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ABSTRACT

The successful development of deformation-processed metal-metal composites
(DMMOC) offers the potential for ductile, high-strength structural materials with high-
temperature stability. An infiltration casting process, developed as an alternative method to
combine matrix and fiber materials with dissimilar melting temperatures, was used to
permeate steel wool preforms v(rith molten magnesium-lithium (Mg-Li) alloys. The selected
matrix alloys were hexagonal close packed (HCP) Mg-4wt%Li or body centered cubic (BCC)
Mg-12wt%Li; the low carbon steel wool fibers were predominantly BCC ferrite. These cast
HCP/BCC and BCC/BCC composites were deformed by rolling or by extrusion and swaging.
Mechanical properties, microstructure, and texture development of the composites were
characterized at various levels of deformation. The HCP/BCC composites had limited
formability at temperatures up to 400°C while the BCC/BCC composites had excellent
formability during sheet rolling at room temperature but limited formability during swaging
at room temperature. The tensile strengths of these HCP/BCC and BCC/BCC composite
materials increased moderately with deformation, though less than predicted from rule of
mixtures (ROM) calculations. The microstructure was characterized to correlate the filament
size to the deformation strain and mechanical properties of the composite material.
Stereological measurements of the filament size were used to adjust ROM calculations to
reflect the actual deformation strain in the fibers. However, the experimental strengths of
these composite materials were still less than ROM predictions, possibly due to the presence
of considerably large fibers. Of the many models used to describe the strengthgning
observed in DMMC materials, the Hall-Petch relationship adequately described the
experimental data. Texture development was also characterized to explain the deformation

characteristics of the composite materials. Pole figures for the matrix and fiber phases at

various levels of deformation were obtained using X-ray diffraction and orientation imaging
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microscopy (OIM). Texture analysis results were compared to the development of specific
microstructures during deformation and to the limited deformation characteristics observed
for some of the composite materials. OIM had not been used previously for the texture

analysis of DMMC materials and the advantages of this technique were compared to

conventional X-ray methods.




CHAPTER 1: GENERAL INTRODUCTION

World-wide development work on light metal alloys has fallen into a somewhat
unimaginative pattern of pursuing one of two strategies: 1) fine-tuning alloy compositions to
tweak small performance improvements from solid solution hardening and precipitation
hardening mechanisms, or 2) developing various means to disperse ceramic particles/fibers in a
metal matrix. While both strategies have had considerable success, light metal alloys are only
now being introduced into applications where heavier steel alloys have traditionally been used,
e.g. automobile seat frames. This is due to two basic reasons. Firstly, the performance
improvements seen are not great enough to overtake the properties of steel in many cases,
particularly for elevated temperature applications. Secondly, where the properties of composite
alloys do rival those of steel, the high cost of producing the composite material often precludes
its widespread usage. The general adoption of light-weight alloys awaits the development of
new methods of processing and strengthening these materials that will allow them to compete
with steel on both a cost and performance basis.

Given the above considerations the overall goal of this study was to investigate the
possibility of developing a low cost method for producing a high-strength, light-weight alloy.
A review of the current literature suggested that it might be possible to develop a suitable Mg
based alloy using a combination of proper alloy selection and thermo-mechanical processing to
produce a composite material that exceeds the mechanical properties of currently used alloys.
Thus, the objectives of this project were to: 1) develop a low-cost alternative processing route
for the production of ductile, high-strength Mg-based composite materials, 2) study the
microstructure-strength relationships of these materials, and 3) determine the effects of texture
development on the processing and properties of these composite materials. The fulfillment of

these objectives is recorded in the pages of this dissertation. A brief rationale for the means by

which the author sought to meet these objectives is given below.




There are four mechanisms which affect the strength of materials: 1) solid solution
hardening, 2) precipitation hardening, 3) work hardening, and 4) microstructure hardening [1].
Of these strengthening mechanisms, only the first two are used in commercially produced
structural Mg alloys. The strength of deformation-processed metal-metal composites (DMMC)
is due to microstructure hardening as the sizes of the matrix and fiber phases are significantly
reduced during deformation processing. The successful development of Mg-based DMMC
materials would provide a third method for producing low-cost, structural Mg alloys. Thus,
this method was chosen as the means by which the material would be strengthened.

Composites of elements which can be co-melted (e.g. Cu-Nb and Ti-Y) can often be
prepared by conventional casting methods. Composites of elements with disparate melting
temperatures (e.g. Mg-Fe or Mg-T1i) are typically prepared by powder processing methods,
which can be labor intensive and costly to produce. In addition, while it is usually beneficial to
begin with large billets of the DMMC material so the composite can be deformed to very high
strains, the production of large billets by powder processing is limited by the pressure
gradients inherent in the compaction process and can result in non-uniform densities in the
billet. It was desirable that a low-cost alternative processing method for combining two
elements with dissimilar melting points be found for the Mg composites in this study. The
method must also be one that would produce large billets more easily and economically than is
possible through conventional powder metallurgy techniques. Therefore, a new, inexpensive
method for producing large composite Mg castings was developed for this study.

There remains much uncertainty concerning the exact reason for the high strengths
noted in some DMMC materials. Several models have been developed to describe these
exceptionally high strengths and are reviewed in [33]. It is apparent from these studies that a
clear understanding of the strengthening present in these materials relies on a detailed
knowledge of the microstructure and crystallographic texture development which result from

processing. Thus, the microstructure, mechanical properties, and texture development of the




composites selected for this study were characterized with the hope that the results would shed
additional light on the various strengthening models. The microstructure-strength relationships
were correlated to the deformation processing of these DMMC materials and some of the more
subtle aspects of the strengthening models were investigated during the course of this research.
The studies summarized in the following literature review suggest that deformation
processing offers the potential to produce structurally useful nano-scale composites of HCP
and/or BCC metals at reasbnable cost. However, the tendency of these materials to texture into
plane-straining configurations must be factored into the design of deformation processing
procedures to optimize materials properties. This study provides additional information to help
guide such design decisions and to provide valuable insight into the deformation characteristics

of combinations of HCP and BCC phases not previously studied.

Literature Review

Deformation processing offers the potential to produce structural composites with
nanoscale filaments at rcasonable costs. DMMC Cu-X alloys, where Cu is a face-centered
cubic (FCC) matrix and X is a body-centered cubic (BCC) metal immiscible in Cu, have highly
desirable mechanical and electrical properties [2-10]. More recent studies of Ti-20Y [11-14]
and Mg-20Fe, Mg-20Nb, Mg-20Ti, and Mg-8Li/5Ti [15-16] have demonstrated the potential
for hexagonal close packed (HCP) phases to benefit similarly from deformation processing and
have shown that texture development in the matrix and fiber phases has a significant influence

on the processing and properties of the composite material.

Cu-X Composites
During the past several years, Cu-based DMMC materials have been developed with

extraordinary mechanical and electrical properties [2-10]. These alloys, comprised of Cu

(FCC) with 10 to 30 vol% of Nb, Ta, Cr, V, or Fe, are heavily deformed to produce a




nanometer-scale filaments of the secondary phase embedded in the Cu matrix. The Cu-20Nb
system is the most thoroughly studied of these alloys and has ultimate tensile strengths (UTS)
in excess of 2200 MPa after deformation to a true strain of 11 = 12 [6], where 1 = In(A¢/A) and
Agp and A are the initial and final cross-sectional areas, respectively. For sheet materials, an
effective deformation strain used for comparison to true deformation in rod materials is
calculated as ne = QA 3)n [17], assuming negligible lateral spread, which corresponds to 1} =
(2/\/ 3)In(tp/t), where tp and t are the initial and final thicknesses of the sheet, respectively.

The Cu-X alloys are characterized by remarkable ductility, which allows cast or
powder-processed starting billets to be drawn to strains as high as 1 = 13.4 (99.99985%
reduction in area) before breaking [9]. Such deformations represent more than an 800-fold
reduction in diameter and are accompanied by a corresponding reduction in the size and spacing
of the second phase. Thus, an as-cast billet of Cu-20Nb, displaying Nb dendrites with an
average thickness of 5 lm, may be deformation processed at room temperature into a
composite wire containing Nb filaments with an average thickness of 7 nm [10]. Such
composites formed in-situ have tensile strengths substantially higher than those of any other Cu
alloys and higher than the strengths predicted from rule-of-mixtures (ROM) calculations [18].
Figure 1 shows the UTS data for Cu, Nb, and Cu-20Nb, as well as the ROM strength
predictions for Cu-20Nb through 1y = 2. It is evident that the Cu-20Nb wire is much stronger
than ROM predictions for such a composite. Debate continues on the mechanism(s) which
account for the high strengths of the Cu-X alloys, but discussion centers on the role of the
nanoscale filamentary structure in impeding the generation and propagation of dislocations in
both the matrix and fiber phases [19-23].

Figure 2 shows a representation of the filament morphology typically seen in transverse
sections of heavily deformed DMMC rod and sheet materials. Deformation often produces

ribbon-shaped filaments that remain parallel to the rolling plane in sheet materials or that

become convoluted about the deformation axis in rod materials. These filaments have very
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Figure 1. Tensile strength of Cu, Nb, and Cu-20Nb wire related to
deformation strain and compared to the ROM predictions [24].

Figure 2. Schematic representation of a typical transverse section of
DMMC rod (left) and sheet (right).

high aspect ratios and the microstructure can be classified as being a continuously reinforced
composite material. Figure 3 shows a TEM micrograph of heavily deformed Cu-20Nb wire
with the folded-ribbon morphology. The ribbon-shaped filaments result from the development

of specific textures in the matrix and/or fiber phases during deformation which limit the

deformation of the phase to plane strain and will be discussed in more detail later.




Figure 3. Dark-field conical scan TEM micrograph showing the transverse
cross-section of Cu-20Nb wire deformed to 1} = 12. The Nb filaments (light)

have been refined from an average thickness of 5 im (atn =0) to 7 nm (atm =
12} in the Cu matrix (dark).

Ti-Y Composites

In an effort to extend the use of deformation processing to non-cubic systems,
researchers have studied HCP/HCP Ti-Y composite materials [11-14]. A T1-20Y composite
was deformation processed to a strain of n = 12.8 by extrusion and drawing with 700°C stress
relief anneals performed after each 60% reduction in area. The composite displayed a
progressively finer microstructure with increasing amounts of deformation. The as-cast
microstructure was characteristic of two immiscible metals (Figure 4).

Deformation changed the original dendritic microstructure to a filamentary structure
similar to that observed in Cu-X DMMC materials. The size and spacing of the ribbon-shaped
filaments decreased with continuing deformation, resulting in a nanoscale filamentary

microstructure (Figure 5) with an average Y phase thickness of 41 nm atny = 7.27.




Figure 4. SEM micrograph of as-cast Ti-20Y. The interdendritic Y
phase was preferentially removed by the polishing agents.

Figure 5. TEM micrograph of Ti-20Y wire at = 7.27 (transverse section).




At the highest levels of deformation (n > 9), the Ti and Y phases developed an
equiaxed grain structure that resulted from recrystallization during periodic stress relief anneals.
Annealing was required to prevent the wire from breaking during further cold working.
However, the large surface area of the matrix and fiber phases provided a large driving force
for recrystallization during annealing. Further deformation produced the filamentary structure
previously observed, but the strength of the material did not increase significantly.

Deformation processing more than tripled the UTS of the Ti-20Y composite wire drawn
ton = 7.27 (Figure 6), where the folded-ribbon microstructure was observed. At higher
values of n, the phases recrystallized into approximately equiaxed grains and the strength
decreased. Ductilities were relatively high for all the Ti-20Y specimens, ranging from 36% to
63% reduction in area at the fracture surface. The Y second phase also improved the
machinability of the Ti-20Y composite as compared to pure Ti. The Ti-20Y machining

characteristics were qualitatively similar to those of mild steel.
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Figure 6. Tensile strength of Ti-20Y wire deformed at room temperature with
periodic 700°C anneals. The second generation material was hot worked at
700°C to 1} = 5.7 and then cold worked with 600°C anneals.




Texture Development in Ti-Y and Cu-X Composites

X-ray texture pole figures taken on the as-cast Ti-20Y showed no significant texture.
However, a pronounced < 1010 > fiber texture was observed in transverse sections of the
deformed rod materials for both the Ti and Y phases throughout the deformation range 2.25 <
n<727. The < 1010 > fiber texture is normally observed in drawn Ti [25]; its occurrence in
drawn Y has been less thoroughly studied but seems a likely texture for Y since it has a c/a
ratio identical to that of Ti [26].

In Cu-Nb DMMC rod mafcrials, the BCC Nb phase typically develops a <110> fiber
texture while the Cu matrix develops a <111> and/or <001> fiber texture [27-30]. In a BCC
crystal with a <110> fiber texture, two of the four <111> directions ([111] -and [11 1]) are
positioned perpendicular to the fiber axis and thus cannot slip. All slip is limited to the
remaining two <111> directions ([111] and [1 11]) which lie opposite one another across the
specimen center line, thus limiting deformation in the BCC phase to plane strain [1, 31]. The
FCC Cu matrix, however, can readily deform axisymmetrically with either the <111> or
<001> fiber texture, since these orientations possess three and four active slip directions,
respectively. The Cu-X DMMC materials are therefore characterized by plane-straining BCC
filaments embedded in a Cu matrix with multiple slip systems that can accommodate the limited
deformation mode of the fibers.

The axisymmetrically-deforming FCC Cu which surrounds the plane-straining BCC
phase constrains the filaments and results in the curling effect seen in Figure 3. That is to say,
the overall specimen geometry remains cylindrical during deformation and so the ribbon-
shaped filaments must swirl around the axis of deformation to comply with the deformation of
the bulk material. Thus, for an equivalent amount of deformation, FCC/BCC Cu-X DMMC
materials have a much thinner effective filament thickness and a much larger matrix/fiber

interfacial area than do FCC/FCC deformation processed composites such as Ag-Cu or Ag-Ni.

The deformation processed Ag-Cu wire of Frommeyer and Wassermann was comprised of
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100% FCC phases which both deform axisymmetrically, and these specimens achieved much
Iower maximum UTS values (1250 to 1400 MPa) even at filament thicknesses as small as 12 to
25 nm [32]. It has been suggested that the presence of a plane straining phase resulting in the
convoluted microstructure seen in Cu-Nb is one of the reasons for the superior strength of the
FCC/BCC DMMC materials [1].

There is a striking similarity between the arrangement of available slip systems in an
HCP crystal with a < 1010 > fiber texture and in a BCC crystal with a <110> fiber texture.
Both situations limit slip to two directions which are bisected by the center line of the rod (as
compared to the three or four slip directions possible in a textured FCC lattice), so both crystals
are limited to a plane strain deformation mode. This analysis would predict that a DMMC
material comprised of HCP metals would undergo the same filament shaping processes that
have been observed in the BCC filaments of Cu-X composites. Since both the Ti and Y phases
are limited to plane strain in a < 1010 > fiber texture orientation, the folded-ribbon shape seen
in the BCC filaments of Cu-X composites would be expected for both phases in the Ti-Y
composite. This, in fact, has been observed in Ti-20Y composite wires [11-14].

The exceptionally large interfacial boundary area inherent in such plane-straining
microstructures (as seen in Cu-X and Ti-Y) might also explain the anomalous strengthening
observed in FCC/BCC Cu-X composites but absent in FCC/FCC composites such as Ag-Cu
[32]. The increase in strength observed for the Ti-20Y composite in Figure 6 is quite similar
to that observed in the Cu-20Nb composites over the range 0 <1 <7.27 [1, 4].

