencedirect.com/science/journal/13596454
www.elsevier.com/locate/actamat
http://dx.doi.org/10.1016/j.actamat.2017.02.028
http://dx.doi.org/10.1016/j.actamat.2017.02.028
http://dx.doi.org/10.1016/j.actamat.2017.02.028


M.J.S. Rawlings et al. / Acta Materialia 128 (2017) 103e112104
NiAl precipitate phase found in the FBB8 alloy to the more creep
resistant L21-Ni2TiAl phase. The grain and precipitate microstruc-
ture of each alloy, in both the as-heat-treated and crept states, is
analyzed by scanning- and transmission electron microscopy (SEM
and TEM). The mechanical properties of the alloys are discussed in
terms of their microstructures. The most creep-resistant alloy with
2 wt% Ti shows a hierarchical precipitate microstructure of L21
precipitates containing fine plate-like NiAl sub-precipitates; by
contrast, the less creep-resistant alloys with 0, 4 and 6 wt% Ti,
display a single type of precipitate: NiAl for 0%Ti and L21 containing
fine a-Fe rich plates for 4 and 6%Ti.
2. Experimental procedures

Three alloy ingots were prepared by arc-melting using
commercially-puremetals (99.7% in purity), and then drop cast into
a copper mold by Sophisticated Alloys (Butler, PA). Their chemical
compositions were measured by direct-current plasma mass
spectroscopy at ATI Wah Chang (Albany, OR). As shown in Table 1,
the compositions, for the original Ti-free FBB8, and the FBB8 alloys
modified with 2 and 6 wt% Ti (labeled in what follows as FBB8-2Ti
and -6Ti, respectively) are close to the nominal compositions. A
fourth alloy with 4 wt% Ti (labeled FBB8-4Ti) was created by arc
melting equal amounts of FBB8-2Ti and FBB8-6Ti and solidified on
a copper heath. The cast ingots were homogenized at 1200 �C for
0.5 h in evacuated quartz tubes, air-cooled, aged at 700 �C for 100 h
in air, and air-cooled on a ceramic block. Once heat-treated,
compression creep specimens were fabricated out of the ingots
by electro-discharge machining (EDM). The compression speci-
mens had dimensions of 8 � 8 � 16 mm or 10 � 10 � 20 mm.

SEM samples with dimensions of ~8 � 8 � 3 mmwere cut from
crept alloys using a Struers Accutom-5 high speed saw, mounted in
high-temperature epoxy using a Struers LaboPress-1 hot mounting
press and polished to a 1 mm finish with a suspended diamond
polishing solution. Back-scattered micrographs and phase compo-
sitions of the unetched samples were taken using a Hitachi S3400
(EPIC) SEM microscope with an Oxford instruments AZtec EDS
detector operated at 15 kV. Images were analyzed using the soft-
ware Image J to determine sizes of the grains and precipitates
present in the alloys.

TEM samples with a 3 mm diameter were cut using a rotary disc
cutter. The discs were ground to 80e100 mm in thickness and
further thinned to electron transparency using an electrolyte of 20%
perchloric acid at a temperature of �30 �C. Superlattice dark-field
and scanning TEM (STEM) imaging was performed in a
Libra200MC (Zeiss) and Tecnai F20 (FEI) microscopes operated at
200 kV and a Titan 80e300 (FEI) microscope operated at 300 kV.

Constant load compression creep experiments were conducted
at 700 �C on the polycrystalline specimens, with grain sizes ranging
from 0.2 to 2 mm. The samples were placed between two boron-
nitride-lubricated silicon carbide platens and heated under negli-
gible stress in a three-zone furnace with the temperature
controlled, within 1 �C, by a thermocouple placed within 10 mm of
the sample. The load-train displacement was measured with a
Table 1
Nominal (first line) and measured (subsequent lines) compositions of the FBB8þTi
alloys in wt%.

