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Microstructural Evolution and Oxidation Behavior of Fe-4Cr-6Ti Ferritic Alloy
with Fe2Ti Laves Phase Precipitates

The microstructural properties and hardness of a model ternary Fe-4Cr-6Ti ferritic alloy aged at 800°C for 8, 16 and 24 h are
investigated in detail. Fine Fe2Ti Laves phase particles precipitate in the α-Fe (ferrite) matrix phase after solutionizing and subsequent
aging treatments. The size and amount of Fe2Ti precipitates gradually increase with increasing aging time. The magnetic measurements of the aged samples confirm the variations in the microstructural properties including the volume fraction of the constituent
phases, and Ti content of the α-Fe matrix phase. The mean Vickers microhardness value also increases from 203.5 to 238.4 with
increasing aging time from 8 to 24 h. In addition, the cyclic oxidation behavior of 24 h aged sample, which contains maximum
amount of Fe2Ti precipitates, is also investigated in detail. X-ray diffraction analysis reveals that scale product is α-Fe2O3 (hematite). Significant scale spallation and void formation is observed on the surfaces of 24 h aged Fe-4Cr-6Ti sample oxidized at 500°C.
Keywords: Ferritic alloy; Microstructure; Precipitation hardening; Laves phase; Oxidation

1. Introduction
Heat-resistant ferritic steels are widely used for structural
applications at high temperatures such as thermal power plants
because of their outstanding thermal conductivity, lower thermal
expansion coefficient, good oxidation resistance and low material
cost compared to Ni-based superalloys and austenitic steels [1-5].
However, poor creep resistance at temperatures above 600°C
significantly hinders their applications [4,6-8]. Considerable
research attention have been conducted in order to improve the
creep resistance and service temperature of heat-resistant ferritic
steels [9-13]. Previous studies demonstrated that distribution
of oxides, and formation of coherent or incoherent precipitates
are common approaches used for strengthening heat-resistant
ferritic steels [1-5,14,15]. Although the distribution of oxide
particles is highly effective process, its production cost is still
a major drawback [4]. In this sense, precipitation hardening is
more favorable.
The microstructure of heat-resistant ferritic steels is composed of tempered martensite matrix and carbide or carbonitride
particles [15]. However, dissolution of carbides at elevated
temperatures has a negative effect on mechanical properties.
On the other hand, Laves phase which is a thermodynamically
1

stable intermetallic compound with AB2 stoichiometry and topologically closed packed structure (TCP) is believed to increase
high temperature mechanical properties and creep resistance
[14-17]. However, formation of Laves phase decreases the
toughness and ductility of steel/alloy considerably at ambient
temperatures [15,18]. Yamamoto et al. [15] reported that there
is an optimum balance between room- and high temperature
mechanical properties of Fe2Nb Laves phase strengthened FeCr-Nb(Ni) heat-resistant ferritic steels. Additionally, it is also
presented that creep resistance of a heat-resistant ferritic steel is
improved due to the formation of Fe2Nb, Fe2W and Fe2Ti Laves
phases [15,19]. More recently, Takata et al. [14] suggested a new
carbon free austenitic heat-resistant Fe-20Cr-30Ni-2Nb alloy
containing certain amount of Laves phase. They presented that
this steel shows excellent long-term creep resistance.
On the other hand, the coarsening of fine precipitates in
such steels/alloys at high temperatures can strongly affect the
mechanical properties and creep resistance [20-24]. In this respect, Abe [20] illustrated that coarsening of fine Fe2W Laves
phase precipitates in 9Cr-1W tempered martensitic steels reduces
the creep rate in the transient region. Therefore, in this study,
it is aimed to investigate the microstructural evolution of Fe2Ti
Laves phase in a model Fe-4Cr-6Ti alloy. In addition, oxidation
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behavior of 24 h aged Fe-4Cr-6Ti sample, which contains highest
amount of Fe2Ti Laves phase precipitates, is also investigated
in detail since oxidation resistance of structural components at
high temperatures is an important service life limiting parameter
[25-27].