As previously mentioned, the Ti-20Y composites did not maintain the desired folded-
ribbon microstructure at strains greater than ny = 7.27. This was unfortunate, since the greatest
improvement in the mechanical properties of Cu-X composites occurred at the highest true
strains where filament thicknesses were reduced to less than 10 nm. The ;Fi—2OY specimens

either recrystallized when high annealing temperatures were used or broke apart during

deformation when lower annealing temperatures were used [11-14]. One possible explanation
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for the observed inability of the Ti-20Y composite to tolerate very large strains is the geometric
challenge of fitting two plane straining phases into a cylinder whose radius diminishes as
deformation progresses. It may simply be impossible to fit two plane-straining, ribbon-shaped

phases into a contiguous, void-free cylindrical arrangement at high true strains {13, 16].

Mg-X Composites

Mg is mutually immiscible with Ti, Nb, and Fe, and Mg-X composites of these
materials were prepared by mixing elemental powders and then pressing the blended powders
into a compact suitable for deformation processing. Initial hot working was followed by cold
working with periodic stress relief anneals and this deformation changed the original
microstructure of the powder compacts into a filamentary structure aligned to the rod axis. As
deformation continued, the composites displayed progressively finer microstructures and the

strength increased modestly (Figure 7) [16].
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Figure 7. Tensile strength of Mg-X binary alloys deformation
processed by extrusion and swaging.
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A particularly significant finding from the study of the Mg-X composites was their
resistance to microstructural change and loss of strength from exposure to elevated
temperatures. Mg-20Ti and Mg-20Nb specimens exposed to temperatures ranging from 300°C
to 400°C for 6 to 500 hours showed no change in microstructure (Figure 8) and no loss of
ultimate tensile strength (Figure 9). The potential for producing a DMMC material that can be
used in high-temperature environments remains the “holy grail” of current Mg-alloy research,

but the results from the Mg-X composites provide scientists with some hope of success.

Anticipated Benefits of Deformation-Processed Mg Composites

DMMC research provides an alternate strategy for developing light-weight commercial
materials: produce fiber-reinforced composites by heavily deforming a mixture of two ductile
metallic phases. DMMC materials offer several potential advantages over conventional metal
matrix composites: high strength, good ductility, good formability, good machinability, good
matrix/fiber bonding (metallic bonding), high fracture toughness, high temperature stability,
and post-forming strengthening (e.g. precipitation hardening or solid state transformations) to
improve the properties of the matrix and/or fiber phases in the composite material. Successful
development of DMMC materials offers the potential for improving the performance of light
metal alloys used in structural applications.

As stated previously, commercial magnesium alloys rely primarily on solid solution
strengthening and precipitation hardening. The use of deformation processing to produce
fiber-reinforced composite materials with the advantages listed above would represent a true
paradigm shift for the light metals industry. The development of lightweight DMMC materials

has the potential to revolutionize worldwide commercial applications through improved

performance and economic benefits.
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Figure 8. Mg-20Ti rod deformed to n} = 5.1 before (left) and after (right) annealing at
in vacuum at 400°C for 6 hours (longitudinal sections).
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Dissertation Organization

This dissertation is written in an alternate format composed of original manuscripts,
preceded with general introduction and conclusion chapters. References cited within each
chapter have been placed immediately after the chapter.

The first manuscript, presented in Chapter 2, “Processing and Mechanical Properties of
Magnesium-Lithium Composites Containing Steel Fibers,” was submiitted to Metallurgical and
Materials Transactions in 1.997. The authors were Jeff Jensen (graduate student and primary
researcher) and Scott Chumbley (graduate advisor), both associated with the Materials Science
and Engineering Department at Iowa State University and the Ames Laboratory of the U.S.
Department of Energy (DOE) . This manuscript presents an alternative processing method
developed to produce c.astings of the DMMC materials studied and the mechanical properties of
these composites.

The second manuscript, presented in Chapter 3, “Microstructure of Magnesium-
Lithium Composites Containing Steel Fibers,” will be submitted to the Journal of Materials
Engineering and Performance in 1997. The authors are Jeff Jensen (primary researcher), Scott
Chumbley, and Fran Laabs, who assisted with the research. Mr. Laabs is associated with the
Ames Laboratory (DOE). This manuscript relates the observed microstructure to the
mechanical properties of the heavily deformed DMMC materials.

The third manuscript, presented in Chapter 4, “Texture Development in Magnesium-
Lithium Composites Containing Steel Fibers,” will be submitted to Acta Materialia in 1997.
The authors are Jeff Jensen (primary researcher), Fran Laabs, and Scott Chumbley. This
manuscript relates the texture development in the matrix and fiber phases to the processing and
properties of the DMMC materials.

The fourth manuscript, presented in Appendix A, “Strength of a Heavily Deformed Cu-
20Nb Composite,” will be submitted to the Journal of Materials Engineering and Performance

in 1997. The authors are Jeff Jensen {primary researcher), Scott Chumbley, and Andrew
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Kuznetsov, a visiting scientist from the Institute of Metal Physics of the Russian Academy of
Sciences in Russia who assisted with the mathematical analyses presented in this manuscript.
A fifth manuscript, presented in Appendix B, “Quantitative Fiber Size Measurements
for a Theoretical Composite Sheet,” was authored by Jeff Jensen. The manuscript is included
as a reference describing the difference between stereologically measured fiber sizes and the
actual fiber dimensions in a theorietical composite sheet material as a function of deformation.
Additional appendices include raw data from stereology measurements, tensile tests,

and some additional SEM and TEM micrographs.
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APPENDIX A: STRENGTH OF A HEAVILY DEFORMED Cu-20Nb COMPOSITE
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Abstract

Heavily deformed Cu-20 vol% Nb sheet and wire have strengths which greatly exceed
rule-of-mixtures predictions. While the strengthening mechanisms have been debated,
experimental data clearly show that the strength increases as the Nb filament thickness and Cu
channel spacing decrease during deformation. Empirical models relating the strength to the
observed filament size and spacing have been developed based on the Hall-Petch relationship
and the Gil Sevillano model. However, these analyses have failed to properly evaluate the
effect of G, the friction stress. Assumptions that G is zero or that g ranges from 386 MPa
to 653 MPa are inconsistent with the description of 6 found in the literature. While
determining a value for G is elusive, the effect of this parameter on the empirical models is
substantial and must be considered in any analysis of the strengths of these materials. This

paper examines TEM and mechanical properties data for Cu-20Nb wire while considering the

effects of 6 on the strengthening models.
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Introduction

In situ composites or deformation-processed metal-matrix composites (DMMC)
prepared by extensively deforming a mixture of two immiscible ductile phases constitute an
interesting class of materials due to their anomalous high strengths [1-3]. Models have been
proposed to correlate the observed mechanical properties of these materials with microstructural
features such as dislocations or filament spacings [4-6]. While controversy has existed
regarding the strengthening mechanism(s) in these composites [7-11], it has been clearly
shown that strength increases as the filament size and spacing decreases [1-6]. Consequently,
the role the filaments must play in the development of high strengths in these materials is
significant and empirical relationships have been developed to describe strength as a function of
filament size and spacing [4-6].

Work on a Cu-20 vol% Nb (Cu-20Nb) DMMC deformed by cold rolling or wire
drawing reported that the strengthening effect produced by the filaments depended on the type
of deformation [2]. Two distinct differences were noted. Firstly, the overall strength of the
rolled composite was lower for a given filament size and spacing than the strength of the wire
drawn material. By considering the Schmid factors and the texture development during
deformation, it can be shown that an effective filament spacing for sheet material exists which
is longer than a simple measurement of the average filament spacing [12]. The second
difference concerns the increase in ultimate tensile strength (UTS) with decreasing filament
spacing as measured with optical, scanning electron, or transmission electron microscopy
(OM, SEM, TEM). The strength was modeled in these studies with a Hall-Petch relationship
with an exponent ranging from 0.38 to 0.45 for wire drawn material [2, 3] and 0.27 for sheet
material [2]. Differences in the exponent were related to the resolution of the measuring

technique used {3]. However, the general trend shown in these studies, namely, a difference

in the strengthening observed in sheet versus wire material, seems to be valid. It is the intent
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of this paper to re-examine the data produced by earlier studies in an attempt to resolve some of

the questions that remain concerning the strengthening of these heavily deformed materials.

Background

The most significant work published that relates the strength of Cu-20Nb composites to
microstructural features is found in [2] and [3]. A typical microstructure of a Cu-20Nb
composite wire is shown in Figure 1a. The microstructure consists of Cu channels of width A
and Nb filaments of width t, as illustrated in Figure 1b. Using SEM measurements of A and t,
UTS data for Cu-20Nb wire were fit with a Hall-Petch equation and yielded the exponents
stated above. The strengthening of the wire was explained as following a simple Hall-Petch
type relationship since the exponent fell reasonably close to the 0.5 value predicted by that
theory. The failure of the best-fit curve for the sheet material to exhibit a slope of 1/2 as
predicted by Hall-Petch was interpreted in [2] to mean that some substructural feature of the Cu
matrix was controlling the strength of the sheet material (e.g. dislocation cell walls or
deformation twins) rather than the Cu channel size or Nb filament thickness.

A comparison of the SEM data for Cu-20Nb wire in [2] to the TEM data in [3] showed
conclusively that the SEM data overestimated the average values of A and t at high deformation
levels. SEM and TEM micrographs of identical regions in a TEM sample of Cu-20Nb wire at
1 = 9.8 (where 1 is the true deformation strain; 1} = 2 In(dp/d) and dg and d are the initial and
final diameters, respectively) demonstrated the resolution limitations of the SEM. In one
region of the sample, the SEM showed what appeared to be a single Nb filament approximately
400 nm thick. ‘Using the TEM, the same microstructural feature was determined to consist of
19 Nb filaments with an average thickness of 7.5 nm. Since SEM measurements were shown

to yield significant errors at deformation levels of 1} > 3, only TEM data for 1 > 4 were used in

[3] for purposes of establishing empirical relationships.
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(b)

Figure 1. (a) Typical microstructure from a Cu-20Nb composite wire (TEM,
conical scan dark field, transverse section). (b) Schematic illustrating the
measured values of A and t. Cu is dark; Nb is light.
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Although TEM measurements of Cu-20Nb wire at | < 4 were also reported in [3], the
data were not used for one of several reasons. Firstly, OM and SEM observations at low 1
levels indicated the presence of many large Nb filaments which were not visible in the TEM
[3]. Consequently, SEM measurements tend to overestimate phase sizes at high 1 values
while TEM measurements tend to underestimate phase sizes at low 1 values. Secondly,
extrapolating TEM data to low 1) values does not give the known starting dendrite size. This is
a direct result of the quantitative stereology methods used, where the measured filament size is
related to the shape, orientation, and distribution of the second phase. This makes it difficult to
quantitatively compare the irregular, bulky shape of dendrites to the shape of aligned, ribbon-
shaped filaments [13]. Since transition from the dendritic structure to a uniformly aligned
ribbon-shaped structure was completed at 1} = 3, TEM data for n| > 4 1s valid for modeling the
strength of the Cu-20Nb wire.

By using more accurate TEM measurements, it was shown in [3] that the Hall-Petch
exponent changed from 0.45 to 0.38 (Figure 2). Thus, the strength of Cu-20Nb wire did not
follow the Hall-Petch relationship and the data was re-analyzed using the Gil Sevillano model
[19]. The Gil Sevillano equation was modified in [3] using a rule-of-mixtures (ROM)
approach to account for both Cu and Nb phase sizes and UTS was used instead of yield stress.
The wire data was seen to correspond well with this theory, although no attempt was made to

explain the strengthening effect seen in the sheet material in terms of the Gil Sevillano model.

Results and Discussion
The well-known Hall-Petch equation that describes strengthening as a function of

barrier spacing is:

G = og+kdn (1)

where n = 1/2 (ideal), G is the UTS, o is the friction stress, d is the filament size or spacing,
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Figure 2. UTS as a function of A and t for Cu-20Nb wire using TEM
measurements and assuming O is zero).

and k is an empirical fitting parameter [15]. The theory of Gil Sevillano also predicts that

strength will increase as barrier spacing decreases, according to the relation:

MAGbH, d
In—
2md b

Oc = Op * (2)
where o, is the critical stress necessary to propagate dislocations between lamellae, M is the
Taylor factor (M = 3 in FCC metals, M = 2 in BCC metals), A = 1.21 for mixed dislocations,
G is the shear modulus, b is the Burgers vector, d is the barrier spacing (A or t), and Gy is the
friction stress [19]. Note that both the Hall-Petch and Gil Sevillano models contain the term
Go. There is considerable confusion as to the physical meaning of this parameter. Perhaps the
most honest definition of 6 was given by Hull and Bacon [23] who stated that Gg was “a
constant stress of uncertain origin.” Given the presence and importance of 6y in both models,

a brief review of this parameter is appropriate.
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Derivation of o9

Hall [21] and Petch [22] take o to be the extrapolated y-intercept value for plots of the
lower yield point of a single crystal or fracture stress of a polycrystalline material, respectively,
versus the inverse square root of grain size. Hertzberg [18] defines oy in the Hall-Petch
equation as the friction stress, which is a measure of “lattice resistance to dislocation movement
resulting from various strengthening mechanisms and intrinsic lattice friction (Peierls stress).”
Referring specifically to lath martensite, Norstrom [14] proposed a comprehensive relation

describing yield strength:

oys = op + kVc + aGbVp + kyd-1/2 3)

where Ovysg is the yield strength, op is the Peierls stress, k\c is solid solution strengthening,
aGby p is strain hardening, and kyd'l/2 is boundary hardening. In this equation the first three
terms of the summation (Gp + kve + aGbY p) correspond to 6o. Conrad [17] stated that G
was a summation of two separate terms, ost which is sensitive to the structure of the material
and varies with the type of strengthening mechanism and o which is sensitive to testing
temperature. A general equation which accounts for each of these strengthening mechanisms

would have the form:

where Oy is the friction stress, Op is the Peierls stress, Ogg is solid solution strengthening, Ggp
is strain hardening, and oppy is precipitation strengthening.

One might think of G as the Peierls stress for an imperfect single crystal. It includes
the Peierls stress for the perfect crystal plus the cumulative effects of solid solution
strengthening, strain hardening, and precipitation strengthening. One only needs to calculate

the Peierls stress in order to solve for 6g. The Peierls stress is generally assumed to be

constant for a given compound or elemental crystalline arrangement and only two known
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variations in the Peierls stress appear possible. The first is the well documented variation of
the Peierls stress with temperature [15, 17, 18, 22] and the second is related to the width of a
dislocation in a given crystalline lattice. The temperature effect can be discounted for this study
since all mechanical testing was done at room temperature. However, the effect of dislocation
width on the Peierls stress is difficult to quantify.

The Peierls stress is considered to be an intrinsic lattice friction required to move a
dislocation through a crystalline lattice. Attempting to determine an exact value for the Peierls
stress from first principles is difficult. For example, Foreman er al. [24] have shown that
minor variations in calculations of the Peierls stress can change the computed value by six
orders of magnitude! Hirth and Lothe [15] have discussed the displacement potential (related
to the Peierls stress discussed here) at great length. In [15], the model that was first derived by
Peierls and later extended by Nabarro was shown to be useful in determining the width and
core energy of a dislocation. However, [15] states that “the extension of the model to predict
the lattice displacement potential resisting dislocation motion rests on quite tenuous
assumptions.” Refinements of the Peierls-Nabarro model have been developed by many
theorists, but [15] shows that consideration of such refinements is of questionable value in
view of the uncertainties in the Peierls model. Hirth and Lothe describe the shortcomings of
the original Peierls-Nabarro solution and show several refinements to the original model;
however, all of the models qualitatively retain the basic assumption of the original Peierls-
Nabarro work and retain the corresponding degree of uncertainty.

