LA-13687-T
Thesis

Approved for public release;
distribution is unlimited.

Deformation of a

Beryllium-Aluminum Composite

L os Alamos

NATIONAL LABORATORY

Los Alamos National Laboratory is operated by the University of California
for the United States Department of Energy under contract W-7405-ENG-36.




This dissertation was accepted by the Materials Department, University
of California, Santa Barbara, California, in partial satisfaction of the
requirements for the degree of Doctor of Philosophy in Materials. The
text and illustrations are the independent work of the author and only the
front matter has been edited by the CIC-1 Writing and Editing Staff to
conform with Department of Energy and Los Alamos National
Laboratory publication policies.

An Affirmative Action/Equal Opportunity Employer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither The Regents of the University of California, the United States
Government nor any agency thereof, nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its
use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by The Regents
of the University of California, the United States Government, or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of

The Regents of the University of California, the United States Government, or any agency
thereof. Los Alamos National Laboratory strongly supports academic freedom and a
researcher’s right to publish; as an institution, however, the Laboratory does not endorse the
viewpoint of a publication or guarantee its technical correctness.



LA-13687-T
Thesis

Issued: March 2000

Deformation of a
Beryllium-Aluminum Composite

David H. Carter

| os Alamos

NATIONAL LABORATORY

Los Alamos, New Mexico 87545



Dedication

This work is dedicated with love to my parents and my wife, Janice.



vi



Acknowledgments

I am indebted to many people for their enthusiastic support and guidance. 1
would especially like to thank Professor Anthony Evans who advised me, even
after he left UCSB, and was always dedicated to this research. Professor David
Embury was my advisor while I was working at the Los Alamos National Lab-
oratory (LANL). I could not have completed this work without the constant
encouragement and interest from Professor Embury. I cannot say enough about
the advice and support I received from Dr. Loren Jacobson, my mentor and
friend, the champion of beryllium at LANL.

My research was performed at LANL, which is supported in part by the
United States Department of Energy (DOE) contract W7405-ENG-36. I am in
the Metallurgy group of the Materials Science and Technology Division (MST-6)
and returned for my degree under the Advanced Studies Program.

Many people at LANL provided technical assistance and advice. Special
thanks to Dr. Carlos Tomé, who helped me enormously through our periodic
discussions.

A major portion of my experimental work was performed at the LANL Manuel
Lujan Jr. Neutron Scattering Center (LANSCE). This is a national user facil-
ity funded by the DOE, Office of Basic Energy Science and Defense Programs.
Special thanks to Dr. Mark Bourke at LANSCE who helped me set up and run
the experiments. He was very interested in my research and especially helpful in
interpreting the results.

I am especially grateful to the people in the metallography and characteriza-

tion section of our group. I had many useful discussions with Dr. Robert Field,

vil



who also assisted me with transmission electron microscopy. Dr. Ke Han, LANL
Center for Materials Science, was also very helpful with my microscopy studies.
I am very thankful for Ann Kelly and Pallas Papin who helped me with sample
preparation as well as microscopy.

Paul Stanek was instrumental in developing the centrifugal gas atomization
capability at LANL and provided the Be-Al materials for my research. Steve
Abeln has also been very supportive of my work. I am grateful for the collab-
orations with many people at Starmet (formerly Nuclear Materials) and Brush
Wellman.

I want to thank my current and former supervisors at LANL for their ded-
ication to the Advanced Studies Program and their continuous support. I am

particularly grateful to Richard Mah, Raymond Dixon, and Dr. Tony Rollett.

viil



I
]
1987 Bachelor of Science
Materials Science and Engineering

Massachusetts Institute of Technology
Cambridge, Massachusetts

1988 Master of Science
Materials Science and Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts

1988-Present Technical Staff Member
Materials Science and Technology Division
Los Alamos National Laboratory
Los Alamos, New Mexico

Selected Publications

“SiC Whisker-Reinforced MoSi,.” D. H. Carter. Masters thesis, Massachu-
setts Institute of Technology. Los Alamos Report LA-11411-T, 1988.

“Mechanical behavior of beryllium-aluminum composites.” D. H. Carter,
L. A. Jacobson, and P. W. Stanek. Proceedings of the Tenth International Con-
ference on Composite Materials, Whistler, British Columbia, Canada, 14-18 Au-
gust 1995. Vol. 2, Metal Matriz Composites, (401-408). Edited by A. Poursartip
and K. Street. Cambridge, England: Woodhead Publishing Limited, 1995.

X






Contents

List of Figures XV
List of Tables xix
Abstract xxi
1 Introduction 1
2 Background and Literature Review 5
2.1 Imtroduction . . . . . . . ... 5
2.2 Properties of beryllium . . . .. ... ... ... 6
2.2.1 Single-crystal Be . . . ... ..o 6

2.2.2 Bicrystals . .. ..o 16

2.2.3 Polycrystalline Be . . . . . ... ... 000 16

224 Summary ... ..o 18

2.3 Beryllium-aluminum composites . . . . . . .. ... ... ... 20
2.3.1 Motivation . . . . . ... 20

2.3.2 Historical development . . . . . . . ... ... ... .. 27

2.3.3 Liquid phase separation . . . . ... ... ... .. .. .. 28

X1



2.4 Neutron diffraction . . . . . . ... ... L
2.4.1 Neutron diffraction strain measurements . . . . . .. . ..
2.4.2 Rietveld refinement . . . . . . ... ... L.
2.4.3 Neutron diffraction strain measurements on composites . .