2. Experimental Procedure
2.1. Production of the Samples
A model ternary Fe-4Cr-6Ti (at. %) ferritic alloy was
prepared by arc-melting technique under Ar atmosphere in
order to prevent oxidation. Ultra-high purity constituents
(Fe: 99.97 wt. %, Cr: 99.2 wt. % and Ti: 99.9 wt. %) were used in
the production of the alloy. The Fe-4Cr-6Ti sample was remelted
at least three times in order to get highly homogenous composition. The Fe-4Cr-6Ti samples were solutionized at 1000°C for
1 hour in the single phase α-Fe (ferrite) region and then aged
for 8, 16 and 24 h at 800°C in the (α-Fe+Fe2Ti) two phase region
followed by rapid cooling to room temperature.

2.2. Characterization
The microstructural examination of the as-cast and aged
samples were conducted with Nikon Eclipse MA100 model
optical microscope and Hitachi SU5000 model scanning electron
microscope (SEM) in the secondary electron mode. The samples for microstructural examination were prepared by standard
sample preparation techniques and were etched with a mixture
of % 2 Nital and picric acid solution. Circular area equivalent
method is used to determine the size of the individual precipitates [28,29]. For grain boundary precipitates, only individual
precipitates were taken into calculation, the precipitates forming continuous grid at the grain boundaries were excluded. The
volumetric number density is calculated utilizing the relationship

NV 

NA
[30,31], where NA is the areal density (number of
2 R

precipitates divided by the area of the micrograph) and 〈R〉 is
the mean equivalent precipitate radius. The areal density of the
grain boundary precipitates is calculated according to following
equation [32]:

 % 

 l1  l2  l3  l4   *100
L

(1)

where ρ is the areal fraction of grain boundary precipitates, l is
the length of the grain boundary precipitates and L is the length
of grain boundaries.
The chemical composition of the as-cast Fe-4Cr-6Ti sample as well as the composition of the constituent phases in the
aged samples were determined by Elemental Dispersive X-ray
Spectroscopy (EDS) analysis. The EDS punctual analyses were
performed on the bakalite mounted-polished specimens and

silver paste was applied to the specimens in order to improve
conductivity. The phase analysis of the as-cast and aged samples
were conducted by X-ray Diffraction (XRD) analyses utilizing
Cu-Kα radiation in a Bruker D8 model diffractometer. The solvus, solidus, liquidus and Curie temperatures of the Fe-4Cr-6Ti
alloy were determined from Differential Scanning Calorimetry
(DSC) measurements. DSC analysis was performed using a Setaram SETSYS 16/18 model instrument within the temperature
range of 200-1450°C. The calibration of the instrument was performed using high purity standard elements including Al, Zn, Pb,
Ag, Au and Ni at a wide range of temperatures. The precision of
the calibration was ± 1°C. Vickers microhardness measurements
were done with a Microbul 1000D model microhardness test
instrument with a load of 500 g for 10 s. The mean microhardness value were the average of 8 individual indentations. The
magnetic behavior of the as-cast and aged Fe-4Cr-6Ti samples
were characterized by hysteresis loops with utilizing an ADE
Magnetics EV/9 Vibrating Sample Magnetometer (VSM).

2.3. Cyclic Oxidation Tests
The rectangular specimens of 3×6×1 mm3 for cyclic oxidation experiments were cut by electro discharge machining. Before
cyclic oxidation tests, the specimens were manually ground
with SiC emery papers (320 to 1200 grit), polished with 1 µm
alumina suspension, ultrasonically cleaned in acetone and dried
at room temperature. During the cyclic oxidation test, sample
was first weighed using an electronic balance with an accuracy
of 0.01 mg, put into an alumina crucible and then placed into the
muffle furnace at 500°C. After 5 h exposure, the crucible was
took out from the furnace and left to cooling. Then, the sample
was reweighed. After oxidation, the oxidation products were
characterized by XRD and SEM equipped with EDS detector.