Alloy Fe Al Cr Ni Ti Mo Zr B

Nominal Bal. 6.5 10 10 0,2,4,6 3.4 0.25 0.005
FBB8 Bal. 5.5 10.4 10.2 0 3.4 0.31 <0.001
FBB8-2Ti Bal. 5.8 10.4 9.9 2.0 3.1 0.26 <0.001
FBB8-4Ti Bal. 5.4 10.0 10.4 3.8 3.5 0.18 0.005
FBB8-6Ti Bal. 5.7 10.7 10.5 5.8 3.2 0.26 <0.001
linear variable displacement transducer (LVDT) with a resolution of
10 mm and corresponded to the sample deformation once tem-
perature was stabilized. The applied load was held constant until a
well-defined minimum secondary strain rate was observed (i.e.,
when the total strain accumulated was at least two to three times
the error of the test) and then the load was increased. This pro-
cedure was repeated up to the point where the cumulative creep
strain reached 10%, a limit chosen to prevent sample barreling. At
this point, the samples were air-cooled at a rate of ~50 �C/minwhile
under the terminal stress.

3. Results and discussion

3.1. SEM investigation of crept microstructure

The micron-scale microstructural features of the three Ti-
containing modified FBB8 alloys, as well as the original Ti-free
FBB8 alloys, are investigated by scanning electron microscopy
(SEM).

Fig. 1a shows microstructure observed by SEM in a specimen of
FBB8-0Ti that was aged at 700 �C for 100 h and crept to a strain of
10% over a range of stresses at 700 �C for 190 h. This alloy displays
grains that vary in size from 150 to 300 mm. Fig. 1a shows the
presence of a high Z-contrast, flake-like precipitate phase that is
uniformly distributed throughout the matrix grains, with a typical
planar width of about 1e3 mm and a submicron thickness. A similar
phase can be seen, in Fig. 1b, decorating the grain boundary with a
discrete blocky morphology and a sub-micron average size. EDS
analysis performed on these precipitates shows that they are highly
enriched in Zr and Fe (and to a less extent in Mo) but in no other
element present in the alloy consistent with the Fe23Zr6-type
intermetallic phase, previously found as precipitate in this alloy
[21]. The size of these precipitates is well below the size of the x-ray
interaction volume, so exact composition or stoichiometry cannot
be ascertained. As boron cannot be detected by EDS, it cannot be
excluded that these precipitates are Zr- and Fe-rich borides; this is
however very unlikely, given the low amount of B in the alloy. Both
types of Zr-rich precipitates are shown at higher magnification in
Fig. 1b precipitated within grains and on a grain-boundary. A pre-
cipitate depletion zone with a width of ~2e3 mm is visible on either
side of the grain boundaries, where the matrix is free of Zr-rich
precipitates. Fig. 1c shows clusters of Zr-rich matrix precipitates
at a higher magnification. Fig. 1d reveals the presence of a submi-
cron precipitate phase that is evenly distributed throughout the
matrix and has a darker Z contrast indicative of lower-Z elements
(unlike the bright contrast of the high-Z, Zr-rich precipitates). These
submicron, intragranular precipitates were previously identified as
B2-NiAl with Fe-inclusions [18,21,22]. Their average radii of
57 ± 9 nm is in agreement with the previously reported value of
62e65 nm for the same alloy composition exposed to the same heat
treatment times and temperatures used here [21,23,24].

Fig. 2a shows the FBB8-2Ti alloy, with millimeter-size grains,
which was aged at 700 �C for 100 h and then subjected to creep for
410 h at 700 �C while accumulating 4% stain. Zr-rich precipitates,
with similar bright Z-contrast to the micron-size Zr-rich phases
found in FBB8-0Ti alloys and with a mix of flake-like and spherical
morphologies, are uniformly dispersed throughout thematrix, with
an average size of ~5 mm (and a few instances of 40 mm sizes). The
grain boundaries are mostly decorated with these Zr-rich pre-
cipitates that have an elongated shape and long sizes of 2e5 mm.
Both the intragranular precipitates and the precipitates at the grain
boundary are shown at higher magnification in Fig. 2b, which also
illustrates a depletion zone of 30e40 mmwidth on either side of the
grain boundaries inwhich no Zr-rich precipitates are visible. Fig. 2c,
taken at much higher magnification, shows the discrete nature of



Fig. 1. SEM micrographs of FBB8-0Ti alloy crept at for 190 h at 700 �C for a range of increasing stresses (up to 165 MPa) at various magnifications showing (a) grains containing Zr-
rich precipitates within their interior and at their boundaries (b) Zr-rich precipitates at grain boundary (with precipitate-free depletion zones) and within grains grain boundary (c)
and (d) intragranular Zr-rich precipitates as well as B2-NiAl precipitates with sub-micron size.