Hirth and Lothe [15] state that even though there are large uncertainties in all of the
quantitative predictions of the Peierls energy barrier, the predictions all agree that the Peierls
energy should decrease as the dislocation width, planar spacing, and temperature increase, and
that the Peierls energy should be lower for edge dislocations than for screw dislocations. The
corollary to the first generalization indicates that the force required to move a dislocation

increases as the width of the dislocation decreases. Hirth and Lothe [15] conclude that the
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maximum value of the periodic lattice resistance stress is the Peierls stress, 6p, which should
be regarded as a phenomenological parameter.

Attempts have been made to determine an exact value for the Peierls stress from first
principles. All of the model predictions suffer from a large degree of uncertainty [15, 24].
However, experiments [15] indicate that op varies from approximately 10-4y to 10-2u (where
u is the shear modulus), with higher values associated with covalent crystals and lower values
associated with close-packed metals. For Cu and Nb, the shear moduli are 48.3 and 37.5
GPa, respectively, and ROM calculatibns predict the corresponding Gp to be on the order of 5

to 500 MPa for Cu-20Nb.

Determination of c¢ for Cu-20Nb

To determine o for Cu-20Nb one must consider the collective effects of the Peierls
stress, solid solution strengthening, strain hardening, and precipitation strengthening. Since
the impurity levels in the as-cast ingot were low, and Cu and Nb are mutually immiscible, the
effect of impurity strengthening on 6y must be low. The same reasoning would also apply to
precipitation strengthening effects: with no impurities present and no miscibility, no
precipitates should form. Indeed, no precipitates have ever been observed in the numerous
TEM investigations of this material. One can calculate the maximum contribution of hardening

due to dislocation pile-ups in Cu using the following equation from [25]:

Ao, = [%)(\fp” o1 (5)

where Aoy, is the increased strength due to a higher dislocation density, G = shear modulus
(= 48.3 GPa for Cu), b = Burgers vector (= 0.26 nm for Cu), p1 is the initial dislocation

density, and p» is the final dislocation in the material. Using the dislocation densities reported

in [26] for as-cast and highly deformed wire and sheet material yields a maximum hardening
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effect of =70 MPa in the Cu phase. Similar values can be obtained for Acny, so a rule of
mixtures approach will not vary significantly from the calculated hardening effect for pure Cu.
The effect due to increased dislocation densities in Cu-20Nb is, therefore, small compared to
the overall strength of the material at high deformation levels.

In the Hall-Petch analyses of [2] and [3], a value of zero was used for 6g. If G9=0
then dislocations could move freely and indefinitely without any applied stress. Thus, cg=0
is a poor assumption and 6y must have some finite value. In the Gil Sevillano analysis of [3],
o for the Cu-20Nb composite at any given 1] was taken to be the weighted average of the
UTS for pure Cu and pure Nb deformed to the same strain. This results in a 6p which is a
function of deformation strain, as would be expected from the G}, term in Equation 4.
According to the derivation in [3], 6o would increase from 225 MPa (as-cast) to 670 MPa at
the highest levels of deformation sustained by the material. Over the range of deformation
modeled in [3], 6g varied from 386 to 653 MPa. Calculations based on dislocation densities
observed in the TEM (above) show that 6 should only increase 70 MPa as a result of strain
hardening. If these calculations are true, then the values for G used in {3] are in error.

»In Figure 3 below, the TEM data of [3] have been evaluated using a constant value of
op = 225 MPa, obtained by calculating the weighted average of the UTS for pure Cu (209
MPa) and pure Nb (275 MPa) in the annealed condition [20]. Using this value of o the Hall-
Petch exponent was determined to be 0.52, rather than 0.38, as reported in [3]. Note: fitted
equations include the correlation coefficient, R, which ranges from O (poor fit) to 1 (ideal fit).

Figure 4 shows the Gil Sevillano UTS predictions of [3], labeled og = f(1}) to show
that oo was a function of deformation, and those using a fixed 6 value of 225 MPa. The
solid line indicates ideal agreement with this model. With a fixed value for 6, the Gil
Sevillano model now significantly underestimates the strength of the Cu-20Nb wire. It is

interesting to note that the Hall-Petch model correlates well with the data when o is assumed

to be constant, while the Gil Sevillano model describes the data equally well when og varies as
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Figure 3. UTS as a function of A and t for Cu-20Nb wire using TEM
measurements and assuming cg = 225 MPa.
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a function of deformation. Thus, depending on the assumed value of G, both models are
equally valid for describing fhe strengthening observed in Cu-20Nb wire.

These analyses show that G plays an instrumental role in determining how well the
data can be modeled. The value of 225 MPa used in this study seems reasonable; however,
other approaches to determining 69 may be equally valid. It might be argued that the as-cast
UTS of the starting ingot could be considered as a good approximation to Gg since this equals
the stress necessary to move a dislocation through the Cu-Nb structure before the aligned
microstructure develops. The as-cast UTS was experimentally determined to be 250 MPa [2,
3], which is close to the 225 MPa value for 6. Fitting the TEM data of [3] with the Hall-
Petch relationship and assuming g = 250 MPa yields an exponent of 0.54 with a correlation
of R = 0.999.

Another value for 6¢ can be determined from Equation 4. Although this equation
contains several terms, only op and the strain hardening term (ogp) need to be considered for
Cu-20Nb. Calculations showed (Equation 5) that a maximum g, value of 70 MPa is
expected. Assuming that O increases linearly from 250 MPa to 320 MPa to account for strain
hardening, the Hall-Petch exponent was determined to be 0.52 with a correlation of R = l.OOQ
(Figure 5). A value for o can also be determined if one assumes that the ideal Hall-Petch
equation applies to Cu-20Nb wire (i.e. n = 1/2) and plots UTS versus d-1/2 (where d = A or t).
Figure 6 shows that the y-intercepts of these lines yield an average g value of 200 MPa.

These analyses show that all reasonable values for o result in an excellent Hall-Petch
correlation between the tensile strength and observed filament spacings in Cu-20Nb wire.
However, the Gil Sevillano model applied successfully in [3] does not work well if 6o = 225
MPa (Figure 4). Assuming a value of 6g = 200 MPa, or that g ranges from 250 to 320 MPa,

produces similar results; i.e. measured UTS data are higher than predicted UTS values (Figure

7). Thus, the Gil Sevillano does not apply to Cu-20Nb wire when ¢y is evaluated correctly.
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Figure 7. Gil Sevillano UTS predictions using TEM measurements for
Cu-20Nb wire.

The Gil Sevillano and Hall-Petch models both predict that the strength of a material will
increase when the barrier spacing is decreased. However, these models assign different
weights to this barrier spacing effect. For example, the Hall-Petch model shows that strength
increases with (¥d)/d, where d is the barrier spacing, while the Gil Sevillano model predicts
that the strength increases as a function of In(d/b)/d, where b is the Burgers vector. Thus, the
Gil Sevillano model has a stronger dependence on barrier spacing than the Hall-Petch model.
As shown in Figures 3-6, both models can be used to describe the strengthening seen in Cu-
20Nb wire, depending on the choice of G and the constant associated with the barrier spacing
factor. For example, the weaker barrier spacing dependence of the Hall-Petch model can be
overcome by the fitting parameters (cp and k) determined for the experimental data.

Although both models can be forced to fit the UTS data for Cu-20Nb wire, the Gil
Sevillano model applied in [3] uses a range of values for Gg that assumes a large strain

hardening effect that is not confirmed by TEM measurements of dislocation densities. The
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combination of the strong dependence on barrier spacing and the choice of large values for o
in [3] increased the strength predictions of the Gil Sevillano model enough to fit the strength
data for the Cu-20Nb wire. On the other hand, the Hall-Petch analyses described in this paper
accurately describe the strengthening observed in Cu-20Nb wire while using values for oy
which agree with other evidence such as dislocation densities, the estimated Peierls stress, the
predicted ROM strength of the composite in the annealed condition, and the as-cast strength of
the composite. The results of this study indicate that the use of any particular strengthening
model must be carefully evaluated in regard to all available physical data and that only
reasonable assumptions are used.

Finally, it should be noted that Embury and Fisher [27-28] also developed a Hall-Petch
type of relationship to describe the strength of pearlitic steel wire as a function of deformation.
Their model was based on the assumption that the ferrite and cementite phases deformed at the
same rate as the bulk material. The Embury-Fisher model has the advantage that one need only
measure the initial barrier spacing using SEM or TEM and then calculate barrier spacing as a
function of deformation. However, the model is invalid if the internal and external shape
changes of the material are not consistent. For example, the barrier spacing in Cu-20Nb wire
and sheet [1] and in strip-drawn pearlitic steel [29] is not reduced at the same rate as the
deformation of the bulk material, so the basic assumption of the Embury-Fisher is not fulfilled
in these systems. Using the Embury-Fisher model for Cu-20Nb wire results in a worse
correlation to the experimental data than the Hall-Petch model based on TEM measurements of
filament spacing. Thus, this model was not considered relevant for the above analysis.

One final mention should be made of the possible effect the filamentary structure of
these composites has on the value of 63. TEM studies have shown that the composite
microstructure becomes extremely fine at high levels of deformation, with Cu channels (&) less
than 50 nm in width and Nb filaments (t) less than 10 nm in width. Although the literature

reports no minimum grain size required for the Hall-Petch relationship to be valid, the
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nanoscale microstructures of the nature examined in this study were never considered by Hall
and Petch [21-22], and a wide body of literature shows that nanoscale materials have different
mechanical properties than similar large-grain materials [30-31]. Depending upon the Burgers
vector of the dislocation and the direction of movement, this fine microstructure may limit the
width a dislocation can assume and/or prevent additional dislocations from being generated.
Experimental studies which have shown that dislocation generation and motion in finely spaced
lamellar structures becomes difficult, if not impossible, resulting in large strength increases
[32-33]. This type of strengthening mechanism may alter the Peierls stress (op) or require an
additional term to be added to the summation for 6o (Equation 4). This strengthening

mechanism was not considered since the Hall-Petch model accurately describes the strength of

Cu-20Nb wire. However, if the size and spacing of the filaments was further decreased, one

might need to consider the nanoscale strengthening effects described in [32-33].

Summary and Conclusions

It has been shown that previous theoretical analyses used to explain the strengthening
seen in heavily deformed Cu-20Nb wire failed to properly consider and evaluate the effect of
Og, the stress associated with lattice resistance to dislocation motion and internal friction
effects. Assumptions that 6g = O or that 0g varies from 386 MPa to 653 MPa do not agree
with the description of g presented in the literature or with other experimental data such as
TEM measurements of dislocation densities. The influence of g on the Hall-Petch exponent
(Table I) and on the Gil Sevillano predictions make this an important parameter to consider in
any theoretical treatment. Depending on the values chosen for oy, it is conceivable that many
models could be used to explain the strengthening observed in Cu-20Nb wire and sheet.
However, the assumptions required for the Gil Sevillano model to fit the Cu-20Nb wire data
do not seem reasonable, while the Hall-Petch model accurately describes the observed

strengthening in a manner which agrees with other data available for this composite.
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Table I. Parameters Determined for Hall-Petch Model, ¢ = g+ kd™

Assumed
Figure | d= og (MPa) k n R
2 A 0 461 0.388 1.000
2 t 0 259 0.395 0.999
3 A 225 269 0.516 1.000
3 t 225 125 0.526 1.000
A 250 248 0.536 0.999
t 250 112 0.547 1.000
5 A 250-320 250 0.512 1.000
5 t 250-320 117 0.522 1.000
A 320 192 0.605 0.999
t 320 78 0.617 1.000
7 A 213* 283 0.50% 1.000
7 t 187* 144 0.50* 1.000

* Assumed n = 1/2 and determined Gg and k.
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APPENDIX B. QUANTITATIVE FIBER SIZE MEASUREMENTS
FOR A THEORETICAL COMPOSITE SHEET

Introduction
The quantitative stereology methods described by Underwood [1] can be used to

relate easily measured metallographic parameters to an average fiber diameter called the

mean intercept length ( L3) for single or multi-phase materials. For fibers embedded in a

composite material, L represents the average distance between any two points lying on the

surface of a fiber. For particles with simple geometries L5 can also be determined
mathematically. For example, in spherical particles, L is equal to two-thirds the diameter .
For flat disks and plates such that the thickness is much smaller than the other dimensions of
the particle, Lj is equal to twice the thickness of the particle. Mathematical and stereological

determinations of fiber size estimate the mean intercept length, Ls, rather than the actual

thickness of a ribbon-shaped filament.
Quantitative stereological methods can be used to determine the size and spacing of
filaments embedded in a composite material. The mean free distance (A) between particles is

given by:

A=(1-Vp/N=Vy/N (D

where V¢is the volume fraction of fibers, Vi, is the volume fraction of the matrix, and N is
the number of interceptions per unit length of test lines with the fibers. V¢, Vi, and N can be
determined by stereological methods, while V¢ and Vy, can also be determined from chemical
analysis or density measurements if uniform particle dispersion is assumed. Equation 1 is
supposedly “valid regardless of size, shape, or distribution of particles” and is “essentially the

mean edge-to-edge distance” between phases [1]. Since the number of interceptions with the
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fibers is the same as the number of interceptions with the matrix, the average thickness of the

fibers (t) can be estimated from the following equation:
t=(1-Vp)/N = Vi/N (2)

where Vi, is the volume fraction of the matrix. The value for t is actually an equivalent fiber
"diameter” that is the average distance between all possible pairs of points lying on the
surface of a fiber and is called the mean intercept length, designated as L in [1].

Some doubt was raised during the analysis of fiber sizes in [2] as to the validity of the
measured values for L; (i.e. t), especially for the composite sheet material analyzed with
SEM and TEM. The stereologically measured values for the fiber size differed considerably
from the fiber thickness predicted from the deformation applied to the bulk composite
material and this discrepancy was questioned.

To understand this discrepancy, a theoretical composite sheet material was designed
to allow the comparison of the known fiber thickness to the stereologically measured values
of Lj described above. L3 was also calculated from the mathematical descriptions in [1] and
compared to the known thickness of the theoretical fibers and the stereologically measured
values. Since the composite sheet material studied in [2] is generally thought to have
lamellar fibers, the rectangular parallelepiped particle shape was chosen as the mathematical

equivalent. For this particle shape, the mean intercept length is given as:

— 2abc -
Iy = ——nrs— 3
3 ab+bc+ca )

where a, b, and ¢ are the dimensions of the filament [1].




138

Procedure and Results

Transverse and longitudinal sections of a theoretical composite material containing 25
volume percent fibers were sketched for deformation strains up to ne = 4.0 (96.9% RT),
where the effective deformation strain is Ne = (2/73)(1}), the true deformation strain is n=
In(tg/t), %RT refers to the percent reduction in thickness, and tg and t are the initial and final
thicknesses of the sheet, respectively. The width of the theoretical sheet material was
assumed to remain constant so that deformation produced a reduction in thickness and
corresponding increase in length. The matrix and fiber phases were assumed to perfectly
codeform in direct proportion to the bulk sheet material. Therefore, during deformation the
fibers became longer and thinner while maintaining a constant width. The initial fibers were
assumedtobe 1cmx 1 cm x 10 cm. A 10 cm x 10 cm micrograph was sketched at each
deformation level and used for stereological measurements that could be compared to the
actual and mathematical values for fiber size.

