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Abstract

A Study on Formation and Thermal Stability of Nano-sized Oxide Clusters in
Mechanically Alloyed NiAl for High Temperature Applications

by
Yong-Deog Kim
Doctor of Philosophy in Engineering — Nuclear Engineering
University of California, Berkeley

Professor Brian D. Wirth, Chair

The intermetallic compound, B2 NiAl, is a promising material for high temperature
structural applications such as in aviation jet engines or gas turbines, provided that its
high temperature mechanical properties can be improved. Although extensive efforts over
the last several decades have been devoted toward enhancing ductility through alloying
design and reducing impurities, as well as improving high temperature creep strength
through precipitation and dispersion strengthening, these efforts have relied on traditional
approaches, a combination of large grain size to limit diffusional creep and
precipitation/dispersion (50 ~ 100 nm size) strengthening to limit dislocation creep, for
high temperature strengthening. While traditional approaches have shown a good
improvement from a relatively high temperature strengthening point of view, the size and
number density of dispersoids were not able to provide sufficient strength in the high
temperature creep regime. Furthermore, details of the interaction mechanism between
dislocations and dispersoids are not yet well understood.

This study focuses on designing and developing advanced oxide dispersion
strengthened (ODS) NiAl intermetallics with improved high temperature creep strength
by incorporating a high number density (~10** m™) of very thermally stable Y-Ti-O nano-
clusters, akin to those recently observed to improve creep strength and radiation
resistance in nano-structured ferritic alloys.

Advanced ODS NiAl alloys have been produced by mechanical alloying of pre-
alloyed Ni-50at%Al with Y,Os3 and Ti elemental powders. The milled powders were
subsequently consolidated by spark plasma sintering, with the objective of producing
very high number densities of nano-sized Y-Ti-O precipitates, along with fine grain size.
Advanced experimental characterization techniques, combined with microhardness
strength measurement, were used to investigate the material microstructure and strength
following processing and to evaluate the thermal stability during an extensive matrix of
long-term thermal annealing. In particular, the size, number density and composition of
nano-clusters were assessed.
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While improvements in strength were obtained in the advanced NiAl ODS alloys, and
the higher strength persisted through thermal annealing for 100 hrs at 1723K,
characterization revealed the presence of Al in the oxide precipitate phases. The Al

incorporation is believed detrimental to the formation of a high density of thermally
stable Y-Ti-O nanoscale precipitates.
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Chapter 1

Introduction

The invention and discovery of new high temperature structural materials used in
aviation jet engines, gas turbines, pressure vessel, and power plant pipe materials is one
of the truly challenging tasks in materials science and engineering. During the last fifty
years, there have been remarkable achievements in materials development for high
temperature applications [1-7]. As a few examples, turbine inlet temperature in Ni based
jet engines have increased nearly 410°C in 50 years [7] from 700°C, and super heater
steam temperatures in Ferritic steel based super critical power plants have increased from
370 to 650°C in 40 years [4, 5]. Those thermal performance improvements have derived
from alloy optimization and particle strengthening, in addition to applications of new
oxide thermal barrier coatings [6, 8]. But the continual push towards improved
performance and thermodynamic system efficiency in both jet engines and power plants
requires further revolutionary improvements in high temperature materials. For example,
current Ni based superalloys have the ability to operate for thousands of hours under
loads on the order of 140 MPa at temperatures of 1100°C [3], which is about 85% of their
melting point, but have already reached the “Uppermost Limit.” Therefore, completely
new and different classes of high temperature materials must be developed to meet the
ever-increasing temperature demands for improved performance and thermodynamic
system efficiencies.

Traditional approaches for improving high temperature creep resistance have relied on
a combination of large grain size to limit diffusional creep, and solid solution and
dispersion or particle strengthening to limit dislocation creep [9-12]. For high
temperature strengthening, dispersion strengthening is a classical mechanism, which
relies on the dispersion of nearly insoluble particles which are non-shearable and impede
plastic deformation [13]. Dispersion strengthened, or more appropriately, oxide
dispersion strengthened (ODS) alloys can achieve good strengths at high temperatures,
approaching 90% of the melting point, in polycrystalline metallic and intermetallic alloys
[14, 15]. Ytrria (Y,0s3), garnet (Y3AlsO; or YAG), Zirconia (ZrO,), titania (TiO;), or
alumina (ALbOs;) are typically used as ODS particles in the size range of 50 + 25 nm and
volume fractions of about 2% [16-20]. These dispersoids, which are incoherent with the
matrix, are relatively stable up to high homologous temperature and impede dislocation
motion through an Orowan looping mechanism at low temperatures. At higher
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temperatures, creep behavior is much more complex but believed to depend on the
detachment mechanism of dislocations that initially experience an attractive interaction to
the particles [13, 14, 17, 21]. Arzt and co-workers have shown promising high
temperature creep behavior in ODS strengthened B2 intermetallic NiAl through
mechanical alloying with Y,0O3; [15, 21-23], although the dislocation interaction and
detachment mechanisms are not well understood.

An alternative and complementary strategy for high temperature strengthening is the
incorporation of a very high number density (~10** m™) of highly stable, but much
smaller, nanometer scale coherent transition phases, which have emerged in the recent
large-effort development of nanostructured ferritic alloys (NFAs) [24-36]. NFA
development initially began with the production of ODS Fe-Cr alloys for nuclear power
plants in the early 1980°s when the International Nickel Company (INCO) produced the
alloys MA956 and MA957 [37]. These materials, first extensively researched by Ukai
and co-workers at Nuclear Fuel Development Corporation in collaboration with Kobe
Steel Ltd. in Japan [28], have significantly improved creep strength compared to
conventional ferritic martensitic steels or ODS ferritic alloys. For example, Ukai et al.
report a 650 °C biaxial creep rupture strength of about 250 MPa for an Fe-13Cr-3W-
0.5Ti-0.5Y,03 (nominal wt%) mechanically alloyed ferritic steel, compared to about 95
MPa for an Fe-13Cr-3W-0.5Ti ferritic steel without yttria and about 160 MPa for a more
conventional ODS alloy, Fe-13Cr-3W-0.5 Y,0; without Ti [24]. Later, Ukai and
researchers at Kobe Steel Ltd. discovered dramatic improvements in the uniaxial and
biaxial creep rupture properties at 650 °C for a mechanically alloyed and hot extruded Fe-
13Cr-3W-0.5Ti-0.5Y203 ferritic alloy compared to Fe-13Cr- 3W-0.5Ti ferritic steel
without yttria. Improvements in the creep rupture strength from about 150 to 400 MPa
and from 95 to 250 MPa were obtained in uniaxial and biaxial testing, respectively, for
the steel containing both yttria and titanium [38].

Subsequent work in Japan, the U.S. and Europe has revealed that the improved creep
strength results from the formation of an ultra-high number density of Y-Ti-O nanometer
sized clusters [25, 27-29, 31-33, 35, 36]. Atom probe tomography, performed at ORNL
by Miller, revealed the presence of a high number density (~10** m™) of ultra-fine Y-Ti-O
nanoclusters in both 12YWT and in MA957, as shown in the atom map in Figure 1-1 [39].
Extensive studies, in particular at UCSB by Alinger and Odette [25, 32, 33, 35], have
shown that the ytrrium from Y,O3; powders dissolves during mechanical alloying and
subsequently precipitates during thermal mechanical processing in the form of the Y-Ti-
O nanoclusters [33, 35, 39]. Alinger and Odette further studied the thermal stability of the
nanoclusters in mechanically alloyed MA957 and found remarkable high temperature
stability, with very limited nanocluster growth and coarsening following annealing for
480 hours at 1200°C and 9 hours at 1400°C with an effective activation energy of 8§90 +
150 kJ/mol (9.2 eV/atom) controlling coarsening [33]. The detailed factors controlling the
precipitation kinetics, morphology and thermal stability of the nanoclusters in NFAs are
not yet understood, nor are the detailed mechanisms of their structural evolution.
However, it is likely that the strategy of employing a very high number density of Y-Ti-O
nanoclusters will also strengthen advanced NiAl intermetallic and other FCC alloys for
high temperature applications.

With this research motivation, the objective of this study includes both the design and
development of advanced ODS NiAl alloys as well as fundamental insight into the



thermodynamics and kinetics of NC formation and thermal stability.
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Figure 1-1. Elemental Cr, Y, Ti, and O maps in 12YWT obtained by atom probe tomography as reproduced
from Ref [39]

1.1  Potential high-temperature intermetallic alloy systems

The B2 NiAl intermetallic alloy has been extensively studied as a structural material
due to a combination of interesting properties, such as high mechanical strength, low
density (5.95 g/em’), high thermal conductivity (70 W/m-K), excellent oxidation
resistance [40-59], and high melting point (~1640°C) as shown in Figure 1-2. However,
like many intermetallics, B2 NiAl is brittle at low temperatures and has inadequate high
temperature strength and creep resistance. It is usually considered that significant
improvements in high temperature strength and ductility at room temperature are needed
before this material finds its way into practical applications [40]. The majority of recent
research has focused on enhancing ductility through alloying (Cr, Ce, Mo, Ga and Zr)
[60-63] and reducing impurities [64]. As well, research has studied refining grain sizes
below a critical size [65], and improving high temperature strength through precipitation
and dispersion strengthening [17, 23, 61, 66, 67]. As pointed out in an article by Arzt and
co-workers [10], dispersion strengthening is a classic technique to improve the high
temperature creep strength of metallic materials. Typically, oxide particles are dispersed



4

within the matrix and act as impenetrable obstacles to dislocation motion (Figure 1-3) up
to temperatures approaching 90% of the melting point. The critical resolved shear stress
increase (over that for a material with no dispersed barriers), Atess, for dislocation motion
in an array of dispersed particles is defined by:

aGb
ATCRSS = (11)
%: Jn-d (1.2),

where a is a barrier strength coefficient, G is the shear modulus, b is the magnitude of the
Burgers vector, A is interparticle spacing, and n is particle number density [68]. When the
barriers are impenetrable, o approaches 1 and this is known as Orowan strengthening. It
can be seen from Equation 1.1 that the strength increase is inversely proportional to the
interparticle spacing. A decrease in A (particle refinement for a constant volume fraction
from Equation 1.2), results in an increase in the strengthening. The most common
processing route to form oxide dispersion strengthened alloys involves mechanical

alloying, as first developed by Benjamin [69], and provides a relatively homogeneous
distribution of dispersoids.

1800t | T | Losssnuni Losssnuens Lisssesuay | Losssnuni Losusnunos Losssnsuas
1643
1600 £ \ . -
e / ™
L y \\\ ‘\\
// ] \\\ R — — 1 1455
1400 / 3
/ ! ‘;—I = 1370
O . | 1365
o ' | {
- I |
O 1200 / | | 3
2 /1134 | |
w r', I', | \
£ 1000 / | | 3
1H] ' ! I I'I !
= 852 " |
o '. ,.
8004 - '.I / L
7 '. | 700

6603 | / \

5004 642 II = I': -
= £ % 12/ 3 3 |z
< = = -z = = | £

400 T T T T T ; T T T T

0 10 20 30 40 50 60 O 80 890 100
Al at. % Ni

Figure 1-2. The Ni-Al binary phase diagram as reproduced from Ref [59]
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Figure 1-3. Dislocation and particle interaction as reproduced from Ref [12]
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1.2  Previous work

Grahle and Arzt have performed the most extensive studies on the dispersion
strengthening of B2 NiAl through mechanical alloying with Y,0; followed by secondary
recrystallization [15]. Other authors have investigated the use of Al,O3 [18, 67] and ZrO,
[18] dispersoids. Grahle and Arzt mechanically alloyed Y,0; agglomerates with NiyAls
and NiAl; powders to obtain a Ni-50wt%Al matrix containing about 2 volume % yttria
using a centrifugal vibratory ball mill and then used hot isostatic pressing (HIP) at
1100°C and 200 MPa for consolidation to a fully dense material with a grain size of about
0.9 micron [15]. Notably, they state that, “neither TEM imaging, electron diffraction nor
X-ray diffractometry revealed the presence of crystalline oxides or any other second
phases in the mechanically alloyed powders. On the other hand, EDX measurements
indicated that the expected quantity of yttrium was dissolved in the powder particles.”
Similarly, other researchers have noticed the dissolution of alumina (Al,Os3) during
mechanical alloying with NiAl [67] and dissolution of yttria during mechanical alloying
of the NFAs [25, 33] discussed in the prior section.