2.5 Deformation of composites . . . . . . ... ...
2.5.1 Effective medium approximations . . . . . . .. . ... ..
2.5.2  Finite element methods . . . . . . .. ... ... ... ...

2.6 Summary . . ...

Experimental Procedures and Results
3.1 Imtroduction . . . . . . . ...
3.2 Material processing . . . . . .. ..o
3.3 Microstructural characterization . . . . . . ... .. .. ... ...
3.4  Etching experiments . . . . .. .. ... ... oL
3.5 Mechanical properties. . . . . . .. ... L
3.6 Cyclic tensile test . . . . . . . . ...
3.7 Thermal residual strain measurements . . . . . .. .. ... ...
3.8 In situ neutron diffraction loading experiments . . . . . . . . . ..
3.8.1 Procedure . . . .. ... ..o
3.82 Results. . . .. ...

Modeling and Interpretation
4.1 Summary of important results . . . . . ... ...
4.2 Geometricmodels . . . . ... oo

4.3 Physical models . . . . . ...

xil

55
25
56
o8
62
68
75
76
79
79
85



4.4 Numerical models . . . . . . . ... 105

4.5 DiIScuSsion . . . . ... 112
5 Conclusions 119
Bibliography 123

xiil



Xiv



List of Figures

2.1
2.2
2.3
24

2.5
2.6
2.7
2.8
2.9

2.10

2.11
2.12
2.13
2.14

Hexagonal close-packed structure of Be . . . . . . . ... ... ..
Young’s modulus (GPa) of Be as a function of orientation . . . . .
Primary and secondary slip systemsin Be . . .. ... ... ...
Flow stress vs. temperature for basal, prismatic, and pyramidal

¢+ a slip in high-purity Be . . . . . . ... ... ... ... ....
Stroh fracture mechanismin Be . . . . . ... ... ...
The Hall-Petch stress-grain size dependence in Be . . . . . . . ..
Relation between (0. — 0,,) and tensile elongation for Be . . . . .
Specific stiffness of engineering materials . . . . . . . . . ... ..
Upper and lower bounds of specific stiffness vs. volume fraction of

Be in a Be-Al composite . . . . ... ... L.
A small part of the modulus-density space, showing aluminum

alloys, beryllium, alumina, and composite envelopes . . . . . . . .
Scale dependent design chart for Be-Al . . . . . . .. ... .. ..
Suggested Be-Al phase diagram . . . . . ... ... ... ... ..
Illustration of spinodal decomposition . . . . . . . . ... .. ...

Diffraction spectrum for Be-47.5A1-2.5Ag . . . . . . . . ... ...

XV



2.15
2.16

2.17

2.18
2.19

3.1

3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11

3.12

3.13

Effect of compression on the Be (1011) diffraction peak . . . . . . 36
Hypothetical compression stress vs. strain data for a “weak phase,”

a “strong phase,” and a composite (which consists of the two phases) 40

Applied stress vs. elastic strain data from a hypothetical neutron
diffraction compression experiment on a composite . . . . . . . . . 41
Drucker’s hexagonal composite model . . . . . . . . ... ... .. 48
Axisymmetric unit cell representing a uniform distribution of par-

ticles . . . .. 50

Powder particle of Be-Al produced by rapid solidification (back-

scattered SEM) . . . . ..o oo 57
Microstructure of Beralcast 363 (backscattered SEM) . . . . . .. 60
Microstructure of AlBeMet AM162 (backscattered SEM) . . . . . 61
Microstructure of Be-47.5A1-2.5Ag (backscattered SEM) . . . . . 63
Weight loss vs. time during etching experiment . . . . . . . . . .. 65
Microstructure of Sample 1 after etching for 826 hours . . . . . . 66
Microstructure of Sample 2 after etching for 72 hours . . . . . . . 67
Round tensile test specimen geometry (in inches) . . . . . . . .. 69
Tensile stress-strain curves for Be and Be-47.5A1-2.5Ag . . . . . . 69
Microstructure of rapidly solidified HIP’d Be (optical) . . . . . . . 70
Fracture surface of a Be-47.5A1-2.5Ag tensile specimen (secondary

SEM) . . 72
Effect of aging time and temperature on compression strength of

Be-47.5A1-25Ag . . . . . . 73
Four-point bend test specimen geometry . . . . . . ... ... .. 74