The number of intercepts per length (N) were determined by placing two concentric
circles over the micrographs and counting the number of times the circles intersected the
fibers. This number was then divided by the known length of the two circles (33 cm
originally). The circles and micrographs used to determine N are printed below at a slightly
reduced magnification (Figures 2-8). It is assumed that the transverse sections are exactly
perpendicular to the rolling direction and that the longitudinal sections lie in the plane
defined by the rolling direction and the sheet normal. The dashed line in Figure 2 shows the
location of the longitudinal section in relation to the transverse section. Table I shows the
results of the measurements and calculations in this theoretical study. In Table I, tT and t;,
refer to L3 values determined from Equation 2 using the concentric circles to measure N on

micrographs of transverse and longitudinal sections, respectively; t' refers to the value for L

calculated using Equation 3; and t,.¢y4) 1S the true fiber thickness assuming that the fibers
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perfectly deformed in the composite sheet. Figure 1 plots these fiber size determinations as a
function of effective deformation strain.

Note that taciya) refers to the thickness of the individual filaments while f3 refers to a
fiber "diameter” equivalent to the average length between all possible pairs of points on the
surface of a filament. As suggested in [1], when a << b and a << ¢ then Lj can be estimated
by 2a (i.e. twice the filament thickness). This can be seen at 1 = 4.00, where t' is nearly
twice the value of tyenal. Also note that the values for tT and ty. begin to converge at higher
levels of deformation. In general, L; for any flat particle (ribbon, flat disc, square plate, etc.)
is equal to twice the thickness of the particle, provided that the thickness is small in

comparison to the other particle dimensions.

Discussion

Researchers often consider the thickness of the filaments when heavily deforming a
composite material and predict the fiber thickness based on the deformation of the bulk
material. Stereological measurements of the fiber size are often completed and then reported
as being in disagreement with the “actual” (i.e. predicted) fiber size. One must be careful
when comparing stereological measurements of L to the actual fiber thickness, especially
when the fiber size is used to model the strengthening behavior of the material. Researchers
must remember that the filament thickness is usually not the same as “mean intercept length”
described by L, which represents a three-dimensional equivalent fiber “diameter” [1]. For
example, in heavily deformed DMMC sheet materials, the stereologically determined fiber
size exceeds the actual filament thickness by a factor of two at high levels of deformation.
Certainly some data reported in the literature should be corrected in light of the stereological

definition of filament size and spacing.
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Tables and Figures

Table I. Determining L for a Theoretical Composite Sheet

b c a = tactual E3

%RT n Ne (cm) (cm) (cm) tt(cm) | tp (cm) t' (cm)

0 0 0 1 10 1.0 0.8250 1.650 0.9524
50.0 | 0.69 | 0.80 1 20 0.5 0.5500 | 0.7500 | 0.6557
75.0 | 1.39 | 1.60 1 40 0.25 0.3173 0.4125 0.3980
87.5 | 208 | 2.40 1 80 0.125 0.1750 | 0.1964 | 0.2219
93751277 | 3.20 1 160 0.0625 | 0.09167 | 0.09821 | 0.1176
96.88 | 347 | 4.00 1 320 0.03125 | 0.04688 | 0.04970 | 0.06060
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Figure 1. Fiber size determinations: stereologically measured on
micrographs of transverse (tT) and longitudinal (t[) sections, calculated
from stereological formulas (t'), and the actual fiber thickness.

Figure 2. Concentric circles used to determine
the number of intercepts per length (N) for the
theoretical composite sheet.
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Figure 3. Original theoretical composite sheet containing 25 vol% fibers. The dashed line on
the transverse section (left) shows the plane used for longitudinal (right) measurements.
Fibers were 1 cm x 1 cm x 10 cm and magnification was 1x before the sketches were reduced

for printing.
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Figure 4. Theoretical composite sheet rolled to 50% RT showing transverse (left) and
longitudinal (right) sections. Fibers were 0.5 cm x 1 cm x 20 cm and magnification was 1x

before the sketches were reduced for printing.
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Figure 5. Theoretical composite sheet rolled to 75% RT showing transverse (left) and
longitudinal (right) sections. Fibers were 0.25 cm x 1 cm x 40 cm and magnification was 1x
before the sketches were reduced for printing.

Figure 6. Theoretical composite sheet rolled to 87.5% RT showing transverse (left) and
longitudinal (right) sections. Fibers were 0.125 cm x 1 ¢cm x 80 cm and magnification was 1x
before the sketches were reduced for printing.
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‘Figure 7. Theoretical composite sheet rolled to 93.75% RT showing transverse (left) and
longitudinal (right) sections. Fibers were 0.0625 cm x 1 cm x 160 cm and magnification was
Ix before the sketches were reduced for printing.

Figure 8. Theoretical composite sheet rolled to 96.88% RT showing transverse (left) and
longitudinal (right) sections. Fibers were 0.03125 cm x | cm x 320 cm and magnification
was 1x before the sketches were reduced for printing.
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APPENDIX C. SIZE AND SPACING OF FIBERS IN Mg-Li/Fe COMPOSITES

Table C1. Nomenclature Used in Appendix C.

Symbol Description
pic# number assigned to each micrograph
scope microscope used to acquire the micrograph: scanning electron
microscope (SEM) or transmission electron microscope (TEM)
mag magnification of the original micrograph ’
orient orientation of the SEM or TEM sample: normal (N), longitudinal
(L), or transverse (T) section of the composite material
n true deformation strain
MNe effective deformation strain (for sheet)
vol fr (ex) stereologically determined volume fraction of Fe fibers
vol fr (th) volume fraction of Fe fibers determined from bulk density
measurements
N number of interceptions per unit length for a given phase
A (ex) mean free distance between Fe fibers based on vol fr (ex)
A (th) mean free distance between Fe fibers based on vol fr (th)
t (ex) mean intercept length of Fe fibers based on vol fr (ex)
t (th) mean intercept length of Fe fibers based on vol fr (th)
t (ruler) average Fe fiber thickness obtained by measuring with a ruler the
thickest portion of each fiber visible on a micrograph
min t smallest observed Fe fiber as measured with a ruler for each
micrograph of a material at a given deformation strain
max t largest observed Fe fiber as measured with a ruler for each

micrograph of a material at a given deformation strain

min t observed

smallest observed Fe fiber as measured with a ruler from among
all micrographs of a material at a given deformation strain

max t observed

largest observed Fe fiber as measured with a ruler from among all
micrographs of a material at a given deformation strain

max/min ratio

ratio of (max t)/(min t)

avg min t observed

average (min t) for all micrographs of a material at a given strain

avg max t observed

average (max t) for all micrographs of a material at a given strain

avg max/min ratio

average (max/min ratio) for all micrographs of a material at a
given deformation strain

AVERAGE

average of values indicated

STDEV

standard deviation of values indicated
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Table C2. Summary of Stereological Measurements Describing
the Mg-4Li/27Fe and Mg-12Li-2Nd/21Fe DMMC Materials

Strain | vol fr N Aex) | A(th) | t(ex) | t(th) | t(ruler)

Morng)| (ex) | (cmDH] (Wm) | (wm) | (wm) | (um) | (um)

Mg-12Li-2Nd/21Fe Casting 0 0.27 1.02 [42.92 |46.52 | 15.96 | 12.37 | 12.24

STDEV 0.06 0.45 5.25 5.03 3.97 1.34 1.93
Mg-12L1-2Nd/21Fe Sheet 1.89 0.32 1.61 |14.33 | 16.66 | 6.77 4.43
STDEV 0.06 0.56 3.30 3.27 1.83 0.87

Mg-12Li-2Nd/21Fe Sheet 3.67 0.30 0.52 4.60 5.23 2.02 1.39 1.29
STDEV 0.10 0.18 2.03 2.46 1.33 0.65

Mg-12Li-2Nd/21Fe Sheet 3.97 033 | 1.75 | 414 | 4.89 | 2.05 | 1.30 2.08

STDEV 0.07 ] 074 | 098 | 092 | 054 | 024 0.96

Mg-121i-2Nd/21Fe Sheet 5.55 0.27 1.10 1.75 1.84 0.58 0.49 0.34
STDEV 0.05 0.66 1.14 1.07 0.22 0.29

Mg-12Li-2Nd/21Fe Sheet 6.5 0.30 1.37 1.53 1.65 0.68 0.44 0.63

STDEV 0.07 0.72 0.73 0.83 0.39 0.22 0.49
Mg-121.i-2Nd/21Fe Rod 3.07 0.34 0.59 6.93 8.19 3.45 2.18
STDEV 0.08 0.38 2.56 2.09 0.72 0.56
Mg-12Li-2Nd/21Fe Rod 4.29 0.30 1.21 5.23 5.46 2.05 145
STDEV 0.07 0.47 1.70 1.39 0.39 '} 037
Mg-12Li-2Nd/21Fe Rod 5.98 032 | 090 | 257 | 247 | 0.68 | 0.66
STDEV 0.11 0.24 0.75 0.44 0.18 0.12
Mg-4Li/27Fe Casting 0 0.31 090 140.47 |36.48 |16.14 | 13.49
STDEV 0.05 0.22 9.57 6.80 5.66 2.52
Mg-4Li/27Fe Rod 2.69 0.33 1.28 [11.51 [11.21 5.55 4.15
STDEV 0.04 0.34 2.70 3.21 1.55 1.19
Mg-4Li/27Fe Rod 3.92 0.30 1.32 7.86 8.16 3.31 3.02
STDEV 0.05 0.33 1.63 1.31 0.34 0.48
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Table C3. Summary of Minimum and Maximum Fe Fibers
Observed in Mg-4Li/27Fe and Mg-12Li-2Nd/21Fe DMMC Materials

avgmint [ avg max t avg min t max t
Strain | observed | observed | max/min | observed | observed

Morme) [ (Um) (pm) ratio (um) (pm)

Mg-12Li-2Nd/21Fe Casting 0 6.64 28.82 4.64 4.90 78.21
STDEV 1.99 7.66 1.63

Mg-12Li-2Nd/21Fe Sheet 1.89 2.75 17.09 6.69 1.24 25.00
STDEV 0.81 4.18 2.31

Mg-12Li-2Nd/21Fe Sheet 3.67 0.40 543 15.03 0.23 13.33
STDEV 0.19 3.32 8.02

Mg-12Li-2Nd/21Fe Sheet 3.97 0.76 6.64 10.98 0.30 12.02
STDEV 0.39 2.88 8.63

Mg-12Li-2Nd/21Fe Sheet 5.55 0.17 2.78 23.81 0.05 4.17
STDEV 0.15 1.21 17.46

Mg-12Li-2Nd/21Fe Sheet 6.5 0.23 3.20 16.12 0.06 12.69
STDEV 0.14 2.80 18.05

Mg-12Li-2Nd/21Fe Rod 3.07 1.03 7.45 8.19 0.70 14.00
STDEV 0.40 2.44 3.91

Mg-12Li-2Nd/21Fe Rod 4.29 0.56 8.33 16.45 0.38 17.29
STDEV 0.24 3.46 8.20

Mg-12Li-2Nd/21Fe Rod 5.98 0.12 4.62 36.60 0.10 5.25
STDEV 0.02 1.82 13.78

Mg-4Li/27Fe Casting 0 7.44 2743 3.94 4.88 39.02
STDEV 2.84 5.25 0.93

Mg-4Li/27Fe Rod 2.69 2.10 19.52 9.58 1.27 56.12
STDEV 1.17 13.23 3.23

Mg-4Li/27Fe Rod 3.92 0.52 15.75 33.31 0.30 23.00
4.51 14.29
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Table C4. Stereological Measurements for the Mg-12Li-2Nd/21Fe Casting (1} = 0)

vol fr | vol fr N Aex) | A(th) | t(ex) | t(th) |t (ruler)
pic# | scope | mag | orient | (ex) (th) {(cmy| (um) | (um) | (um) | (um) | (um)
2035 | SEM 450 L 0.23 0.21 0.43 14029 |41.19 | 11.85 |10.95 | 13.60
2241 | SEM 95.9 N 0.30 0.21 1.50 | 48.66 |54.92 |20.86 | 14.60
2242 | SEM 200 N 0.26 0.21 0.68 |54.74 |58.21 |18.95 | 1547
2244 | SEM 404 N 0.23 0.21 0.39 | 48.60 |49.77 | 1440 | 1323 |11.84
2246 | SEM G5.9 N 0.34 0.21 1.07 {6396 |76.89 |33.37 |20.44
2247 | SEM 200 N 0.19 0.21 0.64 16333 |6144 {1444 |16.33 | 15.08
2249 | SEM 97.6 L 0.30 0.21 1.54 {4670 |52.71 |20.02 | 14.01
2250 | SEM 204 L 0.20 0.21 0.82 14774 |47.14 [11.94 |12.53
2257 | SEM 200 T 0.37 0.21 0.93 13385 | 4254 {20.00 {11.31
2258 | SEM 959 T 0.34 0.21 1.68 |40.82 |49.08 |21.30 |13.05
2259 | SEM 200 T 0.26 0.21 075 4952 |52.67 |17.14 |14.00
2261 | SEM 200 T 0.23 0.21 0.82 |4696 |48.09 | 1391 |12.78
2264 | SEM 200 T 0.20 0.21 093 143.08 | 4254 |10.77 |11.31
2265 | SEM 400 T 0.27 0.21 0.39 [46.36 |50.27 |17.27 |13.36 | 10.87
2031 SEM 100 N 0.26 0.21 1.12 | 65.88 |70.46 |23.31 |18.73
2034 | SEM 100 L 0.32 0.21 1.70 | 40.18 | 46.55 |18.75 | 12.38
2035 | SEM 300 L 0.22 0.21 0.55 | 4792 |48.28 {13.19 | 12.83
2036 | SEM 100 T 0.22 0.21 1.64 | 4792 |48.28 |13.19 | 12.83
2241 | SEM 95.9 N 0.33 0.21 1.54 | 45.59 |53.64 |22.31 |14.26
2242 { SEM 200 N 0.21 0.21 0.75 15238 |52.67 {1429 |14.00
2244 | SEM 404 N 0.20 0.21 036 | 5545 |54.75 | 13.86 | 14.55
2246 | SEM 95.9 N 0.26 0.21 093 |83.42 |88.71 |28.88 |23.58
2247 | SEM 200 N 0.20 0.21 0.64 | 6222 |61.44 1556 |16.33
2249 | SEM 97.6 L 0.27 0.21 1.79 | 41.80 14533 | 1557 |12.05
2250 | SEM 204 L 0.19 0.21 0.79 150.80 [49.29 |11.59 |13.10
2257 | SEM 200 T 0.36 0.21 0.71 | 45.00 }55.30 ]25.00 |14.70
2258 | SEM 95.9 T 0.31 0.21 1.54 {46.56 |53.64 |21.34 |14.26
2259 | SEM 200 T 0.24 0.21 0.96 {39.26 14096 |12.59 |10.89
2261 SEM 200 T 0.29 0.21 096 |37.04 |4096 |14.81 | 10.89
2264 | SEM 200 T 0.30 0.21 1.11 | 31.61 }35.68 |13.55 9.48
2265 | SEM 404 T 0.24 0.21 046 14037 4212 {1295 |11.20
2267 | SEM 200 T 0.33 0.21 0.89 {13760 4424 |18.40 |11.76
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vol fr | vol fr N Afex) | A(th) | t(ex) | t(th) |t(ruler)

) | () [(mly| @wm) | (m) | (um) | @m) | (um)
AVERAGE ALL 0.26 0.21 0.97 148.65 |52.11 |17.32 |13.85 | 12.85
STDEV ALL 0.05 0 0.44 ]10.59 | 10.99 5.36 2.92 1.87
AVERAGE ALL N 0.25 0.21 0.87 |58.57 |62.08 |20.02 |16.50 | 13.46
STDEV ALL N 0.05 0 040 }10.79 |11.96 6.54 3.18 2.29
AVERAGE ALL L 0.25 0.21 1.09 | 45.06 |47.21 |14.70 |12.55 | 13.60
STDEV ALL L 0.05 0 0.57 4.25 3.56 3.49 0.95
AVERAGE ALL T 0.28 0.21 0.98 | 41.85 |46.17 |16.59 |12.27 | 10.87
STDEV ALL T 0.05 0 0.39 5.52 5.72 4.16 1.52
AVERAGE ALL L+T 0.27 0.21 1.02 | 4292 |46.52 |15.96 {12.37 |12.24