Grahle and Arzt observed dispersoids with a mean diameter of 2 nm in the grain
interiors, with coarser dispersoids were observed at the grain boundaries following HIP
[15]. Thermal annealing at temperatures of about 1500°C resulted in a bimodal grain size
distribution, with a vast majority (> 90%) of coarse grains in addition to “islands” of
unrecrystallized areas [15]. Dispersoids within the coarse grains were significantly larger
than those within the small grains, indicating a connection between coarsening of the
dispersoids and grain growth [15], also consistent with the NFAs discussed previously
[25, 33]. Grahle and Arzt then searched for a thermomechanical treatment to produce the
dispersoids within a desired large grain microstructure, settling on a combination of hot
deformation and annealing to produce a uniform microstructure consisting of a grain size
of approximately 100 microns with 50 nm diameter dispersoids [15]. Following the
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thermal mechanical treatment, the dispersoids were clearly identifiable as Y3AlsO, [15]
as opposed to the initial Y,03 powders, with a spacing of approximately 250 nm. Arzt
and Grahle [17] report the results of compression creep experiments performed on these
materials in the “as-HIPed” (fine-grained ODS) and thermomechanically treated state
(coarse-grained ODS), in addition to dispersoid free NiAl with a grain size between 20
and 170 microns [17]. The creep behavior of the fine-grained as-HIPed specimen
significantly exceeded that of the dispersoid-free NiAl at 1200K, but became weaker by
1473K. Whereas the thermomechanically treated ODS-NiAl exhibited “exceptional creep
properties up to about 1700K” [17]. The coarse-grained ODS alloy showed high creep
stress values and high stress sensitivities consistent with the dislocation detachment
controlled creep models developed by Arzt [10, 11] and other researchers [70, 71]. More
recently, Rosler and Arzt [22] developed a creep model for detachment-controlled creep
based on an attractive dislocation — dispersoid interaction followed by thermally activated
dislocation detachment. However, the relaxation factor in the model for the coarse
grained ODS-NiAl had to be set to an “unusually high value, which signifies a weak
attractive interaction between dislocations and dispersoids” [17] and demonstrates the
need for additional studies to understand dislocation — particle detachment mechanisms in
dispersoid strengthened alloys. Arzt and Grahle also noted quite surprising creep
properties for the fine-grained ODS alloy. While the creep strength reduced below that of
the coarser-grained, dispersoid free NiAl around 1473K, they note that diffusional “Coble
creep is suppressed or at least retarded by the dispersoid particles” [17] in the as-HIPed
ODS alloy. The apparent creep activation energy was also much higher than anticipated
[17]. Other researchers have also observed surprisingly good creep behavior in fine-
grained dispersion strengthened materials [22]. As described by Arzt and Grahle [17], a
possible explanation for the retardation of diffusional creep in the fine-grained ODS alloy
is the pinning of grain boundary dislocations by very fine dispersed particles, thereby
impeding the point defect sink/source action of grain boundaries. Arzt and Grahle further
develop a model “in the form of detachment-controlled behavior of grain boundary

dislocations and Coble creep” which accurately reproduces the observed creep behavior
[17].

1.3  Research objectives and approach

The objective of this research is to investigate the potential for improved high
temperature creep strength of B2 NiAl intermetallics by incorporating a high number
density of very thermally stable Y-Ti-O nanoclusters, akin to the nanostructured ferritic
alloy development strategy. Atomic simulation study has been performing in tandem with
H.J.Lee at UCB. Although the atomic simulation is not described in this dissertation since
it has not completed yet, the research approach involves computational modeling,
including electronic structure calculations, atomistic lattice Monte Carlo simulations with
Kawasaki diffusion to investigate the structure and composition of the nanoclusters in B2
NiAl alloys. Figure 1-4 shows a schematic diagram of research approach. The goal of the
computational modeling is to provide insight into oxide precipitate cluster composition
that could eventually provide a framework to optimize alloy compositions containing the



largest number density of nanoclusters with the highest thermal stability.

Small, approximately 100-gram batches of the B2 NiAl intermetallics alloys have been
prepared by mechanical alloying and then consolidated by spark plasma sintering
process. Advanced experimental characterization techniques, combined with
microhardness strength measurements, have been used to investigate the material
microstructure following processing and to evaluate thermal stability during extensive
long-term thermal annealing. In particular, the size, number density and composition of
the nanoclusters have been assessed.
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Figure 1-4. Schematic diagram of research approach involving alloy development, characterization, and
atomic simulation

1.4 Dissertation Overview
The chapters of this dissertation are organized as follows:

[Chapter 2: MATERIALS PROCESSING]

This chapter describes the details of the materials processing that were performed
during fabrication of ODS NiAl and ferritic 14YWT alloys. Processing improvement for
reducing nitrogen contamination is also discussed in this chapter.

[Chapter 3: EXPERIMENTAL CHARACTERIZATION TECHNIQUES]

This chapter focuses on describing the details of the experimental characterization
techniques used in this study. Various experimental characterization techniques, scanning
electron microscopy, X-ray diffraction, energy dispersive spectroscopy, transmission
electron microscopy, atom probe tomography, and electron probe micro-analyzer, are
used to investigate the material microstructure. As well, Vickers microhardness
measurement is used to assess the basic mechanical property of the alloys.



[Chapter 4: RESULTS OF MICROSTRUCTURAL CHARACTERIZATION IN
AS-MILLED AND CONSOLIDATED CONDITIONS]

The microstructural characterization results of as-milled and as-consolidated NiAl and
ferritic 14YWT alloys to assess the optimal milling time are discussed in this chapter.
Besides, the effort has gone into rationalizing the relationship between the strength and
the microstructure of the ODS NiAl alloys.

[Chapter 5: THERMAL STABILITY OF NANO OXIDE PRECIPITATES AND
GRAIN GROWTH KINETICS]

This chapter presents a systematic study on the thermal stability of the ODS NiAl
alloys following high temperature isothermal annealing. The nanosize precipitates, grain
size, and microhardness of the ODS NiAl alloys have been assessed in terms of the
annealing temperature and time. Finally, Orowan and Hall-Petch strengthening effects as
well as grain growth kinetics for the ODS NiAl alloys have been studied.

[Chapter 6: CONCLUSIONS AND FUTURE WORK]
This chapter summarizes the important scientific findings of this research and the
ongoing activities are discussed as future work.



Chapter 2

Materials Processing

Materials processing and fabrication are very important considerations in the materials
development path and the number of potential alloying and processing variables is vast.
The aim of this research is to combine insight gained in previous studies of ODS alloys
with basic metallurgical and materials processing principles, to develop advanced ODS
NiAl intermetallic and Fe-Cr based 14YWT alloys with improved high temperature
strength resulting from a high number density of nm-scale precipitates with high thermal
stability. In doing so, an important aspect is to establish a matrix of materials with
minimized variable differences. This approach enabled the optimization of the processing
to create a high number density of nm-scale clusters (NCs). In addition, fundamental
insight was gained regarding the kinetics and thermodynamics behind NCs formation and
evolution. This chapter describes and justifies the materials processing methods
employed.

2.1 Mechanical alloying

Mechanical alloying is defined as a high energy ball milling process that can be used
to produce composite materials from a blend of elemental or alloy powders [69]. The
fundamental process in mechanical alloying to produce metal powders with controlled
microstructures is the repeated cold-welding, fracturing, and rewelding of a mixture of
powder particles under a dry, highly energetic ball charge. Mechanical alloying process,
which has the advantages of precise control composition and microstructure, has been
suggested to be a prospective approach to synthesize the NiAl intermetallics [14, 17, 40-
42, 44-47, 50, 56, 57, 72-79] and nanostructured ferritic alloys [24-38].

The high energy milling machine, Simoloyer-CMO01 was installed in the laboratory at
University of California Berkeley (UCB). Figure 2-1 shows a high energy attrition mill,
Simoloyer CM-01, and schematic gas and water flow.
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Figure 2-1. Simoloyer CM-01 high energy attrition mill

2.1.1 Mechanical alloying of NiAl alloys

10

In this study, ODS NiAl raw matrix materials were prepared from prealloyed, gas-
atomized Ni-50at% Al powders supplied by Crucible Industries LLC. Y203 and Ti
particles were added as dispersoid elements. All three powders have the same particle
size of -325 mesh and purity of 99.99%. NiAl, Y,0s;, and Ti powders were weighed to
have final compositions of NiAl, NiAl-1wt%(1.8vo0l%)Y»0s, and NiAl-1wt%(1.9vol%)
Y,0s3-1wt%(1.8vol%)Ti respectively. Mechanical alloying was performed for these three
compositions with 100Cr6 steel ball media under Ar gas sealed environment. The milling
speed was set to 1200 rpm (linear speed of 11 m/sec) and the milling times to investigate

NiAl

NiAl-1wt.%Y203

NiAl-1wt.%Y203-

1wt.%Ti

Mechanical Alloying
(2/5/10/15 hrs)
1x[Vacuum Pumping (5 min) +
Ar gas backfilling (5min)]
Constant speed operation at 1200rpm
20:1 Ball to powder mass ratio

Figure 2-2. Initial mechanical alloying procedure
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an optimum powder alloying condition were 2, 5, 10, and 15 hrs respectively. The weight
ratio of ball media to powder was 20:1 and mechanical alloying process temperature was
controlled to ~20°C by circulating cooling water. The test profiles such as milling speed
and process temperature were recorded into log files by computer controller. The initial
mechanical alloying procedure involved evacuating the milling chamber for ten minutes
and then backfilling with Ar as illustrated in Figure 2-2. The mechanically alloyed NiAl
alloy powders were characterized by scanning electron microscopy, X-ray diffraction,
energy dispersive spectroscopy.

2.1.2 Mechanical alloying of Fe-Cr based 14YWT

The objective of this study is to develop new and improved processing paths for the
production of nanostructured ferritic alloys (NFAs). NFAs have successfully
demonstrated a favorable combination of outstanding high temperature strength and
remarkable irradiation tolerance by trapping irradiation induced point defects and causing
their eventual recombination [25, 31, 35]. These outstanding characteristics derive from
the presence of an ultrahigh number density of Y-Ti-O rich nano-size clusters (NCs).
14YWT NFA is typically processed by ball milling pre-alloyed Fe-14Cr-3W-0.4Ti
(nominal wt%) powder with 0.25 to 0.3wt% yttria (Y,03) powder [31, 33, 35]. In
particular, proper ball milling effectively dissolves the solute elements, Y, Ti, and O,
which are expected to be precipitated during hot consolidation [25, 29, 33, 35, 36].
However, this advanced alloy is in an early development stage and many studies on
processing parameters are still required. The focus of this work is on investigating the
optimal milling time which can produce alloys with more homogeneous distributions of
NCs and more uniform fine grain size distributions. The foundation of this research
performed in close collaboration between UCB and University of California Snata
Barbara (UCSB) is characterization of powders and alloys through each processing step:
powder ball milling; following hot consolidation by hot isostatic pressing (HIP) or hot
extrusion. The characterization studies of a preliminary batch of powders described here
include: powder chemistry, atom probe tomography (APT), X-ray Diffraction (XRD),
electron probe microanalysis (EPMA), and scanning electron microscopy (SEM) along
with Energy Dispersive X-ray Spectroscopy (EDS).

Ball milling was conducted for L2311 and L2314 alloy compositions with 100g batch
powder and ¢4-mm hardened 100Cr6 steel balls at ball to powder mass ratio of 10:1 by
Simoloyer CM-01 attritor. The corresponding compositions of the L2311 and L2314 are
summarized in Table 2-1.

Table 2-1. Compositions of initial batch heats of 14YWT powders (wt% bal Fe)

Heat Cr W Ti Y Al Si o N C S
L2311 | 140 | 3.0 035 | 0.21 | 0.016 | 0.029 | 0.0085 | 0.0015 | 0.002 0.003
L2314 | 14.0 | 3.0 035 | 0.21 | 0.016 | 0.029 | 0.0235 | 0.008 [ 0.0060 [ 0.0055
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Experimental Procedure

a4

(14YWT)

Fe-14Cr-3W-0.4Ti-0.2Y
(L2311 heat)

Fe-14Cr-3W-0.4Ti-0.2Y-0.10
(L2314 heat)

'

Ball Milling (40 hrs)
[Vacuum Pumping (5 min) +
Ar gas pushing (5 min)] ,
Cyclic Operation
(2min@900rpm + 10min@450rpm)
10:1 Ball to powder mass ratio

NO

Properly Milled?