Xvi



3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

Four-point bend test data for Be-47.5A1-2.5Ag . . . . . . . . . .. 75
Cyclic loading experiment results for Be-47.5A1-2.5Ag . . . . . . . 7
Round tensile test specimen geometry (in inches) . . . . . . . .. 80
Stress rig used for loading experiments in the neutron beam . . . 81
Scattering geometry for neutron diffraction experiment . . . . . . 82
Applied stress vs. total strain . . . . .. ... 0000 83
Diffraction spectra for AlBeMet . . . . . . . . ... . ... .... 84
Applied stress vs. elastic strains for selected hkl planes with nor-
mals parallel to the loading direction (LANL Be-Al) . . . . . . .. 85
Applied stress vs. elastic strains for selected hkl planes with nor-
mals perpendicular to the loading direction (LANL Be-Al) . . . . 86
Applied stress vs. elastic strains for selected hkl planes with nor-
mals +148° to the incident beam (LANL Be-Al) . . . . . ... .. 87
Applied stress vs. elastic strains parallel to the loading direction
(LANL Be-Al) . . . . . . 89
Applied stress vs. elastic strains perpendicular to the loading di-
rection (LANL Be-Al) . . . ... .. .. . 90
Applied stress vs. elastic strains parallel to the loading direction

(LANL Be-Al) with straight lines superimposed that identify three

distinct regions of these curves . . . . . . .. ... 91
Applied stress vs. elastic strains parallel to the loading direction
(AlBeMet) . . . . . .o 93
Applied stress vs. elastic strains perpendicular to the loading di-

rection (AlBeMet) . . . . ... .o 94

Xvil



3.29 Applied stress vs. elastic strains parallel to the loading direction,
loading only (LANL Be-Al) . . . . ... ... ... ... .....

3.30 Applied stress vs. elastic strains parallel to the loading direction,
loading and unloading (LANL Be-Al) . . . . ... ... ... ...

3.31 Applied stress vs. elastic strains perpendicular to the loading di-
rection (LANL Be-Al) . . ... ... .. L.

4.1 Tllustration of volume fraction of fibers oriented longitudinal vs.
transverse to loading direction . . . . . . . ... ... L.
4.2 Strain compatibility during unloading of a composite . . . . . . .
4.3 Illustration of strain compatibility effects . . . . . . . . .. . . ..
44 FEM model . . . . . . . . . ...
4.5 Simulation of applied axial stress vs. elastic strains parallel to the
loading direction . . . . . . .. ...
4.6 Simulation of applied transverse stress vs. elastic strains parallel
to the loading direction . . . . . . . . ... o000
4.7 Simulation of applied transverse stress vs. elastic strains perpen-
dicular to the loading direction . . . . . . . . ... ... ... ..
4.8 Mohr’s circle representation of constraint effects in Be . . . . . . .

4.9 Mohr’s circle representation of constraint effects in Al . . . . . . .

XVviil



List of Tables

1.1

2.1
2.2
2.3
24
2.5

3.1
3.2
3.3

4.1

Some properties of beryllium . . . . . . ... ... .. ... ..., 2
Measured elastic constants of Be . . . . . . .. ... ... 8
Calculated elastic propertiesof Be . . . . . . ... ... ... ... 8
Ductility correlation for hep metals . . . . . . . . .. ... ... 10
Typical tensile properties of commercially available forms of Be . 17
Properties of commercially available Be-Al . . . . . .. ... ... 28
Density before and after etching experiment . . . . . .. ... .. 64
Tensile properties of rolled Be-47.5A1-2.5Ag sheet . . . . . . . .. 71
Thermal residual strains, ep, in Be-47.5A1-2.5Ag . . . . . . . . .. 79
Material properties used in finite element analysis . . . . . . . .. 107

Xix



XX



Deformation of a
Beryllium-Aluminum Composite
By
David H. Carter

ABSTRACT

The physical and mechanical properties of beryllium, especially the combina-
tion of low density and high elastic modulus, make it an attractive candidate for
a structural material. Intrinsic problems exist with Be as a monolithic material,
as its structural behavior is complex due to its hexagonal close-packed crystal
structure. Therefore, great value may be found in investigating composites of Be,
such as beryllium-aluminum. However, one needs to understand the behavior of
the individual phases in a Be composite and their interaction during the sequence
of elasticity, plasticity, and fracture. The approach taken in this dissertation was
to use neutron diffraction to monitor the elastic loading of each phase, in combi-
nation with detailed studies of the composite’s mechanical behavior for strains up
to 5%. In addition, the experiments were performed on a unique type of compos-
ite microstructure. This consisted of interpenetrating phases formed from liquid
immiscibility, rather than conventional powder processing, which is limited by
reactions at interfaces. The results were interpreted in terms of plasticity models
and finite element calculations that describe the interaction between the phases
and the local stress states established by compatibility requirements between the

phases.
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Neutron diffraction studies of a compression test on a Be-Al composite showed
that the Be deformed plastically at —200 to —250 MPa, and the Al developed
large hydrostatic stress components. Finite element analyses using a relatively
simple model simulated this behavior quite well.