Fig. 2. SEM micrographs of FBB8-2Ti alloy crept at for 410 h at 700 �C for a range of increasing stresses (up to 250 MPa) at various magnifications showing (a) grains with Zr-rich
precipitates-decorated grain boundaries (b) Zr-rich precipitates at grain boundary (with precipitate-free depletion zones) and within grains (c) grain boundaries meeting at triple
point, decorated with dispersion of fine Zr-rich precipitates with grains containing sub-micron size L21-Ni2TiAl precipitates and (d) two distinct Zr-rich phases nucleated at a grain
boundary (labeled 1 and 2) with uniform distribution of L21-Ni2TiAl precipitates within grains; L21-Ni2TiAl decorated sub-grain boundary (S) surrounded by a thin depletion zone
(3) where no L21 precipitates form.
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the Zr-rich precipitates along grain boundaries, in addition to low
Z-contrast, sub-micron precipitates uniformly dispersed within the
grains, which are identified as L21-Ni2TiAl, based on TEM results
discussed in Section 3.2. Finally, Fig. 2d reveals a special case in this
alloy where two distinct phases nucleated at the grain boundary
with a brighter Z-contrasted phase (1) surrounding a dense, slightly
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darker-contrasted phase (2). Phase (1), which is the closest Z-
brightness to the phase most readily seen throughout the alloy, has
an EDS measured composition which is almost identical to that
measured in the FBB8-0Ti alloy (strong enrichment in Zr only);
phase (2) is enriched in Zr, Ti and Mo, as compared to the matrix,
pointing to a different intermetallic phase (again, rather than a
boride, given the very low B content). This micrograph also displays
a sub-grain boundary (S) continuously decorated with L21-Ni2TiAl-
type precipitates, which is associated with a narrow precipitate-
free zone, with a width of 0.5e1 mm (3). Intragranular submicron
L21-Ni2TiAl-type precipitates (darker contrast) are seen within the
grains and are discussed in greater detail, based on TEM observa-
tions, in Section 3.2.

Fig. 3a shows themicrostructure observed by SEM in a specimen
of FBB8-4Ti that was aged at 700 �C for 100 h and crept to a strain of
8% over a range of stresses at 700 �C for 215 h. The alloy exhibits a
grain size of 50e200 mm, which is significantly smaller than that of
its FBB8-2Ti and FBB8-6Ti counterparts but on par with the FBB8-
0Ti sample, as evident in Fig. 1a. Dark precipitates are visible in
Fig. 3a and are identified as surface oxide inclusions (pits) that were
not fully polished from the surface of the sample during metallo-
graphic preparation and are thus not representative of the bulk
structure. In addition, Fig. 3b at higher magnification displays a
dense network of Zr-rich precipitates along the grain boundaries as
well as a dense dispersion of Zr-rich precipitates within the grains.
These intragranular high-Zr precipitates are very fine, compared to
those found in the other studied alloys, with sizes below 1 mm (as
shown in Fig. 3c) and a narrow precipitation-free zone (~2 mm in
width), on both sides of the grain boundaries, in which no Zr-rich
precipitates are formed. The intragranular high-Zr precipitates
have sizes similar to those found at the grain boundary (~1 mm),
which is significantly smaller size than the intragranular high-Zr
precipitates observed in the other studied alloys. Upon further
magnification of the Zr-rich precipitate depletion zone, Fig. 3d re-
veals submicron precipitation L21-Ni2TiAl-type precipitates inside
the grains, identified based on their low-Z contrast and TEM
Fig. 3. SEM micrographs of FBB8-4Ti crept at for 215 h at 700 �C for a range of increasing stre
(black oxide particles are artefacts) (b) Zr-rich precipitates at grain boundaries and within g
distribution within grains and (d) sub-micron size L21-Ni2TiAl precipitates.
investigation, as discussed in a subsequent section.
The microstructure observed by SEM of a specimen of FBB8-6Ti