Powder Consolidation
(HIP / Hot Extrusion)

XRD / APT SEM/TEM

Figure 2-4. Preliminary experimental attritor milling procedure
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The milling speed alternated between 900 (2 minutes) and 450 rpm (9 minutes) and the
process temperature was maintained to 20°C by circulating cooling water as illustrated in
Figure 2-3. The milling times were 1, 5, 20, and 40 hrs respectively. The preliminary CM-
01 procedure involved evacuating the milling chamber for five minutes and then
backfilling with Ar (Figure 2-4).

2.1.3 Nitrogen contamination problem during ball milling

It was found that mechanically alloyed powders picked up a significant amount of
contaminant nitrogen (N) during the milling of both NiAl and 14YWT alloys. Chemical
analysis of the NiAl-1wt%Y203-1wt%Ti milled powders showed an increase in N, O,
and Fe contents before and after the ball milling as represented in Table 2-2. The N and O
impurity pickup was very likely due to ingress of air into the milling chambers during the
initial phase of ball milling studies. For example, if the milling chamber or evacuating
system has a leak, it would allow air to enter and thus contaminate the Ar cover gas. This
contamination problem was resolved by better sealing between chamber and evacuating
system in addition to process modification, which will be discussed in the following
section. Besides, it was found that more than 10% of iron from milling media was picked
up during the ball milling. The effects of iron impurity on the mechanical and physical
properties of NiAl have been investigated by others [80-82]. According to T. CHEN et al.,
the presence of Fe in NiAl intermetallic is expected to contribute to the strengthening of
NiAl, due to solution strengthening [81].

Table 2-2. Compositional analysis results of the NiAl-1wt%Y,03-1wt%Ti after ball milling for 15 hrs

Before milling (wt%) After 15hr milled (wt%)
Nitrogen 0.002 0.13
Oxygen 0.28 1.17
Iron 0.015 11.3
0.30
0.25 }
0.20
?g 0.15 } —
010
0.05
0.00
0 10 20 30 40 50

Mill Time

Figure 2-5. O and N content in L2311 milled powder as a function of milling time (hr)
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For the 14YWT, chemical analysis of the L3211 milled powder showed an increase in
O and N contents during the milling time as shown in Figure 2-5. The N systematically
increased from 0.002 wt% in the milled powder to 0.190 wt% after attritor milling for 40
hrs. The O initially increases rapidly, reaching 0.25 wt% plateau after only 5 hrs.

Atom probe tomography and energy dispersive X-ray spectroscopy were also
performed on the 40 hr milled L2311 powder to check the N contamination and other
solute distributions. As shown in the atom probe tomography result in Figure 2-6, nitrides
of either TiN or WN were found and associated with N contamination. The observed
nitride precipitates had an inhomogeneous distribution. The typical morphology and EDS
scanning result of 14YWT (L2314) powder after 40 hr milled is shown in Figure 2-7(a).
The milled powders are flake shaped with a large range of sizes from 25 to 150 um.
Nitrogen contamination in the milled powders was also detected by EDS scanning as
shown in Figure 2-7(b).

TiN atoms WN atoms

Figure 2-6. Standard atom maps of 40hr as-milled L2311 powder showing TiN and WN atoms
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Figure 2-7. Powder characterization result of 40hr as-milled L2314 (a) SEM morphology and (b) EDS scan



2.1.4 Modification of milling procedure for N contamination

2.1.4.1 Modification for NiAl alloys

In order to reduce the N contamination discussed in Section 2.1.3, the operating
procedure of the Simoloyer CM-01 was modified for milling. Cycles of repeated vacuum
(10 min) and Ar purges (5 min) were performed three times while a positive pressure of
Ar was maintained throughout the milling period. The milling speed alternated between
1200 (50 minutes) and 600 rpm (10 minutes). Moreover, a gate valve was installed at the
vacuum pump side to prevent air leak. The modified milling procedure is illustrated in
Figure 2-8. The modified attritor milling procedure for the ODS NiAl reduced N
contamination approximately more than 50% that of the initial procedure and oxygen

level also decreased from 1.17 to 0.34% as represented in Table 2-3.

NiAl

NiAl-1wt.%Y203

NiAl-1wt.%Y203-
1wt.%Ti

A A A

Mechanical Alloying
(2/5/10/15 hrs)
3x[Vacuum Pumping (10 min) +
Ar gas backfilling (5 min)]
Cyclic Operation

(50min@1200 rpm +10min@600rpm)

20:1 Ball to powder mass ratio

Table 2-3. Compositional analysis results of the NiAl-1wt%Y,0;-1wt%Ti after ball milling for 15 hrs

Figure 2-8. Modified mechanical alloying procedure

Initial Procedure Modified Procedure
Weight (%) Weight (%)
Nitrogen 0.13 0.064
Oxygen 1.17 0.34
Iron 11.3 10.7

2.1.4.2 Modification for Fe-Cr based 14YWT

For 14YWT, cycles of the vacuum (10 min) and Ar purges (5 min) were repeated three
times and a positive pressure of Ar was maintained throughout the milling period. The
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modified milling procedure is illustrated in Figure 2-9.

.

Experimental Procedure

‘ (14YWT)

Fe-14Cr-3W-0.4Ti-0.2Y Fe-14Cr-3W-0.4Ti-0.2Y-0.10
(L2311 heat) (L2314 heat)

| |
v

Ball Milling (40 hrs)

3 x [Vacuum Pumping (10 min) +
Ar gas pushing (5 min)] ,
Cyclic Operation
(2min@900rpm + 10min@450rpm)
10:1 Ball to powder mass ratio

Properly Milled?

NO

Powder Consolidation
(HIP, Hot Ext.)

[
LEAP

Figure 2-9. Modified experimental attritor milling procedure.

The compositional analysis of the L2314 milled powder presented in Table 2-4 shows
that the modified attritor milling procedure successfully reduced N and other impurities
contamination. The weight percent of N, O, and C in the milled powder sample by the
preliminary attritor milling procedure was 0.016, 0.065, and 0.023 respectively. The N
levels are down about a factor of 7-8 from prior measurement (Table 2-4). Improved
milling procedures applied to these powders led to the effective elimination of the
impurity N, however, it also resulted in lower O content, which will be discussed in
Section 2.4. SEM EDS result also shows that N contamination was not observed in the 40
hr milled powder processed by the modified procedure as shown in Figure 2-10. Figure 2-
11 shows the X-ray diffraction pattern of the L2314 powder for before and after milling
for 40 hrs. After 40 hrs of milling, the peaks of Fe-Cr broadened and the intensity of the
peaks decreased.
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Table 2-4. Compositions of 14YWT (L2314) after milling for 40 hr

Preliminary Procedure Modified Procedure
(Wt%) (Wt%)
Nitrogen 0.110 0.016
Oxygen 0.102 0.065
Carbon 0.035 0.023
X2 Y. 192 (a) (b)
I: 45103

176 —

Counts
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Figure 2-10. (a) SEM morphology and (b) EDS scan result of 40hr as-milled L2314 powder
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2.2 Spark Plasma Sintering (SPS) for NiAl alloys

The SPS process [83] is a combination of conventional electric-current sintering and
hot-pressing based on high temperature plasma instantly generated in the gaps between
powders by electrical discharge current. Figure 2-12 shows an overview of the SPS
process. Electric current is applied to a specimen in repeated ON-OFF DC pulse-form
and the specimen is heated both by resistance heating of the specimen itself and the
conductive die of a graphite mold. The spark discharge point and the Joule heating point
are transferred and dispersed to the overall specimen homogeneously by repeated electric
current pulse, which result in efficient sintering at low power consumption [83]. This SPS
method has been employed in powder metallurgy to get advantages from faster heating
and cooling rates and to achieve higher pressure during the sintering procedure [83-88],
which allows obtaining high strength products in short periods of time, approximately 5
to 20 minutes, including temperature rise and holding times [89]. At the same time, bulk
fabrication of particles with nano-crystallization formation is also possible without
changing their characteristics [83]. As well, according to Kim [20] and Kitaoka [18],
almost full density have been achieved in Ni-Al material systems via SPS. In this study,
SPS method was utilized to consolidate the ODS NiAl alloys with improved high
temperature strength. Figure 2-13 shows the basic configuration of a typical SPS facility.
Densification behavior, microstructure and mechanical properties of the consolidated
alloy specimens will be discussed in Chapter 3.
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Figure 2-13. Schematic configuration of SPS facility as reproduced from Ref [83]

2.2.1 Consolidation of ODS NiAl alloys powder by SPS

Powder consolidation was carried out in a SPS facility at University of California
Davis (UC Davis) under the heating conditions described in Figure 2-14. The pressure of
80MPa was applied to the powder specimens for 5 min at 1250°C and the vacuum
chamber pressure was maintained at 10~ torr during the sintering process. Sintered
density was measured by an Archimedes electronic densimeter.

S min

Heating profile during 1250°C
the sintering process

2 min 650°C

20°C @ Load : 80 MPa

Figure 2-14. Heating profile during the SPS
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2.3 Hot Extrusion and Hot Isostatic Pressing (HIP) for Fe-
Cr based 14YWT

Hot extrusion (at ORNL) and HIP (at American Isostatic Presses) were performed to
consolidate 14YWT powders. For the hot extrusion, the milled powders were sealed in 3
inch diameter mild steel cans, degassed in vacuum at 400°C, heated to 850°C for 1 hr and
then extruded through a rectangular die. For the HIP, the powders were heated at a rate of
15°C/min and held at 1150°C for 3 hr under 200 MPa.
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Chapter 3

Experimental Characterization Techniques

The materials processing involved mechanical alloying and consolidation by either
spark plasma sintering for NiAl alloys or hot isostatic pressing/hot extrusion for 14YWT
alloys discussed in Chapter 2. Subsequent microstructural characterization of the
mechanically alloyed and consolidated alloys has been performed using X-ray
diffractometry (XRD), scanning electron microscopy (SEM) along with energy dispersive
X-ray spectroscopy (EDS), transmission electron microscopy (TEM), atom probe
tomography (APT), and electron probe micro-analyzer (EPMA). Density and
microhardness measurement of the consolidated specimen followed by spark plasma
sintering were performed by electronic densimeter and Vickers microhardness tester
respectively. This chapter briefly describes the experimental characterization techniques
used in this study.

3.1 X-ray diffractometry

An X-ray diffractometer is composed of a source of X-rays, an X-ray generator, a
diffractometer assembly, a detector assembly, and X-ray data processing system [90]. The
diffractometer assembly controls the alignment of the beam, as well as the position and
orientation of both the specimen and the X-ray detector. The XRD technique is applicable
for an analysis of the powder crystallite size and lattice strain through an analysis of a
decrease in intensity and peak broadening [91-95].

In this study, X-ray diffraction (XRD) was performed using a Siemens D-500 powder
diffractometer at Lawrence Berkeley National Laboratory (LBNL) with a Cu target to
generate K, X-rays at settings of 40kV and 30mA. The diffractometer performed a
continuous scan of 20 from 20° to 90° at a rate of 0.01°/sec to measure d-spacings. The
powders were placed in a quartz container with the top surface of the powders level with
the axis of rotation for the diffractometer. All of the acquired peaks were identified by
International Centre for Diffraction Database (ICDD) [96]. The diffraction data were
corrected for instrument broadening and fit with Gaussian functions for measuring the
peak broadening.
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The ball milling process causes a decrease in the diffraction peak height and an
increase in the diffraction peak width with the milling times, which indicates that the
crystalline size, or grain size, of the powder decreases and the micro-strain increases
since the ball milling involved massive plastic deformation [44, 46, 75, 92, 93, 97-99].
Assuming a linear superposition of these effects, the total peak broadening can be
described by the Hall-William equation [95]:

B'0059=2g~sin9+% (3.1),

where B, 0, €, A, and D are the experimentally determined width of half maximum of the
Bragg peaks, diffraction angle, micro-strain in crystallites, wavelength of incident X-rays,
and grain size of the crystalline respectively. Figure 3-1 schematically illustrates the Full
Width at Half Maximum to determine B from measured diffraction data. The quantities D
and ¢ can be determined from the extrapolated intercept and the slope in plots of B-cos 6
versus 2sinf from the diffraction peaks.

FWHM
Peak position 26

Intensity (I)

Background
I /

Bragg angle 20

Figure 3-1. Full Width at Half Maximum (FWHM) determination from XRD peak (schematic) as
reproduced from Ref [92]

The internal micro-strains generated during the ball milling could be the result of
dislocation generation and of rewelding of powder particles [93]. According to
Williamson [91], we can estimate the dislocation density pq by equating the elastically
stored energy with the total line energy of the dislocations as described by:
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where E, G, b, 1/1¢, and € are Young’s modulus, shear modulus, Burgers vector, the ratio of
external radius of cylinder containing the dislocation to core radius of dislocation, and
micro-strain in crystallites respectively. For the present work, pure NiAl data [100],
E=188GPa, G=71.5GPa, b=0.288nm, and In(1/ry) = 4, were used.

