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ABSTRACT

With the push for advanced space craft and super structures requiring complex and
inventive design and construction, monitoring of these structures will become ever
increasingly more important. As the health and safety of the public will rely on the
continued performance of these structures, monitoring them for damage and structural
failure, or “health”, becomes paramount. First among these is acoustic monitoring
through the use of piezoelectric sensors interacting with the acoustic vibrations that
generally are present during damage processes. Their lightweight and simple
construction, along with its ease of miniaturization has permitted their use in a number
of civil and aerospace applications for structural health monitoring. Unfortunately, this
monitoring method relies on active damage mechanisms to produce measurable acoustic
events, can easily be overwhelmed from external vibrations or “noise,” and requires the
sensors to be robustly designed and remain attached to surfaces for extended periods of
time. Despite these drawbacks, it is one of the cheapest and most easily integrated
methods for structural health monitoring. Therefore, a need exists to develop an
additional system capable of monitoring the structure in the event of acoustic sensor
failure, and can quickly confirm and quantify damage detected by the acoustic sensor
network.

This work proposes to embed magnetic shape memory particles to interact with
stress concentrations at crack tips and operate in conjunction with the acoustic sensors.

Magnetic shape memory alloys possess a unique relationship between stress and



magnetization as the material undergoes a martensitic transformation from one
crystallographic system to another. Herein, the feasibility of the idea is demonstrated
through the consolidation of powder precursors of Nis3sCo;MnseSny; magnetic shape
memory alloy and pure aluminum. The composite materials demonstrate similar thermo-
magnetic properties to the starting Nis3Co7Mn3eSny;, and under certain processing
conditions lead to a brittle, dual region diffusion zone that negatively affects mechanical
properties of the composite. Composite manufactured with Nis3C07MnszeSny; and
aluminum 7075 yield better compatibility between the matrix and sensory particles, and
demonstrated a change in magnetization at 300K from 65.8emu.g-1 at 0% compressive
strain to 17.5 emu.g-1 at 11.8% compressive strain, successfully demonstrating the

feasibility of the proposed method.
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1. INTRODUCTION

1.1 Motivation
The expansion of space missions pushing for interplanetary colonization, and the need
for larger “mega” structures requires advancements in monitoring critical components
for safety and reliability. Even with the advance of manufacturing capabilities, no
material is produced without inherent flaws or defects. Under appropriate loading
conditions, these flaws grow in size and diminish the materials capability to perform at
optimum levels. Eventually, the growth of the flaw or defect diminishes performance
below an acceptable threshold, indicating the material has “failed” [1]. The application
of safety factors in designs try to compensate for this eventuality, however if the failure
is not correctly identified, the failed component can lead to catastrophic failure of an
entire system putting the safety of the general public at risk. The methods and systems
employed to monitor the ‘“health” of a structure or component are referred to as
“Structural Health Monitoring” (SHM) [2-5]. Each of these methods or systems rely on
the fundamental assumption that sufficiently large damage, of a given type, will alter
stiffness, or mass or energy dissipation, modifying the dynamic properties of the
monitored component or system [1]. This is reasonable as the effects of defects and
flaws on material properties are well known [6]. However, implementation of this idea
encounters great difficulty as the size scales of the damage trying to be detected is on the
orders of microns, while the structure requiring monitoring can be hundreds of meters;

additionally, depending on the type of damage being monitored, accumulation of



sufficient damage to render a structure or component “failed” can take fractions of
seconds to years [7]. This requires constant monitoring of the given structure using
repeatable, accurate measurements on complex systems in typically dangerous and
adverse environments [8].

Given the potential for economic loss, nearly every private and governmental
industry implement some form of SHM, particularly so for the aerospace industry. It is
estimated that 24% of an aircraft’s cost is devoted to maintenance of the airframe [9].
Currently maintenance plans are time based, meaning that after a certain time in use, the
part or vehicle is retired regardless of actual remaining lifetime (which is often
unknown) [1, 5, 9]. A transition then to more informed “condition based maintenance,”
where parts or vehicles are retired only when they have fully exhausted their usage
lifetimes, holds the potential for significant economic impact on manufacturing and
usage costs [4, 5, 10-17]. Further reduction in costs could be achieved by implementing
statistical models and artificial intelligence to better predict component and vehicle
lifetimes [1]. However, to increase the effectiveness of the statistical models and better
refine the data for artificial learning, progress must be made in the current ability to
accurately detect, locate, and quantify damage [18-20].

The next section will review common methods for damage detection and briefly
discuss their advantages and disadvantages (with a focus on acoustic monitoring). It will
then propose a method intended to account for some of the deficiencies of acoustic
monitoring, and bolster its effectiveness, through the incorporation of magnetic shape

memory materials. It will set forth benchmarks for successful demonstration of the
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proposed method, and will discuss material selection for the subsequent experiments.
These benchmarks for success, sensory material requirements, and discussion on
material selection will lay the foundation on which the remaining body of work will be

constructed.

1.2 Background

Techniques and systems that monitor the state, integrity, and lifetime of components and
structures are known as SHM systems [1, 2]. In general, a mix of sensors and analysis
techniques monitor structures from the micro to macro scale to inform users about the
state of a material or structure. Since the intent of monitoring extends across the size
scale from microns to meters, the ability of a technique to identify and quantify damage
is broadly divided into the following four categories: existence, location, type, extent,
and prognosis [19], with advanced methods spanning all five categories or a subset
thereof. This body of work will focus on techniques and methods that utilize a
combination of the first four categories, with a particular focus paid to those that attempt
to detect barely visible impact damage (BVID) caused from low velocity impacts and
fatigue [21].

Of the methods and techniques developed for flaw detection within a material,
four have demonstrated efforts for application in actual structures: surface observation
through dyes and penetrants, ultrasonics, fiber optics, and acoustic emission.

Dyes and penetrants have demonstrated effective usage across multiple industries

[22]. In brief, a dye or penetrant is applied to a clean surface, allowed to settle and
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penetrate surface defects, excess is removed, and a developer is then added to enhance
visual contrast [23]. This method is simple, effective for defects that are on the order to
be observed with the human eye, and kits general are small, portable, and readily
available commercially. The main drawbacks however, is that the surface or part must be
accessible to an individual; defects must be on the surface under inspection and
sufficiently large to be observed with the eye [23]. While further work has been done to
integrate this technique with fiber optics to overcome the limitations of accessibility and
surface interactions [24], the technique requires that the crack have interaction with the
outside atmosphere. If the damage remains internal, it is difficult to impossible to detect
using this technique.

Ultrasonics is another widely used damage detection technique. Along with X-
rays, it is one of the only methods that is able to reveal substantial subsurface flaws [23].
High frequency soundwaves, ranging from 5-20kHz, are generated from a transducer
and either reflected back to the transducer (pulse-echo) or are transmitted to a secondary
transducer (pitch-catch) [23, 25, 26]. This yields information about sample geometry,
material properties, flaws beneath the surface, and by scanning across a surface, create
2- and 3-D images of the specimen. Unfortunately, this technique works best when
directly attached to a specimen; the resulting data can difficult to analyze requiring
extensive training of operators; large surfaces can be time consuming to test; and while
applicable to metallic systems, works best in composite to detect damage [21]. Finally,
this technique is not able to detect cracks or planar flaws that lie parallel to the traveling

direction of the acoustic waves [23].



Fiber optic sensors (FOS) have recently sparked interest for structural health
monitoring [27], particularly in the civil engineering fields [27-33]. Fiber optic lines are
attached to the the structure requiring monitoring, and Bragg gratings are spliced into the
lines at period intervals (up to 64). A carefully chosen spectrum of light is then passed
through the fiber optic cable, and the reflected frequencies of light are then monitored.
Stretching of the fiber optic cable alters the frequency reflected back, due to interactions
with the Bragg grating, permitting highly accurate detection in changes of strain [32].
This sensing method is passive, requiring no more energy input that needed to create the
light spectrum. Immune to electromagnetic interference, this system is capable of
spanning kilometers in length and detecting changes in the system with a resolution two
orders of magnitude smaller [34, 35]. This technique however is best implemented in
polymer matrix composites, and systems with sufficiently low processing temperatures
[32]. Additionally, the fiber optic cable themselves are delicate and are susceptible to
fracture during packing, shipping, and installation [32], and are inclined to strain-
temperature cross-sensitivity [36]. This makes fiber optics difficult to embed into
metallic systems and composites.

Acoustic emission is the last of the common techniques and has demonstrated
tremendous growth in its development and application [37-46]. Acoustic sensing
employs piezoelectric sensors interacting with the natural vibrations during deformation
and damage processes to identify when damage is occurring. Piezoelectric sensors are
connected to wire leads, and then adhered to the surface or material under observation.

As the material undergoes deformation, dislocation motion, other deformation



mechanisms, i.e. deformation twinning and martensitic transformation, crack
propagation, and precipitate fracture release acoustic (physical) vibrations [47]. These
acoustic waves then stretch and compress the piezo material, and the subsequent voltage
created by the material is recorded and transmitted to a computer for analysis.
Waveforms can then be recreated, determining frequencies of vibration, and infer the
amount of energy being released [48, 49] and is widely used for metallic systems [21].
As each deformation process occurs at different length and time scales, theoretically all
deformation processes have unique signatures that could be identified through acoustic
monitoring and analysis. Furthermore, with the advancement of miniaturization
techniques and wireless technologies, networks of these sensors can be integrated
wirelessly to monitor large structures [11, 23].

Despite this techniques flexibility and scalability, it is possesses a few
noteworthy disadvantages. First, the sensors themselves must be robustly manufactured,
and attached externally to the structure undergoing monitoring/observation. Sensor
failure, or incorrect application of a sensor renders it useless, or unable to function
optimally. Second, each damage process is assumed to occur with a well-defined energy
level producing unique and specific acoustic emissions [21]. Damage processes that
quickly evolve/grow very slowly, or external interference, can be misidentified or
missed altogether. Third, and while not directly related to the sensor itself, power loss to
the recording system halts all monitoring rendering the sensors themselves useless.
These deficiencies can be overcome, however, by combining acoustic emission with an

embedded sensory material that directly interacts with the damage (e.g. cracks), and

6



undergoes a fundamental change in its material properties that can be detected
externally.

The advantages to embedding a sensory material are threefold. First, by reducing
the system that interacts with the damage to a singular material, the likelihood of system
failure is reduced. Second, embedding the sensor into the material under observation
reduces the issues encountered when trying to attach an external sensor. Finally, the
sensory material can be selected to interact with a universal and defining feature of
damage and cracks: stress concentrations at crack tips. Selection of an appropriate
sensory material for embedding would then need to fulfill the following nine
requirements:

1. Assist in location determination

2. Should not initiate damage (i.e. source for cracks)

3. Should demonstrate large change in material response when in
presence of damage/crack

4. Preferably metallic

5. Should be embeddable

6. Similar resistance to environmental effects as host (matrix) materials

7. Tailorable threshold for sensing

8. Record that damage occurred even after stimulus has passed

9. Should demonstrate controllable reactions with host (matrix)

materials



1.3 SMA and Magnetic SMA as Sensory Materials
An advanced SHM method would employ a non-destructive evaluation method using an
embedded sensory material into the structural material that passively monitors the
structure and signifies damage to the host material with a notable change in its (the
sensory material) properties that would be easily detected [50-54]. The sensory material
would need to interact with a unique trait of the propagating damage (for example, stress
concentrations at crack tips), and demonstrate a measurably significant change in
property or signal once interaction with damage occurred. In addition, any change in
property or signal would need to be maintained after interaction with the stimulus, e.g.
stress concentrations at crack tips, had passed beyond the sensory material. Shape
memory alloys [55-57], specifically magnetic shape memory alloys [58-80], can
function as this sensory material and interact with stress fields to fundamentally alter
their material properties. In the case of magnetic shape memory alloys (SMAS), the
expected change upon interacting with the crack tip stress fields would be in their
magnetic properties as the stress can lead to structural phase change in SMAs, and in
some magnetic SMAs, the structural phase change, i.e. martensitic transformation,
occurs simultaneously with a magnetic phase change. In other words, in magnetic
SMAs, one structural phase, for example, parent phase or austenite, can be
ferromagnetic while the other phase, martensite, can be paramagnetic or anti-
ferromagnetic, and this structural phase change can be induced by stress fields

repeatedly.



Before development and application of this idea can proceed, a few simple
questions must first be addressed. Firstly, is it possible to embed a sensory material into
a host matrix? If successful, does the embedded sensory material retain its ability to
undergo the necessary change to its properties for damage detection? What types of
properties should the interface between the matrix and sensory material possess to
ensure interactions with damage induce changes in the sensory material? Finally, to what
degree does the inclusion of the sensory material into the matrix affect the mechanical
properties of the matrix?

First steps towards the development of embedded SMA as sensory materials
were taken in the early 1990s [50], and was further developed on into the early 2000s
[52, 53, 81-83]. Then in 2015, Leser et al demonstrated that NiTi particles, embedded
between two plates of AlI7050 and monitored via digital image correlation, underwent
sufficient strain in the presence of a crack to indicate they underwent martensitic
transformation from austenite to martensite [84]. While promising, NiTi does not solve
the issues presented with acoustic monitoring. Therefore, we propose to use a magnetic
SMA rather than NiTi. Like NiTi, a magnetic SMA would undergo similar martensitic
transformations, except that with the correct selection of chemistry, reverse
transformation would not occur. Additionally, correct selection of a magnetic SMA
would ensure transformation from austenite to martensite would demonstrate almost two
orders in magnitude difference in magnetization. In doing this, the sensory particle
would be able to interact with a growing crack and “record” the damage even if the

acoustic sensors were not available or are malfunctioning. As long as the magnetic
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signature of the particles was recorded before, a change in the magnetization of an area
would indicate the presence of a crack. The size could then be estimated based on the

area demonstrating a change in magnetization.

1.4 Material Selection
In the present work, we attempt to demonstrate the feasibility of the proposed method of
utilizing magnetic SMAs as sensory materials and begin uncovering answers to the
proposed questions. To demonstrate the concept, we have chosen Nis3Co7MnzeSny; alloy
as the magnetic SMA particles as the sensory material and pure aluminum as the host
matrix. The reasons for the selection of this particular magnetic SMA are manifold.
Firstly, NiMn(In,Ga,Sn,Sb) based magnetic SMAs demonstrate the largest
magnetization changes upon martensitic transformation among all known ferromagnetic
SMAs [62, 67, 69, 77, 85-88], structurally transforming between ferromagnetic austenite
and anti-ferromagnetic martensite, most of the times fully reversibly, with the change in
temperature, or under the application of stress or magnetic field. Co is added to these
alloys to increase the Curie temperature of austenite, and thus, the change in the
magnetization upon martensitic transformation. Secondly, Sn results in the cheapest
alloy as compared to its In and Ga counterparts. Thirdly, the composition
Nis3C07Mn3zeSn;y; yields a Curie temperature above 400K (127°C) and an Ms near room
temperature. Finally, Ni;3C07Mn3eSny; is much less sensitive to the heat treatments the
material may be exposed to during processing, as compared to NiCoMniIn and

NiCoMnGa alloys [89-92]. Using a magnetic SMA less susceptible to magnetic property
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change over a wide range of processing temperatures would ease processing of the
proposed composite, and reduce the likelihood that processing might affect the magnetic
response of the sensory material.

As many aerospace vehicle structural components are manufactured with
aluminum alloys [93], it would be sensible to select an aluminum alloy often used in
aerospace structural components as the host matrix for the magnetic SMA. However,
these alloys typically require multistage heat treatments to achieve their well-known
material properties. As processing parameters are largely unknown, it is likely this
would further complicate the processing of the composite, and efforts demonstrating the
effect of including the sensory material into the aerospace grade material. Therefore pure
aluminum was selected as the host material instead. While it is understood no structural
component would be manufactured from pure aluminum it is an ideal candidate material
to demonstrate the feasibility of the proposed idea for the following reasons. Firstly, pure
aluminum is an easy material to work with and is readily available in numerous states
including powder, bars, sheets, and foils. Secondly, its low modulus of elasticity and
high ductility permit large degrees of deformation without fracture, indicating it is
amenable to a multitude of processing methods. Finally, any interface that might form
between the magnetic SMA and the aluminum matrix due to diffusion would result only
from the interactions of aluminum and the magnetic SMA. This would provide insight as
to what diffusional products would be expected for aerospace grade aluminum matrices

without the influence of alloying elements, easing characterization.
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Once sufficient progress has been made using pure aluminum, a transition to
aerospace grade aluminum (e.g. Al7075) should be instigated as the ultimate use is

intended for aerospace structural components.

1.5 Benchmarks for Successful Integration as Sensory Material
Successful integration of the magnetic SMA as a sensory material will need to achieve
the following four benchmarks to demonstrate feasibility:

1. Magnetic SMA particles can be successfully embedded through the
consolidation of powder precursor.

2. Magnetic SMA particles retain a magnetic response similar to that of
the “parent powder” after embedding in the host matrix.

3. Composite derived from magnetic SMA particles and host matrix
must demonstrate a change in magnetic response due to plastic strain
in the composite.

4. Any diffusion products between magnetic SMA particles and host
matrix require identification.

We believe these are the first four steps that must be achieved to demonstrate
feasibility of the proposed idea, and guide successful development of magnetic SMA as

sensory materials in this regard.
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2. COMPOSITE CONSISTING OF PURE ALUMINUM AND NI143CO7MN39SN11

2.1 Introduction and Background
Given the requirements for the sensory particle to succeed, it was chosen to begin with

pure aluminum as an initial matrix material.

2.2 Experimental

2.2.1 Powder Consolidation

High purity aluminum powder (99.9% aluminum by metals basis), sieved to -325 mesh
particle size, with an average particle size ranging from 7 to 15um was purchased from
Alfa Aesar (item number 11067). Nis3C07Mn3zeSn;1 pre-alloyed powders were fabricated
using gas atomization, then sieved to between 27 and 63 pm. The magnetic SMA
powder was sealed under an ultra-high purity argon atmosphere in a quartz tube and heat
treated at 900°C for 12 hours to homogenize the powder. A small amount of sintering
occurred during the heat treatment, however, the powder state was recovered through
very gentle grinding with a mortar and pestle.

Three powder compacts were manufactured through the consolidation of the
above powders via spark plasma sintering (SPS). The first compact contained only the
aluminum powder, while the second and third compacts were a mixture of the aluminum
powder and the Nis3C07MnzeSny; powders with a ratio of 90 vol.% aluminum and 10
vol.% Nis3C07MngeSny;. To ensure thorough and homogenous mixing of the powders,

low energy ball milling was employed with a ball to powder ratio of 1:1 (using 20 of 6.3
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mm and 80 of 3.11 mm stainless steel balls) in a polypropylene jar under an inert
atmosphere at a rotational speed of 85 rpm. The stainless steel balls were extracted via
sieve and the powder mixture was poured into a 40 mm graphite SPS die. Appropriate
amounts of materials were used to yield compacts with a final thickness of 8mm (based
on 100% theoretical density).

For each consolidation process, the following sintering procedure was repeated:
the graphite die was placed in the SPS chamber and a stress of 5 MPa was applied to the
powder (the lowest stress the SPS is able to register). High vacuum atmosphere was then
applied on the SPS chamber (10°Torr). The die and powder were heated with pulsed DC
current (20V, 100A; 20/2ms on/off cycles) at a rate of 100°C/min to the required
sintering temperature, and was maintained until the consolidation was completed. After
achieving the required sintering temperature, stress was increased on the die at the
required rate to the sintering pressure, and was maintained until the ram of the SPS
registered zero change in position for 60 seconds (except for the 400°C consolidation).

Table 1 summarizes the main processing parameters used.

Table 1. Summary of the main sintering parameters used to fabricate three powder compacts of
pure aluminum or Al / Niz3Co;MnseSny; using SPS.

Powder Mixture Sintering Sintering Loading Rate |Sintering Starting

(Matrix/Additive) Temperature (°C) | Pressure (MPa) | (MPa/min) Atmosphere
Al 560 100 100
Al/NissC07MnzeSny 560 100 20 Vacuum
90/10 vol.% s

U NisaCo-MnacS (~10™Torr)
All NiagC07MN3oSNs 400 100 50

90/10 vol.%
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In the case of the 400°C consolidation, the load was held for 10 minutes in an
attempt to allow time for the matrix to sinter as much as possible. Previous attempts (not
shown here) at consolidating the mixed powders yielded a composite with no diffusion
between the Nis3C07Mn3eSny; particles and the aluminum matrix at this temperature, and
it was thought that adding additional time might allow the matrix to achieve full density
and notable diffusion zone. Each compact was allowed to cool in the die to a
temperature between 50-80°C before extraction from the SPS chamber and graphite die.
This was done to expedite the final cooling to room temperature and permit safe
handling for specimen cutting.