3. Results and Discussion
3.1. As-cast Fe-4Cr-6Ti alloy
The EDS composition of the as-cast Fe-4Cr-6Ti alloy is
given in TABLE 1. The nominal and analyzed compositions
are very good agreement with each other. Any impurities are
not detected since ultrahigh-purity starting materials are used.
The microstructure (Fig. 1a) of the as-cast Fe-4Cr-6Ti alloy is
composed of coarse and equiaxed α-Fe (ferrite) grains having
an average grain diameter of 110 ± 7 µm. The XRD analysis
(Fig. 1b) reveals that α-Fe (JCPDS Card No: 89-4186) is the
only crystalline phase without formation of any intermetallic
compound. The lattice parameter of α-Fe phase for the as-cast
Fe-4Cr-6Ti alloy is calculated as 2.877 Å using XRD data. The
calculated lattice parameter of α-Fe phase is slightly larger than
that of the pure α-Fe (2.860 Å [33] and 2.866 Å [34]). This
result implies a reasonable lattice enlargement due to atomic
radii difference between Fe, Cr and Ti atoms. Although atomic

829
radii of Fe (rFe = 1.260 Å) is close to that of Cr (rCr = 1.256 Å),
it is strongly lower than that of Ti (rTi = 1.450 Å) [35, 36]. Thus,
incorporation of Ti atoms into α-Fe expands the α-Fe lattice.

tally measured transformation temperatures are consistent with
the Fe-Ti binary phase diagram [38-42].
Table 2

Table 1
Nominal and analyzed compositions
of the as-cast Fe-4Cr-6Ti sample
Nominal composition
(at. %)
Fe-4Cr-6Ti

EDS (at. %)

Fe
89.43

Cr
3.98

Ti
6.60

EDS (wt. %)

Fe
90.53

Cr
3.75

Ti
5.72

Moreover, the room-temperature magnetic properties of
the as-cast Fe-4Cr-6Ti alloy is also investigated and the representative hysteresis curve is displayed in Fig. 1(c). The as-cast
Fe-4Cr-6Ti alloy exhibits soft ferromagnetic behavior with
a saturation magnetization (Ms) of 191.4 emu/g. Pure α-Fe has
a Ms value of 217.9 emu/g [37]. The observed Ms value of the
as-cast Fe-4Cr-6Ti alloy is reasonably lower than that of pure
α-Fe. The substitution of non-magnetic elements (Cr and Ti) into
the α-Fe lattice decreases the saturation magnetization.
Prior to aging, thermal analysis measurements (Fig. 1(d)) is
performed to determine the solutionizing and aging temperatures
correctly. In this manner, solvus, solidus and other transformation temperatures (curie and liquidus) are determined from the
DSC heating and cooling curves. The measured transformation
temperatures are listed in TABLE 2. Moreover, the experimen-

Characteristic temperatures of the as-cast Fe-4Cr-6Ti sample
determined from DSC analysis
Characteristic
temperatures (°C)
Heating
Cooling

Curie

Solvus

Solidus

Liquidus

769
771

n.a.
892

1274
1285

1381
1385

3.2. Aged Fe-4Cr-5Ti alloys
The microstructures of the Fe-4Cr-6Ti alloys aged at 800°C
for 8, 16 and 24 h are shown in Fig. 2. The microstructures of all
aged alloys are composed of polygonal α-Fe grains with homogenously distributed precipitates. These precipitates are identified
as Fe2Ti Laves phase based on the EDS (Fig. 3) analysis. The
Fe2Ti precipitates form both within the grains and along the grain
boundaries. With increasing aging time, the size and amount of
the Fe2Ti precipitates inside the grains (TABLE 3) continuously
increase, whereas the number density and the precipitate free
space continuously decrease. At relatively short aging times,
high supersaturation results in high nucleation current which
leads to the formation of relatively finer Fe2Ti precipitates with
high number density. However, with increasing aging time,

Fig. 1. (a) The SEM micrograph, (b) XRD pattern, (c) hysteresis curve and (d) DSC heating and cooling curves for the as-cast Fe-4Cr-6Ti alloy
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Fig. 2. The SEM micrographs of the aged Fe-4Cr-6Ti samples