3.2  Scanning electron microscopy and Energy dispersive X-
ray spectroscopy

“SEM provides magnified images that closely approximate what our eye and brain
expect, because the depth of field for resolved in the SEM is much greater than the spatial
resolution in the field of view, which provides a perceived three dimensional topological
and morphological detail in the images” [90]. The basic components of the SEM include
a microscope column, various signal detector systems, the computer system used to
process the collected data.

The SEM analysis was performed using a Hitachi S-4300 SEM machine equipped
with EDS system to investigate the microstructure of the ball milled powder. The
chemical compositional analysis was carried out by the EDS based on K and L
characteristic X-rays spectra acquired at 20kV and the holding time for analysis was 10
minutes. In energy dispersive spectroscopy, the excited photons are collected as a
function of their energy and spectrum of energy dependent photon intensity is analyzed to
determine the chemical composition of the region of the sample excited under the
electron beam [90, 101].

3.3 Transmission electron microscopy

Magnified images at a very high resolution, at the nanometer and even sub-nanometer
length-scale, is currently available from transmission electron microscope. “However, the
most important characteristic of the TEM is that it combines real space information at
excellent resolution with information from the same object obtained in reciprocal space,
electron diffraction patterns, can be recorded” [90, 102, 103]. As well, microanalytical
techniques can be integrated into the same instrument, which makes the TEM one of the
most versatile and powerful tools available for microstructural characterization. A TEM is
composed of several components, which include a vacuum system in which the electrons
travel, an electron emission source for generation of the electron stream, a series of
electromagnetic lenses, as well as electrostatic plates.

The high resolution microstructures were observed by transmission electron micro-
scopy. The TEM was performed using a Philips CM200 at ORNL and Philips CM300 at
LBNL microscope with a 200 and 300 keV field emission gun respectively. The TEM



26

samples were prepared to have a thickness of 40-70 um by mechanical polishing and then
electropolished to have a final thickness of ~100 nm using a Fischione twin-jet polisher.
The electrolytic solution and condition used are 25% HNO3-75% methanol at -12°C at 18
V. Conventional bright field TEM imaging and high resolution TEM imaging studies
were performed. The EDS spectra for compositional analysis were recorded in Energy
Filtered TEM (EFTEM) and Scanning transmission electron microscopy (STEM) mode
at Philips CM200. Microstructural features, grain size and particle number density, were
measured by Image-J and Adobe Photoshop computer program.

3.4 Atom probe tomography

Atom probe tomography (APT) is an ultra-high resolution microanalytical technique
for the atomic and nanoscale characterization of microstructural features. “Atom probe is
able to provide unique three-dimensional information on the atomic-scale chemistry
within the bulk of a material” [104]. Atom probe (shown schematically in Figure 3-2)
essentially combines a field ion microscope that can analyze a specific atom or region
with a time-of-flight mass spectrometer coupled with a position sensitive detector [104,
105]. When the electric field reaches a critical value, the surface atoms of the of the
specimen are ionized and field evaporate. The ions generated are subsequently
accelerated away from the surface of the specimen by the highly divergent electric field
surrounding the specimen, which gives rise to a highly magnified projection of the ions
[104-106]. The flight time of the ion is measured resulting in a mass-to-charge ratio
(elemental identity).

The APT was performed using a Cameca-Imago Instruments 4000X HR LEAP™ at
ORNL. Samples were prepared by electropolishing and focused ion beam (FIB) using a
FEI Nova 200. The APT sample is typically in the shape of a sharp needle (tip radius =
10-100 nm) shape (shown in Figure 3-3) that produces a field enhancement for field
emission/evaporation of the surface atoms. The LEAP samples were examined in voltage
mode and temperatures were maintained at S0K. Voltage pulses were held at 200 kHz
repetition rate, the evaporation rate was typically between 0.5% and 1%.
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Figure 3-2. Schematic diagram of a 3D atom probe as reproduced from Ref [106]

9:23 AM|30.00 kV|ETD|10 000 x | 5.3 mm NiAl-Ti-Y203

| \
6/9/2011 | HV det | mag WD Syum

Figure 3-3. Typical APT specimen of the NiAl-Y,0;-Ti alloy (FIB milled)
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3.5 Microhardness

Vickers microhardness measurement was performed to characterize the basic
mechanical properties of the alloy materials using both Buehler microhardness tester at
LBNL and Wilson 400 series Knoop/Vickers automated hardness tester at ORNL. The
microhardenss test was performed using a diamond pyramid indenter on a polished
specimen surface. A 50g of load is applied to the Vickers indenter for 15 secs and the
microhardness data was measured from approximately 10-20 indentation points. Figure
3-4 shows a typical indentation image, and a Vickers hardness value is calculated by:

2F - sin(68°)
v = T (3-3);
where F is the applied load in kg and d is the average of the two diagonals, d; and d,, of
the indentation in mm. Because the Vickers hardness value is known to represents an
average flow stress of the material, it can be empirically correlated to uniaxial yield
strengths using the correlation [68]:

~HV

Gy = 3 (34)1

where o, and Hv are the 0.2% offset yield strength (kg/mm?) and Vickers microhardness.

Figure 3-4. Typical Vickers hardness indentation image of the NiAl alloy

3.6 Chemistry analysis

The composition analysis of the powders following the ball milling was provided by
Luvak Inc. Electron probe micro-analyzer (EPMA) was performed to investigate Y and Ti
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distribution in as-milled powders using a Cameca SX-50 at UCSB. The powders were
mounted in a conductive polymer and polished to a 0.05 pm finish. Three to five
measurements were made on each powder particle.
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Chapter 4

Results of Microstructural Characterization
in As-milled and Consolidated Conditions

Microstructural characterization of the as-milled powders and the consolidated alloys
were performed using the variety of techniques discussed in Chapter 3. Combinations of
these techniques were used to assess the effects of alloy composition, mechanical
alloying (milling), and consolidation. The objective of this chapter is to understand the
sequence-of-events and factors controlling the evolution of nanoscale precipitates and
other features in 14YWT and NiAl alloys. Such understanding provides a basis for
optimizing alloy process.

The EPMA analysis showed the distribution of Y and Ti in as-milled powder particles
associated with the milling time. X-ray diffraction patterns confirmed that mechanical
alloying process dissolved the alloying elements and phases into the matrix. SEM along
with energy-dispersive X-ray spectroscopy (EDS) provided information regarding the
morphology of the as-milled powders and the distribution of the phases present in the
microstructure of the alloys. Bright-field and phase-contrast imaging along with EDS
were performed in the transmission electron microscope. APT analysis has also been
performed to investigate the size, concentration and morphology of nanometer-scale
precipitates.

4.1 14YWT alloys

A variety of characterization studies were carried out to determine the optimal
fabrication and consolidation conditions which would effectively homogenize the
alloying elements. This section specifically focuses on investigating the optimal milling
time which can produce alloys with more homogeneous distributions of NCs and more
uniform fine grain size distributions.
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4.1.1 Results of ball milling

The investigation of elemental distribution associated with the milling time has been
performed using an electron probe micro-analyzer (EPMA) and a PGT X-ray energy
dispersive detector. Milling for 20 hr resulted in a wide variation of Y concentration
persisted in some particles (Figure 4-1(a)). The 40 hr milling provided a much more
uniform distribution of Y and Ti both within and between particles (Figure 4-1(b)). The
EPMA results demonstrated that it was not sufficient for 5 and 20 hr ball milling to obtain
a uniform distribution of Y and Ti in the alloy.

(a) (b)
1.00 1.00
0.90 =T 0.90 I
080 LY 080 T
=] - o
35“. 0.70 ; 0.70
< os0 < 060
[ =4 =
£ o050 S o050
= =
S 040 g 040
T x
§ o § T 3 I I § 5 o030 I % i H
O o2 I I I I I O o920 I I i
0.10 0.10
0.00 0.00
1 2 3 4 5 & 1 8 1 2 3 4 5 6 7
Particle Particle

Figure 4-1. EPMA analysis of ball milled powder (a) after 20hr of milling (b) after 40hr of milling

The typical powder morphology of 14YWT powder after 20 and 40 hr ball milling is
shown in Figure 4-2. The 20 hr milled powders are flake shaped with a large range of
sizes from 100 to 200 pum while the 40 hr milled powders also have flake shape but
smaller particle sizes of about 10 to 100 pm.

X-ray elemental mapping using the SEM EDS equipment was performed for the 40 hr
milled powder to investigate the microstructural distribution of the alloying elements, Ti,
Y, and W, in the Fe-Cr matrix. This EDS analysis was based on K and L characteristic X-
rays spectra acquired at 20kV and the holding time for analysis was 10 minutes. The
identified elements of Fe, Cr, Ti, Y, and W were mapped from the selected powders
region respectively as shown in Figure 4-3. This EDS results reveals Ti, Y, and W entirely
distributed in Fe-Cr matrix powder at this spatial resolution.

The EPMA result (Figure 4-4) shows the tremendous effect of ball milling for 5 hr
(Figure 4-4(a)) versus 40 hr (Figure 4-4(b)) on the Y and Ti distribution in a hot extruded
14YWT alloy. Notably, there is also large variation in the Ti and Y after 5 hr of milling.
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Figure 4-2. Typical SEM images of 14YWT (L2311) powder (a) after 20 hr milling (b) after 40hr milling

TiK

CrK

100m|

' "_ﬁ]_ i}

160 pm

Figure 4-3. X-ray elemental (Fe, Cr, Ti, Y, W) mapping of the 14YWT powder after 40hr ball milling
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Figure 4-4. EPMA analysis showing the Y and Ti distribution in hot extruded 14YWT (L2311) alloy that
were prepared from (a) 5 h and (b) 40 h ball milled powder

TEM characterization was carried out for further higher resolution study on this alloy.
The TEM micrographs in Figure 4-5 show the typical NC distribution in L2311 and
L2314. The average NC size or diameter and number density in the L2314 alloy,
measured by TEM, are 4.7 nm and 6.2x10**/m’, respectively. The NCs in the L2314 alloy
are coarser than those in L2311 which had a size of 2.4 nm and a number density of
2.8x10%/m’.

Figure 4-6 shows examples of representative NCs found in the APT studies of L2311
and L2314. The corresponding NCs diameter and number density in the L2311 alloys are
1.7 nm and 2.9x10%/m’, and 5.8 nm and 6.0x10**/m’ in the L2314, which is in quite good
agreement with the TEM characterization.

Figure 4-5. Typical conventional TEM images of 40 hr milled and HIPed at 1150°C at 200 MPa
(a) L2311 (b) 2314

ottt

A

500
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Figure 4-6. 20 nm thick Atom maps with Cr ions and Y-Ti-O isoconcentration surfaces for
(a) L2311 (b) L2314.

4.1.2 Discussion

Improved milling procedures led to the effective elimination of the impurity N,
however, it also resulted in lower O content as noted in Section 2.1.4. Thus, the study was
extended to evaluate the effect of the O content in the range from 0.065 to 0.249% (by
weight) on the microstructure, in terms of the NC distribution and microhardness of the
consolidated 14YWT alloys by Y.Wu et al [107]. It reported that the microhardness
increases systematically with O as shown in Figure 4-7. Y.Wu pointed out “the higher
hardness in the highest O alloy was in some or large part due to the larger fraction of fine
grains. The low O alloy contains fewer and coarser NC, with higher Y/Ti ratios, and a
larger average grain size, compared to the higher O 14YWT”. Notably, as shown in
Figure 4-8, microhardness (Hy) increases in direct proportion to the square root of volume
fraction of the NCs (Vf). These observations indicate the importance of properly
balancing Y, Ti, O elemental compositions and developing processing path to produce
microstructures that lead to more optimal properties. However, further discussion of these
issues is beyond the scope of this dissertation.

In summary, it is considered that 40 hr ball milling is appropriate for the optimal
milling time which can produce alloys with more homogeneous distributions of NCs in
the 14 YWT alloys.
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Figure 4-8. The alloy H, versus the square root of the NCs volume fraction (\f) as reproduced from Ref

[107]



37

4.2  NiAl alloys

Microstructural characterization of the mechanically alloyed NiAl powders and SPS
consolidated NiAl alloys has been performed for developing a process path to produce
the microstructures that lead to the best properties of the alloy.

