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In order to achieve specific mechanical properties and structures of a material, a combination of new technologies together with
an unconventional use of different types of materials could be an asset. Powder metallurgy, involving a metal matrix and
dispersed stable particles, in combination with mechanical alloying and hot consolidation could be a solution. This paper
describes the thermomechanical characteristics of new oxide-dispersion-strengthened (ODS) alloys with a Fe-Al matrix in terms
of changes in the grain-size distribution. Recrystallization and grain growth were investigated over a range of temperatures and
deformations. The results show that the grain-growing process in the new ODS alloys is significantly affected by the
thermomechanical treatment, leading to the maximum grain size within 20-h annealing at 1200 °C. They are analysed using
different methods, including optical microscopy.
Keywords: grain growth, ODS alloys, steel, Fe-Al, Al2O3
Da bi lahko izdelali materiale s specifi~nimi mehanskimi lastnostmi in strukturo, moramo izbirati kombinacijo ve~ razli~nih
novih tehnologij skupaj z nekonvencionalno uporabo razli~nih vrst materialov. Kot re{itev se ponuja tehnologija metalurgije
prahov, s katero lahko ustvarimo me{anico kovinskih prahov in stabilnih oksidnih delcev. Tej sledi kombinacija mehanskega
legiranja in vro~e konsolidacije. V ~lanku avtorji opisujejo termomehanske lastnosti nove z oksidi disperzijsko utrjene (ODS;
angl: Oxide Dispersion Strengthened) zlitine s Fe-Al matrico s poudarkom na spremembah porazdelitve velikosti kristalnih zrn.
Avtorji so raziskovali rekristalizacijo in rast zrn v {irokem obmo~ju temperatur in deformacij. Rezultati raziskave so pokazali,
da je proces rasti zrn novih ODS zlitin pomembno odvisen od termomehanske obdelave, ki vodi do maksimalne velikosti zrn po
20 urnem `arjenju na 1200 °C. Avtorji so za analize uporabili razli~ne metode, vklju~no z opti~no mikroskopijo.
Klju~ne besede: rast zrn, z oksidi disperzijsko utrjene zlitine (ODS), jeklo, Fe-Al, Al2O3

1 INTRODUCTION
Historically, oxide-dispersion-strengthened (ODS)
alloys have been employed to improve mechanical
properties at high temperatures. The first preparation of
ODS alloys was reported by W. D. Coolidge in 1910, as
a result of using classical powder metallurgy to develop a
tungsten-based alloy reinforced with thorium oxides to
increase the life span of a tungsten-filament lamp and
impede high-temperature grain growth.1 Continuing this
initial development, several other applications based on
various metallic matrices such as aluminium or nickel
were implemented over the decades. J. S. Benjamin at
the International Nickel Company (INCO) laboratory designed a new process based on high-energy millingpowder metallurgy – later called mechanical alloying.2
He developed this process to obtain a homogeneous
oxide dispersion within a nickel matrix to produce hightemperature-resistant materials for gas-turbine applications.3 Currently, mechanical alloying is still considered
to be one of the most effective processes for obtaining
fine and homogeneously distributed particles.
Materiali in tehnologije / Materials and technology 52 (2018) 4, 475–482

In 1829, Félix Savart tried to reproduce the anisotropy effect on various metal specimens to demonstrate
that metals consisted of crystallized parts with different
orientations.4 He also recorded the first signs of a structural change after deformation while treating modified
anisotropic properties of metals.5 Continuing the improvement in the ODS-alloy microstructure, H. C.
Sorby6 reported the formation of an equiaxed grain
structure during the annealing of elongated grains in deformed iron by introducing a metallographic technique
called recrystallization. In the early 1920s, Carpenter and
Elam, followed by Altherthum, clearly established that
while the grain-boundary energy provides the driving
force for grain growth, the stored energy provides the
driving force for recrystallization. Deformation is then
clearly established as the initiating process for recrystallization. Despite these fundamental discoveries,
recrystallization and grain growth had not yet been
distinguished as separate processes.
The proportion of dispersed spherical oxides with a
mean size of 5–30 nm (typically) in a mixture is usually
below 1 %; however, it plays the main role in the stabi475
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lity of the microstructure. The resistance to the coarsening of oxides is much higher in coarse-grained ferrite
than in the g´-precipitates in super alloys. Also, for a
mean size of 20–30 nm, the limiting temperature for a
long-term operation is between 1000 °C and 1100 °C.
So, it is clear that oxides are extremely stable and the
microstructural stability of ODS alloys is much higher
than that of nickel-based super alloys. However, the loss
of mechanical properties due to the coarsening of oxides
was also reported for fine-grained ODS steels at
temperatures of about 800 °C for systems with extremely
fine oxide dispersion (about 5 nm).7 Thus, it is clear that
the size of oxides and the grain size have important roles
in the stability of a microstructure. Coarser oxides are
much more stable than fine ones, which is in line with
the cubic law of coarsening kinetics.8–12 The mechanically alloyed powder is then consolidated at high
temperatures and pressures to produce bulk material in
the form of a bar or tube stock. Subsequently, different
thermomechanical treatments are applied to optimize its
microstructure and mechanical properties. The processing temperatures are critical during the consolidation
step in order to retain the nanocrystalline structure
generated during the mechanical alloying and to impede
particle coarsening and grain growth.13–19
In the present study, the ODS alloys consist of a
ferritic Fe-Al matrix strengthened with about 7 % volume fraction of Al2O3 particles. In order to investigate
these new groups of materials with a more detailed analysis, this paper concentrates on the mechanical properties of ODS alloys, the microstructure and the phenomenon of recrystallization, leading to an evaluation of
the grain growth.
2 EXPERIMENTAL PART
2.1 Material preparation
The method for producing Fe-Al based ODS alloys
with fine Al2O3 precipitates is highly dependent on
powder metallurgy (Figure 1).20 In the first step, the
powders consisting of Fe-11 % mass fraction of the Al