which was aged at 700 �C for 100 h and subsequently crept at
multiple stresses at 700 �C for 610 hwhile accumulating 7% strain is
shown in Fig. 4a. Similar to the FBB8-2Ti specimen (Fig. 2), the
microstructure displays large grains on the millimeter length scale.
Also similar is the Zr-rich precipitate population present within the
grains and at the grain boundaries, which can be observed in
Fig. 4b. A uniform, precipitation-free zone, however, is not
observed. At the grain boundaries, two distinct Zr-rich phases
(similar to the two phases found in the FBB8-2Ti alloy) are
observed, as illustrated in Fig. 4c. These two phases are identified
using the same labeling system introduced in Fig. 2d. Sub-micron
dark Z-contrast precipitates are present within the grains, and are
identified as L21-Ni2TiAl-type precipitates with Fe-inclusions based
on the TEM examination, as discussed in a later section. Upon
further magnification, Fig. 4d shows, along with the two Zr-rich
phases present along the grain boundary, that the sub-micron
size precipitates (P) with dark Z-contrast are also present at the
grain boundaries, without precipitate depletion zone at the grain
boundaries.

3.2. TEM investigation of crept microstructure

The microstructure, and in particular the precipitate structure
within the grains of the alloys, is investigated using electron
diffraction and dark-field imaging and STEM. Zone axis electron
diffraction patterns and superlattice dark-field images taken in
[101] zone axis orientation of the FBB8-2Ti, -4Ti and 6Ti alloys in
the as-aged condition are contrasted in Fig. 5. The precipitate
structure of the Ti-free FBB8 alloy has been thoroughly investigated
in previous studies [21,24] revealing a mostly B2 NiAl primary
precipitate structure containing Fe-rich plates that are solid-
solution-strengthened by Ni and Al. The primary B2 precipitates
are coherent with the a-Fe-Ni-Cr-Al-Mo matrix.

The electron diffraction patterns in the left column of Fig. 5
sses (up to 230 MPa) at various magnifications showing (a) grains with sub 200 mm size
rains (c) grain boundaries decorated with Zr-rich precipitates also present as uniform



Fig. 4. SEM micrographs of FBB8-6 crept at for 610 h at 700 �C for a range of increasing stresses (up to 200 MPa) at various magnifications showing (a,b) Zr-rich precipitates at grain
boundary and within grains (c) two distinct Zr-rich phases nucleated at a grain boundary (labeled 1 and 2) and sub-micron L21-Ni2TiAl precipitates within grains (d) grain boundary
showing structure of the two Zr-rich phases (labeled 1 and 2) containing sub-micron L21-Ni2TiAl precipitates (P).
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clearly reveal the presence of fundamental reflections, superlattice
reflections corresponding to both B2-ordered and L21-ordered
phases (020 and 222) and reflections that are unique to L21-ordered
Ni2TiAl (111 and 131). The overview microstructure of the alloys is
displayed in the right column of Fig. 5. The 111-superlattice dark-
field image of the FBB8-2Ti alloy (Fig. 5b) shows a cuboidal pre-
cipitate shape with diameters ranging from 50 to 100 nm. The dark
contrast lines within the precipitates indicate the presence of a
second phase creating a hierarchical NiAl/Ni2TiAl precipitation-
strengthened ferritic alloys (denoted as HPSFA in previous publi-
cation [15]. The ADF-STEM image of the FBB8-4Ti alloy in Fig. 5d
shows single L21-ordered precipitates (denoted as SPSFA in previ-
ous publication [15]) with a spherical to ellipsoidal shape with di-
ameters/axis between 200 and 500 nm. A dense misfit dislocation
network is observed at the matrix-precipitate interface, indicating
the semi-coherent nature of the interface. The 111-superlattice
dark-field image of FBB8-6Ti (Fig. 5f) reveals facetted spheroidal
precipitates with diameters ranging from 100 to 300 nm. The
precipitates are also semi-coherent with the bcc-Fe matrix, as
indicated by the presence of a misfit dislocation network at the
matrix-precipitate interface. Regions with dark contrast are also
visible within the precipitates, indicating the location of a second
phase within the primary precipitate. To obtain a more compre-
hensive understanding of the internal precipitate structure, dark-
field images taken with a reflection unique to the L21-phase
([111]) are contrasted with images taken with a reflection that is
common to both B2 and L21 ([222]) in Fig. 6 for FBB8-2Ti, -4Ti and
6Ti alloys in the as-aged condition.