The loading rates for each consolidation differed due to initial attempts (not
shown here) at consolidating the mixed powders under 100 MPa/min fracturing the
graphite die; due to the expansion of the die, the loading rate was reduced by a factor of
five for the 560°C consolidation of the mixed powders, and then increased by a factor of
2.5 for the 400°C of the mixed powder when the 560°C consolidation demonstrated
success. We do not anticipate that the different loading rates had significant effect on the

final compacts.

2.2.2 Microstructural Analysis and Thermo-magnetic Characterization
Small amounts of the as received aluminum and Nis3C07Mn3eSn;; powders and a small
sample of the solution heat treated Nis3Co;MnzeSn;; powder were mounted to adhesive

carbon tape for imaging with an electron microscope.
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Portions of the as received gas atomized Nis3C07MnzSny; and solution heat
treated Niy3C07Mn3zeSny; powders were mounted in epoxy and were mechanically
polished using various steps from 600 grit silicon carbide to 0.25 pm diamond
suspension at a platen speed of 150 rpm, then vibratory polished for 14 hours in 50 nm
colloidal silica solution. A final polish on a polishing media felt cloth and DI water was
used to remove polishing media still adhered to the surface of the specimens. The
powder specimens mounted in epoxy were then sputter coated with a 6 nm layer of
iridium to reduce charging during imaging with an electron microscope.

Specimens for optical and electron microscopy were cut from the compacts
containing the Nis3C07Mn3gSny; sensory particles using a diamond saw rotating at 100
rpm. These were mechanically polished using various steps starting from 600 grit silicon
carbide paper down to 50 nm colloidal silica in the case of the 400°C compact
specimens, and down to 0.5 um diamond suspension in the case of the 560°C compact
specimens, at the platen speed of 125-200 rpm. One specimen from the 560°C compact
was further polished to 0.1 um diamond suspension and vibratory polished for 26 hours.
A final polish on a polishing media free felt cloth and DI water was used on all
specimens as previously stated.

A specimen was also taken from the compact consisting of only aluminum
powder consolidated at 560°C. This was mechanically polished from 600 grit silicon
carbide paper down to 0.25 um diamond suspension, then vibratory polished for 5.5
hours in 50 nm colloidal silica solution. A final polish on a polishing media free felt

cloth and DI water was used as previously stated.
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The thermo-magnetic measurements of the homogenized Nis3C07Mn3zeSnyg
powder were carried out using a Quantum Design SQUID-VSM magnetometer with a
heating-cooling rate of 10°C.min™ for the temperature range of 127°C — -173°C — 127°C
under constant magnetic fields of 0.05, 1 and 7 Tesla.

Small pieces (2mm x 2mm x 3mm) were cut from the compacts containing the
Nis3C07MngzeSn;; sensory particles (consolidated at 400°C and 560°C) using the
diamond saw and placed in the same SQUID-VSM magnetometer. The magnetization
response of the composites were then measured over a temperature sweep from 127°C —
-173°C — 127°C with a heating-cooling rate of 10°C.min™ under a 1 Tesla bias magnetic
field. All transformation temperatures were calculated from the magnetization versus
temperature plots through the intersecting tangent method. Tangents are taken at the
inflection point during transformation and at the linear portions pre and post
transformation, with the transformation temperature defined as tangent lines’

€9
S

intersection. Subscripts and “f” were used to denote the onset, or “start,” and finish
temperatures determined for the martensitic transformation, either from austenite to

martensite (Ms and My), or martensite to austenite (As and Ay).

2.2.3 Mechanical Characterization

Small dog-bone-shaped tension samples with a gauge section of 1.5 mm x 3 mm x 8 mm
were cut from the aluminum- Nis3Co7Mn3eSny; and aluminum only compacts, listed in
Table 1, using wire electrical-discharge machining (EDM). Mechanical experiments

were conducted on an MTS Systems Corporation MTS 810 servohydraulic test frame
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and an extensometer, directly attached to the gauge section of the samples, with the help
of ceramic extension rods, was used to record the axial strain. Specimens were loaded at
a strain rate of 4.75 x 107*(s™) until they fractured. Tensile specimens of the aluminum-
Nis3C07MnzeSny; compact consolidated at 400°C were not tested because of the high
porosity detected in the samples, despite the extended consolidation time.

Single edge notched fatigue crack sample with dimensions 26.2 mm x 8.9 mm x
1.5 mm and a notch size of 1.75 mm were cut from the aluminum- Nis3C07Mn3zeSnyy
compact consolidated at 400°C using wire EDM. Fatigue crack growth experiments
were carried out on a Deben Microtest 5kN tensile tester (Serial# MT10150). Initiation
of a crack in the single edge notch was achieved by cycling load 300-700N thirty times
at room temperature; crack growth was achieved by cycling load 450-800N two times at
a specimen temperature of 50°C. The specimen temperature during these experiments
was controlled by placing an Uxcell 6V 300°C MCH metal ceramic micro heater
(dimensions 10 x 10 x 1.2mm), attached to a PID controller and appropriate power
supply, directly beneath the fatigue crack specimen in the microtensile stage; specimen
temperature was monitored using a K-type thermocouple attached directly to the top
surface of the fatigue specimen. Single edge notched fatigue specimens were not cut
from the aluminum- Niy3C07Mn3eSny; compact consolidated at 560°C due to the
debonding of the diffusion region from the aluminum matrix observed after tensile tests
of the same material. See Section 4.2 for further discussion.

Observations of crack growth and particle interaction were performed using a

Keyence VH-S30K digital optical microscope (the same used for optical microscopy) by
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placing the microtensile stage beneath the lens of the microscope during fatigue
cracking. Images were taken of various locations before crack initiation, and then in the
same locations after crack growth to capture images of the Ni;3Co7Mn3sSn;; particles to

determine whether or not transformation occurred.

2.3 Experimental Results

2.3.1 Starting Aluminum and Nis3C07Mn3eSny; Powders

Figure 1 presents scanning electron microscopy images of the as received starting
powders, and the solution heat treated Nis3Co;MnzeSny;, after gentle grinding with a
mortar and pestle. The sizes of the aluminum powder particles (a-c) confirmed the size
distribution stated by Alfa Aesar, and ranged from approximately 7 um to 45um (325
mesh). The particles displayed elongated structures, with the smaller particles clustered
around the larger ones.

The images of the as received Nis3Co;Mn3zeSnyin (d) revealed the starting
material consisted of mostly spherical particles with small, round protrusions from the
surface. A few others were elongated in structure, but also possessed the round
protrusions on their surfaces. The microstructure, seen in (e,f), exhibited distinct features
of rapid quenching, and the light etching of the dendritic structure indicated phase
separation during cooling, similar to what is presented buy Ito et al [94].

The reground Nis3Co;MnsgSnyipowder after solution heat treatment, seen in (g),
revealed smoother particle surfaces than seen in the as received state, and an exterior

marked with small divots. These were likely the result of a small amount of sintering
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that formed “necks” between particles during heat treatment, and was subsequently
broken during grinding with the mortar and pestle. Particles marked buy the red arrows
indicate particles still sintered together and joined by a “neck.” The microstructure in
(h,i) displayed a homogenous interior with no phase separations or dendrites. This

demonstrated the particles were fully homogenized.

~

Figure 1. Scanning electron microscopy images of the as received aluminum (a-c), as received
Ni3Co;MngzeSny; (d-f), and solution heat treated NizCo;MngeSny; (g-i) powders. The type of
image (secondary electron versus back scatter electron) is indicated in the lower right corner of
each image. Partial sintering, or “necking,” of the Ni;3C0;MnzSny;powder after solution heat
treatment is indicated with red arrows in image (g).
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Figure 2 displays the thermo-magnetic response of the solution heat treated
Nis3C07Mn3zeSny1 powder with increasing bias magnetic field. The powder demonstrated
an increase in magnetization for each increase in field intensity from 25 emu.g™ at 0.05
Tesla to 110 emu.g™ for 7 Tesla. The powder demonstrated a distinct shift in the thermo-
magnetic response from a broader, more diffuse transformation at 0.05 Tesla during
transformation from austenite to martensite, to a condensed and sudden transformation
from austenite to martensite at 1 Tesla. The powder retained the distinct and abrupt
thermo-magnetic response during transformation for the 7 Tesla bias magnetic field as
well. This distinct and sharp change in magnetization indicated massive martensitic
transformation in the Nis3Co;MngeSny; particles. The transformation temperatures for
each thermo-magnetic curve were determined using the intersecting tangent lines
method indicated by the dashed black lines in Figure 2. The transformation temperatures
and hysteresis measured for the solution heat treated Nis3C07Mn39Sn;; powder at each

field intensity is summarized in Table 2.
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Figure 2. Thermo-magnetic response of solution heat treated Ni;3Co;MngeSny; powder under
increasing bias magnetic field. Transformation temperatures were determined using the
intersecting tangent lines method (represented with dashed black lines), and cooling and heating
curves are indicated by black segmented arrows.

Table 2. Summary of the transformation temperatures and thermal hysteresis for the solution
heat treated Ni,3C0;Mn3sSny; Powder under increasing bias magnetic field

Bias _ Martensite I\/_Ia_rtensite Austenite Au_stenite Hysteresis
Magnetic Start (Ms) Finish (Mf) Start (As) Finish (Af) (°C)
Field (T) (°C) (°C) (°C) (°C)

0.05 44 20 42 61 19
1 41 24 42 56 18
7 15 -10 14 34 22
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The maximum magnetizations for 0.05 and 7 Tesla, as well as their
corresponding transformation temperatures, are in good agreement with those reported in

the literature [77, 94].

2.3.2 Pure Aluminum consolidated at 560°C

Figure 3 exhibits the microstructure of the 560°C consolidated pure aluminum powder.
Given the soft nature of aluminum a high quality polish, free of surface contamination,
was difficult to achieve. Despite this, the images revealed a highly dense matrix, with
only the occasional pore observed with sizes less than 1 um. We differentiated pores
from surface damage based on the geometries and locations of the marks. Pores
demonstrated highly round void shapes along grain boundaries or at grain junctions,
while the polishing damage consisted of voids with angular geometries and traversed
both grain boundaries and interior of grains. While the interior microstructure of the
initial powder was not investigated, we were unable to find any spherical pores or voids
within the interior of the grains. This might indicate that they were eradicated during
sintering, or the starting powder particles never contained them. Grains sizes of the

consolidated materials were on the order with the starting particle sizes of the powder.
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Figure 3. Scanning electron microscopy images of the pure aluminum powder spark plasma
sintered at 560°C. Pores are indicated by dashed circles. Secondary and back scatter electron
modes are indicated in the lower left hand corners of the images.

2.3.3 Aluminum- Nis3C0;Mn3sSn;; Composite Consolidated at 400°C

Figure 4 shows secondary and back-scattered electron microscopy images of the
composites consolidated at 400°C. Here, small pores and voids were observed both in
the back-scattered (BSE) and secondary electron (SE) images. The pores exhibited

various sizes and shapes, maintaining mostly round geometries, indicative of poor
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sintering of powder. No discernable diffusion occurred between the aluminum matrix
and the Nis3Co;Mn3eSny; sensory particles, which could be revealed at these or higher
magnifications. Closer inspection of the BSE image at the high magnification revealed
martensite variants beginning to form within the Nis3Co7Mn39Sn;1 sensory particle. The
particles retained their spherical shape, although the lower right edge appears to have
flattened due to sintering to another particle that likely occurred while the powder was
being homogenized. This is supported the two particles seen still joined by a small neck
at the bottom right portion of the lower magnification SEM images and the conjoined

Nis3C07Mn3zeSny1 powder particles observed in Figure 1.
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Figure 4. Secondary and back-scattered electron (indicated lower right) scanning electron
microscopy images of the Al — Ni;3sCo0;Mn3zSny; composite material sintered at 400°C using
SPS. Note the porosity, and the faint martensite variants forming within the particle.
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Figure 5 shows the thermo-magnetization responses of the composite sintered at
400°C under a bias magnetic field of 1 Tesla. Two magnetization versus temperature
curves are plotted: the first displays the magnetization normalized to the entire mass of
the sample tested. The second shows the magnetization normalized to the estimated mass
of the magnetic SMA within the specimen tested (approximately 25 wt%). The
magnetization versus temperature curve for the magnetic SMA powder is plotted for
reference. Interestingly, both of the curves relating to the magnetic response of the
composite material retained the distinct change in magnetization which indicated

massive martensitic transformation in the particles.
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Figure 5. Thermal-magnetization response of the homogenized NisCo;MnzeSn;; powder and the
Al- NiCo;MngeSny; composite material, sintered at 400°C, under a bias magnetic field of 1
Tesla. Transformation temperatures were determined using the intersecting tangent lines method
(dashed black lines).
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A distinct difference in shape of the two curves normalized to the different
masses was observed, with the response normalized to the estimated mass of magnetic
SMA demonstrated a similar response to that of the parent magnetic SMA powder. The
shape of both curves show an elongation of the transformation range, and a reduction in
maximum magnetization, from 110 emu.g™* for the magnetic SMA powder, to 83 emu.g’
! for the curve normalized to the estimated magnetic mass and 20 emu.g™ normalized to
the sample mass. The transformation temperatures of the Al- NisCo;Mn3zeSnyg
composite were determined from the magnetization versus temperature curves
normalized to the entire sample mass, using the intersecting tangent method previously
stated, and are as follows: and Ms = 40°C, M = 14°C, As = 37°C, As = 61°. Almost no
change was observed in Mg for the composite compared to the magnetic SMA powder,
however My, As, and As transformation temperatures demonstrated shifts of -10°C, -5°C,
and 5°C respectively when compared to the magnetic SMA powder. The hysteresis for
the composite was determined to be 23°C, a 4°C increase compared to the magnetic
SMA powder.

The reduction in the overall magnetization observed, once the Ni;s3C07Mn3sSny;
sensory particles were embedded in the aluminum matrix in the present composite
material, was expected due to having only 10 vol.% (approximately 25 wt%) magnetic
SMA particles in the composite. In addition, the change in magnetization of the
composite was not as distinct as that of the starting homogenized powder. Still, the
transformation of the magnetic SMA particles embedded in the aluminum matrix

retained a distinct change in magnetization between the austenite and martensite phases.
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Figure 6 shows the polished surface of a single edge notched fatigue crack
specimen. The edge of the specimen where the fatigue crack notch begins was the same
as the top of the compact from which the specimen was cut; the notch terminated in the
direction toward the bottom of the compact. The distribution of the sensory particles was
homogenous throughout the composite. The shape of the particles retained the same
geometries as those observed in the scanning electron microscopy images of Figure 1.
The image also revealed either pores that occurred during sintering, or locations where
polishing removed Nis3C07Mn3eSny; particles. Given the micron size of the pores
observed in Figure 3, and the scale of the optical microscopy image, it was more likely
the observed voids were due to magnetic SMA particle pull out rather than gases trapped
during the sintering process. This was a sign that suggested confirmation of no chemical
diffusion occurring between the aluminum matrix and the magnetic SMA particle. Had
chemical diffusion occurred between the two, it would have been expected that polishing

would not have induced enough force to pluck the particles from the matrix.
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Figure 6. Optical microscopy image of a single edge notch fatigue specimen cut from the Al-
NissCo,;MnzeSny; composite material sintered at 400°C. Locations where NiyCozMnseSnyg
particles were missing were labeled as “voids”, indicating that the particles were removed during
sectioning of the material or during polishing.

Figure 7 shows the optical microscopy images taken during the fatigue testing of
the single edge notched specimens cut from the composite material consolidated at
400°C. The top images show the structure before the evolution of the crack. No surface
relief of martensitic variants are observed until after the material has been deformed and
the crack has passed through or interacted with the particles. The particles not within the
path of the crack did not show signs of transformation (surface relief of martensite).
Debonding of the particles from the matrix without the transformation, and some
fracture between particles was also observed. The appearance of the martensite surface

reliefs in particles which are only on the crack path clearly proves that the crack interacts

29



with the magnetic SMA sensory particles and the crack tip and/or wake stress field is

sufficient to induce martensitic transformation in these particles.

Figure 7. Optical microscopy images of the initial crack-particle interactions in the Al-
NissCo,MnzeSny; composite material sintered at 400°C. The white dashed circle is intended to
act as a guide in comparing before (top), and after (bottom) the fatigue crack growth in the
material. The black dashed box denotes the regions shown in (b) and (c). The blue arrows in (b)
and (d) mark where the martensitic transformation, as seen by the surface relief, was observed
after the crack interacted with the NissCo;MnseSny; particles. The red arrows indicate debonding
of the particles from the matrix.
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2.3.4 Aluminum- Nis3C07;Mn33Sn;; Composite Consolidated at 560°C

Figure 8 shows optical and scanning electron microscopy images regarding
microstructure of the composite material consolidated at 560°C. The optical microscopy
images revealed a diffusion region surrounding most of the particles. Higher
magnification showed the magnetic SMA particles exhibited a two phase region within
the diffusion zone, and quantitative measurement through image analysis yielded a mean
outer diffusion region thickness of 6.89 um + 0.5um, and an inner diffusion region
thickness of 3.54um = 0.5um. The electron microscopy images, (b and d), confirmed the
two phase region of the diffusion zone, while the back scatter electron image, (d),
demonstrated a brighter contrast in the inner diffusion region which suggested the
heaviest element of the Al-Nis;3Co;Mn39Sn;; system (i.e. tin) segregated during diffusion
inside this region. Particles that appeared to be fully consumed by the diffusion region
suggested that only portions of their Nis3Co7MnzeSn;i-Al matrix interactions were
observed. As the images taken represented a 2D slice through a 3D material, it was
possible portions of the diffusion zone for a still intact particle were captured. Electron
microscopy also revealed a highly dense aluminum matrix with an occasional pore.
More interestingly, at the boundary between the aluminum matrix and the diffusion
zone, we observed gaps or voids which may have been indicative of the Kirkendall

effect.
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Figure 8. Optical (a,c) and scanning electron microscopy (b,d) of the Al- NisCo;MngeSn;;
composite material sintered at 560°C. Two distinct regions were observed for the diffusion that
occurred between sensory particle and aluminum matrix. Electron microscopy revealed a highly
dense matrix region with only a few pores observed, and potential signs of the Kirkendall effect
at the boundary of the outer diffusion region.
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Figure 9 displays the thermo-magnetization response of the composite material
consolidated at 560°C with a bias field of 1 Tesla. Again, both the curves for the
estimated magnetic mass (representing 23 wt% magnetic SMA material), as well as the
mass of the composite as a whole (sample mass) are plotted for comparison. The
magnetization versus temperature curve for the magnetic SMA powder is plotted for
reference. The two curves demonstrated significantly different intensities as would be
expected normalizing the magnetization signal to two noticeably different masses.
However doing so emphasized the change in magnetization between the austenite and
martensite. Despite this, all of the transformation temperature determinations and
comparisons between materials were performed using the magnetization versus
temperature curves normalized to the entire mass of the composite sample tested. We
believed this to be a more honest and better representation of the magnetic properties of

the composite specimen.
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Figure 9. Thermo-magnetization response of the Al — NisCo,;MnzeSn;; composite material
consolidated at 560°C under a bias magnetic field of 1 Tesla. The magnetization-temperature
curves for the estimated mass of the magnetic particles and mass of the composite (sample) are
plotted for to demonstrate difference in signal intensity. Determined transformation temperatures
used the intersection tangent method and are denoted with dashed black lines. The thermo-
magnetic response of the solution heat treated Ni;3Co;MnseSny; powder from Figure 2 is plotted
for comparison.

As compared to the results obtained from the composite material consolidated at
400°C, a further reduction in the maximum magnetization was observed: the 400°C
composite had a maximum magnetization of 20 emu.g.;, whereas only 14 emu.g™ was
achieved in the 560°C composite, due probably to the reduction in the transforming
volume in the latter as a consequence of the notable diffusion zone. The transformation
temperatures measured for the 560°C composite were: Ms = 47°C, M¢ = -38°C, A =

32°C, and As = 60°C, using the intersecting tangent lines method, and the transformation
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hysteresis of 22°C was detected. The M, temperature increase 6°C above that determined
for the parent magnetic SMA homogenized powder, which was expected given the
reaction with the matrix material. The two composite shared nearly identical Ms and Af
temperatures, but demonstrated distinct differences for Mf and As: -38°C and 32°C,
respectively, for 560°C consolidation, and 14°C and 37°C, respectively, for 400°C
consolidation.