matrix (90 % mass fraction of Fe and 10 % mass fraction
of Al) are mixed with 1 % mass fraction of O2 in gas,
which is absorbed, in a low-energy ball mill developed
by the authors, allowing evacuation and filling by oxygen. It is equipped with two steel containers (each 24 L),
filled with 160 (80 in each) steel balls with a diameter of
40 mm. The mill-rotation frequency can be adjusted
between 20 min–1 to 75 min–1. However, for this study, all
the material preparation is done at a constant rate of
75 min–1. After the mechanical alloying, the powder
changes to a solid solution and is poured from the
milling container into a 70-mm-diameter steel container
(made of low-alloy steel), evacuated with a suction pump
(degassed) and sealed by welding. Then it is heated to a
temperature of 750 °C and rolled in a hot rolling mill to a
thickness of 20 mm. In the final step, it is heated again
up to a temperature of 900 °C and rolled to a thickness of
8 mm. An approximately 6-mm-thick ODS sheet,
covered on both sides with 1-mm-thick scale from the
rolling container, is produced in this way. Afterwards,
the specimens are cut with a water jet (Figure 2).
In this study, two types of material (Fe-10 % mass
fractions of the Al ferritic matrix with different particle
sizes and 7 % volume fractions of Al2O3) were chosen,
as described in Table 1. It should be noted that the
oxides (Al2O3) were produced with internal oxidation as
shown in Figure 1 and were not added manually.
Table 1: Material parameters

Volume Typical
Material Material Milling
Ferritic
particle
time
% of
No.
type (hours)
matrix
Al2O3 size (nm)
ODS
1
245 Fe10w/%Al
7
20-50
Alloy
ODS
245 Fe10w/%Al
7
20-50
2*
Alloy
* Different rolling force

2.2 Specimen preparation
All the prepared containers were annealed at 1000 °C
over 16 h. After normal cooling at room temperature, all

Figure 1: Material-preparation process
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Figure 2: Position of the specimens on a rolled semi-product

the specimens were cut with a water jet in the longitudinal direction (Figure 2) and then all the specimens were
removed from the steel containers. The thickness of the
specimens was approximately 6 mm after the grinding.
Two specimen types (Figure 3) were selected. Type 1
was used to investigate homogeneous temperature fields,
and type 2 for the simplicity of the tests. Specimen
type 2 was designed to have 4 different deformations (5,
8, 20 and 50) % at the same time. The shortest part (9
mm) was equal to 0 % deformation during the pressing
and the other parts had appropriate values of deformation. In order not to apply more deformation than
required, the specimens were held in a hydraulic forging
press with two 10-mm-thick positioning side plates.
2.3 Testing equipment
A hydraulic forging press and a servo-hydraulic MTS
thermomechanical simulator were used to carry out the
experimental tests. The forging machine was programmed to apply constant pressure at a constant rate to
all the samples. In order to find the conditions leading to
the most effective grain coarsening by recrystallization,
the thermomechanical simulator was used to apply
various temperature-deformation paths. It also allowed a
combination of tensile and compressive deformation,
thus accumulating a high plastic deformation (and a high
dislocation density) in the specimens. An Olympus
GX51 light microscope was used for the metallographic
analysis of the samples. Cross-sections of the samples
were prepared using the standard grinding and polishing
processes and the microstructure was highlighted with
3 % Nital etching.