STDEV ALL L+T

5.25
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Table C6. Minimum and Maximum Fe Fibers in the Mg-12Li-2Nd/21Fe Casting (1} = 0)

mint | max t | max/min

pic# scope | mag | orient [ (Wm) | (um) ratio

2035 SEM | 450 L 440 {3220 | 732

2241 SEM 95.9 N

2242 SEM | 200 N

2244 SEM | 404 N 5.57 }23.51 4.22

2246 SEM 95.9 N

2247 SEM | 200 N 6.25 | 31.25 | 5.00

2249 SEM 97.6 L

2250 SEM | 204 L

2257 SEM | 200 T

2258 SEM 95.9 T

2259 SEM | 200 T

2261 SEM | 200 T

2264 SEM | 200 T

2265 SEM | 400 T 5.00 | 20.63 4.13

2031 SEM | 100 N 10.00 | 40.00 | 4.00

2034 SEM | 100 L 8.00 | 32.00 | 4.00

2035 SEM | 300 L 5.00 | 33.33 6.67

2036 SEM | 100 T 10.00 | 4500 | 4.50

2241 SEM 95.9 N 8.34 | 41.71 5.00

2242 SEM | 200 N 9.00 | 37.50 | 4.17

2244 SEM | 404 N 7.43 12351 3.17

2246 SEM 95.9 N 521 | 78.21 ] 15.00

2247 SEM | 200 N 10.00 | 3250 | 3.25

2249 SEM 97.6 L 7.17 | 25.61 3.57

2250 SEM | 204 L 490 | 19.61 4.00

2257 SEM | 200 T 7.50 12750 | 3.67

2258 SEM 95.9 T 730 | 36.50 | 5.00

2259 SEM | 200 T 10.00 | 25.00 | 2.50

2261 SEM | 200 T 500 {2250 | 4.50

2264 SEM | 200 T 5.00 | 37.50 { 7.50

2265 SEM | 404 T 8.66 | 18.56 | 2.14

2267 SEM | 200 T 5.00 | 27.50 | 5.50
AVERAGE ALL 7.13 | 32.58 | 4.92
STDEV ALL 198 11294 | 2.69
AVERAGE ALL N 7.73 | 38.52 | 548
STDEV ALL N 191 | 1743 391
AVERAGE ALL L 589 | 28.55 | 541
STDEV ALLL 1.59 5.85 1.74
AVERAGE ALL T 7.05 | 28.97 | 4.38
STDEV ALL T 2.15 8.85 1.60
AVERAGE ALL L+T 6.64 | 28.82 | 4.64
STDEV ALL 14T
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Table C7. Stereological Measurements for Mg-12Li-2Nd/21Fe Sheet (n. = 1.89)
vol fr | vol fr N Aex) | A(thy | t(ex) | t(th) [t (ruler)
pic# | scope [ mag | orient | (ex) | (th) |(cm-l)| (m) | (um) | (um) | (um) | (um)
2224 | SEM | 404 T 0.43 0.21 1.61 8.80 |12.17 6.60 3.23
2226 | SEM | 404 T 0.41 0.21 129 {11.28 |15.21 7.98 4.04
2228 | SEM | 404 T 0.36 0.21 0.96 }|16.50 {20.28 9.17 5.39
2230 | SEM | 404 T 0.37 0.21 1.50 | 10.37 | 13.04 6.13 3.47
2232 | SEM | 404 T 0.31 0.21 1.14 11485 | 17.11 6.81 4.55
2235 | SEM | 404 T 0.26 0.21 143 {12.87 |13.69 4.46 3.64
0000 | SEM 370 T 0.26 0.21 1.42 | 14.02 | 14.99 4.96 3.99
0002 | SEM | 500 T 0.32 0.21 1.00 | 13.64 | 15.80 6.36 4.20
2215 | SEM | 200 L 0.39 0.21 2.07 | 14.83 ] 19.07 9.31 5.07
2216 | SEM | 404 L 0.33 0.21 143 | 11.63 ]13.69 5.69 3.64
2217 | SEM | 200 L 0.36 0.21 1.93 |16.67 }20.48 9.26 5.44
2218 | SEM | 404 L 0.26 0.21 1.36 §13.55 | 1441 4.69 3.83
2219 | SEM | 200 L 0.44 0.21 225 1238 |17.56 9.84 4.67
2220 | SEM | 404 L 0.29 0.21 1.04 |17.07 ]18.88 6.83 5.02
2221 | SEM | 200 L 0.27 0.21 3.04 112.00 {13.01 4.47 3.46
2222 | SEM |} 404 L 0.27 0.21 1.54 | 11.74 | 12.73 4.37 3.38
2223 | SEM | 200 T 0.36 0.21 2.07 11552 |19.07 8.62 5.07
2224 | SEM 404 T 0.30 0.21 1.21 {1427 | 16.10 6.12 4.28
2225 | SEM | 200 T 0.40 0.21 2.54 |11.83 | 15.58 7.89 4.14
2226 | SEM | 404 T 0.40 0.21 1.04 {1434 |18.88 9.56 5.02
2227 | SEM | 200 T 0.20 0.21 1.54 126.05 |25.72 6.51 6.84
2228 | SEM | 404 T 0.31 0.21 093 ]18.28 |21.06 8.38 5.60
2229 | SEM | 200 T 0.24 0.21 2.61 |14.52 |15.15 4.66 4.03
2230 | SEM | 404 T 0.31 0.21 1.54 §11.05 | 12.73 5.07 3.38
2231 | SEM | 200 T 0.33 0.21 239 }14.03 | 16.51 6.87 4.39
2232 | SEM | 404 T 0.26 0.21 1.00 | 18.39 }§19.55 6.36 5.20
2234 | SEM | 200 T 0.34 0.21 1.96 116.73 }20.11 8.73 5.35
2235 | SEM | 404 T 0.21 0.21 1.39 }13.96 | 14.04 3.81 3.73

Table C8. Average Stereological Measurements for Mg-12L1-2Nd/21Fe Sheet (ne = 1.89)

volfr | vol fr N Adex) | A(th) | t(ex) | t(th) |t (ruler)
ex) | () J(emD| @m) | (wm) | (wm) | (um) | (um)
AVERAGE ALL 0.32 0.21 1.61 | 14.33 | 16.66 6.77 4.43
STDEV ALL 0.06 0.00 | 0.56 3.30 327 1.83 0.87
AVERAGE ALL L 0.33 0.21 1.83 | 13.73 [ 16.23 6.81 4.31
STDEV ALLL 0.07 0.00 0.63 2.21 3.10 2.35 0.82
AVERAGE ALLT 032 | 0.21 1.53 | 14.56 | 16.84 6.75 4.48
STDEV ALLT 0.07 0.00 0.53 3.67 3.39 1.66 0.90
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Table C9. Minimum and Maximum Fe Fibers in Mg-12Li-2Nd/21Fe Sheet (. = 1.89)

mint | maxt | max/min
pic# scope | mag | orient | (um) | (um) ratio
2224 SEM | 404 T
2226 SEM | 404 T
2228 SEM | 404 T
2230 SEM | 404 T
2232 SEM | 404 T
2235 SEM | 404 T
0000 SEM | 370 T 2.70 | 16.22 6.00
0002 SEM | 500 T 2.00 | 20.00 | 10.00
2215 SEM | 200 L 2.50 | 20.00 8.00
2216 SEM | 404 L 3.71 | 14.85 4.00
2217 SEM | 200 L 3.00 | 25.00 8.33
2218 SEM | 404 L 371 9.90 2.67
2219 SEM | 200 L 3.50 | 22.50 6.43
2220 SEM | 404 L 371 | 2228 6.00
2221 SEM | 200 L 2.50 | 20.00 8.00
2222 SEM | 404 L 248 | 14.85 6.00
2223 SEM | 200 T 2.50 | 17.50 7.00
2224 SEM | 404 T 248 | 16.09 6.50
2225 SEM | 200 T 3.00 | 20.00 6.67
2226 SEM | 404 T 2.48 | 19.80 8.00
22217 SEM | 200 T 5.00 | 17.50 3.50
2228 SEM | 404 T 2.48 9.90 4.00
2229 SEM | 200 T 2.50 | 20.00 8.00
2230 SEM | 404 T 1.24 | 14.85 | 12.00
2231 SEM | 200 T 2.50 | 17.50 7.00
2232 SEM | 404 T 2.48 9.90 4.00
2234 SEM | 200 T 1.50 | 15.00 | 10.00
2235 SEM | 404 T 248 1 12.38 5.00
AVERAGE ALL 2.75 | 17.09 6.69
STDEV ALL 0.81 4.18 2.31
AVERAGE ALL L 3.14 | 18.67 6.18
STDEV ALL L 0.58 5.03 2.02
AVERAGE ALLT 2.52 | 16.19 6.98
STDEV ALL T
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Table C10. Stereological Measurements for Mg-12Li-2Nd/21Fe Sheet (1 = 3.67)

volfr | volfr N Aex) | A(th) | t(ex) | t(th) |t (ruler)
pic# | scope | mag | orient | (ex) (th) @m-l) (tm) | (um) | (Um) | (Um) | (um)
0017 | TEM | 7400 T 0.41 0.21 0.23 3.50 4.65 2.39 1.24 1.29
JO03 | TEM | 4400 T 0.35 0.21 0.79 1.88 2.29 1.01 0.61
JOO8 | TEM | 3000 T 0.28 0.21 0.68 3.54 3.88 1.37 1.03
Jo12 | TEM | 3900 T 0.22 0.21 0.50 3.99 4.05 1.14 1.08
J013 | TEM | 3900 T 0.16 0.21 0.50 4.30 4.05 0.82 1.08
Jo15 | TEM | 1700 T 0.34 0.21 0.39 9.89 |11.83 5.08 3.14
JO17 | TEM | 3000 T 0.32 0.21 0.46 490 5.67 2.28 1.51
Jo1g | TEM | 3000 T 0.37 0.21 0.86 247 3.07 142 | 082
Jo19 | TEM | 3000 T 0.48 0.21 0.39 4.44 6.70 | 4.04 1.78
JO20 | TEM | 3000 T 0.16 0.21 0.57 491 4.61 0.93 1.23
Jo22 | TEM | 3000 T 0.21 0.21 0.50 5.29 5.27 1.38 1.40
JO23 | TEM | 3000 T 0.29 0.21 0.39 6.06 6.70 2.42 1.78

Table C11. Average Stereological Measurements for Mg-12L1-2Nd/21Fe Sheet (1}e = 3.67)

vol fr | vol fr N Adex) | Ath) | t(ex) | t(th) |t (ruler)
(ex) | (th) {(emD| wm) | (wm) | (um) | (um) | (um)

AVERAGE ALL 030 | 0.21 052 | 460 | 5.23 2.02 1.39 1.29

STDEV ALL 0.10 | 000 | 0.18 2.03 2.46 1.33 0.65

Table C12. Minimum and Maximum Fe Fibers in Mg-12Li-2Nd/21Fe Sheet (e = 3.67)

mint | maxt | max/min
pic# scope | mag | orient | (Wm) | (Wm) ratio
0017 TEM | 7400 T 0.26 4.80 | 18.46
JOO03 TEM | 4400 T 0.23 3.11 | 1370
JO08 TEM | 3000 T 0.33 7.33 12200
Jo12 TEM | 3900 T 0.51 2.44 4.75
Jo13 TEM. | 3900 T 0.51 1.67 325
JO15 TEM | 1700 T 0.88 8.53 9.67
Joi7 TEM | 3000 T 0.33 7.67 | 23.00
Jo18 TEM | 3000 T 0.17 4.00 | 24.00
Jo19 TEM | 3000 T 0.50 | 13.33 | 26.67
JO20 TEM | 3000 T 0.33 5.83 | 17.50
Jo22 TEM | 3000 T 0.43 3.00 6.92
Jo23 TEM | 3000 T 0.33 3.50 | 10.50
AVERAGE ALL 0.40 5.43 | 15.03
STDEV ALL 0.19 3.32 8.02
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Table C13. Stereological Measurements for Mg-12Li-2Nd/21Fe Sheet (e = 3.97)

vol fr | vol fr N Afex) | A(thy | t(ex) | t(th) [t (ruler)
pic# | scope | mag | orient | (ex) | ) |(cm )| @m) | @m) | @m) | @m) | qum)

2039 | SEM 500 0.20 | 021 330 | 482 | 4.78 1.24 1.27 2.76

2040 | SEM | 2000 038 | 021 1.00 | 3.13 395 1.88 1.05 1.40

2189 | SEM 984 0.41 0.21 1.79 3.33 450 | 2.36 1.20
2190 | SEM 501 044 | 0.21 2.61 4.27 6.05 3.39 1.61
2191 | SEM 984 034 | 021 1.54 | 4.35 523 2.27 1.39
2192 | SEM 501 039 | 021 2.68 4.58 5.89 2.87 1.56
2193 | SEM 984 046 | 021 1.79 3.09 450 | 2.60 1.20
2194 | SEM 501 046 | 021 3.71 292 | 4.25 2.46 1.13
2195 | SEM 984 037 | 021 2.00 3.19 4.01 1.89 1.07
2197 | SEM 984 036 | 021 1.54 | 425 523 2.36 1.39
2200 { SEM 984 0.33 | 0.21 1.89 360 | 424 1.76 1.13
2202 | SEM 984 030 | 021 1.79 3.98 4.50 1.71 1.20
2204 | SEM 984 040 | 0.21 1.54 3.97 5.23 2.65 1.39
2206 { SEM | 4920 039 | 021 0.57 2.18 2.81 1.37 0.75
2039 { SEM 500 022 | 021 306 | 5.12 5.16 1.41 1.37
2040 | SEM | 2000 0.36 | 021 0.94 3.39 4.20 1.94 1.12
2043 | SEM 500 0.23 0.21 2.73 5.67 5.79 1.67 1.54
2044 | SEM | 2000 030 | 021 1.15 3.06 3.43 1.28 091
2130 | SEM | 1010 0.31 0.21 1.36 | 5.00 | 5.76 2.29 1.53
2133 | SEM | 1010 0.21 0.21 1.39 5.59 5.62 1.52 1.49
2135 | SEM | 1010 023 | 021 1.21 6.29 6.44 1.86 1.71
2187 | SEM 998 029 | 0.21 1.39 | 514 | 5.68 2.06 1.51
2189 | SEM 984 0.36 0.21 1.39 4.69 5.76 2.61 1.53
2191 | SEM 984 027 | 021 1.29 5.76 6.24 2.15 1.66
2193 | SEM 984 036 | 021 1.61 4.07 5.00 2.26 1.33
2195 | SEM 984 0.31 0.21 1.75 3.98 4.59 1.83 1.22
2197 §{ SEM 984 036 | 0.21 1.39 4.69 5.76 2.61 1.53
2200 } SEM 934 039 | 021 1.71 3.64 4.68 2.29 1.24
2202 | SEM 984 0.30 | 0.21 1.86 3.83 4.32 1.64 1.15
2204 | SEM 984 039 | 021 1.61 3.88 5.00 2.44 1.33
2207 | SEM 4920 0.24 0.21 0.54 2.87 3.00 0.92 0.80
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Table C14. Average Stereological Measurements for Mg-12Li-2Nd/21Fe Sheet (1, = 3.97)

volfr | volfr N Adex) | A(h) | t(ex) | t(th) |t (ruler)
(ex) (th) {(em D} @m) [ @m) | (um) | (wm) | (um)