Figure 10 shows the room temperature engineering stress vs. engineering strain
responses of the aluminum and the aluminum — Nis3C07MnzeSny; Sensory particle
composite samples, both sintered at 560°C. Two specimens were tested from each
material to validate the material response. The pure aluminum samples achieved
elongation to failure values of 25%, while the composite demonstrated only about 9%
elongation. The yield stress for both materials was 90 MPa; however, the pure aluminum
samples exhibited an ultimate tensile strength of 120 MPa, while the composite yielded
an ultimate tensile strength of only 98 MPa. Both materials demonstrated a highly plastic

response despite the ultimate differences.
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Figure 10. Room temperature true stress vs. true strain response of the consolidated pure
aluminum powders, and the composite materials containing 10 vol.% of NigiCo;MngeSnyy
particles, both consolidated at 560°C. Two specimens were tested from each case to verify the
material response.

Figure 11 displays optical microscopy images of two regions near the facture
surface of the tensile tested composite samples before the test and after the failure.
Cracks can be clearly seen cutting directly through a notable amount of the sensory
particles, but several others either went through the diffusion region only or around the
diffusion region/particle. Many polishing artifacts were noted, and a great deal of
polishing media remained on the surface, despite extensive cleaning. It also appeared
that during the final polishing stage with colloidal silica, grain boundaries of the
aluminum matrix were slightly etched. This was unexpected given that it was not

observed for the composite material consolidated at 400°C.
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Figure 11. Optical microscopy images of the tensile specimens of the Al — NisCo7MnseSnyy
composite material sintered at 560°C, before ((a) and (c)) and after ((b) and (d)) the tensile
testing to failure. Two different regions of the surface of the composite are represented: (a) and
(b) are closer to the fracture surface.

2.4 Discussion
In this study, we have shown that Nis3Co;Mn3eSn;; magnetic SMA particles can be
successfully embedded into pure aluminum through the consolidation of powder
precursors via SPS. Two composite materials Nis3C07Mn3zeSn;; were manufactured and
both yielded thermo-magnetic responses comparable to the thermo-magnetic response of
Nis3C07Mn3eSny; powder. The first composite was processed at 400°C and led to a
porous aluminum matrix with no diffusion between the magnetic SMA. Fatigue crack
testing of this composite demonstrated that cracks within the matrix caused martensitic
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transformation in the magnetic SMA particles. In addition, it highlighted the need for
strong bonding between the magnetic SMA particles and the matrix. The second
composite processed at 560°C displayed a fully dense aluminum matrix with a diffusion
zone between the aluminum matrix and the magnetic SMA particle. Characterization of
this diffusion zone revealed the likely presence of brittle intermetallics. Comparing the
composite to pure aluminum processed similarly demonstrated a significant reduction in
UTS and elongation to failure. This was attributed to strain incompatibility between the
ductile aluminum matrix and the stiff diffusion region. In this section the effect of
temperature on the particle-matrix interactions, the mechanical responses of the
composite material, and the effect of processing on magnetic responses of the

composites will be discussed in further detail.

2.4.1 Effect of Consolidation Temperature on the Particle-Matrix Interface

In this study, it was shown that the consolidation of the composite powders at 400°C
yielded a compact that demonstrated the feasibility of consolidating powder precursors
as a means of embedding magnetic SMA sensory particles into a matrix material, while
retaining the magnetic response of the magnetic SMA.

No discernable diffusion could be detected between the magnetic SMA particle
and the aluminum matrix in any of the images from the composite sintered at 400°C.
This indicated the lack of a long range chemical reaction between the particle and the
matrix. Additionally, we observed was the similar magnetization response of the

composite when normalized to of the magnetic SMA particles within the composite,
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which indicated that the magnetic SMA particles retained the ability to transform largely
unhindered.

Diffusion between the particle and the matrix was achieved by sintering at
560°C, yielding two distinct regions between the magnetic SMA particle and the
aluminum matrix. The overall thickness of the diffusion region was approximately
10pum. The dark outline around the magnetic SMA particle is an optical effect, since due
to hardness differences, the diffusion region did not polish as far into the surface as the
sensory particle. This left a “ledge” where the diffusion region and the magnetic SMA
material met, casting a shadow.

We compared the Al-Ni, Al-Co, Al-Mn, Al-Sn binary phase diagrams and the
Al-Mn-Ni ternary phase diagram in an attempt to determine the composition of the
diffusion regions [95-99]. Aluminum and tin were noted to be completely insoluble in
each other, and is a likely explanation for the two regions observed in the diffusion zone
between the magnetic SMA particle and the aluminum matrix. Aluminum-cobalt,
aluminum-manganese, and aluminum-nickel pairs all formed numerous line compounds
in the binary phase diagrams, and each has a eutectic line around 650°C for the
compounds that formed for aluminum concentration ranging from 80-90 at%.
Aluminum-nickel were the only pair to produce liquid below 600°C, however, it stopped
at 580°C (twenty degrees above the consolidation temperature). Therefore, we were
confident no liquid state was produced during the diffusional process. With this

information, we propose the following diffusional mechanisms.
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At 0.85 T, of aluminum in equilibrium, the vacancy concentration in the crystal
is 10° times higher than that at room temperature [100]. Additionally, the atomic sizes of
aluminum, nickel, manganese, and cobalt are all within 2 pm (low spin/high spin atomic
sizes need not be considered for cobalt and manganese due to processing occurring
above Curie point). Given the abundance of the vacancies in the aluminum matrix, it is
likely that the top layers of nickel, manganese, and cobalt diffuse first into the aluminum
matrix, providing avenues for the aluminum to begin diffusing into the magnetic SMA.
As tin and aluminum are insoluble, tin migrates opposite from the aluminum towards the
center of the magnetic SMA particle. As diffusion continues, the tin should have greater
difficulty penetrating further into the magnetic SMA due to its atomic size, and begin to
accumulate, forming the inner diffusion ring around the particles. This slows the
diffusion of nickel, manganese, and cobalt from the inside of the magnetic SMA particle
to the aluminum matrix, ensuring that aluminum was the predominant element in the
outer diffusion region. It is expected then that the outer diffusion region should consist
of aluminum-manganese-nickel/cobalt intermetallics (given the relatively low
concentration of cobalt in the magnetic SMA, it is expected to substitute for nickel rather
than forming a quarternary intermetallic). The formation of the aluminum-manganese-
nickel/cobalt intermetallics helps explain why the dark ring around the particles occurred
during polishing; the intermetallics are considerably harder than either the magnetic
SMA or the aluminum matrix, and would erode much slower during the polishing

process.
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If the above process is true, then it would be expected to see a core-shell
structure with an outer diffusion shell region, an inner diffusion shell of tin-rich material,
and a core of the magnetic SMA. Figure 12 displays the energy-dispersive X-ray
spectroscopy (EDS) elemental intensity maps for a magnetic SMA particle in the
aluminum matrix consolidated at 560°C (same specimen used for imaging in Figure 8)
and confirmed the proposed diffusion mechanisms. When the EDS maps were compared
with the back scatter electron image taken at the same time, four distinct regions were
visible: one containing only aluminum (the matrix), a second containing elemental
mixtures of aluminum, cobalt, manganese, and nickel (outer diffusion region), a third
rich in tin (inner diffusion region), and a fourth a containing only nickel, manganese,
cobalt, and tin (magnetic SMA). Interestingly, there appeared to be a ring of depleted
nickel at the boundary of the inner and outer diffusion regions. Given the intensities of
the other elements in that region, it is possible a tin-manganese, or tin-manganese-cobalt,
intermetallic was present. Additionally, the intensity (and therefore concentration) of
manganese in the outer diffusion region was less homogenous than that of nickel,
aluminum, and cobalt. It was unknown if this was an artifact of the resolution at which
the maps were taken, or if variations in concentration indicated more complex
intermetallics. Further quantitative compositional analysis is needed to better understand
the development of the diffusion interface between magnetic SMA and aluminum matrix

and its diffusional products.
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Figure 12. Back scatter electron image and EDS maps of a Nis;3Co7MngeSny; particle in the
aluminum matrix after consolidation at 560°C. Elemental labels are given in the top left corner
of each map, and greater color intensities indicate greater concentration of the particular element.
Note the rings of depleted nickel, and greater tin concentration at the boundary of the inner
diffusion region and the outer diffusion region.

2.4.2 Mechanical Properties of the Consolidates and Crack-Particle Interactions

Because of the porous nature of the 400°C consolidated composite, mechanical tensile
tests were not performed on them. However, the investigation of the 400°C consolidated
composite provided a means for preliminary investigation into whether or not cracks
moving through the matrix would induce martensitic transformation in the magnetic
SMA particles. Figure 4 showing the optical images taken during the fatigue crack
growth experiments confirmed that some particles in the path of the crack did undergo
partial transformation as seen by the surface relief of the martensite. They additionally

revealed that in some particles, debonding of the particle from the matrix occurred
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before the particle martensitically transformed. Leser et al. noted diffusion between the
NiTi particles and the matrix greatly increased the bond strength, and increased the
chances of stress transfer from the matrix to the particle [84]. This confirmed the
necessity of bonding between the magnetic SMA material and the host matrix for
effective transmission of stress, and to ensure the particles did not act as crack initiation
sites.

Comparison of the elongation at failure values for the samples from the pure
aluminum compact consolidated at 560°C in this study, 26% engineering strain (23%
true strain), with the results of Xie et al. [101], 12% (assumed engineering strain, type
not denoted in publication), demonstrated the notably higher values in our material. This
increase might have been caused by the higher pressure used to consolidate the powders
(100 MPa in this work vs. Xie et al.’s 47 MPa) during the SPS, but might also be the
differences in strain rates between methods; Xie et al reported a displacement rate of
0.03mms™, where as ours was 0.003mms™ (converted strain rate, given specimen
dimensions). The order of magnitude difference in testing rates is significant, however,
further comparison to results in literature for expected elongation at failure for bulk 1000
— O (commercially pure aluminum plate, annealed) reveals an expected failure at 28%
(true strain) at a strain rate of 3.0 x 10°3(s™)(0.03 mms™, converted from given strain rate
and stated sample dimensions) [102]. This comparison highlighted the improved
mechanical response of our material over Xie et al.’s, however demonstrated that our
material did not possess the same mechanical response as bulk aluminum (which is

expected of sintered powder products). Despite this, the results indicated that the
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processing parameters selected for both powder consolidations of our materials (pure
aluminum and the composite) should be adequate to achieve full density in the matrix
for good mechanical response.

The pure aluminum powder consolidated at 560°C also did not reveal any large
pores. As the composite followed the same processing parameters as the pure aluminum
compact, it was unlikely the composite material was poorly consolidated. Additionally,
the two materials demonstrated nearly identical yield stresses and Young’s moduli.
Therefore the large differences in mechanical responses between the two materials were
attributed to the creation of the diffusion region between the magnetic SMA sensory
particle and the aluminum matrix. Strain incompatibility of the highly ductile aluminum
matrix and the rigid diffusion region caused debonding and delamination of the diffusion
region/sensory particle from the matrix, nucleating cracks, rather than inducing
matensitic transformation in the magnetic SMA material. From these results, it appeared
that the thickness of the diffusion region should be optimized to ensure stress transfer
from the matrix to the particle without promoting debonding. Further work on
processing is needed to confirm ideal thickness of the diffusion region, and optimize its
properties.

The before and after images (Figure 11) of the tensile tested composite
consolidated at 560°C were instructive in regards to why the composite material fails
earlier than pure aluminum compacts, and confirmed the believed mechanism of early
failure. The cracks appear to initiate at or near the interface of the diffusion region and

the aluminum matrix. This was reasonable as the expected intermetallics of the diffusion
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region would be strong and brittle compared to the ductile aluminum matrix. The highly
ductile matrix would typically not exert enough stress to deform the intermetallic
phase(s), and debond instead. A majority of the cracks that interact with the particles
propagate through the diffusion region and debonded the particles. In the cases where
the magnetic SMA particles were fractured due to the interaction with cracks, the closer
inspection revealed that the fractures occurred along the grain boundaries of the
magnetic SMA. For the magnetic SMA material to accommodate the strains induced
through martensitic transformation across a grain boundary, five deformation systems
would be required; this material only possess three [103, 104]. Given the demonstrated
brittle nature of the diffusion region between the magnetic SMA and the aluminum
matrix, any stresses that were sufficiently high enough to initiate fracture within this
zone would have rapidly deformed the particles beyond their limit to accommodate the
strain, preferentially fracturing at the grain boundaries (which was observed). The likely
intermetallic nature of the diffusion region meant that should stresses reach the critical
values needed to transform the magnetic SMA material, the brittle nature of the
intermetallic would not permit the necessary strains for the magnetic SMA to do so.
Thus the magnetic SMA would debond from the diffusion zone, relieving the stress
needed to induce transformation, or the transformation would require further stress,
ultimately fracturing the diffusion region and relieving the stress. For these reasons, we
chose not perform the fatigue crack experiments on this material, as it was apparent
more understanding of the diffusion region was required to ensure desirable performance

of the sensory particles.
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2.4.3 Effect of Consolidation Temperature on Magnetic Response of the Composites
The thermo-magnetization response of the 400°C consolidate composite demonstrated a
neglible change in M, along with a 10°C change in M¢ and a 5°C change in As and As as
compared to the parent powder. The 560°C consolidated composite demonstrated a 6°C
shift in Mg, a -62°C shift in My, a 10°C in A and a 5°C shift in A as compared to the
parent powder. The hysteresis for both composite materials increased by 5°C from the
parent powder and both possessed very similar shapes, though the 560°C consolidated
composite exhibited a more elongated transformation range. The broader, flatter
transformation of the both composites was stark in contrast to the sharp and abrupt
transition of the parent magnetic SMA powder and indicated that an external influence
was slowing or retarding transformation of the magnetic SMA. Shifts in transformation
temperatures and changes in transformation ranges of magnetic SMA materials are
typically caused by either compositional changes within the magnetic SMA [57, 66, 68,
105-109] or degree of ordering in the austenite phase (i.e. L2; vs B, ordering in this type
of magnetic SMAs) [110-112].

The EDS maps in Figure 12 exhibited a uniform distribution of the nickel,
manganese, cobalt and tin elements within the core sensory particle from the composite
sintered at 560°C. If diffusion of the elements occurred due to a compositional shift, a
gradient of one or more elements would have been expected in the EDS maps for the
core magnetic SMA material. As the other composite material was sintered at 400°C
with no observed diffusion, we expected no change in that magnetic SMA material.

Furthermore Bruno et al determined bulk Nis3C07Mn3Sny; does not exhibit significant
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changes in transformation temperatures from secondary heat treatments at temperatures
up to 600°C [68], since this particular composition and other similar Sn containing
NiCoMn magnetic SMAs do not form second phase precipitates, and the
crystallographic order in their austenite phase does not change by these heat treatments
in contrast to significant changes in the crystallographic order in NiMnColn magnetic
SMAs [113]. They also demonstrate that only small changes in transformation
temperatures (less than 10°C) occurs for NigeMnzgCo4Sny; (very similar composition to
our material) after aging at 600°C for 1 hour [68]. While these changes in transformation
temperatures are more in line with those observed for the 400° consolidated composite,
it does not fully explain the broadening of the transformation range for either composite
material. Therefore, it is unlikely that either changes in magnetic ordering or
composition within the magnetic SMA are causes for the shifts in transformation
temperatures and elongation of the transformation range. In the case of the 400°C
consolidated composite, a better explanation would be the residual stresses induced by
different coefficients of thermal expansion for magnetic SMA and the aluminum matrix,
and in the case of the 560°C consolidated composite, a result of the interplay of residual
stress and diffusion between magnetic SMA and aluminum matrix.

Since the composite powders were sintered well above the austenite finish
temperature, and at a high enough temperature that martensitic transformation in the
particles would not be induced via stress, the particles remained in austenite for a
majority of the consolidation process and in their spherical shapes. Additionally, the

magnetic SMA and the aluminum matrix possess two noticeably different coefficients of
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thermal expansion. This means that stresses induced during cooling of the composite
between the magnetic SMA and the aluminum matrix would be applied isostatically
because of the particles spherical shapes. Noting that dislocation annealing occurs in
pure aluminum above 348°C [114], using the equation given below for a spherical
inclusion in a composite material [115], we can estimate the residual stresses evolved

during the cooling of the composite after consolidation.

(cty — a,)AT ( R >

B (1-2v,)/Y + (1 +vp) /2y \r +R

Where oy is the stress in the radial direction, oy IS the stress along the tangential
direction, am and oy are the coefficients of thermal expansion for the matrix and particle,
respectively, AT is the change in temperature, v, and vy, are the Poisson ratios for the
particle and matrix respectively, Y, and Y, are the respective young’s moduli for the
particle and matrix, and r is the distance from the interface and R is the radius of the
particle. Here, values for the material constants of Nis3Co;MnzeSny; were not readily
available; therefore the necessary material constants for NiMnColn magnetic shape
memory alloys, with similar transformation temperatures, were used instead as the two
materials behave very similarly. Noting that the maximum stress occurs at the interface
of the particle and matrix, when r=0, then the maximum stress is estimated to be 150
MPa. We determined a minimum distance of 30 um from the particle was necessary

before residual stresses fell below 30MPa.
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The stresses caused by a difference in thermal expansion might have affected the
transformation temperatures of the magnetic SMA. Hornbogen showed that the austenite
phase of a shape memory alloy could be stabilized if there was a geometric limitation to
the formation of martensite. If the shape of the austenite is physically constrained, then
an additional energy cost must be paid to overcome the stresses induce through the
creation of martensite, and the final product will likely yield a mixture of both austenite
and martensite [116]. While their system is for coherent particles in a parent phase,
something similar might have happened in the 400°C composite. The differences in
coefficients of thermal expansion would have induced dislocation generation in the
aluminum matrix, strengthening it. This would have confined the magnetic SMA
particle, requiring further undercooling to initiate martensitic transformation, and only
permitting select variants to form. Because of the stress state of the particle, and the
single crystal or oligocrystalline like nature of the magnetic SMA particle, as one variant
of martensite forms further variant formation is limited and required more driving force
(undercooling) to form. This stretched out the transformation of the material from
austenite to martensite, and modified the sharp transition of the free parent powder to the
response seen in the 400°C composite.

As each magnetic SMA particle can be treated like a single crystal, orientation
will impart a significant effect the strength of the particle. Softer orientations will
deform more, while harder orientations will be more resistant to deformation. Noting
that the aluminum matrix will have plastically deformed to accommodate the spherical

shape of the austenite phase in the magnetic SMA, magnetic SMA particles oriented in
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the harder directions would have additional driving force to transform to austenite due to
geometric preferences of the matrix. This resulted in the reduction of A; compared to the
parent powder. For the magnetic SMA particles oriented in the softer directions, plastic
deformation induced dislocations that stabilized the martensite phase. These particles
would require further heating to induce complete transformation back to austenite,
elongating the transformation and increasing As beyond that of the parent powder.

In the case of the 560°C consolidated composite, the process is made more
complicated by the diffusion region. As the composite cooled from 560°C to 400°C,
diffusion between the magnetic SMA and aluminum matrix slows and ultimately stops.
As cooling continues beyond 348°C, differences in coefficients of thermal expansion
between the matrix and diffusion zone begin to generate dislocations in the aluminum
matrix, strengthening it as before. In this case, the diffusion region ensures bonding
between the aluminum matrix and the magnetic SMA. As the composite cools to room
temperature, the stresses inflicted by the matrix are transferred through the diffusion
region, however the rigid nature of the (assumed) intermetallic restricts the strain of the
magnetic SMA. Therefore even further driving force (undercooling) is required, than in
the case of the 400°C, to transform the austenite to martensite elongating the
transformation. Again as the individual orientations of the magnetic SMA particles will
vary, particles oriented differently will experience different amounts of plastic
deformation. As before, those particles oriented in the harder directions quickly change

back to austenite (reducing As as compared to the parent powder), while the softer
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orientations require more driving force (heating) to transform back to austenite and

subsequently increasing As above what is observed for the parent powder.