Figure 3: Specimen dimensions in mm: a) type 1, b) type 2

The tests for group A were carried out to investigate
the thermomechanical behaviour at different temperatures (treatment no. 1), performing a single tensile test
with a constant strain rate of 10–3 s–1 (Figure 4). Treatment no. 1 was designed to evaluate the thermomechanical properties of both materials at different temperatures. The test started with the heating up of a sample to
the desired temperature in 5 min and then tension with a
strain rate of 10–3s–1 up to the failure of the sample was
applied. Then the specimen was left to cool down to
room temperature.
The tests for group B were performed to investigate
the effects of the holding time at 1200 °C and the
deformation percentage for both materials on the recrystallization and grain coarsening of the type-2 specimens
(Figure 3b). As mentioned above, four different types of
deformation (5, 8, 20 and 50) % were applied as part of
treatment no. 2 (Figure 5). During this treatment, the
specimens were heated to 1200 °C in 5 minutes and

2.4 Testing programme
The test programme was divided into two different
parts. The tests are summarized in Table 2.

Figure 4: Treatment no. 1

Table 2: Parameters of test programme

Test group Material no.
A

1, 2

Maximum Number of
Treatment Holding time temperature
Purpose of tests
no.
(h)
tests
(°C)
1200, 1000,
1
–
8
Investigation of thermomechanical behaviour
800, RT

Materiali in tehnologije / Materials and technology 52 (2018) 4, 475–482
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Figure 5: Treatment no. 2

immediately after that the deformation was applied.
Subsequently, one specimen of each material was
quenched in water for immediate cooling (0-h holding
time) and the rest were kept in the furnace for three
different holding times of (10, 20, 40) h, after which they
were cooled slowly to room temperature.
3 RESULTS AND DISCUSSION
3.1 Test group A
Figure 6 shows the tensile stress-strain curves for
both materials at different temperatures corresponding to
treatment no. 1.
A comparison of the curves for Material 1 from Figure 6a shows that the modulus of elasticity (E) decreases
from 8.6 (RT) to 1.3 GPa (1000 °C) with the increasing

temperature, to almost 19 % of the initial value at RT.
Similarly, the ultimate tensile strength (UTS) decreases
from 1100 MPa (RT) to 180 MPa (1000 °C) which shows
an almost 86 % reduction from the initial value at RT.
Figure 6b shows a similar trend for Material 2. At
1000 °C, the UTS and E decrease by 86 % and 87 %,
respectively, in comparison with RT. The work-hardening rate also varies with the temperature, the amount of
strain and the composition of the ODS alloy. At lower
temperatures, the curve slopes (the modulus of elasticity)
are relatively steep from the onset of the plastic deformation to the maximum load. Steep drops in the region
between the maximum tensile strength and the fracture
point are related to the necking of the specimens.
Table 3 shows the mechanical parameters for both
materials from the tensile tests. It can be seen that at the
same temperatures, there is a slight difference between
the curves of the slopes (E) for each material. It could be
that the active energy required for the flow is not simply
a function of the applied stress, but rather a complex
function involving different factors like the stress, the
temperature and the size of the flow units activated by
the temperature.
Table 3: Mechanical properties based on the tensile tests

Material no. Temperature (°C)
RT
800
1
1000
1200
RT
800
2
1000
1200

E
(GPa)
8.6
1.1
1.3
1.9
9.2
1.4
1.1
1.0

UTS
(MPa)
1099
257
180
122
1084
249
204
80

Elongation
(%)
14.68
10.80
8.95
5.08
16.54
12.45
7.78
5.62

It can be seen that the UTS of each material decreases
as the test temperature increases. It is almost the same
for both materials at RT and 800 °C; however, with
further increases in the testing temperature, the difference between both materials increases, which could be
attributed to strain aging. Like the UTS, the elongation
of both materials increases with the decreasing testing
temperature. It is obvious that the total elongation
decreases gradually from RT to 800 °C; however, when
the temperature is increased to 1200 °C, it jumps to
almost 50 % of the initial value at RT for both materials.
On the other hand, at higher temperatures, the recovery
and damage induced by the creep lead to a decrease in
the ductility.21–22
3.2 Test group B

Figure 6: Tensile stress-strain curves for: a) material 1, b) material 2
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Figure 7 shows the hardness (HV10) test results for
both materials without deformation and after the applications of (5, 8, 20 and 50) % deformation, and at different annealing times of (0, 10, 20 and 40) h at 1200 °C.
A Vickers hardness test was performed using a ZWICK/
Materiali in tehnologije / Materials and technology 52 (2018) 4, 475–482
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Figure 7: Hardness (HV10) for: a) material 1, b) material 2