AVERAGE ALL 0.33 0.21 1.75 4.14 4.89 2.05 1.30 2.08
STDEV ALL 0.07 0.00 0.74 0.98 0.92 0.54 0.24 0.96
AVERAGE ALL L 0.29 0.21 2.08 4.11 4.53 1.61 1.20 2.08
STDEV ALL L 0.09 0.00 1.28 1.00 0.55 0.34 0.15 0.96
AVERAGEALLT 034 | 021 1.71 4.11 4.92 2.12 1.31

STDEV ALLT 0.07 | 0.00 | 0.66 1.00 | 0.96 0.55 0.26
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Table C15. Minimum and Maximum Fe Fibers in Mg-12Li-2Nd/21Fe Sheet (ne = 3.97)

mint § max t | max/min

pic# scope | mag | orient | (Mm) | (pm) ratio

2039 SEM 500 L 0.70 | 13.10 | 18.71

2040 SEM | 2000 L 0.17 3.67 | 21.59

2189 SEM 984 T

2190 SEM 501 T

2191 SEM 984 T

2192 SEM 501 T

2193 SEM 984 T

2194 SEM 501 T

2195 SEM 984 T

2197 SEM 984 T

2200 SEM 984 T

2202 SEM 984 T

2204 SEM 984 T

2206 SEM | 4920 T

2039 SEM 500 L 2.00 8.00 | 4.00

2040 SEM | 2000 L 1.00 3.75 3.75

2043 SEM 500 T 0.60 8.00 | 13.33

2044 SEM | 2000 T 050 | 7.50 }15.00

2130 SEM | 1010 T 0.99 396 | 4.00

2133 SEM | 1010 T 050 | 545 | 11.00

2135 SEM | 1010 T 050 | 545 | 11.00

2187 SEM 998 L 0.30 | 12.02 | 40.00

2189 SEM 984 T 0.71 6.10 8.57

2191 SEM 984 T 1.02 6.10 | 6.00

2193 SEM 984 T 0.71 5.08 7.14

2195 SEM 984 T 0.81 7.11 8.75

2197 SEM 984 T 1.02 8.64 8.50

2200 SEM 984 T 0.81 6.10 | 7.50

2202 SEM 984 T 0.71 6.10 8.57

2204 SEM 984 T 1.02 | 9.15 9.00

2207 SEM | 4920 T 041 0.91 2.25
AVERAGE ALL 0.76 | 6.64 | 10.98
STDEV ALL 039 | 2.88 8.63
AVERAGE ALL L 097 | 7.13 | 12.01
STDEV ALL L 077 | 446 | 947
AVERAGE ALL T 074 | 6.12 | 8.62
STDEV ALLT 022 | 207 3.36
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Table C16. Stereological Measurements for Mg-12Li-2Nd/21Fe Sheet (1, = 5.55)

vol fr | vol fr N Adex) | A(th) | t(ex) | t(th) |t (ruler)
pic# | scope | mag | orient | (ex) (th) | @em D (wm) | (m) | (um) | (um) | (um)
0003 | TEM | 9700 T 0.29 0.21 0.60 1.22 1.36 0.50 0.36 0.34
0003 | TEM | 3900 T 0.30 0.21 1.86 0.96 1.09 0.42 0.29
0017 | TEM | 3000 T 0.21 0.21 0.86 3.06 3.07 0.83 0.82

Table C17. Average Stereological Measurements for Mg-12Li-2Nd/21Fe Sheet (ne = 5.55)

vol fr | vol fr N Aex) | A(th) | t(ex) | t(th) [t (ruler)
ex) | () lemD| @m) | @m) | @m) | um) | (um)
AVERAGE ALL 0.27 0.21 1.10 1.75 1.84 0.58 0.49 0.34
STDEV ALL 0.05 0.00 0.66 1.14 1.07 0.22 0.29

Table C18. Minimum and Maximum Fe Fibers in Mg-12Li-2Nd/21Fe Sheet (ne = 5.55)

mint | max t | max/min
pic# scope | mag | orient | (Um) | (Um) ratio
0003 TEM § 9700 T 0.05 224 14392
0003 TEM | 3900 T 0.13 1.92 | 15.00
0017 TEM | 3000 T 0.33 4.17 | 12.50
AVERAGE ALL 0.17 | 2.78 | 23.81
STDEV ALL 0.15 1.21 | 17.46
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Table C19. Stereological Measurements for Mg-12Li-2Nd/21Fe Sheet (1 = 6.5)

vol fr | vol fr N Aex) | A(th) | t(ex) | t(th) |t (ruler)
pic# | scope | mag | orient | (ex) | (th) |(cm-l)] (um) | (um) | (um) | (um) | (um)
0001 | SEM | 3500 T 0.21 1.09 2.62 2.07 0.55
0003 | SEM | 2500 T 0.21 2.18 1.83 1.45 0.39
0004 | SEM | 10000 T 0.21 1.76 0.57 0.45 0.12
0005 | SEM | 10000 T 0.21 1.39 0.72 0.57 0.15
0035 | SEM | 3000 T 0.38 0.21 1.24 1.68 2.12 1.01 0.56
0038 | SEM | 2000 T 0.28 0.21 1.82 1.97 2.17 0.78 0.58
0042 | SEM | 5000 T 0.21 2.00 1.00 0.79 0.21
0081 | SEM | 5000 T 0.21 1.00 2.00 1.58 0.42
2005 | SEM 1000 L 0.21 4.39 2.28 1.80 0.48 0.98
2011 | SEM | 10000 L 0.33 0.21 0.91 0.74 0.87 0.36 0.23 0.28
2167 | SEM | 2070 L 0.34 0.21 2.11 1.51 1.81 0.79 0.48
J601- | TEM | 2110 T 0.34 0.21 2.23 1.39 1.68 0.73 0.45
J507-1 TEM | 5610 T 0.31 0.21 0.65 1.90 2.17 0.84 0.58
2167 | SEM | 2070 L 0.26 0.21 1.93 1.86 1.98 0.64 0.53
2173 | SEM | 2070 T 0.27 0.21 1.32 2.66 2.89 0.99 0.77
2174 | SEM | 2070 T 0.31 0.21 1.25 2.65 3.05 1.21 0.81
2176 | SEM 2070 T 0.33 0.21 1.86 1.75 2.05 0.85 0.55
2177 | SEM 1970 T 0.39 0.21 1.11 2.82 3.62 1.77 0.96
2178 | SEM | 2070 T 0.37 0.21 1.43 2.13 2.67 1.26 0.71
2179 | SEM | 2070 T 0.36 0.21 1.64 1.89 2.32 1.05 0.62
2180 | SEM | 2070 T 0.37 0.21 1.71 1.77 2.23 1.05 0.59
0035 | SEM | 3000 T 0.31 0.21 1.24 1.86 2.12 0.82 0.56
0038 | SEM | 2000 T 0.20 0.21 1.70 234 2.33 0.60 0.62
0042 | SEM | 5000 T 0.23 0.21 1.70 0.91 0.93 0.27 0.25
0001 { SEM 3500 T 0.33 0.21 0.97 1.98 2.33 0.97 0.62
0003 | SEM | 2500 T 0.26 0.21 1.94 1.53 1.63 0.53 0.43
0005 | SEM |10000 T 0.27 0.21 1.42 0.51 0.55 0.19 0.15
0006 | SEM | 5000 T 0.19 0.21 1.82 0.89 0.87 0.21 0.23
0007 | SEM | 19900 T 0.16 0.21 0.76 0.56 0.52 0.11 0.14
0081 SEM 5000 T 0.23 0.21 0.97 1.59 1.63 0.47 0.43
0003 | SEM 2500 T 0.27 0.21 0.97 3.00 3.26 1.13 0.87
2007 | SEM |20000 L 0.31 0.21 0.48 0.71 0.81 0.32 0.22
2008 | SEM | 10000 L 0.17 0.21 0.79 1.05 1.00 0.22 0.27
2011 | SEM | 10000 L 0.34 0.21 0.97 0.68 0.81 0.35 0.22
2012 | SEM | 40000 L 0.36 0.21 0.48 0.33 0.41 0.19 0.11
2014 | SEM | 10000 L 0.47 0.21 0.61 0.88 1.30 0.77 0.35
2016 | SEM |20000 L 0.33 0.21 0.42 0.79 0.93 0.39 0.25
2022 | SEM [ 10000 T 0.26 0.21 0.61 1.22 1.30 0.43 0.35
2027 | SEM | 10000 T 0.26 0.21 0.73 1.02 1.09 0.36 0.29




158

Table C20. Average Stereological Measurements for Mg-12Li-2Nd/21Fe Sheet (0 = 6.5)

volfr | volfr N Aex) | A(th) | t(ex) | t(th) [t (ruler)

(ex) | ) |em D @wm | @m) [ @m) | @m) | (um)
AVERAGE ALL 0.30 0.21 1.37 1.53 1.65 0.68 0.44 0.63
STDEV ALL 0.07 0.00 0.72 0.73 0.83 0.39 0.22 0.49
AVERAGE ALL L 0.32 0.21 1.33 1.18 1.30 0.51 0.35 0.63
STDEV ALL L 0.07 0.00 1.17 0.60 0.57 0.25 0.15 0.49
AVERAGEALLT 0.29 0.21 1.40 1.68 1.81 0.77 0.48
STDEV ALLT 0.06 0.00 0.46 0.71 0.86 0.41 0.23

Table C21. Minimum and Maximum Fe Fibers in Mg-12Li-2Nd/21Fe Sheet (e = 6.5)

mint | maxt | max/min

pic# scope | mag | orient | (um) | (Hm) ratio
0001 SEM | 3500 T

0003 | SEM | 2500 T

0004 SEM | 10000 T

0005 SEM { 10000 T

0035 SEM | 3000 T

0038 SEM | 2000 T

0042 SEM | 5000 T

0081 SEM | 5000 T

2005 SEM | 1000 L 0.33 6.00 | 18.18
2011 SEM | 10000 L 0.07 0.80 | 11.94
2167 SEM | 2070 L

J601- TEM | 2110 T 0.24 6.40 | 27.00
J507- TEM | 5610 T 0.09 9.27 1104.00
2167 SEM | 2070 L 0.19 338 | 17.50
2173 SEM | 2070 T 0.48 3.38 7.00
2174 SEM | 2070 T 0.29 3.86 | 13.33
2176 SEM | 2070 T 0.34 386 | 11.43
2177 SEM { 1970 T 0.51 | 12.69 | 25.00
2178 SEM | 2070 T 0.48 6.04 | 12.50
2179 SEM | 2070 T 0.48 4.35 9.00
2180 SEM | 2070 T 0.24 3.38 | 14.00
0035 SEM | 3000 T 0.17 2.00 | 12.00
0038 SEM | 2000 T 0.35 3.50 | 10.00
0042 SEM | 5000 T 0.10 1.00 | 10.00
0001 SEM | 3500 T 0.17 2.14 | 12.50
0003 SEM | 2500 T 0.40 3.00 7.50
0005 SEM | 10000 T 0.10 0.80 8.00
0006 SEM | 5000 T 0.06 1.80 | 30.00
0007 SEM { 19900 T 0.07 0.28 423
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Table C21. (continued)

mint | maxt | max/min
pic# scope | mag | orient | (um) { (um) ratio
0081 SEM | 5000 T 020 | 4.00 | 20.00
0003 SEM | 2500 T 0.20 | 520 | 26.00
2007 SEM { 20000 L 0.08 1.15 | 1533
2008 SEM | 10000 L 0.08 1.60 | 20.00
2011 SEM | 10000 L 0.15 | 060 { 4.00
2012 SEM { 40000 L 006 | 043 | 6.80
2014 SEM { 10000 L 0.30 1.70 | 5.67
2016 SEM { 20000 L 009 | 085 | 9.44
2022 SEM | 10000 T 0.25 0.80 3.20
2027 SEM | 10000 T 0.20 1.60 | 8.00
AVERAGE ALL 0.23 | 320 | 16.12
STDEV ALL 0.14 | 2.80 | 18.05
AVERAGE ALL L 015 | 292 | 21.81
STDEV ALL L 0.10 | 298 |28.13
AVERAGE ALL T 026 | 3.78 | 17.84
STDEV ALL T 0.15 298 | 21.17

Table C22. Stereological Measurements for Mg-12Li-2Nd/21Fe Rod (n = 3.07)

vol fr | volfr N Adex) | A(h) | t(ex) | t(th) |t (ruler)
pic# | scope | mag | orient [ (ex) | (th) |(cm1)| (Um) | (Wm) | (gm) | (um) | (um)

0010 | SEM 500 0.31 0.21 2.12 6.54 7.45 2.89 1.98
0011 | SEM 1000 0.36 0.21 1.48 429 5.32 2.45 1.41
0012 | SEM 1000 0.22 0.21 0.85 9.24 9.31 2.54 2.48
G003 | TEM | 2110 0.35 0.21 0.57 5.40 6.55 2.90 1.74
GO15 | TEM | 2110 0.41 0.21 0.54 5.20 6.99 3.65 1.86
G018 | TEM | 2110 0.32 0.21 0.39 8.23 9.53 3.83 | 2.53
G019 | TEM { 2110 0.17 0.21 0.25 115.65 | 14.98 3.31 3.98
G020 | TEM | 2110 0.33 0.21 0.55 5.79 6.86 2.90 1.82
G021 | TEM | 2110 0.28 0.21 0.45 7.53 8.24 2.90 2.19
G022 | TEM | 2110 0.31 0.21 0.36 9.05 | 10.30 3.98 2.74
G023 | TEM | 2110 0.31 0.21 0.52 6.39 7.27 2.81 1.93
G024 | TEM | 2110 0.25 0.21 030 }11.73 | 12.36 3.91 3.28
G025 | TEM | 2110 0.32 0.21 0.48 6.65 7.72 3.12 2.05
G026 | TEM | 2110 0.38 0.21 0.48 6.11 7.72 3.67 2.05
G028 | TEM | 2110 043 0.21 0.48 5.57 7.72 421 2.05
G029 | TEM | 2110 0.43 0.21 0.52 5.24 7.27 396 1.93
G031 | TEM | 2110 0.42 0.21 0.55 5.07 6.86 3.62 1.82
G032 | TEM | 2110 0.49 0.21 0.58 423 6.50 4.00 1.73
G033 | TEM | 2110 0.18 0.21 0.24 |16.02 | 1544 3.53 4.11
G034 0.35 0.21 0.39 7.85 9.50 4.18 2.53

el = Rl B R ] K T e Bl Bl ] e el el et e} el el el Har'