Fig. 3. The EDS analyses of the aged Fe-4Cr-6Ti samples; (a) 8 h, (b) 16 h, and (c) 24 h
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the growth and coarsening of the Fe2Ti precipitates is more
rapid thereby relatively coarser precipitates and lower number
density [30, 43-46]. In addition, the sizes of the grain boundary
precipitates (TABLE 3) are considerably larger than those for
grain interior. Contrary to the precipitates inside the grains, the
highest precipitate size and the lowest fraction of grain boundary precipitates are observed for 8 h aging time. With increasing
aging time, the fraction of grain boundary precipitates increases
and their sizes decrease.
Table 3
Temporal development of the Fe2Ti Laves phase
in aged Fe-4Cr-6Ti samples
Aging
time (h)

Precipitates inside
the grains
R (nm)
Af (%)
NV (m–3)

Grain boundary
precipitates
R (nm)
Af (%)

8
544 ± 10
7.6
1,63*1020 293 ± 15
82
16
664 ± 12
12.7
1,11*1020 280 ± 09
91
24
810 ± 16
16.4
8,56*1019 355 ± 13
90
* The circular equivalent radius (R), the areal fraction (Af), and the number
density (NV) of the Fe2Ti precipitates.

Moreover, the microstructural examinations also reveal
that the precipitate free zones (PZF) are observed near the grain
boundaries of α-Fe grains. The presence of the PZFs obviously
implies that Fe2Ti Laves phase particles nucleate first at grain
boundaries and subsequently within the grains [47]. The formation of PZFs is generally attributed to two main reasons: (i)
heterogeneous nucleation of the precipitates on vacancies. The
amount of vacancies are extremely higher at the grain boundaries
compared to grain interior. Thus, excess precipitates are present
at the grain boundaries. (ii) The solute consumption near the
grain boundaries leading to the depletion in supersaturation for
formation of the precipitates [48,49].
The growth and the coarsening behavior of fine Fe2Ti
precipitates in aged samples is investigated by analyzing the
precipitate size distributions (PSD). The PSDs for each aging
condition are shown in Fig. 4. With increasing aging time, the
PSDs do not broaden and the height maximum is not decreased
which implies that the Fe2Ti precipitates is not coarsened. This
finding indicates that the microstructure of the aged Fe-4Cr-6Ti
alloys have good thermal stability which is a very significant
issue for structural applications at high temperatures [50,51].

Fig. 4. Precipitate size distributions for aged Fe-4Cr-6Ti samples

Fig. 5. The XRD patterns of the aged Fe-4Cr-6Ti samples

The XRD patterns of the aged Fe-4Cr-6Ti samples are given
in Fig. 5. Although the SEM micrographs (Fig. 2) clearly show
the precipitation of Fe2Ti particles within the grains and along
the grain boundaries, any diffraction peak corresponding to the
Fe2Ti Laves phase is not observed in the XRD analysis of the
aged samples. This can be attributed to the fact that the volume
fraction of the Fe2Ti Laves phase is below the detection limit
of the XRD analysis. Moreover, the lattice parameter of α-Fe
phase for the aged Fe-4Cr-6Ti samples is also calculated. The
calculated lattice parameters of the α-Fe phase are 2.882, 2.880
and 2.876 Å for the 8, 16 and 24 h aged samples, respectively.
The decrease of the lattice parameter with increasing aging
time is directly attributed to the microstructural features. With
increasing aging time, the amount of fine Fe2Ti precipitates
noticeably increases leading to the depletion of Ti content
of the supersaturated α-Fe solid solution. As the atomic radius
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of Ti is significantly higher than that of Fe, the lattice parameter
of α-Fe matrix phase decreases.
Although the formation of Fe2Ti Laves phase is not observed by XRD analysis, the magnetic measurements (Fig. 6) of
the aged samples confirm the presence of the Fe2Ti precipitates.
The hysteresis curves of the aged Fe-4Cr-6Ti samples reveal that
all aged samples exhibit ferromagnetic behavior. The remarkable difference between the hysteresis curves of each sample is
saturation magnetization Ms values. The Ms values of the aged
Fe-4Cr-6Ti samples gradually decreases with increasing aging
time. It is well-known that α-Fe phase is ferromagnetic, whereas
Fe2Ti Laves phase is paramagnetic at room temperature [52].
With increasing aging time, the volume fraction of paramagnetic
Fe2Ti Laves phase increases and the volume fraction of ferromagnetic α-Fe phase decreases. Thus, the Ms values decreases
from 180.3 to 163.3 emu/g. Compared to aged samples, the Ms
value of the as-cast Fe-4Cr-6Ti sample (Fig. 1(c)) is relatively
higher due to the supersaturated ferromagnetic α-Fe phase without noticeable formation of Fe2Ti precipitates.