4.2.1 As-milled powder characterization

4.2.1.1 X-ray diffractometry

Figure 4-9 illustrates the evolution of XRD as a function of milling time for three NiAl
alloy powder blends. Bragg diffraction peaks of NiAl, Y03 and Ti are clearly visible for
the initial powder mixtures but the peaks of alloying elements, Y,Os3 and Ti, cannot be
revealed for the powders after 2 - 10 hour ball milling. It is considered that more than 2
hour of milling time led to the disappearance of the XRD peak for Y,Os and Ti caused by
dissolution into the NiAl matrix. Figure 4-10 shows the calculated grain size and strain
values from equation (3.1) as a function of milling time for the mechanically alloyed
powders. Increased milling time results in a gradual decrease in the average crystallite
sizes and increase in the average strain of NiAl alloys. The average grain size is
dramatically decreased from 60 nm to 15 nm after 2 hour milling and then saturated to
approximately 10 nm after 10 hour milling while the strain value is substantially
increased after 2 hour milling and then gradually increased to 0.27% after 10 hour milling.
These values are comparable to those reported by other investigators [75, 98]. Dislocation
densities were calculated by using equation (3.2) as a function of the milling time and are

shown in Figure 4-11. The dislocation density is rapidly increased to 5 x 10'¥/m" after 2

hour milling and then saturates to a value of 10'°/m* which corresponds to a typical
dislocation density in heavily cold-worked metals [91, 93].

4.2.1.2 Scanning electron microscopy

Figure 4-12 shows typical SEM micrographs of the NiAl-1wt%Y,03-1wt%Ti
composition powders before and after the ball milling using a Hitachi S-4300 SEM
machine with 20kV accelerating voltage. Figure 4-12(a) shows the micrographs of
elemental mixture powders before the ball milling. The powders are spherical shape and
have various sizes of 5 — 40 um. After 2 hr ball milling (Figure 4-12(b)), the powders are
uniformly refined and have a flake shape less than 10 um. After 5 -15 hr ball milling, the
powders have sizes of 5 — 10 um. There is no significant change in size and shape after 5
hr ball milling.
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Figure 4-10. Calculated grain size and strain of the mechanically alloyed powders as a function of milling

time (3 alloys averaged)
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Figure 4-12. SEM micrographs of NiAl-1wt.%Y,03-1wt.%Ti powder as a function of milling time;
(a) before milling (b) 2 hr (c) 5 hr (d) 10 hr (e) 15 hr ball milling
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4.2.1.3 Energy dispersive X-ray spectroscopy

X-ray elemental mapping using the SEM EDS equipment was performed for
mechanically alloyed NiAl-1wt%Y»03-1wt%Ti powders to investigate the microstructural
distribution of the alloying elements, Y,O3 and Ti, in the NiAl matrix. This EDS analysis
was based on K and L characteristic X-rays spectra acquired at 20kV and the holding
time for analysis was 10 minutes. The identified elements of Ni, Al, Y, O, and Ti are
mapped from the selected region respectively as shown in Figure 4-13. Figure 4-13(a)
shows the result of the EDS examination of the NiAl-1wt%Y»03-1wt%Ti powder before
the ball milling and it clearly reveals each elemental region. After 10 hr ball milling,
however, agglomerated particles disappeared and all the regions contain the matrix and
alloying elements as shown in Figure 4-13(b). Figure 4-14 shows the energy dispersive
X-ray spectra map for the specified region corresponding to one of the particles present in
Figure 4-13(b). It clearly shows that Ni and Al as matrix elements exist in the entire
particle and the alloying elements are also uniformly distributed in the particle.

4.2.1.4 Discussion

During mechanical alloying, the powder undergoes severe plastic deformation through
cold-welding and fracture of particles, and therefore, its micro-strain increases and the
crystallite size decreases. It can be noted that mechanical alloying is an effective
approach to reduce the average crystallite size to the nanocrystalline range of dimension
in a relatively short time. Though the mechanism controlling dissolution of the alloying
elements in the mechanically alloyed NiAl powders could not be precisely identified,
there is a clear indication that milling for 5-15 hrs is actually sufficient for good mixing
during the mechanical alloying process.
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Figure 4-13. X-ray elemental (Ni, Al, Y, O, Ti) mapping of the NiAl-1wt%Y,0;-1wt%Ti powder,
(a) before milling (b) 10 hr ball milling
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Figure 4-14. X-ray elemental (Ni, Al, Y, O, Ti) mapping from the identified region in Figure 4-13(b).
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4.2.2 Consolidated specimen characterization

Powder consolidation was carried out by the spark plasma sintering (SPS) method
described in Chapter 2. This section describes the microstructural characterization study
performed on the consolidated NiAl alloys along with microhardness measurement. The
effort has gone into rationalizing the relationship between the strength and the
microstructure of the ODS NiAl alloys

4.2.2.1 Density

Sintered density was measured by an electronic densimeter. Figure 4-15 shows the
relative density results of the NiAl alloys sintered by SPS as a function of the milling
time. All of the consolidated specimens had between 97% and 100% of theoretical

density. The theoretical density (prp) is defined by:

N A 41
Prp = V.N, (4.1),
where N, A, V., and N are number of atoms in unit cell, atomic weight, volume of unit
cell, and Avogadro number respectively. Some degree of porosity is inherent in most
mechanically alloyed or pressure sintered materials [108]. Several studies have indicated
that some of the atmospheric elements, such as Ar inserted to keep the alloying process
from air contamination, were trapped into the matrix material during mechanical alloying
and then preferably trapped at the surface of ODS particles during high temperature
consolidation process [109, 110]. The density would be expected to increase with the
milling time due to the reduction of residual void space and powder refinement, which
contributes to form a high concentration of fast diffusion paths for sintering, such as grain
boundaries (i.e. fine grain size), is capable of enabling the trapped gasses to diffuse to the
surface as opposed to forming pores [26, 111].

4.2.2.2 Microhardness

Vickers microhardness measurement was performed to characterize the basic
mechanical properties of the ODS NiAl alloy materials. Figure 4-16 shows the
microhardness results of the SPSed NiAl alloys as a function of the milling time. The
results can be summarized as follows: The addition of Y,Oj3 results in smaller increases in
microhardness than for additions of both Y,03 and Ti. The microhardness increased with
increasing milling time up to 5 hrs and then saturated. The main microstructural
contributions to this microhardness, or strength, of these alloys are believed to be grain
refinement and particle strengthening. A quantitative relation between the microstructure
and microhardness is presented in Section 4.2.2.6. This microhardness measurement
method has been also used to study the thermal stability during an extensive matrix of
long-term thermal annealing, which will be discussed in Chapter 5.
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Figure 4-15. Relative density measurement results of the SPSed specimens as a function of the milling time
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4.2.2.3 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) elemental analysis was performed for the
consolidated NiAl-1wt%Y,03-1wt%Ti alloys to investigate the distribution of the
alloying elements, Y,O3 and Ti, in the NiAl matrix with the milling time. The identified
elements of Ni, Al, Y, O, and Ti were mapped from the selected region, near the location
of the microhardeness indentation, respectively as shown in Figure 4-17. The
agglomerated particles of Y,03; and Ti were clearly identified in the unmilled specimen as
shown in Figure 4-17(a). After 5-10 hr ball milling, however, agglomerated particles were
disappeared and all of the alloying elements were entirely distributed in the specimen
region (Figure 4-17(b) and (c)). It looks like homogeneous distribution of all of the
alloying elements at this micro-scale investigation, however, it has a definite limitation to
be assured whether NCs are formed and uniformly distributed such a desired nm scale.
Therefore, higher resolution studies by TEM and APT are performed to verify whether
these milling time is appropriate for NCs formation and distribution, which is discussed
in the following section.
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Figure 4-17. X-ray elemental(Ni, Al, Y, O, Ti) mapping of the consolidated NiAl-1wt%Y,0s3-1wt%Ti
specimen, (a) before milling (b) 5 hr milled (c) 10 hr milled
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4.2.2.4 Transmission electron microscopy

TEM analysis of the as-consolidated NiAl alloys after ball milling for 10 hr was
conducted to investigate the microstructure of the ODS NiAl alloys. Figure 4-18(a)-(c)
shows the TEM microstructure evolution of the 10 hr milled and SPS consolidated NiAl
alloys. The grain size and precipitate number density, measured by TEM, are summarized
in Table 4-1. The grain size has a multimodal distribution with both fine (< 200 nm) and
coarser (> 1 um) grain regions. The average grain size of the NiAl alloys including either
Y,0;5 or both Y03 and Ti is smaller than that of the pure NiAl alloy. The tempting
conclusion is that the grain growth during the consolidation was definitely controlled by
the addition of Y03 and Ti. The NiAl-1wt%Y,03 and NiAl-1wt%Y,03-1wt%Ti alloys
have very similar grain size distribution.

Aluminum oxide particles with sizes around 40 nm were observed in the pure NiAl
alloy (Figure 4-18(a)). Precipitates of 10 to 20 nm size were distributed in both the NiAl-
Iwt%Y203 and NiAl-1wt%Y,0;-1wt%Ti alloys (Figure 4-18(b) and (c)). The particle
number densities of each alloy were 0.3x10**/m’, 0.8x10**/m’, and 1.4x10**/m’ for NiAl,
NiAl-1wt%Y,0s3, and NiAl-1wt%Y,0s5-Ti respectively. Despite the high levels of strain
introduced by the mechanical alloying, this TEM investigation of the consolidated NiAl
alloys rarely found dislocations.

EDS measurements were used to estimate the compositions of precipitates in the NiAl
alloys. Figure 4-19 and Figure 4-20 show the TEM bright field images and the estimated
compositions on individual precipitates in NiAl-1wt%Y,0; and NiAl-1wt%Y,0s-
Iwt%Ti alloys, respectively. In the NiAl-1wt%Y»0s3, 7 out of the 10 precipitates (average
diameter = 15.0 nm) observed were Y-Al-O particles, so-called garnet or YAG, as shown
in Figure 4-19(b) and 3 had Y-rich oxide phases. As well, it was observed that relatively
large particles (~ 100.0 nm) were also garnet phases (Figure 4-19(c)). On the other hand,
in the NiAl-1wt%Y,03-1wt%Ti (Figure 4-20), 18 out of the 20 precipitates (average
diameter ~ 15.0 nm) observed were similar to the garnet phase and contained no Ti
(Figure 4-20(b)), and the other 2 precipitates were Ti and Al incorporated oxide phases
(not shown). The large particles (~ 150.0 nm) were also found and identified as either
garnet (Y,ALO7) or Y,AlyTi,O¢ phase (Figure 4-20(c)). There also appears to be a high
density of smaller precipitates in the matrix of the grains with diameters less than 10 nm,
however, it was very difficult to reveal the compositions of these particles because of the
limitation of conventional TEM/EDS resolution.

Figure 4-21 shows TEM images (Figure 4-21(a)) and an accumulated percent of the
compositions (Figure 4-21(b)), measured by EDS, corresponding to the particles present
in Figure 4-21(a). A total of 8 precipitates with sizes from 16 to 200 nm in the NiAl-
Iwt%Y203-1wt%Ti alloy were measured to investigate the chemical composition
associated with particle size. The clear indication is that the Al composition of a particle
increases as the particle size increases, and Y was dominantly found at the particles size
of smaller than 50 nm while Ti was found at the relatively large particles size of larger
than 100 nm. Accordingly, the Al incorporation is believed detrimental to the formation
of nanoscale Y-Ti-O precipitates.
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Table 4-1. Summary of the characteristics measured in the NiAl alloys

Alloy NiAl NiAl-Y>0;  NiAl-Y,0;-Ti
Grain size (um) 1.04+0.19 0.67+0.12 0.68+0.11
Precipitate N (102 m™) 0.3 0.8 1.4
Precipitate size (nm) 30£7.5 15+6.6 14+6.1
Microhardness(kg/mm?®) 450442 501+54 550+58

Figure 4-18. TEM micrographs of the as-consolidated NiAl alloys, (a) NiAl (b) NiAl-1wt%Y,0; (c) NiAl-
1Wt%Y203- 1wt%Ti



Figure 4-19. TEM bright image and compositions of the precipitates from the as-consolidated NiAl-
1wt%Y,0s5 alloy (a)-(c); EDS spectra from the precipitates marked by the arrows (d)
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Figure 4-20. TEM bright image and compositions of the precipitates from the as-consolidated NiAl-
1wt%Y,05-1wt%Ti alloy (a)-(c); EDS spectra from the precipitates marked by the arrows (d)
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Figure 4-21. TEM image of the various precipitates from the as-consolidated NiAl-1wt%Y,05-1wt%Ti
alloy (a); accumulated percent of compositions in the precipitates marked by the numbers (b)
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4.2.2.5 Atom probe tomography

Atom Probe Tomography (APT) was performed in collaboration with Mike Miller at
ORNL and the characterization technique described in Section 3.4. Figure 4-22 shows a
3-dimensional APT map for the as-consolidated NiAl-1wt%Y,03-1wt%Ti alloy. Such
atom maps can provide information on the overall solute distribution as well as the size
and composition of fine scale precipitates. As shown in Figure 4-22, the Ni, Al and Fe
elements were homogeneously distributed. There was indication of Y-Ti-O clustering
along with some heterogeneous distributions of Y, Ti, and O. Additional APT studies are
needed. However, limitations of the time available on the ORNL instruments and
challenges of specimen preparation for the LEAP instrument precluded more extensive
APT study.