For FBB8-2Ti, a comparison of Fig. 6a and b confirms the two-
phase nature of the precipitates. Fig. 6a shows the location of
L21-Ni2TiAl. Regions with no contrast in the same image reveal the
location of B2-NiAl within the precipitate. The matrix-precipitate
and B2-L21 interfaces are observed to be coherent with an inter-
facial alignment towards a cube-on-cube orientation. The B2-NiAl
sub-precipitate structure exhibits plate-shape geometry with a
width of 10e20 nm, similar to that observed in Ref. [16]. For FBB8-
4Ti, the superlattice dark-field images confirm that the precipitate
is L21-ordered, because of the similar contrast. The dark vertical
lines within the precipitate are ½[100] antiphase domain bound-
aries, which may be originating from an order-disorder reaction or
coalescing precipitates. The dark ellipsoidal regions in the center of
the precipitate give the location of Fe-rich plates as observed in B2-
NiAl type precipitates [18]. The precipitate structure of FBB8-6Ti in
the peak-aged condition is quite similar to that present in the FBB8-
4Ti. The precipitates are primarily L21-ordered with an internal
plate-shaped Fe-rich precipitate structure. It is important to note
that all of the Ti-containing alloys display precipitates with a
structures different from that of the B2-NiAl precipitates found in
FBB8, indicating that Ti partitions to the precipitates and changes
their nature.

3.3. Creep properties at 700 �C

A series of compressive creep experiments were performed for
increasing stresses at 700 �C on all samples (Table 1). The tests
beginwith low stresses to verify the presence of threshold stresses,
which is evident by the lack of a discernable secondary strain rate
after the first several tens of hours of the experiments. Fig. 7 dis-
plays an example of a creep curve (strain vs. time) for a creep test
performed on the FBB8-4Ti alloy with increasing applied stresses at
700 �C. Upon initial loading, after an initial jump in strain, the strain
rate decreases monotonically with time until a minimum second-
ary strain rate is achieved. This Class II primary creep behavior [25]
was observed for all three Ti-containing alloys, but not for FBB8-0Ti,
which showed an inverse, Class I primary behavior, as previously
reported [21]. Upon subsequent stress increases, the primary creep
strain is negligible.

Fig. 8 shows the secondary strain rate as a function of applied
stress at 700 �C for all Ti-containing alloy compositions and for the
Ti-free FBB8 from a previous study [21]. The open and filled data
points in Fig. 8 refer to samples tested under “peak-“ and “over-
aged” conditions, respectively. The latter term denotes that the
sample was subjected to a series of compressive stresses for a
significantly longer duration (~30 days) at 700 �C than the “peak-



Fig. 5. [101] zone axis diffraction patterns and dark-field images of Ti-containing alloys in the as-aged condition. (a), (c) and (e) demonstrate a sector of the [101] electron diffraction
pattern for FBB8-2Ti, -4Ti and -6Ti respectively. (b) and (f) are dark-field images using a 111-L21 superlattice reflection for FBB8-2Ti and -6Ti, respectively. d) shows an ADF-STEM
image of FBB8-4Ti.
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aged” sample (~2e10 days). Since these samples were aged at
700 �C for 100 h (~4 days) before creep testing, prolonged exposure
to this temperature while creep testing leads to microstructural
evolution of the sample, e.g., precipitate coarsening. The secondary
strain rate at a given stress is taken to be theminimum, stable strain
rate value held long enough at that stress for the total strain
increment to become significantly (at least three times) larger than
the resolution/error of the creep test. At low stresses for each
composition, as marked with points with downward arrows in
Fig. 8, a secondary strain rate was not achieved; thus, an upper-
bound strain rate is determined based on the displacement reso-
lution of the strain measurement and the creep time. In the
experimental range of strain rates, 1 � 10�8e1 � 10�4 S�1 , the
creep data overlap between the “peak-” and “over-aged” conditions
for both FBB8-0Ti and -6Ti, whereas the FBB8-2Ti and -4Ti alloys
show markedly different creep resistance between the two



Fig. 6. [101] zone axis superlattice dark-field images of (a,b) FBB8-2Ti, (c,d) FBB8-4Ti and (e,f) FBB8-6Ti in the as-aged condition. The left column illustrates images taken with an
111L21-reflection that is unique to the L21-phase, the right column images from the same sample region imaged with a 111B2/222L21-reflection that is common to B2 and L21.
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conditions. The slopes of linear fits of the strain-rate vs. stress data
shown on double logarithmic plots in Fig. 8 correspond to apparent
stress exponents (napp ¼ 11e24) in the above experimental range of
strain rates.