The tensile elongation of this rapidly solidified Be-Al composite was on the
order of 10%, with yield strengths of 300-400 MPa, whereas the elongation of
Be produced by the same rapid solidification process was only 1% at its ultimate
strength of 400 MPa. The mechanical behavior of this composite was largely
influenced by constraints developed during deformation. These constraints were
very complex and had a number of origins. (i) Beryllium has some unique elastic
properties including a high elastic modulus and a low Poisson’s ratio. (i) The
microstructure and morphology of the composite consisted of an interpenetrating
network of two continuous phases with a very fine grain size. (7ii) The Al was
constrained during plastic flow, yet accommodated compatible deformation in

the Be.
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Chapter 1

Introduction

Beryllium is of interest in aerospace and military applications as well as spe-
cialized commercial applications because of its unique set of properties (see Ta-
ble 1.1). These include very low density, high strength and stiffness, and high
thermal conductivity. At room temperature, polycrystalline Be fails by cleavage
at elongations of only about 3%. Accordingly, when used for structural applica-
tions, it must be designed using a brittle material methodology. Much effort has
been spent improving the ductility of Be, with limited success. Alternatively,
Be can be combined with another material in a composite in order to enhance
its toughness and ductility while substantially maintaining its attractive proper-
ties. Beryllium-aluminum (Be-Al) is one such composite. This material has been
studied since the 1960’s, commencing with the advent of Lockalloy—a powder
metallurgy product with composition Be-38Al'. Although this product was used
in some military applications, its low strength and fracture properties limited its

insertion into a wider range of applications.

LAll chemical compositions are given in weight percent unless otherwise indicated.



Table 1.1: Some properties of beryllium

Density (g/cm?) 1.848
Young’s modulus (GPa) 300
Poisson’s ratio 0.03
Yield strength (MPa) 345
Ultimate strength (MPa) 450
Elongation (%) 3

Melting temperature (°C) 1278
Thermal expansion coefficient 116
at 25 °C (1076 K1) '

Thermal conductivity at 25 °C 908

(Wm™ K1)

Recent advances in processing techniques (such as rapid solidification) have
improved the properties of Be-Al materials. The focus of the present research
is on one such composite, having composition Be-47.5A1-2.5Ag, produced by
the hot isostatic pressing of a powder fabricated by rapid solidification using
a centrifugal atomization process. The minor additions of silver were used to
study the effects of age-hardening of the Al on the overall properties. The tensile
elongation of this rapidly solidified Be-Al composite was on the order of 10%,
with yield strengths of 300-400 MPa, whereas the elongation of Be produced
by the same rapid solidification process was only 1% at its ultimate strength of
400 MPa.

The Be-47.5A1-2.5Ag composite has an uncommon morphology because of
liquid phase separation. The microstructure comprises a fine, three-dimensional
interpenetrating network.

The purpose of the present study was to understand the behavior of the

individual phases in a Be composite and their interaction during the sequence



of elasticity, plasticity, and fracture. The approach taken was to follow the
deformation behavior of the individual phases by utilizing neutron diffraction
techniques.

To quantify the deformation behavior, in situ neutron diffraction measure-
ments were taken of the elastic strains during loading. This is an ideal technique
for studying the deformation because it distinguishes between phases and mea-
sures strain in all possible crystallographic orientations. Moreover, unlike x-rays
which are typically limited to near surface regions, neutrons provide a volumetric
or bulk average strain. These strains were compared with predictions from finite
element analyses to clarify the stress state in each phase during deformation.

Two possible explanations may account for the order of magnitude higher
strains in Be-Al composites compared to pure Be. (i) Extensive microcracking
may occur in the Be phase, such that plastic strain occurs mainly in the Al, and
the Be accommodates that strain without undergoing catastrophic failure. (i)
Compatible plastic deformation occurs in both phases. To distinguish between
these two possibilities, one experiment comprised a cyclic tensile test, along
with microscopy, to demonstrate that minimal microcracking accompanies plastic
straining up to 8%. That is, all of the strain is caused by compatible plastic
deformation of both the Al and Be phases.

Detailed microstructural characterization was also performed using scanning
electron microscopy. The morphology of the composite was studied by etching
away one phase and closely examining the remaining phase.

This dissertation is organized as follows. Chapter 2 contains background

information and a review of the relevant literature, including properties of Be



and past work on the Be-Al system. Neutron diffraction studies of deformation
in composites will be described. Relevant deformation mechanisms will also be
reviewed. Chapter 3 describes the experiments and results. The major portion
of this work consisted of in situ neutron diffraction loading experiments. This
chapter also includes details on tensile, compression and bend properties; the
cyclic tensile test; the etching experiment; and microscopy studies. Chapter 4
presents various physical and numerical models used to describe the results from
the experiments. This is followed by a discussion of the results, with an empha-
sis on relating the deformation behavior to the mechanical properties of Be-Al
composites. Chapter 5 presents a summary of the important conclusions and

recommendations for future work.



Chapter 2

Background and Literature

Review

2.1 Introduction

Four separate topics will be reviewed. The Be and Be-Al systems will be de-
scribed, with an emphasis on their mechanical properties and deformation be-
havior. The development of Be-Al composites will be described. The use of neu-
tron diffraction to study deformation of composites will be discussed. Finally,
relevant theories of deformation in two-phase materials will be reviewed. This
review will provide a starting point for the development of a physically-based

deformation model, to be discussed in Chapter 4.



2.2 Properties of beryllium

An extensive treatise on Be science and technology has been compiled [1,2].
Volume 1 (of the two volume series) contains reviews of the flow and fracture
properties of single-crystal and polycrystalline Be, grain size and impurity effects,
recrystallization and grain growth, the constitution of Be and its alloys, and the
elevated temperature behavior of Be.