2.5 Conclusions
In summary we have successfully demonstrated embedding a magnetic SMA material
into a host matrix through the consolidation of powder precursors via SPS. The resulting
compacts demonstrated notably different magnetic responses as compared to the parent
magnetic SMA powder, but retained the distinct change in magnetization indicative of
massive martensitic transformation. Consolidation at 400°C yielded a compact that was
porous, and demonstrated successful transformation of the magenetic SMA sensory
material in the presence of a crack. It subsequently revealed the requirement for an
intimate interface between the matrix and the magnetic SMA sensory material.
Consolidation at 560°C yielded a compact with a highly dense matrix and a diffusion
zone between the magnetic SMA material and the aluminum matrix. Two regions were
found to exist in the diffusion zone, one rich in tin and manganese, the other consisting
of aluminum, nickel, manganese, and cobalt. Tensile tests demonstrated an overall
reduction in mechanical properties for the composite as compared to pure aluminum
powder processed similarly at 560°C. The diffusion region was determined to be highly
brittle and the likely cause of the reduction in mechanical properties of the composite.
This demonstrated that while a bond between the magnetic SMA and aluminum matrix

was required for successful stress transfer and subsequent transformation of the magnetic
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SMA, the interface/diffusion region between the magnetic SMA and aluminum matrix
needed to be optimized to ensure the particle would not debond from the matrix.

Here the first two benchmarks for successful demonstration of magnetic SMAs
as sensory particles have been achieved. Firstly, magnetic SMA particles were
successfully incorporated into a host matrix through the consolidation of powder
precursors; secondly, the particles were shown to retain similar properties as compared
to the parent powder state.

To achieve optimized properties between the magnetic SMA particle and the
aluminum matrix, more information about the composition, structure, and mechanical
properties are required for the diffusion region. Additionally, as there is limited
information available about oligocrystalline or single crystal NissCo;Mn3gSny;, the

mechanical properties of the particles themselves should also be investigated.
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3. MECHANICAL AND QUANTITATIVE ELEMENTAL ANALYSIS OF THE
DIFFUSION PRODUCTS BETWEEN NI43C0O7MN39SN1; AND

PURE ALUMINUM

3.1 Introduction
As seen in the previous section, successful development of a magnetic SMA and
aluminum composite was fabricated from powder precursors. To achieve a material with
minimal porosity in the matrix, consolidation required temperatures high enough to
permit diffusion between the magnetic SMA sensory particles and the aluminum matrix.
As diffusion between the magnetic SMA and the matrix is an expected requirement for
an effective composite [84], and minimized the debonding between the particles and the
matrix, the brittle nature of the diffusion region caused a significant and detrimental
reduction of the mechanical properties of the matrix. To move forward with
development of a processing schedule that optimized the properties of the matrix, further
understanding and information about the diffusion region was necessary. Given that this
system had never been studied before, it was not possible to fabricate large scale
specimens, and employ macroscale characterization techniques to determine chemical,
structural, and mechanical properties. Even it were possible to do so, without knowledge
of what existed in the composite material, no direct comparisons could have been
performed. Therefore, a more reasonable approach was to investigate and test the

magnetic SMA particles and diffusion region within the composite material itself.
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3.2 Background
3.2.1 Microscale Quantitative Elemental Analysis
For effective monitoring, the sensory material would ideally be on the order of a few
tens of microns. Therefore, any mechanical testing or compositional analysis would need
to be effective at the micron scale. We have chosen to perform quantitative elemental
analysis with a wavelength dispersive spectrometer equipped electron probe micro-
analyzer (WDS-EPMA). This type of device is commonly used to determine elemental
concentrations and locations in highly chemically complex specimens [117-122]. It is
more precise in determining elemental concentrations than EDS, and less prone to error.
As the ultimate microstructure is unknown, and will likely be on the order of 10 pum,

high resolution and high accuracy are required.

3.2.2 Micromechanical Testing

For mechanical testing, we have chosen to perform nanoindentation. This offers the
ability to directly probe the mechanical properties of the Nis3sCo;Mn3eSny; particles as
well as the diffusion zone between the particles and matrix [120, 123-135]. Additionally,
combining this with the microstructural and elemental analyses will offer greater insight

into the mechanical properties of specific observed features.

3.2.3 Nis3C07Mn39Sny; Material Property Confirmation
Finally, the mechanical properties of single crystal and oligo-crystalline

Nis3C07MngeSnysare largely unknown due to its well-known inability to be grown into
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large scale singe crystals. Therefore, mechanical properties of the magnetic SMA, e.g.
Young’s Modulus, will be confirmed through resonant ultrasonic spectroscopy (RUS) of
a polycrystalline specimen manufactured from sintering the NissCo;Mn3sSniipowder
used as the sensory material. RUS uses wave propagation through a material to
determine the vibrational modes for well-known sample geometries, across a frequency
spectrum, fit a mathematical model to the observed peaks, and subsequently determine

material properties in a number of materials including magnetic SMAs [136-148].

3.2 Materials and Experimental Methods
3.2.1 Material Fabrication and Specimen Preparation
3.2.1.1 Powder Consolidation
Specimens used in the following characterization and analysis were taken from the same
materials manufactured in section two.

A third powder compact was made containing only the Nis3Co;Mn3eSny; pre-
alloyed powder (the powder was not heat treated before consolidation). Sufficient
powder was used to fabricate a compact that had the dimensions of 40mm diameter and
8mm, and followed the same sintering procedure stated previously, except that the
sintering pressure was held for 20 minutes to promote diffusion and densification. The
compact was then allowed to cool in the die until 50°C before extraction from the SPS
chamber and graphite die. Table 3 summarizes the main processing parameters used for

the Nis3Co7Mn3eSnyiconsolidation.
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Table 3. Summary of the main sintering parameters used to fabricate the compact of
Nig3C0;MngzeSny; using SPS.

Powder Mixture Sintering Sintering Loading Rate | Sintering Starting
(Matrix/Additive) ' Temperature (°C) Pressure (MPa) | (MPa/min) Atmosphere

- Vacuum
N|43C07Mn398n11 950 100 100 (~10'5Torr)

3.2.1.2 Specimen Section and Preparation
Two specimens for quantitative compositional analysis by a wavelength dispersive
spectrometer equipped electron probe micro-analyzer (WDS-EPMA) were sectioned
from the Aluminum- Niy3Co7MnzeSniicomposite material consolidated at 400°C with a
diamond saw rotating at 150rpm. These specimens were wrapped in tantalum foil and
sealed in separate quartz tubes under ultra-high purity argon. One specimen was heat
treated at 550°C for 20 minutes, while the other was heat treated at 550°C for 60
minutes. Both specimens were “air quenched” (removed from the furnace and allowed to
cool to room temperature on a heat resistant surface) before extraction from the quartz
tube. The specimens were mounted in bakelite and mechanically polished using various
steps starting from 600 grit silicon carbide paper down to 0.10 um diamond suspension
at the platen speed of 150 rpm. The specimens were then vibratory polished in 50nm
colloidal silica solution for 12 hours. A final polish on a polishing media free felt cloth
and DI water was used to remove polishing media still adhered to the surface of the
specimens.

One specimen for nanoindentation was sectioned from the Aluminum-
Nis3C07Mn3eSny; composite material consolidated at 560°C with a diamond saw rotating

at 150 rpm with dimensions of 8.75 x 7.25 x 3 mm. This specimen was then subject to
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the same polishing treatments stated above, except the specimen was adhered to an
appropriate mount for auto polishing and a Buehler Ecomet 3 Variable Speed Grinder-
Polisher with an AutoMet2000 Power Head was used to auto polish the specimen for the
steps preceding vibratory polishing. After polishing, the specimen was removed from the
auto polishing mount before nanoindentation was performed. Auto polishing was chosen
to better ensure parallelity between the base of the specimen and the indentation surface
S0 as to not obfuscate the indentation results.

One specimen for resonant ultrasonic spectroscopy (RUS), with dimensions 12 x
14 x 2 mm, was electric discharge machined (EDM) from the compact containing only
Nis3C07MngzeSnyiconsolidated at 950°C. The specimen was wrapped in tantalum foil,
sealed in a quartz tube under ultra-high purity argon atmosphere, heat treated for 28
hours at 950°C, and “air quenched” as previously stated. Both large planar surfaces were
then mechanically auto polished using various steps starting from 600 grit silicon
carbide paper down to 0.10 um diamond suspension at the platen speed of 150 rpm, then
the specimen was vibratory polished for 12 hours in a solution of colloidal silica. The
edges of the specimen were gently and carefully polished with a high rpm, hand held
abrasive polisher to remove EDM residue and as much surface roughness as possible
without significantly changing the dimensions of the specimen (final dimensions of

specimen were within 100pum of original dimensions).
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3.2.2 Characterization Techniques
3.2.2.1 Quantitative Elemental and Diffusion Analysis
EPMA X-ray elemental maps were obtain using a five (5) detector equipped Cameca
SXFive electron microprobe in the Materials Characterization Facility at Texas A&M
Univeristy (USA) calibrated with pure elemental standards for the following X-ray
elemental energies: Al (Ka), Ni (Ka)), Mn (Ka), Co (Ka), and Sn (La). It should be noted
there is some overlap in the Co (Ka) and Sn (La) energies, however it is not significant
enough to have a detrimental impact on the results. Maps sizes were 670 x 503 pixels
(dwell time: 40ms), and 428 x 569 pix (dwell time: 50ms) with a step size of 0.1um.
Maps show elemental distributions as atomic percentages (at.%). A back scatter electron
(BSE) image of the location is given for reference as a very minor shift in positioning
occurred when the system just before collecting the elemental distributions.
Thermodynamic equilibrium calculations were conducted using the CALPHAD
approach [149, 150] as implemented in the Thermo-Calc software [151]. Aluminum was
assumed to diffuse into Nis3Co;Mn3eSnyy, and the considered concentrations ranged
from 0-10 at.% solubility of aluminum in Nis3C0o7Mn3zeSnys, in increments of 0.1 at.%
(in the case of aluminum substituting for cobalt, the range was set to 0-7 at.%). These
calculations demonstrated no change in the Nis3C07MnseSnyy alloy, nor any impurity
phases, for any concentration of aluminum. As this was contradictory to the observed
experimental results, this indicated that diffusion did not occur from aluminum matrix to
Nis3C07Mn3zeSny1, but rather from the Niy3Co7MngzeSnyy particle to the aluminum matrix.

Given the more complex state of interaction an alternative approach was applied.
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The flux of elemental species in a multicomponent alloy, based on unreduced diffusion

coefficients, Djx in an isothermal, and isobaric state is expressed as [152, 153]:

dcy dc; dcg
Ji= _Zk:Dika = _Diia_ZDisa

where J; is the flux of species i with respect to the local lattice plane and the summation
over k is over all atom species in the crystal, and c is the concentration of species, and
should be noted the cross terms can have an appreciable effect on the atomic fluxes. The
unreduced diffusivities are related to thermodynamic, and kinetic factors, and are

expressed as [153]:

n a
oy
Dy, = — § Lika_cl
i=1 k

where L}, is the proportionality factor and y; is the chemical potential. Diffusion
coefficients for nickel, manganese, and cobalt were extracted from the MOBFE2
database within the DICTRA package [151, 154, 155]. For simplicity, only the
coefficients in the aluminum-based binary systems were considered. The diffusion

coefficient of tin in aluminum was obtained from [156].

59



3.2.2.2 Nanoindentation

Two sets of nanoindentation experiments were performed on the Aluminum-
Ni4s3C07Mn3zeSny; composite material consolidated at 560°C. The first experiment was a
set of 20 7 x 7 indentation grids with an indent spacing of 9um, loading at 500puNs™,
hold for ten seconds, and unloading at 2500uNs™, with a diamond Berkovich tip on a
Hysitron T1 950 Triboindenter in the Materials Characterization Facility at Texas A&M
University. Elastic analysis followed the universal stiffness equation, which relates the

contact stiffness, S, to the elastic modulus, E [123, 126, 131]:

szﬁ%Erﬂ

where £ is a geometric constant that depends on the indenter geometry (taken as 1 in this

work). The reduced modulus, E,, is given as follows:

-1

E _(1—Vi+1—v>
"\ E E

where E; and v; represent the elastic modulus and Poisson’s ratio of the indenter,
whereas E and v represent the elastic modulus and Poisson’s ratio of the indented
sample.

The hardness was estimated from the contact area using the relation
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Both the frame stiffness and the depth-area relationship were empirically
determined using a six term fit, based upon the indentation response of a fused silica
standard sample with depths ranging between 50 and 300 nm. Optical microscopy
images were taken of the indentation grids to correlate indentation position with the
force-displacement response.

The second experiment was a series of selective, singular indents on specific
regions of the Aluminum-Nis3Co;Mn3eSny; composite material consolidated at 560°C
(same specimen as used in Hysitron experiments). The selective indents were performed
using a Nanomechanics iMicro nanoindenter with an InForce 1000 actuator (maximum

load capability of 1N) and a diamond Berkovich tip with a constant loading rate over

load ( _Tfj ) of 0.2 s, In addition to recording force and displacement, continuous

stiffness measurements were also made at a target frequency of 110Hz and a RMS
dynamic displacement of 2 nm [128, 129, 131, 134]. The use of continuous stiffness
measurement allows observation of the depth-dependency of the measured properties.
Elastic analysis, frame stiffness, and the depth-area relationship were determined using
methods previously stated. The depth-area relationship was fit based upon a five term fit

over depths ranging between 150 and 1000 nm in fused silica.
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3.2.2.3 Resonant Ultrasonic Spectroscopy (RUS)

To confirm the Young’s modulus measurements acquired during nanoindentation,
resonant ultrasonic spectroscopy was performed on a parallelepiped specimen of sintered
Nis3Co7MngeSny; powder. Measurements were taken using a custom made high
temperature resonant ultrasound spectroscope (HT-RUS) utilizing a commercially
available RUS system (Magnaflux Quasar, Albuquerque, NM). The device was modified
for high temperature measurements by using large single crystal sapphire extension rods
to transmit ultrasound waves to transducers thereby protecting the transducers from the
high temperature environment. The parallelepiped specimen was supported by three
piezoelectric transducers, and high purity argon was used to purge and maintain an inert
atmosphere to hinder specimen oxidation at elevated temperatures.

The specimen was heated at 10°C.min™ and held isothermally for five minutes at
each desired temperature before the device swept a 10-500kHz frequency range to cover
the first 40 eigenfrequencies [137, 141, 143, 144, 146, 148]. Calculations for elastic
constants and elastic moduli were determined from RUS spectra using a
multidimensional algorithm (Magnaflux Quasar, Albuquerque, NM) that minimizes
root-mean-square error between measured and calculated resonant peaks. Initial inputs

were sample dimensions, mass, and estimated C1; and Ca4 elastic constants.
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3.3 Results

3.3.1 EPMA-WDS of Diffusion Regions Formed in 400°C Composite Subjected to
Secondary Heat Treatment and Predicted Elemental Diffusivities

Figure 13 displays the EPMA-WDS maps for a NissCo;MnseSnygparticle in the
aluminum matrix taken from the composite sintered at 400°C and subjected to 550°C for
20 minutes. Each elemental map was taken at the same location as the back scatter
electron (BSE) image, and a diagonal shift in position as compared to the BSE image
was noted. This shift was due to a minor error in the mechanism for position the stage
from saved coordinates. The colored scale bars depict increasing concentration in
atomic percent from black (bottom, lowest) to white (top, highest). Note that each scale
bar was optimized to show the greatest change in concentration for each of their
respective elements; therefore, aluminum has a concentration range from 0-100 at.%,
while cobalt has a concentration range from 0-10.5 at.%. While this slowed direct
comparison between each elemental map, it provided means by which finer and more
distinct concentration changes over smaller regions were observed. The concentrations
of each element within the core Nis3C07Mn3eSnysparticles were homogeneous and in
excellent agreement with the expected nominal concentration of the powder. This
indicated no internal diffusion occurred within the particle during the secondary heat

treatment to grow the diffusion region, maintaining the original composition.
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Figure 13. EPMA-WDS elemental concentration maps for a Ni;sCo;MnseSnyparticle from the
composite consolidated at 400°C then heat treated at 550°C for 20 minutes. The color bar to the
right of each map has been optimized separately for each element. Elemental labels are given in
the top right of each map. For reference and comparison, a back scatter electron image has been
provided of the same region in which the maps were taken.

The shape of the diffusion region was noted to be comprised of flares, or fins,
radiating away from the core Nis3C07MnzSnypparticle. It was uncertain whether this was
caused by the highly porous nature of the aluminum matrix restricting the directional
diffusion of the elements in the system, or if this was an effect of rapid diffusion of a
singular elements in a narrow cone.

Four distinct regions were observed in these maps. The first region, the matrix,
contained 100 at.% aluminum; the second, the outer diffusion zone, contained 70-75
at.% aluminum, 4-24 at.% nickel, 8-24 at.% manganese, 1-3 at.% cobalt, while no tin
was observed in this region; more specifically, three distinct phases were observed in the
outer diffusion region. Phase I. 75 at.% aluminum, 13 at.% manganese, 10 at.% nickel,

and 2 at.% cobalt; Phase II: 70 at.% aluminum, 22 at.% nickel, 5 at.% manganese, and
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2.5 at.% cobalt; and Phase IlI: 71 at.% aluminum, 14 at.% nickel, 12 at.% manganese,
and 3 at.% cobalt.

In the third region, the inner diffusion region, we observed concentrations were
24-29 at.% manganese, 5.25 at.% cobalt, and 15.5-21 at.% tin, and 0-20 at.% aluminum;
specifically, two distinct phases were observed. Phase 1V: 29 at.% nickel, 29 at.%
manganese, 23 at.% tin, 14 at.% aluminum, and 5.25 at.% cobalt; and Phase V: 42 at.%
nickel, 36 at.% manganese, 16 at.% tin, and 6 at.% cobalt. Finally, the fourth region, the
Nis3C07MngzeSnyiparticle, comprised of 43 at.% nickel, 39 at.% manganese, 11 at.% tin,
and 7 at % cobalt. Additionally, for the portions of the Nis3Co;Mn3eSnysparticle not in
contact with the aluminum matrix, changes in concentration were only observed for the
very edges of the particle, likely caused by edge effects and diffraction of the electron
beam, and interactions with the voids between materials. It was not expected this was
due to actual changes in composition of the material.

Figure 14 displays the EPMA-WDS elemental maps for a Nis3sCo7MnzeSnyy
particle in the aluminum matrix from the composite consolidated at 400°C and subjected
to 550°C for 60 minutes. As before, each elemental map was taken in the same location
as the BSE image and a diagonal shift in position was noted for the maps as compared to
the BSE image; this was due to the minor positioning error as previously stated. The
colored scale bars were also optimized for each individual element, as previously stated

for the same reasons.
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Figure 14. EPMA-WDS elemental concentration maps for a Ni;sCo;MnseSnyparticle from the
composite consolidated at 400°C then heat treated at 550°C for 60 minutes. The color bar to the
right of each map has been optimized separately for each element. Elemental labels are given in
the top right of each map. For reference and comparison, a back scatter electron image has been
provided of the same region in which the maps were taken.

The maps here demonstrated the same four regions of general elemental
segregation, but further delineation was observed within those regions. The matrix and
core NiszCo;Mn3eSnyimaterials maintained the same concentrations as observed for
Figure 13, but the inner and outer diffusion regions revealed a richer diversity of
diffusional products than previously expected. The outer diffusion region displayed
aluminum concentrations of 75-80 at.% at the outer most edge of the diffusion region,
while closer to the inner diffusion region a distinct shift to 50-65 at.% was noted.
According to the elemental maps, the sudden drop in aluminum concentration was
countered by a sudden increase in nickel, manganese, cobalt. What was surprising, is
that regions replete in nickel and cobalt appeared to be manganese poor, with the

opposite being true as well.
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Specifically, four distinct phases were observed in the outer diffusion region.
Phase VI: 75 at.% aluminum, 13 at.% nickel, 9 at.% manganese, and 2.75 at.% cobalt;
and Phase VII: 75 at.% aluminum, 13 at.% manganese, 10 at.% nickel, and 1.5 at.%
cobalt; Phase VIII: 63 at.% aluminum, 25 at.% nickel, 8 at.% manganese, and 4 at.%
cobalt. In particular, the right side of the outer diffusion region shows a region
containing 65 at.% aluminum, 20-22 at.% nickel, 4-4.5 at.% cobalt, and only 8-10 at.%
manganese; and Phase 1X: 59 at.% aluminum, 26 at.% manganese, 10 at.% nickel, and 5
at.% cobalt. The geometries of the manganese rich regions were notably similar to the
flare and fin shapes observed in the sample heat treated at 550°C for 20 minutes. The
regions rich in nickel and cobalt displayed forms more akin to fans and delta formations,
which indicated longer diffusion times (which was expected).