Several trends are shown in Fig. 8 regarding the effect that ti-
tanium additions have on the creep properties of the alloy. First, the
presence of titanium, in any quantity studied here (2, 4 and 6 wt%),
results in significant improvements in creep resistance over the Ti-
free FBB8 alloy, demonstrating the strong effect that precipitation
of the L21-Ni2TiAl phase has on the creep strength. Second,
although the presence of titanium has an overall positive effect on
creep properties, there is an inverse relationship between the
amounts of titanium added (2, 4 and 6 wt%) and the creep resis-
tance of the alloy. This suggests that the resulting microstructures
vary sensitively with small changes in the amount of Ti added and
that an optimized Ti concentration exists for maximum creep
resistance of this alloy. Third, there is no significant difference in
creep resistance between the “peak-“ and “over-aged” conditions
for the FBB8-6Ti, whereas both the FBB8-2Ti and -4Ti show a sig-
nificant decrease from the “peak-“ to the “over-aged” conditions.
The lack of deterioration in creep properties for the FBB8-6Ti alloys
speaks to the stability of the alloy's precipitate structure, while the
divergence between the two conditions for the FBB8-2Ti and -4Ti
alloys implies coarsening of the microstructure. Finally, even with



Fig. 7. Plot of strain vs. time for a compression creep test performed at 700 �C for ~30 h (~107 ks) on a FBB8-4Ti peak-aged sample under increasing applied stresses. The creep
region before 18 ks corresponds to elastic loading and a stepwise increase of stress before the first measurement of secondary strain rate at a stress of 155 MPa (between 18 and
74 ks).

Fig. 8. Double logarithmic plot of applied stress vs. steady-state strain rate of compression creep tests preformed at 700 �C for FBB8-0%Ti (black), FBB8-2%Ti (red), FBB8-4%Ti (green)
and FBB8-6%Ti alloys (blue). Data for FBB8 alloy was obtained from Ref. [15]. Different symbols represent tests repeated on different samples for reproducibility while over-aged
(closed) and peak-aged (open) symbols correlate to the amount of time the sample was exposed to the operating temperature (see text). Data with downward arrow indicates upper
bound values (discernable creep rate not achieved). Eq. (1) was used to fit (dash lines) the experimental data (see text). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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an evolving microstructure, FBB8-2Ti consistently displays the best
creep resistance of the four alloys tested here, with roughly a four
order of magnitude decrease in creep rate, for a given stress, over
the Ti-free FBB8 alloy. This increase in creep performance
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demonstrates that the microstructure present in FBB8-2Ti is most
effective at blocking the motion of dislocations in the alloys tested.

The apparent stress exponents of napp ¼ 11e24 for the four
studied alloys are much higher than the stress exponent n ¼ 4 that
is observed in single-phase Fe-24Cr-4Al solid solution at a stress
range of 40e100 MPa at 600e650 �C [26]. Previous creep studies of
the FBB8-0Ti alloy at 600, 650 and 700 �C also showed high
apparent stress exponent (napp ¼ 6e12) [21]. Anomalously high
stress exponents usually imply strong interaction between the
precipitates and the matrix dislocations, which is expressed by a
threshold stress, belowwhich the strain rate of the material is zero,
or at least below laboratory measurement capability. The presence
of a threshold stress has previously been reported in the FBB8-0Ti
alloy [21]. A threshold stress, sth, can be used within the modified
Mukherjee-Bird-Dorn equation:

_ε ¼ A
�
sa � sth

m

�n

exp
��Q
kBT

�
(1)

where A is a constant, m is the shear modulus of the matrix, sa is the
applied stress, n is the stress exponent of the matrix and Q is the
creep activation energy. The threshold stress is obtained by a linear

least-squared regression of _ε1=n vs. sa with a weight of 1=ðd2 _ε1=nÞ,
where d2 _ε1=n is the uncertainty in the nth root of the strain rate [27].
The matrix stress exponent of (n ¼ 4) was employed, as done
successfully in previous Fe-Ni-Al-Cr studies [21], and provides an
good linear fit in plots of _ε1=n vs. applied stress for all studied
compositions, as shown in Fig. 8. The threshold stresses displayed
in Table 2 are obtained by dividing the y-axis intercept of a linear
regression analysis by its slope.

3.4. Creep mechanisms

For all the above precipitation-strengthened alloys, creep resis-
tance probably stems from matrix dislocations being impeded by
elastic interaction strain fields as they bypass the precipitates. Given
the large grain sizes present, diffusional creep is not expected. The
vast increase in the creep strength of the FBB8-2Ti alloy (with
coherent L21-Ni2TiAl primary precipitates containing B2-NiAl
plates) as compared to the Ti-free FBB8 alloy (with single-phase
B2 precipitates containing Fe-rich plates) is hypothesized to result
from a large change in the strength of the dislocation-precipitate
interaction. Previous TEM analysis showed that the dominant
creep mechanism of the Ti-free FBB8 alloy is dislocation climb
bypass of B2 primary precipitates with repulsive elastic interactions
due to lattice mismatch [21,28]. There are a limited number of
possible mechanisms potentially active in the FBB8-2Ti alloy that
can account for the very strong increase in creep resistance. First, it
has been shown that the stress needed for a dislocation to bypass a
precipitate via climb is greatly affected by the misfit strain field
surrounding the obstacle [21]. Krug et al. showed that the magni-
tude of the threshold stress induced by coherent, misfitting Al3Sc
Table 2
Creep threshold stresses for the FBB8þTi alloys.

Alloy Aging Threshold stress (MPa)

FBB8 Peak-aged 69 [21]
Over-aged 70 [21]

FBB8-2Ti Over-aged 172
Peak-aged 179

FBB8-4Ti Over-aged 143
Peak-aged 170

FBB8-6Ti Over-aged 87
Peak-aged 89
precipitates dispersed within a Al matrix increases with increasing
precipitate misfit [29]. Analogously, though the ferritic alloys stud-
ied here have a much larger precipitate volume fraction and radius,
we hypothesize that for the FBB8-2Ti, the complex L21-Ni2TiAl/B2-
NiAl precipitates, display increased misfit with the matrix as
compared to the B2 precipitates present in the Ti-free FBB8 alloy,
resulting in a strain field that more effectively traps dislocations on
the arrival or departure side of the precipitates. As more titanium is
added to the alloy, themisfit between the precipitate and thematrix
is expected to increase until eventually coherency is lost. The FBB8-
4Ti and -6Ti steels indeed show L21-Ni2TiAl/Fe-rich precipitates that
are semi-coherent with the matrix, based on the network of dislo-
cations present at the matrix-precipitate interface as observed via
TEM and are expected to show lower misfit strains, thus explaining
their lower creep resistance as compared to the FBB8-2Ti alloy.
Alongwith the lowermisfit strain, the smaller L21 precipitates in the
FBB8-6Ti alloy (100e300 nm) induce a weaker elastic interaction
with dislocations than the larger L21 precipitates in the FBB8-4Ti
(200e500 nm), which may account for the decrease in creep
resistance between the alloys.