4.2.2.6 The relationship between the microhardness and
microstructure

The conventional wisdom is that the strengthening in metals relates to the process of
impeding dislocation movement within the lattice [112]. The major strengthening
mechanisms include dislocation interactions with grain boundaries, with solute atoms,
with dispersed precipitates, and with other dislocations. Therefore, it is worthwhile to
assess the effective strengthening provided by these strengthening mechanisms. Although
the total strength does not always follow linear superposition of individual strengthening
components, the increase of yield stress (Acy) can be expressed as the linear sum of each
contribution source if the simplest linear superposition model is assumed, such as;

Ao, = ZAci (4.2).
i

Here each contribution source term, i, is related to: Ao, solid-solution strengthening; Ac,,
grain refinement strengthening; Aoy, strain hardening strengthening; Ac,, dispersion
strengthening, and etc. Note that the assumption of the linear superposition of these
various contributions to strength may not be valid in some cases and moreover complete
information on all details of the microstructure, physical properties, and thorough
physical models are not available. However, it is still useful to qualitatively, if not semi-
quantatively assess these strengthening terms.

Acs — Weak or negligible if all the solutes are assumed to be precipitated during the high
temperature consolidation process. Not known if the Fe solutes from contamination
(discussed in Chapter 2) contribute to the solid-solution strengthening.

Ac, — Take Ao, = k/Vd based on the well-known Hall-Petch equation where k is a
constant and d is the grain size. For the k (0.2~0.5 depending on grain size) and d
(0.67~1.04 um from Table 4-1), Ao, = 196~610 MPa.



Figure 4-22. Atom probe tomography images of Al, Ni, Fe, Y, Ti, and O that were observed in the as-
consolidated NiAl-1wt%Y,0;-1wt%Ti alloy
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Aoy — Take Aoy ~ 1.2Gb\p where G is the shear modulus (~71.5 GPa), b is the magnitude
of Burgers vector (~0.288 nm), and p is the dislocation density. If the dislocation density
is ~4.1x10"/m? (estimated by XRD for the as-consolidated conditions) then Acq =~ 500
MPa.

Ac, — Take Ao, = aMGb/A ~ aMGbVnD based on the Orowan model, where a is the
constant (0.2~1) that may depend on particle size, M is the Taylor factor (~3.06), A is the
effective interparticle distance, n is the particle number density, and D is the precipitate
size. For the particle number densities (n) ranging from 0.3x10* to 1.4x10** from Table
4-1 and the precipitate size (D), measured by TEM, ranging from 14 to 30 nm, Ac, =
81~1291 MPa.

In addition, the Vickers microhardness value discussed in Chapter 3.5, equation (3.4)
can be rewritten as;

Ao, ~ — (4.3).

Focused on the major contributions of the alloy dependent strengthening components,
namely the grain refinement and dispersion strengthening, the microhardness data
discussed in Section 4.2.2.2 were evaluated based on the data from the TEM
microstructural characterization discussed in Section 4.2.2.4. Table 4-2 represents the
summary of the contributing strengthening components and the microhardness value
assessment between the NiAl alloys. To reduce the uncertainty of various constants, each
strengthening term was calculated and represented with the relative value to that of the
NiAl The results can be summarized as follows:

- Based on the grain refinement strengthening, the indication is that the yield stress
increase (Acg) in both NiAl-1wt%Y,03-Y203(alloy @) and NiAl-1wt%Y,0s-
1wt%Ti (alloy () are about 24% higher strengthening effect than that of NiAl
(alloy (D). The difference of the grain refinement strengthening between the alloy
@ and @ is negligible.

- From the Orowan model, the yield stress increase (Ac,) in the alloy @ was
estimated as 15% higher than alloy (D, while the alloy (3 was about 47% higher
than alloy (D. The ratio of precipitate strengthening in alloy Q) to @ is
approximately 1.28.

- By equation (4.3), the increase of Vickers microhardness is linearly proportional to
the increase of yield stress.

- But, the increase of the microhardness between the alloy (D and @), AHp.q0), is
51 while that of between the alloy D and 3, AHg.@, is 100. The increase ratio
of the alloy @ to @ is 2, which is not consistent with the Orowan model
strengthening estimation if we neglect the grain refinement strengthening
contribution.
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- As far as the average microhardness values are concerned, assuming that each
alloy has its own consistent microstructure for the saturated period of time (5-15
hrs), it makes the difference between the Orowan model strengthening and the
increase of the microhardness even bigger (the increase ratio of the alloy @ to

@ 1is 3.7) as represented in Table 4-2.

It appears that alloy 3 definitely received a strengthening benefit from the Ti
addition, although the microstructural characterization results cannot be fully rationalized
with the microhardness data of the observed precipitate distributions. This raises the
question of whether small Y-Ti-O clusters observed in APT could provide sufficient
contribution the strengthening of the alloy. Since the conventional TEM has a resolution
limitation for identifying the presumable small particles, a higher resolution study along
with additional Atom Probe Tomography is required for further microstructure research.

Table 4-2. The summary of strengthening components and the microhardness value assessment

! aay A% 3 Ao, H AH AH® (< AH® >
I n [#/m D v_10h v_10h v _low r
\/E [IIIH ] Ao_g@ [ ] [nm] Ao-_p® (< HV>) (< Aﬂy~>) AH;D_M, <AH;D -
@ NiAl 3.10E-2 1.00 03E+22 30+75 1.00 450(417):| 51
| 46)
@ NiAl-Y,0, 386E-2 1.24 08E+22 15:66 115 501(463) &gg) 2 (37)
® (NIA-Y,05-

Ti) 3.82E-2 1.23 14E+22 14461 1.47 550(590)

<AH,> : Average microhardness for 5-15 hrs milling conditions

4.3 Summary and discussion

In this chapter, the results of microstructural characterization along with
microhardness measurement in the mechanically alloyed and as-consolidated alloys were
discussed.

For Fe-Cr based 14YWT alloys, EPMA, EDS, TEM, and APT results demonstrated
that milling for 40 hr provided sufficient milling to obtain a uniform distribution of
Y and Ti in the alloy for 14YWT. In addition, the effect of decreased O content caused
by process modification was discussed.

For ODS NiAl alloys, the key observations can be summarized as followings:

- There was a clear indication that milling for 5-15 hrs was sufficient to produce
good mixing during the mechanical alloying process, as determined by XRD,
SEM, and EDS results.

- Powder consolidation was carried out by spark plasma sintering (SPS), as
described in Chapter 2. Fully dense NiAl alloy materials were produced by SPS.
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Grain size for the consolidated alloys was characterized by TEM.

A distribution of 10-20 nm precipitates was found in NiAl-Y,0; and NiAl-Y,03-
Ti alloys, and those precipitates were identified as Y-Al-O (garnet) particles in
the NiAl-Y,03, while both garnet (Y,Al;O7) and Y,AlyTi,0O¢ phase particles were
found at the NiAl-Y,0s-Ti alloy.

The Al composition of a particle increases as the particle size increases, and Y
was dominantly found at the particles size of less than 50 nm while Ti was found
at the relatively larger particles with size larger than 100 nm. The Al
incorporation believed detrimental to the formation of nanoscale Y-Ti-O
precipitates.

The effect of Hall-Petch grain size and dispersion strengthening mechanisms in
ODS NiAl alloys were semi-quantatively assessed.

The strength assessment based on the microstructure of the ODS NiAl alloys
could not fully rationalize the microhardness data of the observed precipitate
distributions. The outstanding question was raised whether small Y-Ti-O clusters
observed in APT could provide sufficient contribution the strengthening of the
alloy.
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Chapter 5

Thermal Stability of Nano Oxide Precipitates
and Grain Growth Kinetics

The results of microstructural characterization of the as-milled powders and the
consolidated alloys were discussed in Chapter 4. Some indication of nanoscale oxide
precipitates was observed in the consolidated alloys, along with larger Y-Al-Ti oxide
precipitates. Notably, the combination of grain size refinement and larger oxide
precipitate dispersion was unable to fully explain the increase in strength of the NiAl-
Y,0s-Ti alloy relative to NiAl. This further supports the possibility of the presence of
nm-sized Y-Ti-O precipitates. This chapter presents an investigation on the thermal
annealing behavior of the ODS NiAl alloys. Thermal stability of the nanosize precipitates
and the grain size, as well as the mechanical properties have been studied following high
temperature isothermal annealing. The Orowan strengthening effect on thermal annealed
ODS NiAl alloys has been studied with particle size and number density, measured by
TEM, along with microhardness data. The relationship between the grain size and the
microhardness has been assessed to derive the effective Hall-Petch strengthening
component. Finally, grain growth kinetics for the ODS NiAl were studied by TEM
microstructure characterization associated with the annealing temperature and time.

5.1 Thermal annealing

The thermal annealing was performed for the 10 hr ball milled and SPS consolidated
NiAl alloys in an alumina tube using a CM Inc. High Temperature Furnace. The ends of
the tube were fitted with inlet and outlet purified Ar gas flow tubes. An oxygen analyzer
was incorporated at the exit end to monitor the oxygen contamination during the thermal
annealing. The tube was evacuated and back-filled with Ar gas to eliminate oxygen
environment. In addition, the annealing specimens were wrapped with Niobium thin
(0.01 mm) foil to serve as an oxygen getter to minimize the specimen oxidation. The
heating rate was 10°C/min to prevent the alumina tube from cracking. Extensive thermal
annealing was carried out for 500 hr at selected constant temperatures of 1433, 1626, and
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1723K, which correspond to 75, 85, and 90% of the NiAl melting temperature (1914K)
respectively. Table 5-1 describes the annealing study matrix.

Table 5-1. Temperatures and times for annealing study

Temp(K) \hrs S 10 20 S50 100 200 500
1433 (0.75 T,y) 0 0 0 0 0 0 0
1626 (0.85 T,y) 0 0 0 0 0 0 0
1723(0.90 T,y) 0 0 0 0 0

5.2 Microstructure evolution during thermal annealing

Figure 5-1 shows the microstructure evolution during annealing the NiAl and NiAl-
Y,0;-Ti alloys at 1626K respectively, starting with the as-consolidated condition. In the
as-consolidated condition (Figure 5-1(a) and (b)), the NiAl alloy showed average size of
1.04 um grains with about 30 nm aluminum oxide particles while the NiAl-Y,0;-Ti alloy
showed average size of 0.68 pm grains with about 14 nm Y-Al-(Ti)-O oxide particles (as
discussed in Section 4.2.2.4). Figure 5-1(b) and (d) compare the structure of the NiAl and
NiAl-Y,0s-Ti alloys, after annealing at 1626K for 20 hr. There was an increase in the
particle size upon annealing the NiAl alloy as shown in Figure 5-1(b). In contrast, it
appears that nanosized (~15 nm) oxide particles still existed within the matrix grain, in
addition to coarsened aluminum oxide particles in the NiAl-Y,0s-Ti alloy (Figure 5-1(d)).
In both cases, the annealing at 1626K for 20 hr led to grain growth, up to > 2 um.

The TEM microstructure of the NiAl-Y,03-Ti alloy annealed at 1433K for 20 hr and
200 hr is shown in Figure 5-2(a) and (b) respectively. The grain growth was very
effectively inhibited even after 200 hr at 1433K. There was a steady increase in the size
of the aluminum oxide particles while the nanosized particles showed a relatively high
thermal stability to resist changes in size upon annealing at 1433K. Table 5-2 describes
the grain and particle sizes for each annealing temperature and time for the ODS NiAl
alloys.