Three distinct phases were observed in the inner diffusion region. Phase X: 50
at.% manganese, 38 at.% tin, 10 at.% nickel, and 2 at.% cobalt; Phase XI: 40 at.%
manganese, 29 at.% nickel 27 at.% tin, 4 at.% cobalt; Phases XII: 39 at.% nickel, 31
at.% manganese, 23 at.% tin, 7.25 at.% cobalt; and finally the fourth region, the
Nis3C07Mn3eSny; particle, demonstrated the same concentrations of nickel, manganese,
cobalt, and tin seen previously.

The greater diversity in diffusional products within both the inner and outer
diffusion regions for the extended time at 550°C suggested the system had not achieved

thermodynamic equilibrium after 60 minutes.
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3.3.2 Structure and Phase Stability Analysis

A phase diagram based on the equilibria between Nis3Co7Mnsy and Al was
calculated and is illustrated in Figure 15. Nis3Co;Mnsy system was taken as an
approximation for the Heusler particle in this study, and the presence of Sn was
neglected due to lack of sufficient data. The studied system is 1 mole, and confined to
have 0.5 mole Nis3Co7Mnsp, and 0.5 mole Al. It is worthwhile to point out that Sn does
not form compounds with Al according to the binary Al-Sn phase diagram, however
ternary compounds may form in combination with other elements. Considering the
isothermal state of 560 °C, the diffusion path between Nis3Co;Mnsy and Al passes
through different one-, two-, and three-phase regions in which the intermetallic phases
BCC_B2(2), FCC_L12, CUB-A13, AlsNip, AlgMns, Al;3Co4, AliMng (LT: Low
Temperature), AlgCo,, and Als;MngNi, are thermodynamically stable. For instance,
when x_AI=0.5, and T=560°C, the single point phase equilibria calculations indicate that
only AlzNi,, AlgMns, and BCC_B2(2) phases are present, and the mole fraction of these

co-existing phases are 0.01324, 0.30332, and 0.68334 respectively.
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Figure 15. The calculated phase diagram for Ni43Co7Mn50-Al system. The isothermal line at
560 °C passes through different multiple phase regions that include Cubic-Al3, BCC_B2(2),
A|3Ni, A|3Ni2, AIgMn5, A|13CO4, A|31Mn6Ni2, A|13CO4, AIgCOg

Here, we limited the discussion to the phases that appear across the isothermal
diffusion line at 560°C. Both BCC_B2, FCC_L12 are suffixes that are used to identify
ordered BCC, and FCC phase structures with a three sublattice configuration, AnBnCo.
The site fraction configuration of BCC_B2 phase is m = 0.5, n = 0.5, and 0 = 3, and the
site fraction of FCC_L12 phase is m = 0.75, n = 0.25, and o = 1. Since there are several
possible composition sets for these phases, the number in between the parenthesis in
front of the suffixes differentiates between these possible states in the phase diagram.
CUB_A13 is a Mn-based disordered structure with a two sublattice configuration, AnBy,
where m = 1, and n = 1 are the site fractions. AlsNi; is a three sublattice structure with

m =3, n = 2, and 0=1 as side fractions. In this configuration, Al always resides in the
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first sublattice, Al and Ni both can reside in the second sublattice, and Ni, and vacancy
interchange role in the third sublattice. AlgMns is a three sublattice structure with m =
12, n =5, and 0 = 9 as side fractions. Al;1:Mn, (LT) , Al13C04, Al;1Mny4 (LT), and AlgCo,
are two sublattice structures with site fractions as indicated by their suffixes. Alz;MngNi;

is an orthorhombic fixed stoichiometry ternary compound.

Sn-based thermodynamic data were investigated separately. While limited data is
available for Sn-based systems such as Co-Ni-Sn (25°C) [157], and Sn-Ni-Al (25°C)
[158], their respective binary phase diagrams indicated NisSn and/or NizSn, were likely
to form. To rigorously define which phases are likely to appear during the evolution of
the microstructure, other factors such as driving force for nucleation and Kinetic
contributions (rate of Al diffusion in NiCoMnSn particle, and/or rate of impurity
diffusion in Al) should be carefully investigated. In this respect, Table 4 summarizes the
calculated diffusivities for each of the elements in the Nis3C07Mn3zeSny; particle within a
hosting aluminum matrix. The fastest diffusive elements are tin, cobalt, nickel, and
manganese, respectively. However, given the relatively low concentration of cobalt in
the system, and immiscibility of Sn in Al, it may be inferred that the impurity phases

containing Ni, and Mn are more likely to be observed than those containing Co or Sn.
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Table 4. Calculated diffusivities for each element in the Nis3Co;MnseSnywithin an aluminum
matrix at 560°C.

Nickel Manganese Cobalt Tin
Temperature | Diffusivity | Diffusivity | Diffusivity | Diffusivity |Matrix Element
(°C) (m?s™) (m?s™) (m?s™) (m?s™)
560 3.12452 5.77008 5.07776 1.6512 Aluminum
x 10713 x 10716 x 10713 x 10712

3.3.3 Micro-mechanical Material Response of Ni;3Co07MngeSny; and the Diffusion
Region via Nanoindentation
3.3.3.1 Indentations Performed with Hysitron
Figure 16 displays a representative set of 7 x 7 grid nanoindentations performed with
the Hysitron nanoindentation machine (optical microscopy image on the left) on the
composite sample consolidated at 560°C. The corresponding force-displacement curves
for each indent in the set are given on the right, with indents of the different regions
(matrix, particle, diffusion zone) differentiated by color; orange for the indents
performed on the diffusion region, teal for the Nis3C07MngzgSnyisensory particle, and
blue for the matrix. Indents marked in dark red indicate indents that occurred at
boundary regions between the different phases and yielded mixed material responses,
and were not used in the analysis of the material properties.

Distinct clustering of material responses was observed in the nanoindentation
results and indicated notably different moduli and hardness between the three major
phases observed (matrix, diffusion region, aluminum matrix). The diffusion region

demonstrated the smallest indentation depth for the maximum load applied, and was
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expected given its composition and likely intermetallic phases. Indent depth ranged from
100 nm to 140 nm at peak load. With such small indentation depths, compositional
differences between inner and outer regions of the diffusion zone may contribute to the
scatter in the corresponding load-depth curves gathered for grid indentation. Due to the
quasistatic nature of these indents and lack of knowledge regarding thickness of the
diffusion zone directly beneath each indent, the possibility of measurement
contamination by the matrix or particulate cannot be discarded for indents in the
diffusion region. Inspection of the unloading portion of the curve for the diffusion region
demonstrated a highly linear region with a small amount of elastic recovery and
indicated a very brittle material with low ductility. This further confirmed the
intermetallic nature of the diffusion region.

Indentations on the Nis3Co7Mn3eSnysparticles yielded a tighter cluster of material
responses and indicated a uniform material response within the particle. This further
supported the observation of the homogenous nature for solution heat treat particles, and
confirmed that significant diffusion within the core regions of the
Nis3Co7MngzeSnyiparticles did not occur during processing. Indentation depths ranged
from 160 nm to 180 nm at peak load, and analysis of the unloading curve demonstrated a
highly linear response, with a slight increase in the amount of elastic recovery as
compared to the diffusion region. This indicated a softer, more ductile material response
than that of the diffusion region.

Indents performed on the aluminum matrix yielded a broad range of indentation

depths spanning 540 nm to 640 nm. Analysis of the unloading portion demonstrated
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almost no elastic recovery and indicated a soft, highly ductile material (expected of pure
aluminum). The broad range in indentation depths was believed to be largely influenced
by the distance between indents in the matrix. In an effort to acquire as much
information about the mechanical properties of the diffusion region and the
Nis3Co7MngzeSnygparticles, the indentation spacing within the grid was reduced; the cost
for this was indents in the matrix being too close together for their size. Furthermore,
closer inspection of the indents themselves displayed “pile up” along the outer edges of
the indents; this caused further over estimation of material response as the device was
not properly calculating contact area with respect to depth. For these reasons, analysis of

the indents for the aluminum matrix were not performed for results from the Hysitron.
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Figure 16. Optical image of a representative nanoindentation grid performed with the Hysitron,
the corresponding for force-displacement curves for indents seen in the optical image, and the
combined force-displacement curves for the diffusion region and Nis;Co;Mn3eSnysparticles from
all 20 sets of 7x7 indentation grids.
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3.3.3.2 Indentations Performed with iMicro

Figure 17 displays representative scanning electron microscopy images of indentations
performed on the Nis3C07MnsgSnypparticles embedded within the aluminum matrix for
the composite consolidated at 560°C. The type of image, secondary versus back scatter
electron, is indicated in the lower left hand corner of the images. The corresponding
force-displacement curves for the four observed indentations are given directly below
the micrographs. The inset within the force-displacement plot indicates the hardness and
modulus as a function of depth for the curve indicated in black. This same indent is
highlighted in the micrographs with a white dashed line. Image analysis of the SEM
micrographs confirmed indentation spacing to be greater than or equal to the commonly
recommended 2.5 times indentation width.

Indentation depths reached 500 nm (2.5 times the depth for Hysitron data) and
peak loads of 22,000 uN (4.4 times that for indents with the Hysitron). The force-
displacement curves demonstrated similar shapes to those observed with the Hysitron,
largely the highly linear unloading portion with some elastic recovery at the end. All
four indents demonstrate acceptable uniformity in the loading and unloading portion of
the force-displacement curve, with dissimilarities likely due to indents performed on
martensite versus austenite within the particle. The inset plotting hardness and modulus
as a function of depth revealed stable material response after a depth of 210 nm was
achieved, and the micrographs of the indents do not reveal pile up at the indentation site.
The variation of observed material properties is within the expected range for differences

between austenite and martensite. Due to the minor differences in material responses
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between the phases and to simplify the discussion in this paper, analysis of the material
properties for the Nis3Co;MngeSnyparticles will treat each phase (austenite and

martensite) as the same rather than differentiating between them.
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Figure 17. SEM images of representative indentations made on the Ni»sCo;MnzeSny; particles
and their subsequent Force-displacement curves. White dashed circles indicate the indent

relating to the dark line in the force-displacement curve, and the insert depicts the hardness and
modulus as a function of depth for the same indent.
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Figure 18 shows the scanning electron microscopy images for the indentations
performed on the diffusion region observed in the composite consolidated at 560°C.
Back scatter versus secondary electron is indicated in the lower right of each image with
the force-displacement curves for the observed indentations given directly below the
micrographs. As before, the inset within the force-displacement plot gives modulus and
hardness as functions of indentation depth for the indent marked with a black line (force-
displacement plot), with the actual indent highlighted with a white dashed line in the
micrograph. Image analysis of the SEM micrographs confirmed the spacing between
indents to be greater than or equal to the recommended 2.5 times the indentation width.
After the indentation reaches depths in the range of 100-200 nm, the stress field reaches
self-similarity. Should a substrate effect contaminate the data, the elastic modulus would
decrease or increase as a function of depth. However, because the elastic modulus is
constant as a function of depth once elastic-plastic contact has developed, the
measurements in the diffusion region do not indicate any contamination from the

Nis3C07Mn3gSng;0r the aluminum matrix.
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Figure 18. SEM images of the indentations made on the diffusion region. White dashed circles
indicate the indent for which the dark line of the force-displacment curves indicates. The insert
depicts the modulus and hardness as a function of depth for the same indent.

Comparison of the BSE image with those in Figure 14 and Figure 18 indicated
the majority of the indents performed here were on in the region predominately
containing aluminum-nickel-cobalt and aluminum-manganese phases. Indentations
achieved a depth of 350 nm and peak loads 20,000 to 22,000 N, and the inset of the
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force-displacement curves showed a stable material response at a minimum depth of 110
nm. The portions of the force-displacement curves that indicated loading and unloading
displayed high uniformity, with the unloading portion indicated a highly linear response
with a small degree of elastic recovery at the end. All eleven indents demonstrated high
uniformity in material response despite the dissimilarities observed in the microstructure
of the region. While no indents were performed within the inner diffusion region (which
demonstrated a significant shift in composition), the mean values for hardness and
modulus for the diffusion region were determined using this data.

Indentation on the aluminum matrix resulted in residual indent impressions with
significant pile up. Using a Keyance VH-Z500 microscope at 5000x magnification, the
ultimate contact area at 2 pm indentation depth was measured optically. This ultimate
contact area was used for the calculation of both modulus and hardness. For a set of nine
indents, the measured elastic modulus and hardness of the Al matrix were 67 + 1 and
402 £ 20 MPa, respectively. This elastic modulus value agrees well with the values from
literature (67 GPa). Pure aluminum samples in literature have yield strengths near 10-20
MPa, or hardnesses near 30-50 MPa (assuming a Tabor constraint factor of 2.8) [159,
160]. However, these hardness values have been observed to increase to 300-400 MPa
with cold working [161, 162].

Table 5 summarizes the material properties calculated from the nanoindentation
performed by the Hysitron and the iMicro. Comparison of the results from both devices
demonstrated that the calculated values lay within a standard deviation of each other.

This indicated the observed material properties for the Nis3Co7;Mn3Sn;; particles and
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diffusion region were accurate. It should be noted that the majority of indents occurred
in the outer diffusion region of the diffusion zone, and the mechanical properties
reported are indicative of only that region. Further work would need to be done to
specifically probe the inner diffusion region and determine if the mechanical properties
were similar to that of the outer diffusion region, given that the two demonstrated

significantly different compositions.

Table 5. Table summarizing the calculated material properties for NisiCo;MngSnpand the
diffusion interface with aluminum through nanoindentation.

. . Number of Modulus (Mean) | Hardness (Mean)

Device Region Tested Indents (GPa £ o) (GPa £ o)

§ Ni7Mn39C078n11 81 129 + 11 4.9 +0.7

T Diffusion Region 219 17515 9+1

) Ni7Mn39C078n11 13 127 +6 45+04

(&)

= e .

= Diffusion Region 11 163+5 10.0£0.3

3.3.4 Microstructure of SPS Nis3C0;Mn33Sn;; and RUS Material Property

Determinations

Figure 19 exhibits the microstructure of the Nis3C07;Mn3eSny; powder sintered at 950°C
and solution heat treated for 28 hours at 950°C. Surface deformations were observed,
likely remnants form the polishing process, but the general microstructure appeared

homogeneous. A few pores and some martensite was noted in a few of the grains and
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grain boundaries, however no phase separation or secondary phases were observed. This
indicated the material was highly dense and uniform after the sintered and heat treatment
processes. Thus it was expected the derived material properties from the RUS
experiments would vyield material properties for the polycrystalline pure

Ni43CO7M n398n11.
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Figure 19. Scanning electron micrographs of the sintered NisCo;MnsgSnipowder at 950°C.

Figure 20 exhibits the cooling and heating thermograms acquired from the
differential scanning calorimetry performed on a portion of the Ni;3Co;Mn3sSny;powder
sintered at 950°C and heat treat for 28 hours at 950°C. Transformation temperatures are
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indicated at the intersection of the tangents, and are summarized in the inset table. The
colored circles overlaid on the heating curve indicate the temperatures at which the RUS
experiments were performed. The martensite finish and austenite start temperatures
presented some difficulty in their determination as the transformation regions were

elongated and diffuse.
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Figure 20. Differential scanning calorimetry thermogram for SPS sintered NiszCo;MnseSny;
material. The inset table summarizes the transformation temperatures determined by intersecting
tangent method (denoted by black dashed lines). The colored circles overlaid on the heating
curve correlate to the colors and temperatures given in table 6.

Table 6 summarizes the material constants determined or the SPS
Nis3Co7MnzeSnypowder used in the RUS experiment. The colored cells in the left hand
column of the table correlate with the same colored circles overlaid on the heating DSC

thermogram of Figure 20. Very little change is noted in the material constants across the
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temperature range tested. The RMS error, presented in the last column on the right, was
consistently less than 0.5% which indicated excellent fit of the peak positions of the
sonogram, and indicated good fit between the model and peak position within the

spectra.

Table 6. Summary of material properties determined buy RUS on the sintered NigssCo;MnzeSnyy
material

Bulk Shear | Young's
Modulus |Modulus| Modulus
(GPa) (GPa) (GPa)

Temperature
(°C)

Poisson’'s|C11,22.33C231312Cas 55664 RMS
Ratio |(GPa) (GPa) | (GPa) error (%)

14434 | 52.20 | 139.75 0.34 [213.94/109.54| 52.20 A 0.386

14534 | 52.15 | 139.73 0.34 |214.87/110.57| 52.15 | 0.346

145.73 | 52.00 | 139.43 0.34 |215.07|111.06| 52.00 | 0.400

146.00 | 51.89 | 139.18 0.34 [215.19/111.41 51.89 | 0.384

14558 | 51.88 | 139.11 0.34 |214.75/110.10 51.88 | 0.378

14458 | 51.79 | 138.80 0.34 |213.63/110.05| 51.79 | 0.380

145.29 | 5158 | 138.36 0.34 |214.06/110.91 51.58 | 0.370

3.4 Discussion
Consolidation of the pure aluminum and Nis3Co7Mn3eSnyipowders at 400°C vyielded a
composite with a highly porous matrix, yet no diffusion occurred between the two
materials (as desired). This meant that controlled growth of a diffusion region between
the Nis3Co;MngeSniand pure aluminum could be achieved with secondary heat

treatments, and permitted observation of the diffusional products at different time
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intervals. This was important to better understand how the diffusion region grew and
developed. As the intended use of these Nis3C07MngeSnyiparticles focused on
embedding them in aluminum based alloys, the evolution of the diffusion products here
would lend insight into the expected phases to be observed in the diffusion region

between the Nis3C07Mn39Sn;; particles and the aerospace grade aluminum.

3.4.1 Effect of Consolidation Temperature and Secondary Heat Treatments on the
Microstructure of Consolidates

As predicted by the diffusion modeling from DICTRA, atoms from the
Nis3Co7MngeSnyiparticle were observed to migrate into the aluminum matrix as
demonstrated by the concentration gradient seen in the WDS maps for nickel and
manganese of Figure 13. Furthermore, the insolubility of tin in aluminum caused tin to
diffuse toward the center of the Nis3Co;Mn3gSnyiparticle, and created a tin rich ring at

the boundary of the particle.

3.4.1.1 400°C Consolidated Composite Exposed to Secondary Heat Treatments

Exposing the sample for the consolidation at 400°C to 550°C for 20 minutes, yielded
three distinct phases in the outer diffusion region, and two in the inner. Comparison of
the atomic percentages of aluminum, nickel, and manganese to the phases present in
their ternary phase diagram (600°C) [95] indicated the presence of NiAls, Mnsz3Al2308
and Al3;MngNi,. These compounds are also among the suggested stable phases by our

calculated phase diagram. Further comparison of the binary Ni-Al and Ni-Mn [96, 163]
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phases via the concentrations determined by WDS confirmed the presence of NiAl;
(Phase I1), as it is also shown as an stable phase in the calculated phase diagram. MnAlg
is yet another likely candidate which was both indicated by the phase-diagram and WDS
results, and given the similarity in atomic sizes between cobalt and manganese, and
noting the comparatively low concentration of cobalt, it was likely the cobalt substituted
for the manganese rather than forming a new phase. Adding the atomic percentage of
cobalt to that of manganese yielded a concentration only 0.5 at.% greater than the
concentration determined for the line compound Mnsz3Alo30s. Therefore, we believed
the more likely phase present was Mnssz 3Al2308 (Phase 1) as stated by the ternary phase
diagram. Converting the molar concentrations of aluminum, manganese, and nickel in
the Al3;MngNi, compound, to atomic percentages yielded values of 79.50 at.%
aluminum, 15.38 at.% manganese, and 5.13 at.% nickel. It was initially thought Phase 111
to be the Al3;MngNiy, but the measured concentrations of nickel were significantly
higher than was expected for the Al3;MngNi, compound. However, as the Alz;MngNi; is
a solid solution, it is possible a supersaturated version containing extra nickel was
present and lead to the precipitation of the NiAlsz intermetallic; it is also possible that
Phase 111 was merely the result of concentration gradients between the Al-Ni and Al-Mn
intermetallics and the resolution of the map was not sufficiently fine to distinguish the
small scale variations, subsequently showing the differences as a new phase. As no
distinct regions with the appropriate concentrations of aluminum, nickel, and manganese

for Al3;MngNi; solid solution were observed, its presence was not confirmed. However,
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given the other intermetallic species, its presence of the ternary solid solution was
suggested.