A number of factors cause Be to be brittle at room temperature. The primary
cause in single-crystal Be is the nature of its interatomic bonding, which results
in a propensity for basal plane cleavage. Namely, the small ratio of bulk to shear
modulus (K/u) (small Poisson’s ratio) implies a preference for brittle fracture
rather than plasticity [3,4]. Other contributing factors include the limited num-
ber of slip systems and the predominance of basal plane slip. In polycrystalline
Be, ductility is also controlled by factors such as grain size, texture, impurities,

and the orientation of grains that provide compatible deformation.

2.2.1 Single-crystal Be
Crystal structure

Beryllium has a hexagonal close-packed (hcp) structure, an ABAB stacking of
closely packed planes, shown in Figure 2.1 where the axes ¢ and a are identified.
The structure is depicted in this illustration as a hexagonal prism with three
unit cells. Two atoms are associated with each lattice point and are located at
coordinates (0,0,0) and (%,%,%) The lattice parameters of Be are a = 2.2854 A

and ¢ = 3.5829 A.



Figure 2.1: Hexagonal close-packed structure of Be

Elastic properties

The elastic constants of Be have been measured acoustically by a pulse-echo-
overlap technique and are tabulated in Table 2.1 [5]. The values for bulk modulus
(K), shear modulus (p), Young’s modulus (E), and Poisson’s ratio (v) were
calculated from weighted averages of the measured single-crystal elastic constants
using Voigt’s isostrain assumption (Table 2.2 [5]). The calculated Poisson’s ratio
(v) is 0.02, whereas most metals have a v of about 0.3. Beryllium is also unique
by virtue of its large stiffnesses (such as (1) but small coupling between modes,
indicated by the small (5 and C}3. The small (3 implies that stresses applied
normal to the basal plane are not transferred into directions within the plane.
The theoretical dependence of Young’s modulus on orientation can be calcu-

lated from the elastic compliances (.S;;) as [6]

1
B =5u(1— 72)2 + 533’74 + (2513 + 544)72(1 - ’72) (2.1)



Table 2.1: Measured elastic constants of Be (from [5])
Elastic stiffness (GPa)
Cn O3 Cu Ce  Cho Cis
2954 356.1 170.6 1348 259 —10+20
Elastic compliance (1072 GPa™!)
S Sz Su St S13
3.411 2.808 5.862 —0.299 0.01

Table 2.2: Calculated elastic properties of Be (from [5])
K (GPa) u (GPa) E (GPa) v
110 156 318 0.02

for hexagonal crystals where v is the cosine of the angle formed with the c-
axis. Only one angle appears in this formula because the elastic properties have
rotational symmetry with respect to this axis. Substituting the values from
Table 2.1 into Equation 2.1, Young’s modulus is plotted for single-crystal Be as a
function of orientation in Figure 2.2. Young’s modulus is relatively isotropic, with
a maximum in the c-axis direction and a minimum in a direction perpendicular
to the c-axis. From this equation, E,,;, = 293 GPa and E,,,, = 356 GPa.

The thermal expansion coefficient is anisotropic, with a 15% difference in the
expansion coefficients of the major crystallographic directions. Measurements
on high-purity single crystals showed that in a direction parallel to the c-axis,
o =10.076 £ 0.026 x 107° K, and perpendicular to the c-axis, a; = 11.580 %
0.050 x 107¢ K~ [7].

Bonding within the basal plane has been described as metallic, but across the
basal plane, along the c-axis, it has covalent characteristics. This implies that

bonds across the basal plane can undergo little stretching before fracture [8]. This
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Figure 2.2: Young’s modulus (GPa) of Be as a function of orientation



Table 2.3: Ductility correlation for hep metals (from [3,4,9])

Element c¢/a Primary slip mode K/u Ductility
Cd 1.886 Basal 2.03 Fair
/n 1.856 Basal 1.59 Brittle
Co 1.623 Basal 2.43 Fair
Mg 1.623 Basal 1.92 Fair
Re 1.615 Both basal and prismatic 1.76 Fair

Zr 1.593 Prismatic 2.58 Ductile
Ti 1.587 Prismatic 3.25 Ductile
Hf 1.581 Prismatic 3.58 Ductile
Os 1.579 — 1.67 Brittle
Be 1.568 Basal 0.87 Brittle

also leads to a “flattened” crystal structure, with a very low c¢/a ratio (1.568).
In addition, the ratio of bulk modulus to shear modulus for Be (K/u = 0.87) is
the lowest of any hep metal. The bulk modulus is the binding energy of an atomic
structure and, therefore, can be correlated with the energy required to create new
surfaces during cleavage fracture [9]. The shear modulus can be correlated with
the energy required to move dislocations. Therefore, metals with low values of

K /p should be more brittle [10], as demonstrated in Table 2.3 [3,4,9].

Deformation modes

The anisotropy of slip systems in Be also helps explain its brittle nature [11-
13]. Hexagonal close-packed metals have primary slip systems that are either
(0001)(1120) (basal) or {1010}(1120) (prismatic). In an ideal hcp structure,
the ¢/a ratio is \/% = 1.633. Hexagonal metals with lower ¢/a ratios provide
primary slip on the prism plane (see Table 2.3). This occurs because low c¢/a

ratios indicate larger distances between prismatic slip planes, and the Peirels-
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Figure 2.3: Primary and secondary slip systems in Be

Nabarro stress is lowest for planes with the greatest interplanar spacing [8].
Beryllium has the smallest ¢/a ratio (1.568) of any element, yet the primary slip
mode is basal. The reason for this is not well understood [4, 14].