Figure 5-3 shows TEM microstructure evolution in the NiAl-Y,0s-Ti alloy after 100
hr, 200 hr, and 500 hr at 1626K (Figure 5-3(a)-(c)) and after 100 hr at 1723K (Figure 5-
3(d)). An average grain size of the NiAl-Y,0s-Ti alloy after 100 hr, 200 hr, and 500 hr at
1626K was estimated to 2.04, 2.74, and 3.91um, while an average particle size of the
NiAl-Y,0s-Ti alloy during the corresponding annealing condition was 156, 224, and 255
nm respectively. On the other hand, a particle number density of the NiAl-Y,0s-Ti alloy
annealed at 1626K for 100 hr, 200 hr, and 500 hr, as described in Table 5-3, was
0.30E+20, 0.26E+20, and 0.17E+20 m™. It indicates that the particle number density
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decreases as the average particle size increases, which implies that the particle growth
diffusion process follows the thermodynamically-driven Ostwald Ripening mechanism
[113]. The bimodal particle size distribution was also observed in the microstructure of
the NiAl-Y,0;-Ti alloy during annealing at 1626K and 1723K as shown in Figure 5-3.
Further, there was evidence of the presence of precipitated Ar gas in the TEM
microstructure, especially shown in Figure 5-3(c), which is believed that the Ar gas was
trapped into the NiAl matrix during the mechanical alloying and then precipitated during
high temperature process such as consolidation and thermal annealing.

A plot of the grain size versus particle size (Figure 5-4) in the NiAl-Y,0s-Ti alloy
reveals that the grain size increases as the particle size increases and shows a much
steeper increase during the annealing at 1626K than during annealing at 1433K. The
evolution of grain size and particle size in the NiAl-Y,0s-Ti alloy as a function of
annealing time at 1626K has been plotted in Figure 5-5(a) and (b) respectively, which
shows a steady increase in both values with increasing annealing time. There are wide
variations in the results of the particle size (shown in Table 5-2 and Figure 5-5(b)) caused
by bimodal particle size distribution in the microstructure.

Figure 5-6 shows TEM images (Figure 5-6(a)) of the NiAl-Y»Os;-Ti alloy after 20 hr at
1433K and an assessment of the precipitate compositions (Figure 5-6(b)) corresponding
to the particles present in Figure 5-6(a). A total of 5 precipitates sizes from 10 to 75 nm
were measured to investigate the chemical composition as a function of particle size. It
was revealed that the Al was rarely found at small oxide particles (size smaller than 30
nm) while Y was dominantly found at this small particle size. In contrast, Al dominantly
exists in coarser oxide particles (size larger than 40 nm) and Al composition of a particle
increases as the particle size increases, which showed a similar tendency as we have
discussed about the chemical composition of as-consolidated alloys in Section 4.2.2.4. It
was not able to detect Ti element during the EDS study, on the other hand, a STEM
(Scanning TEM) with Electron Energy Loss Spectrosopy (EELS) characterization could
detect the Ti elements in several particles as shown in Figure 5-7. However, quantative
assessment data for the Ti composition in the particles is not available.
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Table 5-2. Evolution of average particle size and grain size as a function of annealing temperature and time

Allo Temperature = Annealing time | Particle size Grain size
Y (K) (hr) (nm) (nm)

As-consolidated 30+£7.5 1510 £ 520

NiAl L626 20 305+ 104 2150 = 570
100 450 £ 120 6130 £ 930

NiAl- As-consolidated 15+6.6 670+ 120
Y205 1433 200 18+ 6.4 970 + 230
As-consolidated 14+6.1 680+110

5 12+ 11 770 £ 230

1433 20 28 £ 27 780 + 220

NiAl- 200 41 £ 16 840 + 70
Y,05-Ti 5 112 +£97 1110 £ 200
20 121 £ 152 1700 £ 230
1626 100 156 + 169 2040 £+ 280
200 224 4+ 229 2740 + 550
500 255+ 227 3910 +£290
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Figure 5-1. Microstructure evolution in (a, b) NiAl and (¢, d) NiAl-Y,05-Ti, as-consolidated, after 20 hr at
1626K, respectively, showing grains and oxide particle



Figure 5-2. Microstructure evolution in NiAl-Y,0;-Ti (a) after 20 hr (b) after 200 hr at 1433K
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Figure 5-3. Microstructure evolution in NiAl-Y,0s-Ti after 100 hr, 200 hr, and 500 hr at 1626K (a)-(c);
after 100 hr at 1723K (d)
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Figure 5-5. Evolution of: (a) grain size and (b) particle size in NiAl-Y,0;-Ti as a function of annealing time

at 1626K
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percent of compositions in the precipitates marked by the numbers (b)
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Figure 5-7. Elements (O, Y, Ti, Fe, Al) mapping of the NiAl-Y,0;-Ti alloy after 20 hr at 1433K by STEM
EELS characterization
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5.3  Variation of microhardness with annealing conditions

The evolution of average microhardness values as a function of annealing time at 1433,
1626, and 1723K is presented in Figure 5-8 to Figure 5-10. The NiAl-Y,0s-Ti alloy
material has the highest microhardness value among the ODS NiAl alloys and persisted
through thermal annealing for 500 hrs at 1433K and 1626K as well as for 100 hrs at
1723K. A large decrease in microhardness occurred at the beginning of the annealing
time and then saturated during the annealing at 1626 and 1723K. However, during the
annealing at 1433K, no significant decrease in microhardness value was observed
through the long term (up to 500 hrs) annealing compared to the as-consolidated
microhardness value. The very limited grain and particle growth discussed in Section 5.2
are believed to contribute to the decrease in microhardness (strength) of the alloy.

There is one feature of Figure 5-8 and Figure 5-9 that should be noted. All of the NiAl
alloys show a consistent trend of initial increase in microhardness, at annealing
temperatures of 1433 and 1626K. From the precipitation (Orowan) strengthening point of
view, the additional precipitation during the early stage of time is believed as one possible
contribution to this microhardness increase. From the grain boundary (Hall-Petch)
strengthening point of view, an idea of “non-equilibrium” grain boundaries is introduced
to explain the initial increase in microhardness. It was suggested that the grain boundary
is not clearly defined, namely, non-equilibrium grain boundaries, in as-fabricated
conditions as well as in submicrometer grain size alloys produced by intense plastic
deformation [114, 115]. Furukawa et al. [114] state that “Plastic flow occurs when the
microhardness indenter impinges on the specimen surface and non-equilibrium grain
boundaries may be essentially transparent to the movement of mobile lattice dislocations™.
Notably, Furukawa [114] pointed out that static annealing led to evolution of the grain
boundaries into an equilibrium condition, thereby leading to an initial increase in
microhardness, which is believed as another possible explanation for the initial increase
in microhardness of the NiAl alloys at annealing temperatures of 1433 and 1626K.

In Figure 5-11, the graphs show the variation of microhardness with grain size (Figure
5-11(a)) and particle size (Figure 5-11(b)). It is observed that microhardness has a
decreasing trend with increasing grain and particle sizes, as expected. The variation of
microhardness with annealing time showed a reverse trend to the evolution of grain and
particle sizes with annealing time, namely, decreasing hardness with increases in time and
temperature as shown in Figure 5-8 to Figure 5-10. This indicates that both grain
refinement (Hall-Petch) and dispersion (Orowan) strengthening are effective in tandem
although it is not clear which of these two mechanisms is the dominant strengthening
mechanism in the ODS NiAl alloys. Further analysis on these contributions to
strengthening would be informative to estimate each contribution, therefore, it will be
discussed the Orowan strengthening derived from microhardness along with particle size
and number density and Hall-Petch strengthening derived from relationship between
microhardness and grain sizes associated with thermal annealing in Section 5.4 and 5.5
respectively.
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5.4 Orowan strengthening effect on NiAl-Y,0;-Ti alloy

The basic Orowan strengthening model was introduced in Section 1.1 and the semi-
quantative assessment of the Orowan strengthening mechanism for ODS NiAl alloy was
discussed in Section 4.2.2.6. This section discusses the Orowan strengthening effect on
thermal annealed ODS NiAl alloys.

Evolution of average particle size, particle number density, YnD, and microhardness
value for NiAl and NiAl-Y,0s-Ti alloys during the thermal annealing at 1626K is
represented in Table 5-3. Since we have observed bimodal particle size distribution in the
TEM microstructure of the NiAl-Y,0s-Ti alloy annealed at 1626K for 20hr, the average
particle size of the NiAl-Y,0s-Ti is broken up into two groups, smaller than 50 nm and
larger than 50 nm, to investigate the evolution of average particle size and fraction of
each group associated with annealing time at 1626K. After 20 hr, the fraction of the
smaller particle group decreases as annealing time increases. The average particle size of
each group increases with annealing time (discussed in Section 5.2) while the particle
number density decreases with the annealing time.

Figure 5-12 shows an evolution of VnD and microhardness in NiAl-Y,05-Ti as a
function of annealing time at 1626K. After 5 hr annealing, YnD value is dramatically
dropped from 1.4x10" to 2.09x10° and the corresponding microhardness is also
significantly decreased from 538 to 497 Hv. The YnD reached plateau after only 5 hrs,
while microhardness shows steady decrease with the annealing time. The grain size
increase during the annealing, as we have seen in Figure 5-5(a), is believed to be
responsible for the steady decrease in microhardness during the annealing.

The microhardness evolution as a function of ¥nD in NiAl-Y,05-Ti annealed at 1626K
is shown in Figure 5-13. It indicates that the Orowan Strengthening in the NiAl-Y,0;-Ti
is very sensitively working to YnD in a range from 2.08E+06 to 2.91E+06, in contrast,
less sensitive after then up to 1.4E+07.
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Table 5-3. Evolution of average particle size, particle number density, vnD, and microhardness value
during the annealing

Avg. particle size (D) | Particle
All Temperature | Annealing (nm) Iélelnm:i)fr VD Micro-
oy (K) time (hr) | <50nm (%) | Avg. ) y hardness
>50nm (%) | ¥%° | (10°%m’)
As- 30 30 9.49E+06 = 464.5+7.1
NiAl consolidated
1626 20 305 0.13 1.99E+06 | 447.0%9.5
As- 14 140 1.40E+07 | 538.5+7.2
consolidated
30 (31%)
+ *10.
5 150 (69%) 112 0.75 291E+06 | 497+10.2
0
20 23048(55003) 120 0.59 2.67E+06 | 509.249.2
NiAl 40 ((240/;)
Y,05-Ti 100 ° 156 0.30 2.17E+06 | 471.6%14.8
1626 193 (76%)
44 (34%)
200 225 0.26 2.42E+06 | 460.4t11.4
318 (66%)
o,
500 38 (2%) 255 0.17 2.08E+06 | 4353+7.38

260 (98%)
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1626K
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5.5 Hall-Petch strengthening effect on NiAl-Y,0;-Ti alloy

The Hall-Petch strengthening mechanism is based on dislocation pile up at grain
boundaries [12]. The Hall-Petch relationship between the yield strength, oy, and grain
size, d, is one of the relevant models that describe the strengthening mechanism for
conventional materials:

0, =0, + kd /2 (5.1),
where k is a constant and o, is the inherent friction stress of the material in the absence of
any other strengthening mechanism. Since the Vickers microhardness value is empirically

correlated to the yield strength as discussed in Section 3.5, equation (5.1) can be rewritten
as;

Hy =H, + k'd~1/? (5.2),

where Hy equals 30, and k' is a constant. There are some recent reports that the Hall-
Petch relationship may not hold for ultrafine nanosized grain structures [99, 114]
although the published trends are inconclusive. On the other hand, Furukawa et al. [114]
reported that the microhardness data for ultrafine grain materials were consistent with
equation (5.1) although with a lower value of k than at the larger grain sizes.

Microhardness measurement data as a function of grain size in NiAl-Y,0s-Ti alloy of
the present work along with other data from the literature, taken from T.Chen [81] and
R.Bowman [116], have been superimposed on Figure 5-14 for comparison. As shown in
the Hall-Petch plot in Figure 5-14, a slope of approximately 50.71 GPa(nm)"* and 1.18
GPa of 6, (1/3 Hyp) are estimated. It is indicated that the microhardness data as a function
of grain size holds the Hall-Petch relationship and the k value in the present work is
apparently higher than that of the nanometer (10-500 nm) grain sizes [81] but close to
that of the micrometer (10-200 um) grain sizes [116]. Though the Hall-Petch equation
could be derived by fitting the microhardness measurement data with grain size in the
present work, the grain size effect is actually not so straightforward. As Srinivasan [117]
pointed out, the slope ‘k’ refers to the contribution from grain boundaries to the
strengthening so that it can vary vastly depending on the condition of the grain boundary,
for example, whether the grain boundary is decorated with particles or has any
preferential orientation. Hence, it is useful to assess possible effects of the dispersed
oxide particle in the NiAl-Y,0s-Ti alloy on the grain growth associated with thermal
annealing, which will be discussed in Section 5.7.