Confirmation of the NiAl; intermetallic and the suggested presence of
Al3;MngNi, was in agreement with the predictions made by the calculated phase-
diagram. The obtained phase-diagram also predicted other intermetallic compounds
depending on the Al enrichment in the diffusion zone. The presence of these other
compounds was dependent on kinetic factors and, their stability with regard to other
predicted phases, and was not confirmed by the WDS-EPMA results.

Phase 1V and Phase V of the inner diffusion region presented more difficulty in
their identification. As each of the five elements were in Phase IV, different scenarios
were considered. As tin and aluminum are insoluble [99], it was not expected that
intermetallics containing both tin and aluminum would form; this was confirmed through
analysis of the ternary phase diagram for Al-Ni-Sn (25°C) [158] which yielded possible
phases as NiAl, Ni3Sns and elemental Sn (no phase diagram was available for Al-Mn-
Sn). Analysis of the Mn-Ni-Sn ternary (400°C) [164] for the measured atomic
percentages suggested a three phase region consisting of NizSn, MnSn;, and liquid Sn.
Noting the cobalt concentration of this phase was 5 at.%, consideration of the Ni-Mn-Co
ternary diagram (25°C) [165] shows a combination of two single phase regions: Ni-Mn
solid solution, and a Ni-Mn-Co high temperature phase solid solution. Finally, the binary
phase diagrams for Mn-Sn and Ni-Sn [166, 167] both demonstrated solid solutions at 25
at.% tin, forming Mn3Sn and Ni3Sn solid solutions. As no evidence for liquid tin was

observed in the microstructure, and both cobalt and aluminum are soluble in manganese
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and nickel, we believed that Phase 1V was a solid solution of Ni-Mn-Co-Sn-Al, with
very slight segregation between the aluminum and tin (aluminum preferring the nickel,
and tin preferring the manganese).

Phase V was determined to be a Ni-Mn-Co-Sn solid solution, given the analysis
of the appropriate phase diagrams previously stated. The intermetallic CoszSn,, while
suggested as a possible phase from the Co-Sn binary given the concentrations, no
distinct phases with concentrations of cobalt higher than the parent Nis3sCo;MnzeSnyg
were observed. Therefore, it was believed only the solid solution was present.
Comparing the identified phases to the phases predicted by the thermodynamic stability
analysis showed minor dissimilarity. This is likely due to the non-equilibrium condition
of the physical system as is evidenced by the solid solution containing both tin and
aluminum. The steep concentration gradients, and short diffusion times, likely provided
sufficient driving force to stabilize the observed metastable regions.

Extending the heat treatment time to 60 minutes at 550°C grew the diffusion
region larger as compared to the sample exposed for only 20 minutes. In addition to the
size, more distinct phases were observed within the inner and outer diffusion regions. In
the outer diffusion region, 4 distinct phases were observed (Phases VI-1X), and three
phases in the inner diffusion region (Phases X-XII). Comparison to the phase diagrams
as above determined that Phase VI and Phase Il were likely the same observed phase
(NizAl solid solution); Phase VII and Phase | were likely the same observed phase
(Mns33Al2308); Phase VIII was determined to be NiAls; Phase IX was determined to be

Mni1Als solid solution; Phase X was determined to be MnsSn,. Given the relative
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concentrations of manganese, and tin, it was likely that the Mn,Sn solid solution formed
at 550°C [166]. Upon cooling the majority of this material then transformed into the
MnsSn; intermetallic. Noting that the nickel concentration was not insignificant, analysis
of the Mn-Sn and Ni-Sn [167] phase diagrams revealed that for 25 at.% Sn, manganese
and nickel formed an intermetallic and solid solution, respectively, with identical crystal
structures. Therefore we believed the resulting intermetallic was based on the Mn3Sn;
crystal structure, but contained notable substitutions by cobalt and nickel. Phase XI was
determined to most likely consist of a nickel-manganese-tin solid solution with minor
substitutions by cobalt; and finally Phase XI1 was determined to be very similar to Phase
V (nickel-manganese-cobalt solid solution with substitutions by tin). The core
Nis3C07MngeSny; particle demonstrated no change in composition as compared to the
nominal composition and the composition of the core Nis3Co7;MnzeSnyiparticle after 20
minutes at 550°C.

A number of important points should be made about this system. First, despite
the calculated diffusivity coefficient of manganese exhibiting a value three orders of
magnitude smaller than the values for cobalt and nickel, manganese had a significant
impact on the diffusional products of the system. Second, alternative approaches such as
Density Functional theory for studying the mechanism of diffusion in the Huseler
structure should be considered in future modeling. Third, the interaction between the
five elements of the system provided more complex thermodynamic states and kinetic
mechanisms than was expected, and emphasized that the simple assumptions for

diffusion through aluminum were largely inaccurate. Fourth, given the diffusivity for tin
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being the highest of the system, intermetallics between it, cobalt, manganese, or nickel
were only observed for the extended time at 550°C due to stability of Mn or Ni based
compounds comparing to that of Sn compounds. And finally, it is worthwhile to point
out that the thermodynamic state of the observed quaternary solid-solutions are not yet
assessed.

Noting the differences between the calculated phases determined through the
ThermoCalc calculations and those determined from the WDS maps, indicated that the
Nis3C07Mn3eSnys-Al system had not achieved equilibrium after 60 minutes at 550°C,
and that further times at elevated temperature would likely continue to evolve the

system.

3.4.1.2 560°C Consolidated Composite compared to 400°C Consolidated + 550°C

for 60 minutes

Comparing the BSE images of Figure 8 to that of Figure 18 demonstrated significant
similarities in the diffusion regions. In the outer diffusion region of both, at least two
distinct phases were observed (as seen by contrast differences), and closer inspection of
the BSE image in Figure 18 showed almost identical features as seen in the BSE image
of Figure 14. Further comparison of the EDS maps shown in Figure 12 to the WDS
maps in Figure 18 demonstrated remarkably similar segregation of the elements,
including the nickel depleted ring at the boundary of the inner and outer diffusion
regions. The similarities in the BSE images, the EDS maps and WDS maps, and the

10°C difference in consolidation temperature (560°C) and secondary heat treatment
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temperature (550°C) for each compact respectively, we believe the diffusion regions
observed in both composites to be reasonably similar. While the different phase fractions
and sizes of the intermetallics would vary, we expected the diffusion regions to possess
largely similar mechanical responses. Therefore, it was believed the mechanical
properties determined through nanoindentation would be representative of the
mechanical properties of the diffusion zone created by exposing the specimen from the

400°C consolidated composite to 550°C for 60 minutes.

3.4.2 Micro-mechanical Properties of Ni;3C07Mn39Sns; and the Diffusion Region
Comparison of the material properties determined through nanoindentation between the
machines showed that the Hysitron over estimated both the modulus and hardness of the
diffusion region and Nis3C07Mn39Sny; particle. This was likely due to the depth to which
the indents penetrated for the indents made in the Hysitron. While the iMicro
demonstrated that a depth of 150 nm vyielded a stable material response within the
Nis3Co7MngeSnyiparticle as seen by the modulus versus depth plot (with only three
Hysitorn indents that did not meet that criteria), only seven indents surpassed the depth
of 200 nm. It seemed reasonable then the shallower indents would overestimate the
modulus and hardness of the material.

The same trend was observed for the indents taken in the diffusion region. With a
minimum depth of 125 nm being sufficient for stable material response, as seen in the
modulus versus depth plot for the diffusion region indents of the iMicro, eight indents

were insufficiently deep and only ten surpassed 160 nm (less than half of the maximum
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depth for the iMicro). Then as before it was sensible that the shallower indents made
with the Hysitron overestimated the material properties. Despite these differences,

however, reasonable agreement was achieved between the two different methods.

3.4.3 Material Properties of Sintered Ni;sCo7Mn3Sny; via RUS

The transformation temperatures of the sintered Nis3Co;MnsSnizpowder through
analysis of thermograms obtained from the DSC demonstrated significantly lower
transformation temperatures than that reported in literature for powders of the same
composition. Kainuma et al report 36°C, -23°C, 27°C, and 62°C for Ms Mg, A, Ay,
respectively, and Monroe et al report 42°C, 26°C, 46°C, 60°C for Ms M;, A, Ay,
respectively (versus 19°C, -14°C, 4°C, and 40°C for Ms M, As, Ay, respectively, in this
work). While differences in transformation temperature reported here versus literature
are significant, care must be made before making direct comparisons.

The transformation temperatures Ito et al reports were determined from thermo-
magnetization plots at 500 Oe (0.05T). While this is commonly acceptable as
comparable to zero magnetic field, the specimens for those type of tests are typically less
than one gram of material; furthermore, Kainuma et al show DSC thermograms with
significantly higher temperatures than those determine using the thermo-magnetization
plots [73]. They addressed this discrepancy in their data by stating the sample for DSC
was significantly larger containing larger columnar grains that spanned the specimen’s
microstructure, whereas the samples for magnetization experiments only contain a few

grains. As grain boundaries restrict the transformation from austenite to martensite,
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suppressing transformation temperatures due to the stored elastic energy the
transformation causes, specimens with larger grains and fewer grain boundaries would
express higher transformation temperatures [68, 168, 169].

Direct comparison to Monroe et al’s data proved difficult for the same reasons.
In their work, they manufacture a highly porous metallic foam using the same
composition and particle size of Niy3C07MnszeSny; as the present work. Due to the large
pores in the microstructure creating significant amounts of free surface to relieve the
elastic energy caused by martensitic transformation, they report significantly higher
transformation temperatures than the present work as well (the authors would like to
note that both Ito et al and Monroe et al cited the same papers as here to explain the
deviations from expected materials response). Therefore, it is not possible to make direct
comparisons to the stated transformation temperatures given in literature. Comparison to
alloys of similar composition is further complicated by the well-known effect of
composition on transformation temperatures and transformation ranges [105, 170-172].

Given the fact the microstructures seen in the micrographs of Figure 19 did not
reveal any inhomogeneity of composition or second phases (as variations in contrast of
the BSE images would be expected), we believed the discrepancy in transformation
temperatures arose for the same causes as given by Ito et al and Monroe et al, but for the
opposite reason. Where they had large free surfaces to relieve the elastic stress induced
by transformation, the high number of grain boundaries and large number of grains
within our test specimen (given the starting particle size) suppressed the transformation

from austenite to martensite and required further undercooling for a high driving force to
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overcome the barriers to transformation. The stored elastic stress would then encourage
transformation back into austenite at a temperature far lower than anticipated (what was
observed here). Therefore, we believed the sintered Ni;s3Co7Mn3gSnijpowder acted as a
good representation for the expected mechanical properties of the individual
Ni4s3C07MngzgSnyipowder particles.

The modulus values determined from the RUS analysis were in reasonable
agreement with the values obtained in the mechanical nanoindentation tests. The
discrepancy was likely due to the grainsize of the specimens tested. Review of the
micrograph of the starting powders and embedded particles showed each particle
typically containing 1-4 grains. As each particle then acts as a single or oligo-crystalline
material, orientation has a significant effect on mechanical properties. As the individual
particles were not large enough to acquire a sufficient sample size of indents, multiple
particles needed to be tested, sampling the wvarious possible orientations each
Nis3Co7MngeSnygparticle obtained. As polycrystalline FCC based materials (like
Nis3C07MnzeSny;) generally demonstrate mechanical properties closer to the <110>
orientation, slightly higher or lower material properties would be expected until the

sample population size (number of indents) achieved a minimum value.

3.5 Conclusions
In summary, we predicted the diffusional products between Nis3C07Mn3eSny; and pure
aluminum through the use of a thermodynamic model developed in the Thermo-Calc

software, and confirmed their existence through quantitative elemental mapping. The
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diffusion region was found to contain a complex array of aluminum-nickel and
aluminum-manganese intermetallics, aluminum-nickel-manganese solid solution,
manganese-tin intermetallics, and nickel-manganese-tin solid solutions. The mechanical
properties of the both the diffusion region and the Nis3C07Mn3zeSny; particles were
investigated; the diffusion region was determined to have a modulus and hardness of 163
+ 5 and 10.0 £ 0.3, respectively, while the Nis3C07Mn3gSny; particles possessed 127 + 6
and 45 £ 0.4 for modulus and hardness, respectively. The modulus of the
Nis3Co7MnzeSny; material was confirmed through the use of resonant ultrasonic
spectroscopy, which also yielded elastic constants, bulk and shear moduli, and Poisson’s
ration for the polycrystalline Ni;3Co;Mn3sSn;; material.

Here the fourth benchmark for successful integration of magnetic SMAs as
sensory particles was achieved. The resulting diffusion products between the magnetic
SMA particle and the host matrix were identified and characterized.

Based on these results, use of the Nis3Co7Mn3eSny; as a sensory material will
require tailored processing conditions to ensure sufficient control over the growth of the
diffusion region between the Nis3Co;MnzeSni; magnetic SMA and aluminum matrix

material.
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4. OPTIMIZING ALUMINUM 7075 MATRIX CONSOLIDATION FOR COMPOSITE

FABRICATION

4.1 Introduction

4.1.1 Motivation
In the previous section we demonstrated the diffusion products that occur between
Nis3Co7MngeSny;  consisted of multiphase regions comprised solid solutions and
intermetallics. Due to their brittle nature, uncontrolled growth lead to incompatibility
between the ductile matrix and the brittle diffusion region (as seen in section two), and a
subsequent reduction in the material properties of the composite as compared to
aluminum consolidated similarly. However, we also confirmed the hypothesis proposed
by Leser et al [84] that a diffusion region was necessary to ensure stress transfer from
the matrix to SMA material. Finally, we demonstrated the need for a matrix that
demonstrated similar compatibility with the magnetic SMA material during deformation,
that would tolerate the higher stresses needed to induce martensitic transformation in the
magnetic SMA material through the diffusion region. These observations provided key
insight into the what processing parameters required exploration and determination to
yield a final material sufficiently capable of demonstrating a change in magnetization
when exposed to plastic deformation.

As the previous experiments revealed that matrix possessing greater deformation
compatibility with the magnetic SMA, it was decided to transition from pure aluminum

to an aluminum alloy, specifically aluminum 7075. This particular alloy is commonly
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used in critical structural aerospace components, where fatigue cracking is particularly
dangerous early detection is most beneficial. Additionally, naturally occurring
aluminum-iron intermetallic second phases act as fatigue crack initiation sites within this
alloy [173], further supporting the usage of this alloy in composite manufacturing
experiments.

Exploratory experiments revealed consolidation of the aluminum 7075-
Nis3C07Mn3zeSny; powder mixture at temperatures exceeding 450°C yielded uncontrolled
diffusion between the magnetic SMA and the aluminum 7075 matrix. As this
temperature is relatively low for metallic powder consolidations [174], optimum
processing of the matrix must first be determined to ensure high quality manufacturing
of the subsequent composite materials. Ideally, processing conditions that yield a
compact manufactured solely from the aluminum 7075 powders will achieve the
following requirements:

1. No pre-compaction or greenbody processing may be used to
manufacture the final compact.

2. Consolidation of the powder will occur at sufficiently high
temperatures to promote densification and interparticle bonding, but
not exceeding 450°C.

3. Sintered compacts must demonstrate material properties (specifically
Young’s modulus, yield stress, ultimate tensile strength, and
elongation at failure) similar to those of commercially available plate

materials.
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The following section will discuss aluminum alloy powders and the issues
present in their consolidation; common methods for their consolidation and how SPS
provides an excellent means for powder consolidation given our processing
requirements; and finally, propose two methods for powder consolidation to achieve the

three requirements listed above in the final consolidate.

4.1.2 Background

4.1.2.1 Aluminum Powder and Its Consolidation

Aerospace grade aluminum alloy powders are typically created through atomization of a
melt. Given aluminum’s high reactivity with oxygen, inert gasses are generally used for
this process, and if the stream of gas is pulsed ultrasonically, then powders are produced
on the order of 59 um with few satellites on the particles that other common methods
[174]. If the aluminum alloy powder is to be handled safely in non-inert environments,
the surface must be stabilized through the formation of an oxide layer; this layer can be
either amorphous or crystalline (forming y-Al,O3), depending on the orientation of the
crystallites within the powder particle [175-177]. As the stable form of amorphous state
of the oxide can only exist up to 7 nm, depending on orientation, inert gas atomized
powders are more likely to possess amorphous oxide shells [176]. Crystallized alumina
is preferred to the amorphous state, as the crystallized state possesses a 20% higher
density than its amorphous counterpart, and crystallization begins in the temperature
range of 300-350°C [177, 178]. Because of this, transformation of an amorphous oxide

layer to crystalline likely causes rupture of the oxide (assuming no oxygen is present to
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heal the oxide layer), permitting metal to metal contact of the powder particles for solid
state diffusion [179]. As such, the oxide layer must be crystallized and disrupted,
mechanically or chemically, to ensure effective sintering of the powder.

Commonly, two methods are used to ensure oxide rupture on the particle
surfaces. The first is compaction of the particles into a green body form. Compaction of
the powder fractures the oxide surface at the junctions of the particles forming metal-to-
metal contacts through which diffusion can occur [180-182]. Despite its demonstrated
effectiveness, this processing method is not feasible; compaction of the aluminum 7075-
Nis3C07Mn3eSny; is likely to induce martensitic transformation of the magnetic SMA
particles, negatively affecting the sintering of the powders.

The second method to promote oxide rupture on the particle surfaces is to
incorporate a small amount of magnesium. Presence of this element acts as a reducing
agent to rupture the oxide layer of the particles and as an oxygen getter significantly
lowering the oxygen concentration in the local sintering atmosphere [183-186]. While
the aluminum 7075 alloy can contain up to 2.9% Mg, this is required to form n’
precipitates along grain boundaries granting the alloy’s superior strength [187-192].
Further magnesium cannot be added, as it is unclear how it will affect the magnetic
SMA and the sintering process for the powder mixture. Therefore, common processing
methods are not able to satisfy the consolidation requirements set forth in Section 4.1.1

and alternative methods must be sought out.
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4.1.2.2 Spark Plasma Sintering

Spark plasma sintering demonstrates the ability to shorten times required for powder
consolidation and a reduction in temperature required to do so [179]. Similar in
processing to a hot press, the sample is heated in the die through the high-intensity
current passing through the specimen rather than being heated by a furnace. The current
is commonly applied in pulses (direct or alternating current), and is said to “clean” the
particle surfaces and increase neck formation [193]. However, the exact role pulsing
current plays in the sintering process, and the limited information on this subject is
contradictory requiring further work [179, 194]. This gap in information provides an
excellent opportunity for the current work. As the restrictions on upper sintering
temperature and pre-compaction of the starting powders do not permit the application of
common processing methods, modification of the on:off DC pulses used in spark plasma
sintering might provide the required control over sintering desired for this system.
Additionally, it will provide additional data to aid in understanding the role pulsed

current plays in the sintering of conductive powders.

4.1.3 Proposed Areas of Investigation for Al7075 Powder Consolidation

Review of the (limited) literature on consolidation of aluminum 7075 powders revealed
on:off pulse length ratios ranging from 30:5 to 100:100 ms [195-198]. As direct
comparison is difficult between these times, we propose to hold the ratio of on:off pulse
the same over different length scales. Three ratios of on:off pulse lengths (4.5, 6, 10) will

be explored at shorter and longer intervals through the consolidation of aluminum 7075
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powders. The mechanical responses of the sintered compacts will be compared to
commercially available aluminum 7075 plate material to determine whether or not
sintering produced satisfactory results. To ensure differences in material responses are
due to the different pulse lengths explored, consolidation will occur at 0.95T, to better
observe the effectiveness the pulse lengths demonstrate on oxide rupture. Successful
consolidations will then be tested at lower temperature within the confines of sintering
the aluminum 7075 with Niz3Co;Mn3eSny;.

In addition to exploring the effect of pulse length on powder consolidation, the
effect of cold work of the aluminum 7075 powder via ball milling, and the effect of off-
gassing the powder inside the spark plasma system will be investigated. It is hoped that
these methods will provide an alternative to created sintered compacts with satisfactory
material properties within boundaries of the processing restrictions set forth in Section

4.1.1.