ROELL Z2.5 hardness tester with a load of 10 kg and a
loading time of 11 s on the surfaces of polished samples.
The average value was calculated from three measurements.
It can be seen that with the increasing deformation,
there is almost no change in the hardness of either
material for any of the holding times. On the other hand,
with an increase in the applied deformation from 0 % to
8 %, the hardness decreases slightly at all the annealing
times. However, with the increase from 20 % to 50 %, it
increases slightly at all the holding times. The hardness
values vary from 328 to 332 HV10 (material 1) and 332
to 331 HV10 (Material 2), with no annealing, in the
deformation span of 0–50 %. In a similar way, they vary
from 277 to 283 HV10 (Material 1) and 274 to 286
HV10 (material 2), for the 40-h holding time at 1200 °C
in the deformation span of 0–50 %. It is clear that the
decrease in the hardness from 0 % to 8 %, at 1200 °C, is
almost 2 %; however, the increase from 8 % to 50 % is
maximum, 4 %. It can be generally negligible as the
difference between the hardness values is small. However, this small fluctuation can be attributed to the
occurrence of a dislocation annihilation or rearrangement
followed by a rapid subgrain growth; however, this could
be due to the inhomogeneity of the material within the
whole container.
Figures 8–15 show the microstructures of both
materials without deformation and after 50 % deformation for different annealing times of (0, 10, 20 and 40) h
at 1200 °C. The light microscope was used to record the
microstructure at the grain and subgrain scale for all the
deformations (0, 8, 20 and 50) %; however, due to a
large number of images, only those depicting the 0 %
and 50 % deformations are presented. The structure conMateriali in tehnologije / Materials and technology 52 (2018) 4, 475–482

Figure 8: Microstructure for material 1 without annealing: a) without
deformation, b) with 50 % deformation

Figure 9: Microstructure of material 2 without annealing: a) without
deformation, b) with 50 % deformation
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Figure 10: Microstructure for material 1 after 10 h annealing: a) without deformation, b) with 50 % deformation

Figure 12: Microstructure for material 1 after 20 h annealing: a) without deformation, b) with 50 % deformation

Figure 11: Microstructure for material 2 after 10 h annealing: a) without deformation, b) with 50 % deformation

Figure 13: Microstructure for material 2 after 20 h annealing: a) without deformation, b) with 50 % deformation
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Figure 14: Microstructure for material 1 after 40 h annealing: a) without deformation, b) with 50 % deformation

Figure 15: Microstructure for material 2 after 40 h annealing: a) without deformation, b) with 50 % deformation
Materiali in tehnologije / Materials and technology 52 (2018) 4, 475–482

sists of the Fe-Al solid solution, iron aluminide and
dispersed Al2O3. The grains of the solid solution are
enclosed in black envelopes. The particles of Al2O3 are
distributed throughout the structures. The influence of
deformation is very obvious in the structures with the
50 % deformation. The grains are elongated and there
are also subgrains.
Figure 16 gives an overview of the grain sizes for
both materials with different deformations and annealing
times. The grain-size measurement was done according
to ASTM E112. The grain size was measured using the
intersection method for the longitudinal and transverse
directions. Both values were then averaged and reported
as the average grain size. It can be seen that both
materials are almost recrystallized with a decrease in the
grain size due to the increased deformation. It is obvious
that with a higher deformation applied, the grain size
decreases significantly. In material 1, it decreases by
almost 16 % with the change from 0 to 8 % of the
applied deformation. Moreover, it decreases by almost
31 % with the change from 8 to 50 % at all the annealing
times. Similarly, material 2 shows an almost 13 %
decrease in the grain size with the change from 0 to 8 %
and a 38 % decrease in the grain size with the change
from 8 % to 50 %. On the other hand, with a constant
deformation and increased holding time up to 20 h, the
average grain size increases slightly. However, with the
increase of the annealing time from 20 h to 40 h, it remains almost constant or decreases with some deformations. It can thus be concluded that the stability of the
grain microstructure can be significantly influenced by
the processing. The 20-h annealing is considered to be
the optimum holding time, leading to the maximum

Figure 16: Average grain size for: a) material 1, b) material 2
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grain growth in the ODS materials investigated in this
research.
4 CONCLUSIONS
This paper outlines the influence of thermomechanical treatments on the microstructure and grain growth
of new Fe-Al based alloys with fine Al2O3 precipitates.
Two materials differing in the rolling process were tested
under different conditions. The advantages of both
materials are the simplicity of preparation, a low cost of
the basic material and good mechanical and microstructural properties due to the Fe-Al based ferritic
matrix of the ODS alloy. The results show that there is a
significant reduction in the UTS with the temperature
increase from RT to 800 °C; however, there is no change
in the elongation. With the temperature increase from
800 °C to 1200 °C, there is no significant change in the
UTS; however, the elongation decreases significantly.
The holding time and applied deformation have almost
no effect on the hardness of either material; however,
they influence the average grain size of both materials. A
higher deformation leads to a smaller grain size, while an
increase in the annealing time up to 20 h leads to an
increase in the average grain size of the ODS material.
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