8.000

7.000

6.000

5.000

4.000

3.000

Microhardness (GPa)

2.000

1.000

0.000

81

1E4 500 50 10 (nm)
[ [ \ \
| |
Hv = 5.3459d"2 + 5.509
- ‘.. ---- = -
/, \\
Hv = 50.71d2+ 3.5363 jmm)) Present Work
A
g oy (0.6 ~ 3.9um)
* NiA-Y203-Ti
mNiAl, T.Chen(1999)
/ Hv =51.172d"2 + 0.5953 4 NiAl, R.BOWMAN (1992)
(10 ~ 200pm)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
d~1f2 (nm)~1f2

Figure 5-14. Variation in microhardness with d"? for NiAl-Y,0;-Ti and NiAl alloys. Source: Ref [81, 116]



82

5.6  Discussion strengthening mechanisms on NiAl-Y,0;-Ti
alloy

The Orowan and Hall-Petch strengthening effect have been discussed in Section 5.4
and 5.5 respectively. The present work attempts to assess the role played by the two
strengthening mechanisms in the ODS NiAl alloys annealed at 1626K. Assuming the
major strengthening mechanism of the alloy is contributed by the grain refinement and
dispersion strengthening, the microhardness data along with microstructure
characterization data discussed in Section 5.2 through 5.5 was evaluated to investigate the
contribution of each strengthening mechanism, and was attempted to rationalize the
increase in strength with the microstructure of the ODS NiAl alloys.

The microhardness (converted into unit of MPa), Hall-Petch, and Orowan strength as a
function of annealing time in NiAl-Y,0s-Ti annealed at 1626K are plotted in a graph as
illustrated in Figure 5-15. The observation is that there is a significant contribution (about
45% of total strength/microhardness) from the Orowan strengthening for the as-
consolidated specimen, however, the Orowan contribution is rapidly decreased to ~150
MPa (about 10% of total strength) after 5 hrs and reaches plateau after then. On the other
hand, the Hall-Petch strengthening contributes strength of 569 MPa for the as-
consolidated condition and suddenly decreased until 20 hrs, and then the Hall-Petch
strengthening contribution is gradually decreased as annealing time increases. It indicates
that the contribution of the Hall-Petch strengthening mechanism is dominant compared to
Orowan strengthening mechanism during the annealing at 1626K.

Table 5-4 represents the summary of the contributing strengthening components and
the microhardness value assessment between the NiAl (alloy (D) and NiAl-Y,0;-Ti
(alloy (@) alloys annealed at 1626K for 20 hr, where a is assumed to 0.8, and M, G, b,
and k are 3.06, 71.5 (GPa), 0.288x10-9 (m), and 0.53 (MPaVm) as estimated in Figure 5-
14. The results can be summarized as follows:

- From the Orowan strengthening, the yield stress increase (Ac,) in the alloy @ is
computed to 100.3 MPa while that of the alloy 3 is about 134.6 MPa.

- Based on the Hall-Petch strengthening, the indication is that the yield stress
increase (Ac,) in alloy D and alloy 3 are computed to be 361.5 and 406.5 MPa
respectively.

- The difference in the sum of two strengthening effects between the alloy (D and
@ is 79 MPa.

- But, the increase of the microhardness between the alloy (D and 3 is 203 MPa,

which is not consistent with the strengthening estimations as represented in Table
5-4.

The combination of grain size refinement and oxide precipitate (coarser than 10-15 nm)
dispersion strengthening was not able to fully explain the increase in strength of the
NiAl-Y,0s-Ti alloy. This supports the possibility of the presence of nanosized Y-Ti-O
precipitates in the NiAl-Y,O;-Ti alloy. Thus, a higher resolution study along with small
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angle neutron scattering (SANS) study for better estimation by volume averaged
characterization is required for further microstructure research.
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Figure 5-15. Evolution of microhardess, Orowan strength, and Hall-Petch strength as a function of
annealing time in NiAl-Y,0;-Ti annealed at 1626K

Table 5-4. The details of strengthening components and the microhardness value assessment for NiAl alloys

Anneal ) (AcyiAcy)s
time (hr) | VoD | Ao (MPa) Ao, 1 Micro- 1 p s - Ay
Alloy & Tem (10%) = d (MPa) | hardness | Y 13 Hv M;’
p- (aMGbnD) ~(kd'"® | (Hv) (AcyAcg)q, | (MPa)
(K) (MPa)
DNiAl 1.99 1003 | 0.0015 | 361.5 | 447.0 1460
T 5w
ONIAL- 2.67 1346 | 0.0013 | 4065 | 509.2 1663
Y203-T1
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5.7  Grain growth Kinetics

Grain growth occurs by grain boundary migration, or more appropriately, the motion
of atoms across grain boundaries. It is obvious that not all grains can grow but large ones
enlarge at the expense of small ones that shrink, in other words, smaller grains which
have a higher radius of curvature shrink as a result of losing atoms to larger grains [12,
118]. Thus, the average grain size increases with time provided enough activation energy
for grain growth, therefore, a range of grain sizes exist at any particular instant. Grain
boundary migration is just the short-range diffusion of atoms from one side of the
boundary to the other. The directions of boundary movement and atomic motion are
opposite to each other, as shown in Figure 5-16. For many polycrystalline materials, the
grain diameter d varies with time t according to the relationship [12, 118];

d? — d} = k,t" (5.3),

where d and d, are the instantaneous and initial grain size, respectively, k, is a
temperature dependent constant, t is the time and the value of n is generally equal to unity.
The constant k, can be expressed as;

kg = Aexp (— RQ_T> (5.4),

where Q is the activation energy for grain growth, R is the gas constant, T is temperature,
and A is a constant.

Figure 5-17 shows the grain size evolutions of the ODS NiAl alloys as a function of
annealing time. As for the NiAl-Y,0Os3-Ti alloy, grain growth rate at 1626K is
approximately 35 times faster than that at 1433K. On the other hand, it is observed that
the grain growth rate of the NiAl is 0.0636 (um®/hr) while that of the NiAl-Y,Os-Ti alloy
is 0.0283 (um?/hr) upon annealing at 1626K. When it comes to the annealing at 1433K,
grain growth rate of the NiAl-Y,Os is much faster than that of the NiAl-Y,0;-Ti alloy
although the grain growth rates at 1433K are far below compared to the grain growth
rates at 1626K. Using the equation (5.3) and (5.4), a semi-logarithmic plot of (d*-d,’)
versus 1/T for NiAl-Y,0s-Ti alloy is shown in Figure 5-18. The activation energy for
grain growth was estimated to 305+7.9 kJ/mol which is close to the activation energy for
lattice self-diffusion in pure NiAl [119].

5.8 Summary and discussion

Thermal stability study on the ODS NiAl alloys following high temperature isothermal
annealing has been discussed in this chapter. The grain growth was very effectively
inhibited during the annealing at 1433K while fairly significant grain growth occurred
during the annealing at 1626K. The bimodal particle size distribution was observed
during the high temperature annealing. There was a steady increase in the size of the
aluminum oxide particles, on the other hand, the nanosized particles showed a relatively
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high thermal stability to resist changes in size upon annealing at 1433K and 1626K as
well as 1723K. It was indicated that the NiAl-Y,0s-Ti alloy has the highest thermal
stability among the ODS NiAl alloys, in which it was believed that presumable small
particles contribute to the very limited grain and particle growth resulted in high strength
of the alloy. The combination of grain size refinement and coarser oxide precipitate
dispersion strengthening was not able to fully explain the increase in strength of the
NiAl-Y,0s-Ti alloy. The Orowan strengthening effect and the effective Hall-Petch
strengthening component have been studied to assess the role played by two
strengthening mechanisms in the advanced ODS NiAl alloys. Finally, the grain growth
kinetics for the NiAl-Y,0s-Ti alloy could be derived through TEM microstructure
characterization and microhardness measurement. The NiAl-Y,0s5-Ti alloy has the
smallest grain growth rate at temperatures of 1433K and 1626K and lattice diffusion is
believed to be the dominant grain growth mechanism.
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Figure 5-16. Schematic representation of grain growth by atomic diffusion as reproduced from Ref [118]
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This dissertation investigated advanced ODS NiAl alloys, along with Fe-Cr based
14YWT alloys with the objective of improving the high temperature strength and creep
resistance driven by incorporating a high number density of thermally stable nano-meter
scale oxide precipitate clusters, including (1) materials processing, (2) experimental
characterization, and (3) thermal stability and grain growth kinetics for ODS NiAl. An
extensive experimental study has been performed to characterize nanoscale
microstructural features that lead to the best properties of the alloy and understand the
thermodynamics and kinetics of nanoclusters formation and thermal stability, effective
strengthening components, and grain growth kinetics associated with high temperature
annealing. In this final chapter, the key observations of previous chapters are summarized
and some ideas for future work are suggested.

6.1.1 Materials processing

The details of the materials processing that were performed during the fabrication of
ODS NiAl and ferritic 14YWT alloys were described in Chapter 2. The investigation on
the optimal milling time which can produce alloys with more homogeneous distributions
of NCs and more uniform fine grain size distributions were performed. In addition,
processing improvement for reducing nitrogen contamination was achieved by the
modification of Simoloyer CM-01 operating procedure and installation of a gate valve.
Spark plasma sintering, hot extrusion, and hot isostatic pressing were applied to
consolidate the alloy power materials.

6.1.2 Experimental characterization

Various experimental characterization techniques and methodologies used in this
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study to investigate the materials microstructure were introduced in Chapter 3. In Chapter
4, the results of microstructural characterization along with microhardness measurement
in the mechanically alloyed and consolidated alloys were discussed.

6.1.3 Thermal stability and grain growth Kkinetics for ODS NiAl

A systematic study on the thermal stability of ODS NiAl alloys following high
temperature isothermal annealing was discussed in Chapter 5. Extensive thermal
annealing was performed for 500 hrs at selected temperatures of 1433, 1626, and 1723K.
The evolution of nanosize precipitate size, grain size, particle number density, and
microhardness has been assessed associated with annealing time and temperature. The
Orowan strengthening effect and the effective Hall-Petch strengthening component have
been studied. Finally, grain growth kinetics for the ODS NiAl were studied through TEM
microstructure characterization associated with the annealing temperature and time.

6.2 Future work

While a significant experimental effort has been performed to develop advanced ODS
NiAl alloys as well as to contribute to studying mechanical alloying process of
nanostructured ferritic 14YWT alloys. There remain several research items for further
study and improvement of these alloys.

For the ODS NiAl alloys, the suggested future research includes the following: from
the practical point of view, alloy design modification as well as material process
optimization is necessary to obtain a higher number density of nanoclusters with fine
grain structure to further improve the high thermal stability. Additional XRD
characterization or any other technique is need to investigate any phase separation of B2
NiAl structure after thermal annealing since a significant amount of Al-rich oxide
precipitates were observed in the microstructure after the annealing, which gives rise to
concern about destabilizing the B2 NiAl phase and transformation from NiAl to NizAl or
any possible Ni-rich intermetallic. A higher resolution study along with additional Atom
Probe Tomography is required for further microstructure characterization to confirm or
rule out the presence of small particles in the NiAl-Y,0;-Ti alloy and their evolution
during thermal annealing. More TEM characterization along with small angle neutron
scattering (SANS) study for better estimation by volume averaged characterization is also
needed to better quantify the size, number density, and composition of the precipitates
associated with thermal annealing to quantatively assess an Orowan strengthening
component, which will eventually enable assessing whether the Hall-Petch or Orowan
strengthening mechanism is dominant in the ODS NiAl alloys. Further, the development
of atomic simulations will be important to provide insight into oxide precipitate cluster
composition that could ultimately provide a framework to optimize alloy compositions
containing the largest number density of nanoclusters with the highest thermal stability.
Besides, atomistic molecular dynamics simulations can provide understanding of
dislocation—obstacle interactions and detachment mechanisms. Finally, it will be



92

important to develop a fundamental knowledge to optimize the nano-microstructures of
the ODS NiAl alloys to achieve a good balance of required thermo-mechanical properties
such as high temperature strength, creep strength, fracture toughness, corrosion resistance,
and etc.

As far as the 14YWT alloy concerned, an extensive study of experimental
characterization and atomic calculation have been performing in collaborating with
researchers at UCSB, the optimization of material process study is likely to need to
resolve heterogeneity of nano features in the microstructure. In addition, more high
resolution study is also needed to characterize the nanosize oxide precipitates, grain, and
dislocation structures as well as their correlations with each other.
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