4.2 Experimental Methods
4.2.1 Starting Materials and Powder Consolidation
Aluminum 7075-T651 plate material (152 x 305 x 25 mm; 12 x 6 x 1 in) was purchased
from Midwest Steel and Aluminum (Lot#: 70633, Cast#: 01/0062572/4). Gas atomized
aluminum 7075 powder, sieved to size range of 15-53 um, with an average particle size
of 17 pum was purchased from Valimet (Item: AA7075, Batch#: 12-3001S). Table 7
summarizes the composition for the aluminum 7075-T651 plate, and the aluminum 7075

powder as given by the certification sheets obtained from manufacturers; they fall within
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the acceptable ranges as given by ASTM Standards and B918/B918M-17a [199]. Figure

21 displays the particles size range for the aluminum 7075 powder.
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Figure 21. The as received particle size distribution for the Al7075 powder purchased from
Valimet. The right axis shows the percentage of the powder that passed screening for a particular
size (bottom axis), while the left shows the distribution of particles sizes as a percentage of the
volume of powder tested (particle size analysis was performed using a Microtrac-S3000 as stated
by the manufacturers certification sheets).
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Table 7. Summary of the chemical composition of the aluminum 7075 plate and starting powder materials as compared to the ASTM
Standards B918/B918M-17a [199].

Cu Mg Cr Zn Other | Other
Type Alloy Si Fe (Iin-max) Mn (Imin-max) (Inin-max) (min-max) Ti Each | Total Al
. Nominal* 0.40 0.50 1.2-2.0 0.3 2.1-2.9 0.18-0.28 5.1-6.1 0.2 0.05 0.15 Bal
Plate Aluminum

* %

7075-T651 | Actual 0.09 | 0.13 1.4 0.05 25 0.19 5.6 003 | 002 | 003 | Bal
(OES)
Aluminum Actual**
s 2 22 : . <0. <0. <0.

Powder 7075 (ICP-OES) 0.13 0.17 1.54 0.0 5 0.19 5.40 0.01 0.05 0.15 Bal
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Ten compacts were manufactured from the powder using spark plasma sintering
in a high vacuum environment in a 40 mm graphite die. Sufficient powder was used to
yield a specimen with final thickness of 8 mm. For each consolidation process, the
following sintering procedure was repeated: powder was poured into the graphite die in
open atmosphere (without compaction to form a green body), the die was placed in the
SPS and a stress of 5 MPa was applied to the powder (the lowest stress the SPS was able
to register). High vacuum atmosphere was then applied to the SPS chamber (10 Torr).
The die and powder were heated with pulsed DC current (20V, 200A; required pulse
length on/off ratio) at a rate of 100°C/min to the required sintering temperature, stress
was increased on the die at the required rate to the sintering pressure, and was
maintained until the ram of the SPS registered zero change in position for 60 seconds.

Table 8 summarizes the main processing parameters used during each sintering process.

Table 8. Processing details for the compacts manufactured through consolidation of the
aluminum 7075 powder.

Processing Detail Heating Max Loading Max
Rate Temp Rate Stress
@ 20/2 ms on/off 530°C | 20 MPa/min
S oo 30/5 ms on/off 530°C | 25 MPa/min
Dc‘, 5o 36/8 ms on/off 530°C | 20 MPa/min
§~§ E 50/5 ms on/off 530°C | 25 MPa/min | 45 MPa
< 60/10 ms on/off 100°C/min 530°C | 20 MPa/min
> 72/16 ms on/off 530°C | 25 MPa/min
= o> Ball Mill 530°C | 20 MPa/min
2T g = Off-gas 430°C | 25 MPa/min | 100 MPa
=cs0g Off-gas 530°C | 20 MPa/min | 45 MPa
o O ["Ball Mill & Off Gas 430°C | 25 MPa/min | 100 MPa
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For specimens denoted with “off-gas” in the name, an additional step was added
to the manufacturing process. Before heating the powder to the final consolidation
temperature after application of 5 MPa, it was first heated with pulsed DC current (20V,
200A; 20/2 ms on/off) at a rate of 100°C/min to 400°C and held there for one hour
before continuing with the consolidation process as given above.

For the specimens manufactured from ball milled Al7075 powder, the following
procedure was applied to the as received AI7075 before pouring into the SPS die.
Sufficient powder to yield a final compact with a thickness of 8 mm was charged into a
polypropylene container along with stainless steel balls in a 15:1 (ball:powder) by
weight (approximately 200 — 6.35 mm diameter and 10 — 9.53 mm diameter balls). The
container was sealed under the inert ultra-high purity atmosphere of a glovebox, using
electrical tape to seal the seam of the screw-on lid of the polypropylene container. The
container was then loaded into the drum of a low energy ball mill (open atmosphere),
lined with insulation to fill the extra space, and subsequently low-energy ball milled for
10 hours at 100 rpm. The vial was checked every 2-4 hours for sign of reaction (odor,
excessive heat, significant discoloration of the polypropylene container). After
completing the 10 hour ball milling process, the polypropylene container was removed
from the ball milling drum and transferred back into the glovebox, where the stainless
steel balls were extracted via a sieve, and the powder was reclaimed and stored in a glass
vial. A small portion was reserved to determine reactivity with open atmosphere, and

ensure it was safe for handling while being added to the graphite die of the SPS.
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4.2.2 Specimen Fabrication and Mechanical Tensile Testing

Small dog-bone-shaped tension samples with a gauge section of 1.5 mm x 3 mm x 8 mm
were cut from the aluminum 7075-T651 plate material in the long transvers orientation
as dictated by ASTM Standard B557M-15 [200], and from the compacts listed in Table
2, using wire electrical-discharge machining (EDM). Machining residue was not
removed from the specimens before heat treatment or testing in an effort to maintain as
similar sample geometries as possible to ensure ease of comparison between sample sets.
Mechanical experiments were conducted on an MTS 810 servohydraulic test frame
(same as previously stated) and an extensometer, directly attached to the gauge section
of the samples, with the help of ceramic extension rods, was used to record the axial
strain. Specimens were loaded at a strain rate of 4.75 x 10 *(s™) until they fractured.
Figure 22 gives a schematic of where the tensile specimens were taken from within the

consolidated powder compacts and the plate material.
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Figure 22. Schematic depicting tensile sample location and orientation for specimens cut from
the commercially available plate material, and the round, sintered powder compacts.
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All specimens were wrapped in tantalum foil, sealed in a quartz tube under inert
ultra-high purity argon atmosphere, heat treated for 60 minutes between 485-490°C
[114], and quenched in room temperature water (ensuring to fracture the quartz tube as
contact was made with the water). As AlI7075 is well known to naturally age in the
solution heat treated state at room temperature [114], specimens were heat treated in 3
groups of six specimens, testing began within 15 minutes of quenching, and all
specimens from each condition were tested within 120 minutes. Specimens not currently
undergoing testing were maintained at ~0°C to halt/slow the aging process. Given the
number of specimens tested, it was not possible to heat treat and age all specimens
simultaneously to the T6/T651 condition, ensuring uniform heat treating history;
therefore, the solution heat treated state was chosen for testing as the expected time for
aging is ~54 hours [114]. We were certain that all specimens within a group could be
tested within 3 hours (3.7% of the expected aging time), which we believed permitted a
more accurate comparison of material responses given the different processing

parameters.

4.2.3 Microstructural Characterization and Fracture Surface Observation
A small amount of the as received Al7075 powder was mounted to adhesive carbon tape
for imaging with an electron microscope.

Small specimens were cut from each SPS sintered compact using a diamond saw
rotating at a speed of 125 rpm. These, as well as another small portion of the as received

powder, were mounted in epoxy and polished and mechanically polished using various
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steps from 600 grit silicon carbide, to 0.25 um diamond suspension at a platen speed
ranging from 100-150 rpm. The mounted specimens were then vibratory polished in
solution of 0.05 um colloidal silica for 12 hours. A final polish on a polishing media felt
cloth and DI water was used to remove polishing media still adhered to the surface of the
specimens. As it was difficult to achieve a high quality polish for SEM imaging on the
specimens directly after solution heat treatment, only specimens from the as
consolidated compacts were for microstructural observation. Given the well-known
processing conditions for AI7075 to achieve a solution heat treated condition, we
believed it satisfactory to only image the as consolidated state. Micrographs were taken
using the same electron microscope as stated in section one.

Fractured tensile specimens from selected specimens within each testing
condition were mounted to adhesive carbon tape for imaging with an electron

microscope.

4.3 Results
4.3.1 Starting Aluminum 7075 Powders
Figure 23 displays the morphology and microstructure of the as received Al7075
powder. Overall, the general shape of the powder was a mixture of highly spherical and
globule like particles. Closer inspection of the surface revealed small protrusions and a
rough exterior. Observation of the internal microstructure demonstrated a highly
dendritic structure in all observed particles, in excellent agreement with the

microstructures observed by Rokni et al [201].
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Figure 23. Secondary and back scatter electron micrographs of the starting Al7075 powder. The
particle showed a highly spherical geometry and a dendritic, phase separated microstructure.

Figure 24 shows the as received Al7075 powder after 10 hours of ball milling.
The general size of the particles remained similar to that of the starting powder, with a
slight preferences for the lower particles sizes. The general shape transitioned from
highly spherical and globule, to flatter edges and more cubic shapes. The presence of
flatter faces and lack of flakes indicated the powder had been cold worked by the ball

milling, however significant amounts of grinding had not taken place (as was desired).
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Figure 24.Secondary electron micrograph of the aluminum 7075 aluminum powder after ball
milling for 10 hours. Note the flatter faces, and more rectangular geometries.

4.3.2 Sintered Aluminum 7075 Powder Compacts

Figure 25 shows the general processing methods employed for fabrication of the SPS
compacts. Only the processing data for varied pulse length (a) (50/5 ms on/off), and off
gassing (b) (off gassed 1 hour, 400°C) are displayed as representatives of the two
different processing procedures (with and without off-gassing). The beginning of the
heating curve in (a) shows a slight deviation from the 100°C.min™ parameter initially
set, but resumed the desired rate after the compact reached 80°C. A slight overshoot was
observed once the desired processing temperature of 530°C was achieved, and stabilized
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within 60 seconds. A two order of magnitude change in the vacuum level was also
observed during the heating portion, and indicated off-gassing and desorption of the
surface contaminants from the aluminum 7075 powder. The vacuum level began to
decrease 270 seconds after initial heating began. A similar response was observed in the
specimens that were off-gassed before application of stress (b). Initial heating of the
powder revealed no deviation from the desired 100°C.min™* parameter initially set, but
significant change in vacuum level was observed as seen in (a). Vacuum pressure began
to decrease 220 seconds after initial heating. Temperature maintained a steady set point
during the initial hold for off-gassing, and only a slight increase in vacuum pressure was
observed for the secondary heating for consolidation. This may have been due to small
volumes of gas caught in the tortuous internal paths of the powders being forcibly

ejected as the material was sintered into a compact.
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Figure 25. Processing temperatures, pressures, and vacuum levels for aluminum 7075 powders
consolidated by various processing conditions. The temperature, pressure, and vacuum as a
function of time in (a) are representative of the sintered compacts manufactured by varying pulse
length and for the ball milled sample consolidated at 530°C. The same parameters observed in
(b) are for specimens consolidated using the off-gassing parameter during processing.
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4.3.3 Mechanical Tensile Response of Aluminum 7075 Plate and Sintered Powder
Compacts

Figure 26 displays the stress strain response of the Al7075 plate material in the —T651
and —W heat treated conditions (peak aged and solution heat treated, respectively). All
six specimens for the —T651 conditions demonstrated highly uniform yield stress,
ultimate tensile strength, and elongation to failure with yields stress and UTS values that
exceed the minimum threshold as stated by ASTM Standard B557-15 [200]. The six
specimens tested in the —~W condition demonstrated increasing yield stress and ultimate
tensile strength with increasing time. However the elongation to failure was observed to
be highly uniform as was seen in the —T651 condition. Additionally, serrations and
instabilities in the stress-strain response of the —W condition were noted. The onset

strain of the serrations and instabilities also increased with time.
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Figure 26. Engineering stress-strain response for the commercially available aluminum 7075
plate in the —=T651 and —~W tempers.

Figure 27 exhibits the stress strain response for the compacts manufactured by
varying the pulse length on/off lengths. All materials were tested in the —W (solution
heat treated) condition. All specimens displayed increasing yield stresses and ultimate
tensile strengths with increasing time. For the specimens that were able to achieve
greater than 12% engineering strain, instabilities in the shape of “fins” were noted as
well. Six specimens were tested in each condition to verify material properties, except in
the case of the 30/5 ms on/off pulse length test where only five specimens are reported.
Improper extensometer placement did not leave sufficient space for the elongation the
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specimen experienced, and full strain to failure was not acquired. Therefore, the data of
the specimen is not reported, but the value of its yield stress was incorporated into the

calculations for the mean yield stress of the sample set.
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Figure 27. Engineering stress-strain response for the aluminum 7075 powder sintered at 530°C
under varying pulse length. All specimens were in the solution heat treated condition, and
increasing time is marked by the black arrow. Six specimens from each condition were tested to
confirm material properties, except for the 30/5 ms on/off condition in which five specimens
were tested. Note the x-axis for 30/5 and 72/16 ms extends to 32% engineering strain.
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Figure 28 displays the stress strain response of the off gassed and ball milled specimens
in the —W condition. As with the other materials tested, increases in ultimate tensile
strength and yield stress were observed for increasing time at room temperature. Fin-like
serrations were observed on all specimens that achieved a strain of 8% or greater, except
those tested from the sintered compact manufactured using the ball milled powder and

sintered at 530°C. Mechanical properties for all tested tensile specimens are summarized

in Table 9.
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Figure 28. The tensile mechanical responses of the off-gassed, pre ball-milled, and pre ball-
milled and off-gassed AlI7075 powder. Each consolidation used the 20/2 ms on/off pulse length
to heat to the desired temperatures. Six specimens from each case were tested to confirm
material response.
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Table 9. Summary of the mechanical tensile properties of the commercially available plate
material (-T651 and -W heat treated conditions) [200], and the compacts manufactured using
SPS (-W heat treated condition). Values given are the means obtained from averaging the data
for the six specimens in each fabrication method. Error is stated as plus/minus one standard
deviation for the same six specimens. The values for “Plate” marked with a star (*) indicate the
values reported on the specification sheet obtained from the manufacturer.

on/off, 430°C

oy UTS Elongation
Young’s (MPa + (MPa + at Failure
Fabrication | Temper | Tested | Modulus std) std) (% =+ std)
° -T651* 6* - 489.0* 556.5% 11.5*
s Plate | -T651 6 76 +2 511+ 3 604 + 2 12+ 0.6
o W 6 78 +2 212+ 15 442 + 7 22+1
20/2 ms
onfoff 530°c | W 6 73+ 4 235+9 409 + 17 15+3
30/5 ms
on/off. 530° W 5 70+3 202 + 15 400 + 25 22+6
36/8 ms
onfoff 530°c | W 6 75+5 198 + 6 364 + 14 11+2
50/5 ms
on/off, 530°C W 6 70+3 195 + 12 410 + 6 26+3
60/10 ms
onfoff, 530°c | W 6 75+ 6 225+8 380 + 10 10+2
72/16 ms
| onsoff, 530°C W 6 71+4 195 + 10 407 +8 25+ 2
S | Offgas 20/2
S ms on/off, | -W 6 72+3 204 +5 401 + 18 15+ 4
o 430°C
Offgas 20/2
ms on/off, | -W 6 71+3 202 + 8 420 + 12 21+5
530°C
Ball Mill
10hr 1y 6 62+6 | 184+7 | 252+24 | 3%07
20/2 ms - - - -
on/off, 530°C
Ball Mill
10hr, Offgas |\ 6 69+3 | 208+9 409+ 5 23+1
20/2 ms
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4.3.4 Electron Microscopy of Fracture Surfaces for Select Tensile Specimens

Figure 29 exhibits the fracture surfaces for some tensile specimens manufactured by
varying on/off pulse lengths. Strong granular texture was noted, and heavy deformation
along the boundaries of the individual grains were observed. Higher magnification levels
revealed strong indication of highly plastic deformation and signs of large deformation
along what was believed to be grain boundaries. Pock marks and divots also noted on a
number of the surfaces of the grains and were likely pores formed by trapped gasses
during consolidation. Closer inspection did not reveal large, flat, faceted surfaces which
would have indicated poor joining of the powder particles. Comparison between the
three sets of images revealed that with increasing pulse length, a slight change in the
fracture surface occurred from “flatter” fracture surfaces, to ridged surfaces intersecting

at 45 degrees.
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Figure 29. Secondary electron scanning electron microscopy images of fracture surfaces for
select tensile specimens manufactured with varying on/off pulse lengths. (a,b) 20/2 ms on/off,
(c,d) 50/5 ms on/off, (e,f) 72/16 ms on/off.
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Figure 30 exhibits the fracture surfaces for a selection of the ball milled, and ball
milled and off-gassed powders. The ball milled only powder demonstrated a more
faceted fracture surface than the other surfaces investigated. It also demonstrated a
higher concentration of the pock marks and divots. The fracture surface of the off-gassed
specimen sintered at 530°C demonstrated great similarity to the 50/5 and 72/16 pulse
length specimens. It showed plastically deformed surface with large degrees of strain
along what was believed to be grain boundaries. It also revealed the pock marks at the
very tips of the fracture surfaces for some of the grains. The specimen fabricated from
ball milled powders that were off-gassed and then sintered at 430°C also demonstrated
significant similarity to the 50/5 and 72/16 pulse length specimens. It did not present the
divots and pock marks the other ball milled specimen displayed, and exhibited the large

degree of strain along the grain boundaries.
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Figure 30. Secondary electron scanning electron microscopy images of fracture surfaces from
the specimens manufactured using ball milling and off-gassing. (a,b) off-gassing then sintered at
530°C, (c,d) ball milling then sintering at 530°C, (e,f) ball milling and off-gassing then sintering
at 430°C.
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4.4 Discussion
Here we have demonstrated mechanical properties similar to commercially available
aluminum 7075 plate material were achieved from SPS consolidates by varying on/off

pulse lengths, without pre-compaction, in the solution heat treated temper.

4.4.1 Effect of SPS Pulse Length on Tensile Properties
Based upon the results in Figure 27, for each on:off pulse ratio, an increase in the “on”
pulse length (longer “on” time) yielded an increase in elongation at failure, and a slight
increase in ultimate tensile strength. A slight decrease in yield stress was noted for on:off
pulse length ratios of 10 and 6; almost no change was observed in yield stress for on:off
pulse length ratio of 4.5. Interestingly, the ratios of 50/5 and 72/16 ms on/off produced
elongation to failures and yield stresses very similar to the solution heat treated plate
material. Additionally, the yield stresses of both were within 10% of the solution heat
treated plate material. The ratio of 30/5 ms on/off also produced values notably close to
the plate material, however, the sample to sample variation was considerably higher than
either the 50/5 or 72/16 ms on/off ratios. We would like to also note that damage to the
punches used in consolidation was observed for the extended pulse lengths.

The serrations observed in all cases indicated PLC type matrix instabilities and
were expected given the ability of aluminum 7075 to age at room temperature [202-206].

Comparison of the results to literature was difficult as most did not test within
the first 30 minutes of solution heat treating, or list time between quench and testing
[203].
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One group exploring ultrafine grained aluminum alloys show aluminum 7075
ingots with a “coarse grain structure” to have a yield stress of approximately 160 MPa,

and an elongation to failure of approximately 18% [207].

4.4.2 Effect of Ball Milling, and Off-gassing on Tensile Properties

Comparing for the same temperature of consolidation and pulse length, off gassing
demonstrated a significant increase in elongation at failure of the consolidated powders.
For 20/2 ms on/of, off gassing increased failure strain from 15 to 21%.

Consolidation of the off-gassed powder at a lower temperature (430°C)
demonstrated very similar properties to the powder consolidated at 530°C for the same
pulse length on/off (20/2), except the 430°C demonstrated a slightly lower yield stress.

As compared to the solution heat treated plate material, the off-gassed powder
consolidated at 530°C demonstrated a very similar mechanical response. This was
unsurprising as 530°C is 95% the melting temperature for aluminum 7075. It was
interesting to note, though, the values were achieved in a powder that was not rolled,
extruded, or pre-compacted.

Ball milling the powder yielded a surprising decrease in both ultimate tensile
strength and elongation at failure. It was expected that the added dislocations induced by
ball milling would have added in diffusion, increasing the quality of the consolidate.
Further investigations into the reasons for its poor mechanical properties were needed.

Of particular interest, was the combination of ball milling, off-gassing, and

consolidation at 430°C demonstrating yield stress and elongation at failure nearly
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identical to that of the solution heat treated plate material. It also demonstrated an

ultimate tensile strength with 10% that of the solution heat treated plate as well.