Alternatively, it is possible that the dislocations are shearing the
precipitates rather than bypassing them by climb. In this case, the
increased resistance to shear of the L21 phase as compared to the B2
phase accounts for the favorable creep properties observed for all
Ti-containing alloys [12,30]. In addition, the hierarchical nature of
the precipitates in the Ti-containing alloys may force the disloca-
tions to switch between preferred glide planes as they shear
through the two-phase precipitates, thus further impeding their
motion. Consequently, FBB8-2Ti demonstrates the largest creep
strength because it displays plate-like B2 precipitates embedded in
the L21-Ni2TiAl main precipitates; these B2 sub-precipitates are
more creep resistant than the Fe-rich sub-precipitates within the
L21-Ni2TiAl precipitates displayed by both the FBB8-4Ti and -6Ti
alloys. High temperature creep observations of a NiAl-Ni2TiAl alloy
by Polvani et al. [30] confirmed that a significant increase in creep
strength is observed by a two phase B2/L21 alloy that is mainly
attributed to the reduced motion of antiphase boundary coupled
superdislocations in Ni2TiAl and dislocation networks at the B2/L21
interface [ [12,30]]. The difference in creep resistance between
FBB8-4Ti and -6Ti alloys may also be affected by the volume frac-
tions of the L21 and Fe-rich precipitates. However, from the TEM
images discussed in Section 3.2, the two alloys appear to have a
similar ratio of Fe-rich phase to L21 phases. Then, the relatively
large difference in creep properties between the alloys suggests
that shearing is not the dominant bypass mechanism.

In either strengtheningmechanism (climb bypass or shearing), a
significant difference in the total precipitate volume fraction be-
tween the studied alloys would also have significant effect on the
creep behavior; however overall volume fractionwas not rigorously
measured in this study. To determine a definitive creepmechanism,
TEM images of interrupted creep tests should be taken for each
alloy composition to capture the overall precipitate volume fraction
as well as the dislocation-precipitate interaction.

4. Conclusions

This study examines the microstructure of precipitation-
strengthened ferritic alloys (Fee10.0-10.7Cre9.9-10.5Nie5.4-
5.8Ale3.1-3.5Moe0.18-0.31Zre<0.001e0.005B wt%), with 0, 2, 4
and 6 wt% Ti additions (labeled FBB8, FBB8-2Ti, FBB8-4Ti and FBB8-
6Ti, respectively), and their creep properties at 700 �C in the stress
range 70e300 MPa. The following conclusions were drawn:

� SEM micrographs show grain sizes spanning a range from 0.1 to
a few millimeters as well as the presence of micron-size Zr-rich
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precipitates along grain boundaries and within the grains for all
studied alloy compositions.

� TEM micrographs reveal, in both FBB8-4Ti and -6Ti, the pres-
ence of semi-coherent ellipsoidal L21-Ni2TiAl precipitates
(several hundreds of nanometers in diameter) containing Fe-
rich plates roughly spanning the width of the precipitates. By
contrast, the FBB8-2Ti exhibits cuboidal, coherent L21-Ni2TiAl
precipitates (50e100 nm in size) containing plate-like B2-NiAl
second phases. These Ti-containing precipitates are different
from the B2-NiAl ones present in FBB8, indicating that Ti par-
titions to the precipitates and change their nature.

� The Ti-containing alloys show a 1e4 order of magnitude
decrease in secondary creep rate, at a given stress, over the
titanium-free FBB8 composition. A creep threshold stress is
observed for all alloys, with values ranging from 69 to 175 MPa
for the studied FBB8-Ti family of alloys.

� FBB8-0Ti and FBB8-6Ti display unchanged creep properties over
operating times as long as 770 h at 700 �C, which demonstrates
the stability and coarsening resistance of their precipitate
structure, while the creep resistance of FBB8-2Ti and FBB8-4Ti
decreases with prolonged exposure of up to 445 h.

� Even with a coarsened microstructure, FBB8-2Ti shows creep
resistance that is better than, or on par with, any of the other
three alloys in their peak-aged state. FBB8-2Ti, thus, represents
the most promising composition for high-temperature appli-
cations and further optimizations.

� From analysis of SEM, TEM and creep results, the threshold
stresses observed for all studied alloys is hypothesized to be the
result of a repulsive elastic interactionwhen matrix dislocations
climb over (i) coherent B2-NiAl precipitate with Fe-rich in-
clusions for FBB8-0Ti, (ii) coherent L21-structured Ni2TiAl pre-
cipitates containing B2-NiAl second phases for FBB8-2Ti, or (iii)
semi-coherent L21-Ni2TiAl precipitates containing Fe-rich plates
for FBB8-4Ti and -6Ti. The strong sensitivity in creep resistance
to Ti content is hypothesized to reflect the changes in the lattice
mismatch between matrix and precipitates in this series of
alloys.
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