The primary and secondary slip systems in Be (basal, prism and second-order
pyramidal) are shown in Figure 2.3. Slip on first-order pyramidal planes {1011} is
not as important in Be, because this system consists only of combinations of basal
and prism slip. Accordingly, Be has only four independent slip systems. The
Taylor-von Mises criterion for arbitrary deformation requires five independent
slip systems; otherwise, deformation has to be accommodated cooperatively by
neighboring grains with different orientations. However, (c+a) type dislocations
with a Burgers vector inclined to the basal plane could occur on the second-order
pyramidal plane in Be. This is the only mode which provides five independent

slip systems [15].

11



Measurable plasticity associated with a non-basal slip direction can occur in
high-purity single crystals even at room temperature; however, the stress level
at which this occurs is very high [16]. This is illustrated in Figure 2.4 [8], which
shows that at room temperature, the flow stress, or critical resolved shear stress
(CRSS), for basal slip (1.3 MPa) is more than an order of magnitude less than
prismatic slip (51 MPa) and much lower than ¢ + a slip (2176 MPa). Yet, Be
exhibits a brittle to ductile transition at 200 °C even though the CRSS for c+a
slip is still relatively high at this temperature. Consequently, below 200 °C,
in polycrystalline Be, measured strains comprise basal slip in isolated grains
combined with lattice bending.

The micro elastic limit (MEL) shown in Figure 2.4 is the stress at which the
stress-strain curve first deviates from linear elastic behavior. The CRSS, or the
macro elastic limit, is the intercept of the elastic loading line with the final slope
of the stress-strain curve.

Reducing impurities lowers the CRSS for slip, but affects basal slip the most,
causing an even greater plastic anisotropy. Although lowering the CRSS causes
an increase in elongation, the fracture stress remains constant [9]. Therefore,
increased purity decreases the work-hardening rate for single-crystal Be. This
effect would not be observed in polycrystalline Be, in which large numbers of
randomly oriented grains favor basal cleavage.

For perfectly oriented crystals, the CRSS for prismatic slip is anomalous
(shown in Figure 2.4): namely, a maximum occurs just above room temperature.
Mechanisms for this anomaly have been hypothesized [17]. The flow stress for

pyramidal slip (Figure 2.4) also demonstrates anomalous behavior above room
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Figure 2.4: Flow stress vs. temperature for basal, prismatic, and pyramidal ¢+ a

slip in high-purity Be. MEL is the micro elastic limit and CRSS is the critical
resolved shear stress (from [8]).
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temperature. The reason is not understood.

Cleavage fracture

The primary fracture mode in single-crystal Be at room temperature is basal
plane cleavage. In Be, the basal plane has the lowest surface energy (y(oo1) =
2322 erg/cm?, Y1010y = 6342 erg/cm?, and 71130y = 11,851 erg/cm?) [18].

The brittle nature of hexagonal metals is enhanced if both slip and cleavage
occur on the same lattice plane, whereas those metals that slip primarily on pris-
matic planes do not undergo basal plane cleavage as readily [8,19]. Furthermore,
if (c+a) slip is difficult to activate, as in Be, no slip mechanism for crack blunting
exists and basal cleavage may propagate easily.

Fracture in Be is initiated by a process known as bend plane splitting, shown
in Figure 2.5 [18]. Tensile elongation by basal slip causes the basal planes to
rotate and introduces bending of the slip planes. Bend planes have sharp dis-
continuities and, under further deformation, may easily initiate basal cleavage.
If the Stroh criterion is satisfied, cleavage will cause failure [19]. This criterion
is given as

S 4y cos

n —_

2.2
DT, ( )

where o, is the applied normal stress, v is the basal plane surface energy, u is
the shear modulus, 6 is the angle between the basal plane and the tensile axis,
D is the grain size, and 75 is the effective resolved shear stress.

The energy to both initiate and propagate cleavage cracks on the basal plane
was measured as approximately 2100 erg/cm? [20], in close agreement with the

theoretical cleavage surface energy of the (0001) plane.
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(a) Nucleation of basal (b) Optical photograph of basal plane cracks formed
cleavage by bend plane by bend plane splitting (from [18])
splitting

Figure 2.5: Stroh fracture mechanism in Be
Twinning

Twinning occurs on the {1012} planes and results in some plastic deformation
along the c-axis. Because of the low ¢/a ratio, twinning causes an extension of
the c-axis and compression of the a-axis. Twinning, therefore, can be observed
when conditions are favorable for c-axis expansion: under c-axis tension or a-axis
compression.

Twinning provides little enhancement to deformation in polycrystalline Be,
where the random orientation of c-axes results in only ~ 1% additional overall
deformation. In addition, basal plane cleavage often occurs before twinning when
a crystal is loaded in c-axis tension. Therefore, unlike in other hcp metals,
twinning can actually promote cracking in polycrystalline Be, rather than provide

substantial plasticity.
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2.2.2 Bicrystals

A series of experiments has been performed on high-purity Be bicrystals, carefully
oriented so that the Taylor-von Mises criterion could be satisfied by only two slip
systems, a simple tilt boundary [21].