160

Table C22. (continued)

volfr | volfr N Aex) | A(th) | t(ex) | t(th) |t (ruler)
pic# | scope | mag | orient | (ex) | (th) |(cm-l)| (um) | (pm) | (um) | (um) | (um)
G037 | TEM | 2110 0.26 0.21 0.36 9.59 |10.30 3.44 2.74
G038 | TEM | 2110 0.38 0.21 042 6.98 8.83 4.19 2.35
G040 | TEM | 2110 0.39 0.21 0.52 5.62 7.27 3.58 1.93
G042 | TEM (| 2110 0.39 0.21 0.52 5.62 7.27 3.58 1.93
G045 | TEM | 2110 036 | 0.21 042 | 7.14 8.83 4.03 2.35
G046 | TEM | 2110 0.28 0.21 0.42 8.07 8.83 3.10 2.35
0010 | SEM 500 0.31 0.21 2.03 6.83 7.78 3.02 2.07
0011 | SEM 1000 0.32 0.21 1.39 4.89 5.67 2.28 1.51
0012 | SEM 1000 0.28 0.21 1.03 6.95 7.67 2.76 2.04
G001 | TEM | 3000 0.29 0.21 0.36 6.67 7.37 2.67 1.96
G002 | TEM | 3000 0.50 0.21 0.39 4.24 6.70 4.24 1.78
G003 | TEM | 2110 0.32 0.21 0.54 6.04 6.99 2.81 1.86
G015 | TEM | 2110 0.27 0.21 0.54 6.46 6.99 2.39 1.86
G018 | TEM | 2110 032 | 021 0.36 | 9.06 |10.48 421 2.79
G019 | TEM | 2110 0.22 0.21 0.29 1290 | 13.10 3.69 3.48
G021 | TEM | 2110 0.33 0.21 0.61 5.20 6.17 2.60 1.64
G022 | TEM | 2110 0.24 0.21 0.46 7.78 8.06 2.43 2.14
G023 | TEM | 2110 0.32 0.21 0.50 6.47 7.49 3.01 1.99
G026 | TEM | 2110 0.33 0.21 0.57 5.53 6.55 2.76 1.74
G028 | TEM | 2110 0.44 0.21 0.46 5.67 8.06 4.54 2.14
G029 | TEM | 2110 0.43 0.21 0.64 421 5.82 3.16 1.55
G031 | TEM | 2110 0.49 0.21 0.57 4.21 6.55 4.08 1.74
G032 | TEM | 2110 0.49 0.21 0.46 5.18 8.06 5.02 2.14
G034 | TEM | 2110 0.43 0.21 0.43 6.32 8.74 4.74 2.32
G037 | TEM | 2110 0.22 0.21 0.54 6.88 6.99 1.97 1.86
G038 | TEM | 2110 0.41 0.21 0.46 6.00 8.06 421 2.14
G040 | TEM | 2110 0.35 0.21 0.54 5.76 6.99 3.09 1.86
G042 | TEM | 2110 0.43 0.21 0.46 5.83 8.06 4.37 2.14
G043 | TEM | 2110 0.44 0.21 0.46 5.67 8.06 4.54 2.14
G047 | TEM | 2110 0.33 0.21 0.46 6.81 8.06 3.40 2.14

-
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Table C23. Average Stereological Measurements for Mg-12Li-2Nd/21Fe Rod (1 = 3.07)

volfr | volfr | -N Adex) | A@h) | t(ex) | t(th) |t (ruler)
) | () {em )| @m) | @m) | (wm) | (wm) | (um)

AVERAGE ALL 0.34 0.21 0.59 6.93 8.19 345 2.18
STDEV ALL 0.08 0.00 0.38 2.56 2.09 0.72 0.56
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Table C24. Minimum and Maximum Fe Fibers in Mg-12Li-2Nd/21Fe Rod (m = 3.07)
mint | maxt | max/min
pic# scope | mag | orient | (um) | (um) ratio
0010 SEM 500 T 080 | 9.00 | 1125
0011 SEM | 1000 T 0.70 | 14.00 | 20.00
0012 SEM | 1000 T 1.00 | 10.00 | 10.00
G003 TEM | 2110 T 0.71 | 13.27 | 18.67
G015 TEM | 2110 T 0.95 8.06 8.50
G018 TEM | 2110 T 0.71 8.06 | 11.33
G019 TEM | 2110 T 0.71 355 | 500
G020 TEM | 2110 T 0.71 6.40 9.00
G021 TEM | 2110 T 0.71 569 | 8.00
G022 TEM | 2110 T 0.71 474 | 6.67
G023 TEM | 2110 T 0.95 8.06 | 850
G024 TEM | 2110 T 0.71 569 | 8.00
G025 TEM | 2110 T 0.71 7.11 | 10.00
G026 TEM | 2110 T 0.95 853 1 9.00
G028 TEM | 2110 T 095 9.48 | 10.00
G029 TEM | 2110 T 0.71 6.64 9.33
G031 TEM | 2110 T 095 | 853 | 9.00
G032 TEM | 2110 T 0.59 7.58 | 12.80
G033 TEM | 2110 T 0.95 474 | 5.00
G034 TEM | 2110 T 0.71 6.64 | 9.33
G037 TEM | 2110 T 0.71 6.16 | 8.67
G038 TEM | 2110 T 0.71 7.11 | 10.00
G040 TEM | 2110 T 0.71 8.06 | 11.33
G042 TEM | 2110 T 0.71 7.58 | 10.67
G045 TEM | 2110 T 0.71 7.11 | 10.00
G046 TEM | 2110 T 1.18 853 | 720
0010 SEM 500 T 0.80 | 9.00 | 11.25
0011 SEM | 1000 T 0.80 | 14.00 | 17.50
0012 SEM 1000 T 1.00 | 10.00 | 10.00
G001 TEM | 3000 T 0.83 4.67 5.60
G002 TEM | 3000 T 1.00 6.67 6.67
G003 TEM | 2110 T 0.95 } 13.74 | 14.50
G015 TEM | 2110 T 1.42 7.58 | 5.33
G018 TEM { 2110 T 0.95 7.11 7.50
G019 TEM | 2110 T 0.95 379 | 4.00
G021 TEM | 2110 T 0.71 5.21 7.33
G022 TEM | 2110 T 237 | 474 | 2.00
G023 TEM | 2110 T 1.42 6.16 4.33
G026 TEM | 2110 T 1.42 5.69 4.00
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Table C24. (continued)

mint | maxt | max/min
pic# scope | mag | orient | (um) | (um) ratio
G028 TEM | 2110 T 1.90 8.53 4.50
G029 TEM | 2110 T 1.18 6.16 5.20
G031 TEM | 2110 T 0.95 7.11 7.50
G032 TEM }| 2110 T 142 8.06 5.67
G034 TEM | 2110 T 1.90 5.69 3.00
G037 TEM | 2110 T 1.42 6.16 433
G038 TEM | 2110 T 1.42 7.11 5.00
G040 TEM | 2110 T 142 5.69 4.00
G042 TEM | 2110 T 1.42 3.79 2.67
G043 TEM | 2110 T 2.13 7.11 3.33
G047 TEM | 2110 T 1.18 8.53 7.20
AVERAGE ALL 1.03 7.45 8.19
STDEV ALL 0.40 2.44 391

Table C25. Stereological Measurements for Mg-12Li1-2Nd/21Fe Rod (n = 4.29)

vol fr | vol fr N Adex) | A(th) | t(ex) | t(th) [t (ruler)
pic# | scope | mag | orient | (ex) | (th) |(cm-ly] (um) [ (um) | (um) | (um) | (um)
J106-{ TEM | 3900 T 0.40 0.21 0.58 2.63 3.49 1.79 0.93
Ji21-| TEM | 4400 T 0.39 0.21 0.50 2.77 3.59 1.77 0.95
0047 | SEM 1500 T 0.21 1.12 5.95 4.70 1.25
0049 | SEM 2000 T 0.21 1.00 5.00 3.95 1.05
0089 | SEM 1000 T 0.21 1.15 8.68 6.86 1.82
0091 | SEM 2500 T 0.21 0.79 5.08 4.01 1.07
2311 | SEM 781 L 0.26 0.21 1.50 6.34 6.74 2.19 1.79
2313 | SEM 781 L 0.26 0.21 1.79 5.33 5.66 1.84 1.51
2316 | SEM 781 L 0.33 0.21 1.79 4.81 5.66 2.36 1.51
2321 | SEM 781 T 033 | 021 1.68 | 512 | 6.03 2.51 1.60
2322 | SEM 1620 T 0.26 0.21 0.75 6.11 6.50 2.12 1.73
2324 | SEM 781 T 0.37 0.21 1.64 4.90 6.16 2.89 1.64
2326 | SEM 781 T 0.26 0.21 1.71 5.55 5.90 1.92 1.57
2327 | SEM 1620 T 0.29 0.21 0.93 475 5.25 1.90 1.40
2329 | SEM 781 T 0.44 0.21 2.39 2.98 423 2.37 1.12
2330 | SEM 1620 T 0.36 0.21 1.25 | 3.47 3.90 1.76 1.04
2332 | SEM 1620 T 0.34 0.21 1.07 3.79 4.55 1.98 1.21
0047 | SEM 1500 T 0.30 0.21 0.97 4.84 5.43 2.03 1.44
0049 | SEM | 2000 T 0.22 0.21 0.82 4,79 4.83 1.32 1.28
0050 | SEM 1000 T 0.25 0.21 0.94 7.98 8.41 2.66 2.24
0051 | SEM 1000 T 0.23 0.21 1.36 5.67 5.79 1.67 1.54
0089 SEM 1000 T 0.17 0.21 0.94 8.83 8.41 1.81 2.24
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Table C26. Average Stereological Measurements for Mg-12Li-2Nd/21Fe Rod (1 = 4.29)

vol fr | vol fr N Aex) | A(th) | t(ex) | t(th) [t (ruler)
€x) | ¢t |em D] @m) | (um) | Wm) | (wm) | (um)
AVERAGE ALL 0.30 0.21 1.21 5.23 5.46 2.05 145
STDEV ALL 007 | 000 | 047 1.70 1.39 | 039 | 037
AVERAGE ALL T 0.31 0.21 1.14 5.19 5.37 2.03 1.43
STDEV ALLT 0.08 0.00 0.46 1.81 1.47 0.41 0.39
AVERAGE ALL L 028 | 0.21 1.69 | 549 | 6.02 | 213 | 1.60
STDEV ALLL 0.04 0.00 0.16 0.78 0.62 0.26 0.17

Table C27. Minimum and Maximum Fe Fibers in Mg-12Li-2Nd/21Fe Rod (m = 4.29)

mint | maxt | max/min
pic# scope | mag | orient | (Wm) | (Um) ratio
J106- TEM | 3900 T 0.26 7.18 1 28.00
J121- TEM | 4400 T 0.23 7.50 { 33.00
0047 SEM | 1500 T
0049 SEM | 2000 T
0089 SEM | 1000 T
0091 SEM | 2500 T
2311 SEM 781 L 0.64 | 11.52 | 18.00
2313 SEM 781 L 0.64 | 10.24 | 16.00
2316 SEM 781 L 1.28 | 17.29 | 13.50
2321 SEM 781 T 0.64 8.96 | 14.00
2322 SEM | 1620 T 0.93 6.17 6.67
2324 SEM 781 T 0.38 | 12.80 | 33.33
2326 SEM 781 T 0.51 5.12 | 10.00
2327 SEM | 1620 T 0.62 4.32 7.00
2329 SEM 781 T 0.51 8.32 | 16.25
2330 SEM | 1620 T 0.43 6.17 | 14.29
2332 SEM | 1620 T 0.43 525 {12.14
0047 SEM | 1500 T 0.67 8.00 | 12.00
0049 SEM | 2000 T 0.50 4.50 9.00
0050 SEM | 1000 T 0.50 7.00 | 14.00
0051 SEM | 1000 T 0.50 | 13.00 | 26.00
0089 SEM | 1000 T 0.50 6.50 | 13.00
AVERAGE ALL 0.56 8.33 | 1645
STDEV ALL 0.24 3.46 8.20
AVERAGE ALL T 0.51 7.39 | 16.58
STDEV ALL T 0.17 2.62 8.99
AVERAGE ALL L 0.85 | 13.02 | 15.83
STDEV ALL L 0.37 3.75 2.25
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Table C28. Stereological Measurements for Mg-12Li-2Nd/21Fe Rod (1 = 5.98)

volfr | volfr N Alex) | A(th) | t(ex) | t(th) [t (ruler)
pic# | scope | mag | orient [ (ex) | (th) |(cm-1)| (um) | (um) | (um) | (um) | (um)

D289-| TEM | 4400 T 0.41 0.21 062 | 2.14 | 2.88 0.76
D307-| TEM | 3900 T 0.41 0.21 0.89 1.69 227 0.60
D315-| TEM | 3900 T 0.38 0.21 0.96 1.67 2.11 0.56
0014 | SEM | 2000 T 0.21 1.21 4.13 326 0.87
0015 | SEM | 5000 T 0.21 076 | 2.64 | 2.09 0.55
0016 | SEM | 4940 T 0.21 070 | 290 | 2.29 0.61
2419 | SEM | 3980 T 0.21 093 2.71 2.14 0.57
0014 | SEM | 2000 T 022 | 0.21 1.33 294 | 296 | 081 0.79
0015 | SEM | 5000 T 0.19 | 0.21 070 | 232 | 227 | 055 0.60

Table C29. Average Stereological Measurements for Mg-12Li-2Nd/21Fe Rod (1 = 5.98)

vol fr | vol fr N Aexy | A(th) | t(ex) | t(th) |t (ruler)
(ex) | () |emDH| @m) | @m) | @m) | (wm) | (um)

AVERAGE ALL 0.32 0.21 0.90 2.57 2.47 0.68 0.66
STDEV ALL 0.11 000 | 024 ) 075 0.44 0.18 0.12

Table C30. Minimum and Maximum Fe Fibers in Mg-12Li-2Nd/21Fe Rod (1 = 5.98)

mint | maxt | max/min

pic# scope | mag | orient| (um) | (um) ratio

D289- TEM | 4400 T 0.11 5.68 | 50.00

D307- TEM | 3900 T 0.13 5.13 | 40.00

D315- TEM | 3900 T 0.13 5.64 | 44.00

0014 SEM | 2000 T

0015 SEM | 5000 T

0016 SEM | 4940 T

2419 SEM | 3980 T

0014 SEM | 2000 T 0.15 5.25 | 35.00

0015 SEM | 5000 T 0.10 1.40 | 14.00
AVERAGE ALL 0.12 | 4.62 | 36.60
STDEV ALL 0.02 1.82 | 13.78
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Table C31. Stereological Measurements for the Mg-4L.i/27Fe Casting (1} = 0)

vol fr | vol fr N Aex) | A(th) | t(ex) | t(th) |t (ruler)
pict | scope | mag [ orient | @0 | @) |emy| @m) | @m) | @m) | @m) | @m)

2271 | SEM | 205 0.27 0.86 | 56.91 |41.54 15.37
2277 | SEM | 205 0.27 1.07 |45.53 |33.24 12.29
2283 | SEM | 205 0.27 0.86 |56.91 |41.54 15.37
2286 | SEM | 205 0.27 0.82 |59.38 |43.35 16.03
2290 | SEM | 205 0.27 1.04 |47.10 |34.38 12.72
2291 | SEM | 411 0.27 0.54 4542 |33.15 12.26
2296 | SEM | 205 0.27 1.04 |47.10 ]34.38 12.72
2299 | SEM | 205 0.27 0.86 |56.91 |41.54 15.37
2300 | SEM | 411 0.27 0.54 4542 |33.15 12.26

2271 | SEM | 205
2274 | SEM | 205
2277 | SEM | 205
2283 | SEM | 205
2286 | SEM | 205
2290 | SEM | 205
2292 | SEM | 205
2296 | SEM | 205
2297 | SEM | 205
2298 | SEM | 205
2299 | SEM | 205
2300 | SEM | 411