ness values. Thus, it is inferred that amount of the Fe2Ti Laves
phase is the dominant factor controlling the hardness of the Fe4Cr-6Ti alloys isothermally aged at 800°C for 8, 16 and 24 h.
Table 4
Microhardness values (HV0.5) for as-cast
and aged Fe-4Cr-6Ti samples
Vickers
Microhardness (HV0.5)

Sample

202.1
203.5
228.6
238.4

As-cast
8 h aged
16 h aged
24 h aged

3.3. Cyclic Oxidation Behavior
Fig. 7(a) presents the net mass gain per specimen surface
area versus number of cycles curve for 24 h aged Fe-4Cr-6Ti
alloy isothermally oxidized at 500°C in atmospheric laboratory
air. Net mass gain represents the oxidation products adherent to
sample, spalled off oxides are excluded. Although the weight
gain seems to have increasing tendency with time, important
scale spallation is observed during the oxidation cycles. Typical parabolic rate equation is used in order to characterize the
oxidation behavior of 24 h aged Fe-4Cr-6Ti sample.
2
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Fig. 6. The hysteresis curves of the aged Fe-4Cr-6Ti samples

The room-temperature mechanical properties of as-cast
and aged Fe-4Cr-6Ti alloys are investigated by means of Vickers microhardness measurements (TABLE 4). Microhardness
measurements implicitly display the dynamics of the precipitation sequence via hardness or strength alterations [30,45,46].
In addition, the microhardness value strongly depends on the size
and amount of the precipitates. Compared to as-cast alloy, aged
alloys exhibit relatively higher microhardness values. The higher
microhardness values of aged samples are directly attributed to
the formation of fine, hard and brittle Fe2Ti Laves phase after
isothermal aging. In addition, as the aging time increases, the
microhardness values gradually increase. Although the size of
the Fe2Ti Laves phase precipitates considerably increase with
increasing aging time, no decrease is observed for the microhard-

(2)

where ΔW is the weight increment, A is the surface area, t is the
oxidation time and kp is the parabolic rate constant. The value
of kp is calculated from the slope of the linear regression-fitted
(ΔW/A)2 vs. time plot (Fig. 7(b)). The value of the calculated
rate constant is 2×10–6 mg2/(cm4s). Oxidation behavior of alloys
at high temperature is a complex issue. The oxidation kinetics
is influenced by several internal and external factors including
temperature, atmosphere, composition of the oxidation products,
and presence of cracks, etc. Therefore, oxidation kinetics may
not follow parabolic rate law well [53].
In such conditions, it is more proper to use the instantaneous
parabolic rate constant (ki) in order to study the high temperature
oxidation kinetics of alloys and intermetallic compounds [54-56].
The value of the instantaneous parabolic rate constant (ki) can be
calculated by fitting the (ΔW/A)2 vs. time plot by a fourth-order
polynomial curve
2

 W 
a1  a2t  a3t 2  a4 t 3  a5t 4
 A  



(3)

where a1, a2, a3, a4 and a5 are regression-fitted constants. The
ki at any time (Fig. 7(c)) can be found from the differentiation
of Eq. (2). It is clear that ki for 24 h aged Fe-4Cr-6Ti sample is
time dependent, first decreases, and then slightly increases with
time. The variation of the ki value with time indicates that scale
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Fig. 7. (a) Mass gain per surface area versus oxidation time plot, (b) parabolic rate law plots and (c) instantaneous parabolic rate constant plots
for the 24 h aged Fe-4Cr-6Ti sample oxidized at 500°C

characteristics and/or diffusion mechanisms are changed during
oxidation [53,56]. Structure, chemical composition, uniformity,
adherence and presence of cracks or porosity are the important
parameters that strongly affect the oxidation behavior. In our