It was found that even in circumstances where strain compatibility condi-
tions were easily satisfied, the presence of a grain boundary reduced the tensile
elongation by nearly an order of magnitude. This indicates that even for high-
purity Be, simply meeting macroscopic strain compatibility requirements may

not produce ductile behavior.

2.2.3 Polycrystalline Be

In polycrystalline Be, the room temperature ductility is dependent on impurity
content, texture, and grain size. Therefore, there is a substantial variation in
the tensile stress-strain curves reported in the literature. Table 2.4 shows typical
properties of different commercially available forms of Be [22]. Some of the
common impurities in Be are oxygen in the form of BeO inclusions, C, Fe, Al
Si, and Mg. The effects of each of these impurities on mechanical behavior are
well characterized [23, 24].

Significant gains in ductility can be achieved through texture. Normally,
however, such increases are directional, so an increase in ductility in one direc-
tion comes at the expense of decreased ductility in one of the other orthogonal
directions within the material. Rolling, for example, produces a very fine grain
size and basal texture within the plane of the rolling direction. This texture

gives in-plane ductility, but the ductility in the through-thickness direction is
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Table 2.4: Typical tensile properties of commercially available forms of Be
(from [22])

Ultimate 0.2%
tensile Yield
Test strength  strength Elongation
Material direction  (MPa)  (MPa) (%)

Block
normal-purity (hot-pressed)®

structural grade Le 370 266 2.3
T 390 273 3.6
thermal or brake grade L 294 196 2.7
T 322 196 4.6
high-purity (isopressed) L 455 287 3.9
T 455 287 4.4
high-oxide instrument grade
(hot-pressed) L 476 406 1.5
T 511 413 2.7
fine grain size (isopressed) L 580 407 3.7
T 587 407 4.2
Sheet (1-6.35 mm thick)
normal-purity powder 531 372 16
normal-purity ingot 352 172 7
Extrusions
normal-purity powder 655-690 345-518 813
high-purity powder 655-828 345518 8-13
Forgings
normal-purity 483-600  435-600 0-4.5
Wire (50-635 pm diameter)
high-purity ingot 966 793 3

“Elongation in 50 mm, except 250 mm for wire.
bStructural grade contains about 1.8% BeO and thermal or brake grade about
0.9%.

°L and T refer to longitudinal and transverse test directions.
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Figure 2.6: The Hall-Petch stress-grain size dependence in Be. o, is fracture
stress, o, is yield stress, and D is average grain size.

considerably less.
The grain size in Be governs both the flow and fracture strengths through a

12 where D is

Hall-Petch relationship. That is, strength is proportional to D~
the average grain diameter, when other variables such as impurity content and
texture are constant [25].

Grain size also has an effect on ductility. The Hall-Petch slope for fracture
stress (o.) is considerably higher than the Hall-Petch slope for yield stress (o).
This is shown in Figure 2.6 where (0. — 7,) is plotted vs. D=2, It has also been
shown that elongation (¢7) increases with an increase in (o, — 0,), as shown in

Figure 2.7 [25]. Because (0, — 0,) < D7Y% and (0, — 0,) x &y, it follows that

grain refinement should result in improved ductility.

2.2.4 Summary

Be has some unusual properties because of the anisotropic nature of its atomic

bonding. These include an unusually high stiffness in the primary crystallo-
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Figure 2.7: Relation between (0. — 0,) and tensile elongation for Be (from [25])

graphic directions, but a very low coupling between these directions. This results
in a very low K/u and v. In addition, the limited number of available slip sys-
tems and the anisotropy of the stresses required for slip on nonbasal slip systems
lead to the preference of basal slip.

The preferred slip plane is also the preferred cleavage plane. Because basal slip
does not allow arbitrary three-dimensional deformation, polycrystalline Be will
undergo basal plane cleavage when neighboring grains are not oriented correctly
for basal slip. Therefore, Be normally fractures via basal plane cleavage.

By combining Be with Al, as in the composite studied in this work, the
ductility of Be is enhanced for two reasons. (i) The grain size of the Be in this
rapidly solidified composite is much smaller than in typical monolithic Be and

raises the fracture stress for Be because of the Stroh criterion (Equation 2.2). (i)
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In polycrystalline Be, mismatches in orientation of the Be grains do not allow
compatible deformation to occur, and fracture initiates at grain boundaries that
are not oriented preferentially for plastic deformation. In this composite, each
Be grain is embedded in Al, which flows readily and allows the Be to deform in
arbitrary directions. This greatly reduces the problems caused by mismatches in

the orientation of Be grains by allowing compatible plastic deformation.

2.3 Beryllium-aluminum composites

2.3.1 Motivation

The specific stiffness of Be is much higher than that of many commonly used
metals and metal alloys (Figure 2.8 [26]). Materials are normally chosen for a
combination of properties that maximize their performance, rather than a single
property. For example, the stiffest material is the one with the highest value
of E/, but the best materials for a light, stiff beam or column are those with
the greatest value of the “performance index” E/2/p [26]. A performance index
is derived by considering the component’s functional requirements, geometric
parameters, and material properties. Two other indices relating to light, stiff
components are F/p and E/3/p which, when maximized, give the best slender
ties and plates, respectively.