0.30 | 027 0.86 |39.84 |41.54 |17.07 | 15.37
037 | 027 0.86 |35.77 [41.54 |21.14 | 15.37
0.30 | 0.27 0.96 |35.41 |3693 |15.18 | 13.66
027 | 0.27 0.86 |41.46 |41.54 11545 | 15.37
0.24 0.27 1.00 | 3693 |35.61 |11.85 |13.17
034 | 027 1.04 |30.95 13438 [16.15 |12.72
0.39 0.27 0.64 |46.61 |55.39 [29.27 |20.49
0.23 0.27 1.18 }31.93 |3021 9.46 |11.18
0.29 027 1.18 }29.56 |30.21 }11.83 |11.18
0.31 0.27 1.21 127.55 }29.33 |12.63 | 10.85
0.29 0.27 0.86 |40.65 }41.54 |16.26 |15.37
0.33 0.27 0.64 |2541 {2763 [1244 |1022
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Table C32. Average Stereological Measurements for the Mg-411/27Fe Casting (m = 0)

vol fr | vol fr N Adex) | A(th) | t(ex) | t(th) [t (ruler)
ex) | (th) jembH| @m | @m) | (um) | @m) | (um)
AVERAGE ALL 0.30 0.27 0.90 42.04 {37.25 |15.73 |13.78
STDEV ALL 0.05 0.00 020 }10.14 6.43 5.27 2.38
AVERAGE ALL N 0.26 0.27 | 0.88 |48.67 |40.51 | 13.65 | 14.98
STDEV ALL N 0.02 0.00 0.08 |11.14 3.38 2.55 1.25
AVERAGE ALL L 0.32 0.27 0.92 | 42.69 | 3896 |17.80 | 14.41
STDEV ALLL 0.04 0.00 0.10 8.93 3.77 3.05 1.40
AVERAGE ALLT 0.31 0.27 | 090 |39.55 |3544 |1543 |13.11
STDEV ALLT 0.05 0.00 0.25 |10.05 7.62 6.56 2.82
AVERAGEALLL+T | 031 0.27 0.90 |40.47 |36.48 |16.14 | 13.49
STDEVALLL+T 0.05 0.00 | 022 9.57 6.80 5.66 2.52
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Table C33. Minimum and Maximum Fe Fibers in the Mg-4Li/27Fe Casting (] = 0)

mint | maxt | max/min

pic# scope | mag | orient | (um) | (um) ratio

2271 SEM | 205 L

2277 SEM | 205 L

2283 SEM | 205 N

2286 SEM | 205 N

2290 SEM | 205 T

2291 SEM | 411 T

2296 SEM | 205 T

2299 SEM | 205 T

2300 SEM | 411 T

2271 SEM | 205 L 732 12439 | 333

2274 SEM | 205 L 7.32 | 2439 | 3.33

2277 SEM | 205 L 7.32 12927 | 4.00

2283 SEM | 205 N 7.32 | 2927 | 4.00

2286 SEM | 205 N 488 12439 | 5.00

2290 SEM | 205 T 732 | 3415 | 4.67

2292 SEM | 205 T 14.63 §39.02 | 267

2296 SEM | 205 T 4.88 | 2439 | 5.00

2297 SEM | 205 T 488 | 2439 | 5.00

2298 SEM | 205 T 4.88 12439 | 500

2299 SEM | 205 T 732 | 2683 | 3.67

2300 SEM | 411 T 8.52 | 23.11 2.71
AVERAGE ALL 7.21 | 2733 | 4.03
STDEV ALL 267 | 487 1 090
AVERAGE ALL N 6.10 ) 26.83 | 4.50
STDEV ALL N 172 | 345 | 071
AVERAGE ALL L 7.32 | 26.02 | 356
STDEV ALL L 0.00 | 2.82 } 0.38
AVERAGE ALL T 749 | 28.04 | 4.10
STDEV ALL T 3.48 6.11 1.07
AVERAGEALLL +T 7.44 | 27.43 3.94
STDEV ALLL+T 2.84 5.25 0.93
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Table C34. Stereological Measurements for Mg-4L1/27Fe Rod (1 = 2.69)

vol fr | vol fr N Afex) | A(th) | t(ex) | t(th) {t(ruler)

pic# | scope | mag | orient | (ex) | (th) |(cm-1)| (um) | (um) | (um) | (um) | (um)
2343 | SEM | 781 T 0.27 1.07 | 11.95 8.72 323

2344 | SEM | 781 T 0.27 1.04 ]12.36 9.02 3.34

2345 | SEM | 395 T 027 | 200 1266 | 9.24 342

2350 | SEM | 781 T 0.27 1.11 | 11.56 8.44 3.12

2334 { SEM | 395 L 0.34 0.27 1.25 [ 13.31 | 14.78 6.94 5.47

2335 | SEM | 196 L 0.27

2338 | SEM | 395 L 0.33 0.27 1.07 | 1586 |17.25 7.76 6.38

2340 | SEM | 395 L 0.33 0.27 1.14 | 14.87 | 16.17 7.28 5.98

2342 | SEM | 395 T 0.43 0.27 1.82 | 794 |10.15 5.96 3.75

2343 | SEM | 781 T 034 | 027 1.00 8.41 9.35 439 3.46

2345 | SEM | 395 T 0.31 0.27 1.71 }10.13 | 10.78 4.64 3.99

2347 | SEM | 781 T 0.31 0.27 1.07 8.19 8.72 3.76 323

2349 | SEM | 395 T 0.29 0.27 1.29 | 14.06 | 14.37 5.63 5.32

2350 | SEM | 781 T 030 { 027 1.07 8.37 8.72 3.59 323

Table C35. Average Stereological Measurements for Mg-4Li/27Fe Rod (n = 2.69)

volfr | volfr N Aex) | A(th) | t(ex) | t(th) |t (ruler)
ex) | () [emDH] @m) | @m) [ @m) | @m) | (m)

AVERAGE ALL 0.33 0.27 1.28 {11.51 |11.21 555 | 4.15
STDEV ALL 004 | 000 | 034 | 270 3.21 1.55 1.19
AVERAGE ALL T 0.33 0.27 1.32 {1056 | 9.75 | 4.66 | 3.61

STDEV ALL T 0.05 0.00 0.38 2.23 1.78 0.97 0.66
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Table C36. Minimum and Maximum Fe Fibers in Mg-4Li/27Fe Rod (1] = 2.69)

mint | maxt | max/min

pic# " | scope | mag | orient | (um) | (um) ratio

2343 SEM | 781 T

2344 SEM | 781 T

2345 SEM | 395 T

2350 SEM | 781 T

2334 SEM | 395 L 1.27 {1 18.99 | 15.00

2335 SEM | 196 L 5.10 | 56.12 | 11.00

2338 SEM | 395 L 2.53 |20.25 8.00

2340 SEM | 395 L 2.53 | 16.46 6.50

2342 SEM | 395 T 1.90 | 15.19 8.00

2343 SEM | 781 T 1.92 | 14.08 7.33

2345 SEM | 395 T 1.27 | 17.72 | 14.00

2347 SEM | 781 T 1.28 | 14.08 | 11.00

2349 SEM | 395 T 1.27 | 12.66 | 10.00

2350 SEM | 781 T 1.92 9.60 | 5.00
AVERAGE ALL 2.10 | 19.52 | 9.58
STDEV ALL 1.17 | 13.23 323
AVERAGE ALL T 1.59 | 13.89 | 9.22
STDEV ALL T 0.35 2.70 3.15

Table C37. Stereological Measurements for Mg-4Li/27Fe Rod (1 = 3.92)

vol fr | vol fr N Alex) | A(th) | t(ex) | t(th) [t (ruler)
pic# | scope | mag | orient | (ex) | (th) |(cm-1)| (um) | (um) | (um) | (um) | (um)

0133 | SEM 1000 T 0.28 0.27 0.85 8.44 8.60 3.35 3.18
0134 | SEM 500 0.30 0.27 1.55 9.12 9.45 3.82 3.49
0135 | SEM. 500 0.28 0.27 1.67 8.59 8.76 341 3.24
0136 | SEM 1000 0.31 .27 1.09 6.35 6.69 2.81 2.48
0137 | SEM 1000 0.39 0.27 1.15 5.33 6.34 3.36 2.34
0138 | SEM 500 0.25 0.27 1.61 9.34 9.09 3.11 3.36

el el Bl Rt e

Table C38. Average Stereological Measurements for Mg-4L1/27Fe Rod (1} = 3.92)

vol fr | volfr N Adex) | A(th) | t(ex) | t(th) |t(ruler)
(ex) (th) | (cm | @m) | m) [ @m) | (um) | (wm)

AVERAGE ALL 030 | 0.27 132 | 7.86 | 8.16 331 | 3.02

STDEV ALL 0.05 0.00 | 033 1.63 1.31 034 | 048
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Table C39. Minimum and Maximum Fe Fibers in Mg-4Li/27Fe Rod (1} = 3.92)

mint | maxt | max/min

pic# scope | mag | orient | (um) | (um) | ratio
0133 SEM 1000 T 0.50 | 12.00 | 24.00
0134 SEM 500 T 0.60 | 23.00 | 38.33
0135 SEM 500 T 0.40 | 17.00 { 42.50
0136 SEM 1000 T 0.30 | 16.50 | 55.00
0137 SEM 1000 T 0.50 | 10.00 | 20.00
0138 SEM 500 T 0.80 | 16.00 | 20.00
AVERAGE ALL 0.52 | 15.75 | 33.31

STDEV ALL 0.17 | 451 | 1429
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APPENDIX D. EXTRANEOUS MICROGRAPHS

Figure 1. Dark-field TEM micrograph of BCC/BCC Mg-12Li-2Nd/21Fe sheet
rolled to ) = 3.67 at room temperature (transverse section).

Figure 2. Dark-field TEM micrograph of BCC/BCC Mg-12Li-2Nd/21Fe sheet
rolled to 1} = 6.5 at room temperature (transverse section).




(b)

Figure 3. SEM micrographs of (a) transverse and (b) longitudinal sections of
BCC/BCC Mg-12Li-2Nd/21Fe sheet rolled to n = 6.5 at room temperature.
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Figure 4. BCC/BCC Mg-12Li-2Nd/21Fe rod swaged to 1 = 3.1 at room
temperature (transverse section) showing the internal cracking observed in
much of the rod material at this level of deformation.

Figure 5. Dark-field TEM of BCC/BCC Mg-12Li-2Nd/21Fe rod swaged to 1
= 3.1 at room temperature (transverse section).
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Figure 6. TEM montage of Mg-12Li-2Nd/21Fe rod swaged to n = 4.3 (transverse section).
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Figure 7. TEM montage of Mg-12Li-2Nd/21Fe rod swaged to 1} = 4.3 (transverse section).




Figure 8. TEM montage of Mg-12Li-2Nd/21Fe rod swaged to 1} = 6.0 (transverse section).
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Figure 9. TEM montage of Mg-12Li-2Nd/21Fe rod swaged to 1} = 6.0 (transverse section).
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Figure 10. Mg-12Li-2Nd/21Fe rod swaged to 1} = 6.0 (transverse section).
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Figure 11. Mg-12Li-2Nd/21Fe rod swaged to 1 = 6.0 (transverse section).




Best-fit polynomial equations were used to fit the experimental tensile data for the
matrix alloys (Mg-4Li and Mg-12Li-2Nd) and AISI 1011 steel deformed individually as rod
and sheet products. The polynomial equations in Table I were used in the calculation of rule

of mixtures (ROM) strength predictions presented in this dissertation. The original ultimate
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tensile strength (UTS) data are also included and reported in MPa. Italicized data in the

tables were deemed to be invalid measurements.

Table I. Matrix and Fiber Material Strength Related to Deformation

=3
Wi n

true deformation strain
effective deformation strain (for sheet)

Correlation
Material Product Polynomial Fit Coefficient (R)
1011 Steel Rod |6 =480+19551n + 16.986n2 0.97945
Sheet | o =480+ 206.031 - 14.183n2 0.98766
Mg-4Li Rod |6 =125+ 10.195n + 3.8924n? 0.99661
Sheet |6 =125 + 10.896m - 0.43491n.2 0.99047
Mg-12Li-2Nd Rod |6 =106+ 5.73517 + 0.5400412 0.96125
Sheet |6 =106+ 13.074n, - 1.0554n2 0.97188
e) ultimate tensile strength (MPa)
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Table II. Tensile Strength of AISI 1011 Steel

Strain (Ne) Sheet UTS Strain (M) Rod UTS
0.00 434.1 0.00 497.8
0.00 434.1 0.00 529.8
0.00 428.0 0.00 520.6
2.10 837.1 0.00 520.5
2.10 882.1 0.57 698.6
2.10 863.5 0.57 731.9.
3.40 1003.6 0.57 722.1
3.40 996.6 1.40 8494
3.40 1033.8 1.40 1101.4
4.40 1123.7 1.40 1106.7
4.40 1137.1 1.40 848.8
4.40 1049.8 2.80 1093.6
4.40 1101.0 2.80 1101.8
5.10 1224.7 2.80 1079.6
5.10 11237 2.80 1099.7
5.20 1103.0 4.20 1371.6
5.20 1236.3 4.20 1367.4

4.20 1566.0
4.20 1523.0
5.50 2188.1
5.50 2125.6
5.50 2126.8
5.50 2127.2
6.20 2394.5
6.20 2279.7

6.20

2408.5
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Table III. Tensile Strength of Mg-4Li Matrix

Strain (Ne)

Sheet UTS Strain (1}) Rod UTS

0.00 124.1 0.00 124.1
0.00 123.4 0.00 123.4
0.00 125.1 0.00 125.1
0.00 127.8 0.00 127.8
2.07 147.5 1.72 159.7
2.07 148.5 1.72 158.6
2.07 150.0 2.73 176.8
2.07 145.3 2.73 176.4
3.96 158.5 4.33 241.6
3.96 156.7 4.33 245.2
3.96 160.6

6.59 180.0

6.59 181.0

6.59 174.2

Table IV. Tensile Strength of Mg-4Li/27Fe

Strain (1) Rod UTS
0.00 166.1
0.00 154.7
0.00 172.9
0.00 157.5
2.70 285.8
2.70 286.7
3.92 335.9
3.92 330.8
3.92 329.9

4.99

307.3
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Table V. Tensile Strength of Mg-12Li-2Nd Matrix

Strain (ne) | Sheet UTS Strain (1) Rod UTS
0.00 102.7 0.00 102.7
0.00 102.7 0.00 102.7
0.00 106.8 0.00 106.8
0.00 111.7 0.00 111.7
2.07 132.1 1.72 119.1
2.07 134.9 1.72 117.0
2.07 132.7 1.72 118.3
4.14 135.1 2.93 135.4
4.14 1394 2.93 133.3
4.14 138.8 4.37 130.4
6.21 147.3 4.37 131.1
6.21 145.1 5.75 161.1
6.21 146.8 5.75 158.3
6.21 149.7 5.75 159.6
6.21 145.1
6.98 149.5
6.98 147.5
6.98 150.2
6.98 142.0
6.98 142.0
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Table VI. Tensile Strength of Mg-12Li-2Nd/2 1Fe Composite

Strain (ne) { Sheet UTS Strain (11) Rod UTS
0.00 182.9 0.00 182.9
0.00 176.2 0.00 176.2
1.89 206.1 3.07 228.7
1.89 215.3 3.07 230.8
1.89 213.3 4.29 329.0
1.89 210.8 4.29 322.5
4.00 243.0 5.98 317.9
4.00 247.1 5.98 326.5
4.00 245.5 5.98 304.7
4.00 241.5 5.98 328.5
5.55 267.6 5.98 3214
5.55 250.0 5.98 301.4
5.55 257.7 7.01 198.4
5.55 248.5 7.01 211.4
6.47 266.8
6.47 283.3
6.47 273.5
6.47 278.2
6.47 279.6
6.47 267.3
6.47 277.3
6.47 283.9
6.47 278.0
6.47 275.9
6.47 272.7
6.54 315.9
6.54 308.8
6.54 298.3
8.60 262.5
8.60 339.0
8.60 322.1