Fig. 8. XRD pattern for the 24 h aged Fe-4Cr-6Ti sample oxidized at
500°C

case, weak adherence of oxidation product and important scale
spallation cause a considerable variations in the oxidation rate.
The oxidation product is identified as α-Fe2O3 (hematite,
JCPDS No: 33-0664) by XRD analysis (Fig. 8). Any other oxide
peaks are not detected in the diffraction patterns. In addition to
Fe2O3 peaks, weak intensity peaks of α-Fe are also detected. The
reason for the presence of substrate peaks is strong spallation
due to the weak adherence of Fe2O3 to the substrate.
Figure 9(a-c) illustrates the surface scale morphology of the
24 h aged Fe-4Cr-6Ti sample oxidized at 500°C. The surface of
the oxidized sample is composed of two different regions: dark
and light regions. Dark regions (Fig. 9(b)) are covered by adherent oxide scales which is not spalled. The scale has platelet-like
morphology with uniform size and distribution. This scale is also
identified as Fe2O3 with EDS analysis (Fig. 9(d)). On the other
hand, light regions (Fig. 9(c)) are the spalled oxide layers seen
as small isolated voids. The rough spalled regions indicate that
spallation mostly occurred during cooling [56]. The EDS analysis
of these regions (Fig. 9(e)) reveals the similar composition with
that obtained for the substrate.
During cyclic oxidation, scale spallation is frequently occurred and should be taken into account. Oxide scales having
poor adherence to the metallic substrate can be easily spalled
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Fig. 9. SEM micrographs and EDS analysis of 24 h aged Fe-4Cr-6Ti sample isothermally oxidized at 500°C, (a) morphology of the surface,
(b) adherent oxide scale (dark regions), (c) spallation region (light zones), (d) composition of the oxide scale and (e) composition of the
spalled regions

off from the surface leading to an increase in the oxidation rate
[57]. Thermal expansion mismatch between oxide and metallic
substrate, scale thickness and temperature difference are the
main factors that strongly affect the scale spallation resistance
[58,59]. Among these factors, thermal expansion mismatch may
be the most important factor. If the thermal expansion mismatch
between the oxide scale and metallic substrate is high, compressive stresses are formed particularly during cooling. Thus, oxide
scale cannot resist compressive stresses and spallation occurs
[60-62]. Quadakkers et al. [62] reported that the thermal expansion mismatch between hematite (α- Fe2O3) and ferritic steel is
larger compared to the mismatch between magnetite (Fe3O4)
and ferritic steel. Therefore, they observed scale spallation in
the outer layer due to the generation of compressive stresses
during cooling.
The oxidation and scale spallation resistance of our model
Fe-4Cr-6Ti alloy must be improved. In this respect, formation
of protective and adherent oxide scales such as Cr2O3 will increase the oxidation and scale spallation resistance importantly.
It is believed that the formation of non-protective Fe2O3 oxide
should be hindered with increasing the Cr content of the alloy.
Additionally, it is also believed that not only oxidation resistance
but also the mechanical properties of the alloy may be increased
with increasing the Ti content of the alloy. Mechanical properties will be improved due to the plentiful amount of Fe2Ti Laves
phase precipitates, whereas oxidation resistance will be increased
with formation of TiO or TiO2 scales which have better adherence than Fe2O3 scale [63].

4. Conclusions
The structural properties and oxidation behavior of a model
ternary Fe-4Cr-6Ti ferritic alloy is examined in detail, and the
important conclusions can be reported as follows:
i.	The microstructure of the aged samples is composed of fine
Fe2Ti Laves phase precipitates and α-Fe (ferrite) matrix
phase.
ii. With increasing aging time, the size and amount of the Fe2Ti
precipitates increased considerably leading to an important
precipitation strengthening.
iii. 24 h aged specimen exhibited the highest precipitate radius,
areal fraction and mean microhardness of value of 810 ± 16,
16.4% and 238.4 HV, respectively.
iv.	The oxidation behavior of 24 h aged sample containing
highest amount of precipitates reveals that α-Fe2O3 (hematite) is the only oxidation product.
v.	The surface of the oxidized sample is rough due to the
significant spallation of α-Fe2O3 scales.
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