4.4.3 Observation of the fracture surfaces

Comparison of the fracture surfaces revealed notable similarity between the samples that
demonstrated high elongations at failure. In the case of the ball mill specimen, the divots
and pock marks are likely due to gasses trapped during the heating process of
consolidation. What was surprising was the notable difference in mechanical properties
just ball milling demonstrated. Both varying pulse length and off-gassing the powders in
the SPS were generally sufficient to achieve strains of 10-12%. However, even with one
hour of off-gassing in a high vacuum environment, divots and pock marks were
observed in all specimens.

Of particular interest to the authors was the high degree of similarity in
mechanical response between the solution heat treated plate material and the ball milled,
then off-gassed powder, sintered at 430°C. While high degree of densification and
sintering were expected, as 430°C is 0.77 Tp, the similarity in yield stresses and

elongation to failures were not.

4.5 Conclusions
Aluminum 7075 powders were consolidated in an SPS without pre-compaction.
Appropriate selection of processing conditions yielded mechanical responses, in the

solution heat treated state, similar to solution heat treated, commercially available,
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aluminum 7075 plate material. In addition, processing parameters were determined that
met the 430°C maximum temperature requirement for use with magnetic SMA particles,

and still yielded acceptable yield stress and elongation at failure.
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5. COMPOSITE CONSISTING OF ALUMINUM 7075 AND NI143CO7MN39SN11

5.1 Introduction
The previous sections have been devoted to achieving benchmarks one, two and four set
forth in section 5.1. However, it still has yet to be demonstrated that the magnetic SMA
particles embedded into a matrix undergo martensitic transformation due to stress when
plastic strain is applied to the composite in which they reside.

To accomplish this, a composite of aluminum 7075 and Nis3C07Mn3eSny; must
be fabricated. To investigate the magnetic response of the material in regards to applied
plastic strain, the base magnetic response with respect to field intensity will first need to
be observed. As seen in the previous sections, the SQUID provides a method by which
the magnetization of an entire portion of the composite material can be measured. Since
this method measures the magnetic response of a volume of material, care must be taken
to ensure the identical volumes are being measured before and after the application of
plastic deformation to guarantee the accuracy of conclusions drawn from differences in
magnetization. Because of this stipulation compression specimens should be used, and
subsequently, the initial investigation in the strain-magnetization relationship should
employ compression testing of the composite.

This section will focus on the fabrication of a composite consisting of aluminum
7075 and Nis3Co7Mn3eSn;; magnetic SMA consolidated from powder precursors. The
mechanical response of the composite will be investigated under compression testing,

and the effect of compressive plastic strain on the magnetization of the composite will be
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determined through iterative and incremental straining of the composite material

followed by measurement of magnetization induced by a ramping magnetic field.

5.2 Materials and Experimental Methods
5.2.1 Powder Consolidation and Secondary Heat Treatments
The staring aluminum 7075 powders from section four, and the solution heat treated
Nis3C07Mn3zeSny; from section one were used to manufacture a composite material with
a ratio of 2 vol% Niy3C07Mn3zeSny; . Sufficient amounts of both powders were used to
create a final consolidate 40 mm in diameter and 8 mm thick. The aluminum 7075
powder was ball milled for 10 hours (as in section four) and was extracted, mixed with
the Nis3C07Mn39Sny; powder, and mixed via ball milled for 30 minutes (as in section 2).
The balls were extracted from the powder mixture via sieve, and the powder mix was
poured into a 40 mm graphite die and placed in an SPS. The powder was then processed
in the same manner as the consolidate off-gassed and sintered at 703 K in section 4.

Five 5 mm diameter x 1mm thick specimens, along with four other small
specimens for microscopy, were cut via wire EDM from the composite. Each
microscopy specimen was paired with a 5mm diameter specimen, each was wrapped in
tantalum foil, and both the microscopy and 5 mm diameter specimen sealed in a quartz
tube under UHP argon. One pair, each, was subjected to 753 K for 10, 20, 30, and 60
minutes, then water quenched into room temperature water.

Two 3 x 3 x 6 mm compression specimens were EDM cut from the composite

material. The compression specimens were manufactured to ensure no burs would need
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to be removed, post machining, from the parallel surfaces in contact with the
compression grips. These sample dimensions were chosen as a compromise between the
maximum specimen size the SQUID is capable of testing and ensuring the entire
specimen volume is measured.

All specimens were allowed to age at room temperature for = 7 days.

5.2.2 Microstructural Characterization of Composite

The microscopy specimens were mounted in epoxy, mixed with conductive filler, then
polished using various steps starting from 600 grit silicon carbide paper down to 0.25
pm diamond suspension at the platen speed of 90 rpm. The specimens were then
vibratory polished in 50nm colloidal silica solution for 10 hours. Optical images were

taken with a Keyence optical microscrope as stated previously.

5.2.3 Magnetization Characterization of Composite
The thermo-magnetic responses of the as consolidated and heat treated 5mm diameter
specimens were carried out using a Quantum Design SQUID-VSM magnetometer with a
heating-cooling rate of 10K.min™ for the temperature range of 400-100-400 K under
constant magnetic fields ranging from 0.05- 7 Tesla.

The specimen from the as consolidated condition (no secondary heat treatment)
was also subjected to a ramped magnetic field from 0-7T at 200, 300, and 340 Kelvin
with a ramping field rate of 25 x 10 T.s™ to determine the pure martensite, mixed, and

austenite magnetic responses to increasing field intensity.
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The first compression specimen was cooled to 200 K (inside the SQUID), heated
to 300 K (inside the SQUID), then subjected to increasing magnetic field from 0-7T with
a ramping field rate of 25 x 10 T.s. This cycle was repeated after the compression
specimen was subjected to compressive plastic deformation.

The second compression specimen was placed directly into the SQUID (300 K)
and subjected to an increasing magnetic field, from 0-7 Tesla, at a ramped field rate of
25 x 10* T.s? to measure the specimen’s room temperature magnetization with
increasing field. The specimen was exposed to increasing incremental plastic strains, and
after each loading, the magnetization measurements were repeated at 300 K (without
prior cooling to 200 K) applying the same field ramping rate as previously stated.

All magnetization values were normalized to the estimated mass of the magnetic
particles within the composite. The mass of the magnetic particles was determined using
the weight fraction of starting powders required to formulate the composite, assuming
homogeneous distribution of the magnetic SMA particles within the composite, and the
specimen weight prior testing. In the case of the magnetization experiments on the

secondary heat treated specimens, sample mass was used instead.

5.2.3 Mechanical Characterization

Mechanical experiments were conducted on an MTS Insight 30 SL electromechanical
test frame at room temperature and an extensometer, attached to the grips with the help
of ceramic extension rods, was used to record the axial strain. Specimens were loaded

and unloaded at a strain rate of 4.75 x 10 *(s™) to compressive engineering strains of 7%
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for the first specimen, and to 12% (incrementally) for the second. Compression to
fracture could not be achieved due to the starting sample dimensions and the

compressive strain limit the extensometer was able to measure.

5.3 Experimental Results
5.3.1 Optical Observation of Sintered Compact and Specimens Subjected to
Secondary Heat Treatments
Figure 31 displays optical microscope images for the as consolidated composite (a) and
the specimens exposed to 753 K for 10-60 minutes (b-€). The presence of a diffusion
region between the matrix and the magnetic SMA particle was observed after 10 minutes
at the elevated temperature, with the thickness increasing as the length of the heat
treatment was extended. Small dark points and clusters, especially noted on (d) and (e) at
the boundary between the diffusion region and matrix, were noted to be residual

polishing media rather than voids or pores.
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Figure 31. Optical microscopy images of the Nis;Co;MnseSny; particles embedded in the
aluminum 7075 matrix. (a) the as consolidated composite, (b) 10 minutes , (c) 20 minutes, (d) 30
minutes, and (e) 60 minutes at 753 K.
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5.3.3 Mechanical Response of Sintered Composite via Compression

Figure 32 shows the compressive stress-strain response of the as consolidated composite
at room temperature. A maximum compressive stress of 424 MPa was achieved at a
compressive engineering strain of 7.2%. Failure was not achieved in this specimen due
to the limitation of the extensometer used to measure the strain and the starting sample

dimensions.
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Figure 32. Engineering stress-strain response for the as consolidated composite tested at room
temperature under compressive loading conditions. The final strain reported here (6.7%)
corresponds to the strain level represented in Figure 36.

Figure 33 displays the incremental, room temperature, compressive stress-strain
response of the as consolidated aluminum 7075- Nis3C0o;MngeSny; composite. A

maximum engineering compressive stress of 581 MPa and engineering strain of 12.2%
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was achieved. The magnetic scans after each loading sequence did not yield any

observable effect on the mechanical response of the composite material.
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Figure 33. Incremental compressive engineering stress-strain response of the as consolidate
aluminum 7075- NisCo;MnseSny; composite tested at room temperature. The colors for each
curve correspond to the curves of magnetization vs magnetic field in Figure 37 of the same
colors.

5.3.2 Magnetization Response of Sintered Compact Specimens

Figure 34 shows the thermo-magnetic response of the as consolidated composite under
0.05, 1, and 7 T. The following transformation temperatures for each field level were
determined using the slope intercept method: 0.05T-M; = 317 K, M¢ = 255 K, As = 292
K, As =333 K; 1T-M; = 319 K, Mf = 269 K, As = 297 K, Af = 334; 7T-Ms= 297 K, M¢ =

238 K, As = 274 K, Af = 313 K. Comparison to the transformation temperatures of the
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parent powder demonstrated a 9 K increase in Mg, a 25 K decrease in Mg, a 13 K

decrease in Ag, and a 6 K increase in As.
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Figure 34. Thermo-magnetic response of the as consolidated composite under increasing bias
magnetic field.

Figure 35 demonstrates the magnetization of the as consolidated composite
material as a function magnetic field. Temperatures for the fully martensitic and
austenitic phases were determined using the data from Figure 34. The magnetization
values of the composite material under 7 T magnetic field are nearly identical to those
obtained from the thermo-magnetization curves displayed in Figure 34. The hysteresis of
the curve measured at 300 K was indicative of magnetic field induce martensitic

transformation within the magnetic SMA particles.
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Figure 36 displays the magnetization as a function of magnetic field for the first
compression specimen, before and after loading to 6.7% plastic engineering strain. The
magnetization value obtained at 7 T was in agreement with the value noted at 300 K in
Figure 35, however the hysteresis observed in the specimen was notably lower. The
magnetic response of the composite post compressive deformation demonstrated a
magnetic response similar to that of the fully martensitic state of the magnetic SMA
particles observed in Figure 35 which indicated that the magnetic SMA particles were in
the martensitic state. The magnetization values for the martensite and austenite phases
under a bias magnetic field of 7 T (from Figure 35) are indicated by the black dashed

lines and labeled accordingly.
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Figure 35. Magnetization as function of increasing magnetic field for the as consolidated
composite. Note that the magnetization values at 7T determined for the fully martensitic and
austenitic phases are in good agreement with the values demonstrated in figure 34.
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Figure 36. Magnetization vs applied magnetic field for the compression specimen cut from the
composite, before and after application of 6.7% plastic strain. The dashed lines indicate the
magnetization of the composite under 7T for austenitic and martensitic states of the magnetic
SMA particles within the composite as determined in Figure 35.

Figure 37 shows the magnetic response of the as consolidated composite at 300
K after increasing incremental compressive strains (at 300 K). The degree of
deformation is indicated by the number above each curve or with an arrow. Black dashed
lines indicate the maximum magnetization for the austenitic and martensitic phases as
determined in Figure 35. Compressive strains beyond 4.7% engineering strain reduced
the magnetization of the composite below that of the maximum magnetization observed
for the martensitic phase.

Figure 38 gives the magnetization values under 7 T, from Figure 37, plotted as a

function of the applied compressive plastic strains (from Figure 33).
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Figure 37. Magnetic response of the composite under increasing magnetic field after exposure to
incrementally increasing compressive strains. The colors for each curve refer to the
corresponding compression test given in Figure 33.
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Figure 38. Magnetization of the composite at 7 T plotted as a function of applied compressive
plastic strain.

136



5.3.3 Effect of Secondary Heat Treatments on the Magnetization of the Composite

Figure 39 shows the evolution of the magnetic response of the composite as exposure
time to 753 K is increased from 10-60 minutes. An overall reduction in magnetization
was observed (similar to the pure aluminum specimens), and a small upward shift in
transformation temperatures was noted as compared to the as consolidated state (also in

agreement with the pure aluminum experiments).
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Figure 39. The magnetic response of the composite subjected to increasing times exposed to 753
K.

5.4 Discussion
We have shown that Nis3C0;Mn3zeSni; magnetic SMA powders can successfully be
embedded into aluminum 7075 matrix through the consolidation of powder precursors.

Consolidation of the powders led to a composite with no optically observable pores in
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the matrix, and no observable diffusion between the magnetic SMA particles and
aluminum 7075 matrix. Subsequent thermo-magnetic characterization of the as
consolidated composite revealed similar magnetic responses to the parent magnetic
SMA powder, and application of plastic strain to the composite demonstrated a notable
reduction in magnetization at 300 K. Attempts to initiate and grow a diffusion region
between the magnetic SMA particles and matrix were successful at 753 K,

demonstrating an increase in diffusion region thickness with increasing time.

5.4.1 Magnetic Response of Aluminum 7075- Nis3C07Mn3gSn;; Composite
As with the specimens prepared using pure aluminum, the composite manufactured
using aluminum 7075 still maintain the magnetic signature of the parent
Nis3C07Mn3eSny; powder particles, and demonstrated the downward shift in Ms and As.
This is attributed to the stresses induced by the two materials’ differing coefficients of
thermal expansion. In the same manner the sintered Nis3C07Mn3zeSny; demonstrated
lower transformation temperatures than the loose powders, the interface between the
particle and the matrix increases the amount of energy required to finish martensitic
transformation. The further required undercooling was exhibited as a lower Mf
temperature. Since the interface stores elastic energy, the As temperature would also be
decreased, as the stored elastic energy encourages the transformation back to martensite.
In regards to the magnetic response with increasing field, 7T was sufficient field
strength to partially induce transformation to austenite at room temperature. While the

mixed state did not fully finish transformation, yielding similar to the fully austenitic
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state, the level of magnetization under 7T was significantly higher than the purely
martensitic state. This indicated that the particles partially in the martensitic state could
be transformed back into austenite, and that the particles still in austenite registered the

same signal.

5.4.2 Effect of Compressive Strain on the Magnetic Response of Aluminum 7075-
Nis3C07Mn39Sn;; Composite
Straining the composite material demonstrated a significant change in the magnetization
of the composite, with the compressed composite yielding a magnetization level three
times lower at 7T than the unstrained material. This suggested the plastic deformation
within the aluminum 7075 matrix imposed sufficiently high stresses to transform the
Nis3C07MngeSny; particle fully into martensite, or prohibit its transformation back to
austenite. The observed reduction in magnetization level for the specimen measured at
300 K as compared to the specimen measured at 200 K was likely a result of the
difference in temperatures at which the specimens were measured. As magnetic
susceptibility is a power law function of temperature (approaching T. from the left), it is
expected that the magnetization measured for the same level of imposed magnetic field
would decrease as the temperature at which the specimen is measured approached the
Curie temperature.

Comparison of the magnetic responses for the two compression specimens at

similar levels of plastic strain yielded good agreement in magnetization values.
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5.4.3 Effect of Secondary Heat Treatments on the Magnetic Response of Aluminum
7075- Nis3C07;Mn39Sn;; Composite

As with the pure aluminum composite, the aluminum 7075 composite demonstrated a
reduction in magnetization with increasing diffusion region thickness. It was believed
the drop in magnetization was due to material loss from the Nis3C07Mn3eSny; particle
and slight shifts in composition of the particle at the boundary with the diffusion region

(as seen in section 3).

5.5 Conclusions

A composite consisting of aluminum 7075 and Nis3Co;Mn3zeSn;; magnetic SMA
materials was successfully manufactured without observable diffusion between the
Nis3C07MngeSny; particle and the aluminum 7075 matrix. Characterization of its
thermomagnetic properties demonstrated a similar response to parent magnetic SMA
particles. Application of compressive strain to the composite demonstrated a significant
reduction in the magnetization under 7T, while also demonstrating a stress of 581 MPa
at 12.2% strain. Further microstructural characterization is needed to confirm the
observations produced through mechanical and magnetic measurements. In addition,
investigations into how the magnetic SMA particles behave in the presence of cracks
should also be initiated.

Here the last benchmark for successful integration of magnetic SMAs as sensory
materials has been achieved. The aluminum 7075-Nis3C07Mn3Sny;  composite

demonstrated a notable change in magnetization after undergoing plastic deformation.

140



6. CONCLUSIONS

In this body of work, we have demonstrated a number of achievements. First,
Nis3C07MnzeSny;  magnetic SMA particles can be successfully embedded in a matrix
through the use of powder precursors. Second, chemical bonding between the matrix and
particle is necessary to ensure stress transfer from the matrix to the particle, and to
minimize debonding.

Third, careful control of the diffusion between the particle and matrix is
necessary to minimize the negative impact the diffusion region has on the mechanical
properties of the matrix. Fourth, a highly ductile matrix is not suitable for
Nis3C07Mn3zeSny; particles with large diffusion regions, as the incompatibilities between
the matrix and diffusion region promote fracture and debonding. Fifth, for an aluminum
matrix, the diffusion region is divided into two parts. The outer is comprised of Al-Ni,
Al-Mn, and Al-Ni-Mn intermetallics and solid solutions, while the inner is comprised of
Mn-Sn intermetallics, and Ni-Mn-Sn solid solutions. Sixth, through the modification of
pulse length, and through ball milling and off-gassing, aluminum 7075 powder can be
consolidated in an SPS, without pre-compaction, and yield mechanical responses similar
to that of aluminum 7075 (all materials in the solution heat treated condition).

Seventh, the same processing parameters used to achieve high quality powder
consolidations in aluminum 7075 powder can be applied to a Nis3sCo;Mn3eSny; and
aluminum 7075 powders yielding a composite with no diffusion between the magnetic

SMA particle and the matrix. Finally, we have shown that compression of the composite
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material leads to a significant reduction in the magnetization of the composite material
under 7T.

From these, five major conclusions may be drawn. First, embedding the particles
into a metallic matrix was not as simple as previously hoped. Restrictions placed on the
processing conditions to limit diffusion between the metallic matrices and the magnetic
SMA particles, increase the difficulty in achieving highly dense matrices with acceptable
mechanical properties. This was further exacerbated in the case of aluminum 7075 as
secondary heat treatments are required to achieve peak strength in the matrix alloy, and
were sufficiently high to promote diffusion between the matrix and magnetic SMA
particle. Therefore, non-magnetic metallic matrices that do not exhibit precipitation
hardening, and can be acquired in powder form, are likely to have greater success with
incorporation of the magnetic SMA sensory material.

Second, chemical bonding between the sensory particle and the matrix is
required to guarantee transfer of stress from the matrix to the sensory particle. Without a
bond of sufficient strength, transformation of the particle is not guaranteed, and may
instead debond from the matrix. In conjunction with the already presented difficulties for
processing, this indicates that until further progress is made with the technique, it is
likely to only have niche applications. Processing methods that grant greater control
over, or severely limits, diffusion will provide a necessary means to expand usage of this
technique. One possible method might be coating the magnetic SMA particles with a
material that strongly bonds to the matrix and sensory particle during powder

consolidation, but inhibits diffusion between matrix and the magnetic SMA particle.
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Third, large differences in coefficients of thermal expansion between the
embedded sensory material and the matrix may have an undesired effect on the fatigue
response of the composite. The residual compressive stresses induced within the sensory
particles, and subsequent tensile stresses in the matrix, of the composites investigated
above will draw the fatigue cracks towards the sensory particles. Coupled with the
difficulties in processing, it is likely then the composite will demonstrate a reduced
fatigue response if processing is not optimized and carefully controlled. It might also be
possible to use the induced stresses from largely different coefficients of thermal
expansion as a design tool to “channel” fatigue cracks into specific directions of
component by employing a sequence of particles situated in a manner that encourages
fatigue crack growth in a specific and predetermined direction.

Fourth, mechanical tensile tests should be more regularly included to characterize
the mechanical properties of the SPS consolidated metallic alloys. Determining density,
and characterizing the mechanical response under compression may not be sufficient to
determine success or failure of an SPS consolidate.

Lastly, magnetization measurement methods that scan volumes are sufficient to
demonstrate the change in magnetization of the magnetic SMA particles due to plastic
deformation in the matrix, but are not sufficient to quantify localized damage. Successful
application of this non-destructive testing method will require the development of new
magnetic scanning techniques, capable of penetrating surfaces, and quantifying

magnetization.
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