By plotting E and p on log scales, a family of parallel lines can be drawn for
each of the indices. Each line represents a constant value of the index. Therefore,
materials above a particular index are preferred. Consider the index for light stiff

beams, E'/2/p. If a family of parallel lines are drawn for this index, Be is one of
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the best materials.

By combining Be with Al, a composite with a high specific stiffness and good
ductility can be designed. This is the fundamental motivation for designing
a composite with Be and Al. The specific stiffness of the resulting composite
depends on the morphology of the phases and the volume fraction of each phase.

If a volume fraction f of a reinforcement r with a density p, is mixed with
a volume fraction (1 — f) of a matrix m with a density p,, to form a composite

with no porosity, its density is given exactly by the rule of mixtures,

p=for+ 1= f)pm (2.3)

It does not depend on the morphology of the phases.

The Young’s modulus of a composite can be explored using the well-known
Voigt (upper) and Reuss (lower) bounds (although more closely spaced bounds
do exist). The upper bound (E,) is an isostrain model and the composite stress

is the volume average of the local stresses. The elastic modulus is given by
E,=fE.+(1-f)E, (2.4)

where E, and FE,, are the Young’s moduli of the reinforcement and matrix, re-
spectively.
The lower bound (E;) is an isostress model and the composite strain is the

volume average of the local strains. The elastic modulus is given by

E.E,

= (- NE

(2.5)
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Figure 2.9: Upper bound (Equations 2.3 and 2.4) and lower bound (Equations 2.3
and 2.5) of specific stiffness vs. volume fraction of Be in a Be-Al composite

Using Equations 2.3, 2.4, and 2.5, envelopes can be constructed for the specific
stiffness (Figure 2.9).

Figure 2.10 [27] is a small portion of Figure 2.8 that shows envelopes describ-
ing the modulus-density relationship in the Be-Al and Al-Al,O3 systems. The
two sides of the envelopes represent the upper and lower bounds.

By superimposing the performance index E'/2/p on this figure, the effect of
combining materials to form composites can be illustrated. It is evident that
the performance index of Al is much more effectively improved with the addition
of Be than with the addition of Al,O3;. The notations, fibers and particles,

indicate that using fibers provides a longitudinal composite modulus closer to the
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upper bound, and using particles (or fibers when loaded transversely) provides
a composite modulus closer to the lower bound [27].
The upper bound for the strength of a composite (o) is a rule of mixtures

of the strength of the reinforcement (o,) and matrix (o,,) as
ow=fo,+1— flom (2.6)

The lower bound (o) is the yield strength of the matrix, enhanced by the plastic

constraint imposed by the reinforcement [27], or

1 1/2

It has been shown that bounds for composite properties can be modified by
incorporating simple scaling laws [28]. If the effect of scale on the strength of
either the matrix or reinforcement is known, this effect can be incorporated into
the upper and lower bounds for the strength of the composite (Equations 2.6 and
2.7). This was done for particulates of Be in an Al matrix [28]. The analysis is
reproduced here.

The Be was assumed to follow a Hall-Petch relationship for yield strength,
given (in MPa) as [29]

0.37

It was assumed in this analysis that the grain size d is replaced by particle size

r, and that the maximum d is 10 pum.
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Figure 2.11: Scale dependent design chart for Be-Al (after [28])

The strength of the Al was described by the equation for Orowan bowing [30]

Om = 0o + —— (2.9)

In this equation, b is the Burgers vector for the matrix and [ is the spacing

between particles. [ is a function of volume fraction f and particle size r, given

by

)2
= % (2.10)

The expressions for o, and o, were substituted into Equations 2.6 and 2.7 for
particle sizes ranging from 100 to 0.001 pm, and plotted as a three-dimensional
surface in Figure 2.11 as strength vs. particulate size and composite density. For
submicron particle sizes, the matrix strength was used instead of Equation 2.7.

For clarity, the reciprocal of composite density was plotted.
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2.3.2 Historical development

The possibilities of combining Be with Al to take advantage of the high specific
stiffness and strength of Be and the ductility of Al have been recognized for many
years. In fact, a patent related to the Be-Al system was awarded in 1918 [31].

Be-Al composites were first used during the 1960’s and 1970’s in military
applications, when Lockalloy was developed by Lockheed Missiles and Space
Company for the Minuteman III Missile [32] and the YF-12 Ventral Fin (SR-
71 Blackbird) [33]. Lockalloy had the composition Be-38Al, which was chosen
because this material had an elastic modulus of 180 GPa, similar to steel, which
made it easier to insert into existing designs. Its specific stiffness, however, was
almost four times greater than that of steel.

No further major developments occurred until the early 1990’s, when advances
in processing techniques enabled the commercial viability of two different types
of Be-Al. Brush Wellman Inc. currently produces a powder metallurgy family of
alloys with a tradename AlBeMet, which is fabricated by rapid solidification of
pre-alloyed Be-Al, followed by hot isostatic pressing [34-38]. Starmet Corpora-
tion currently produces an investment cast Be-Al with a tradename Beralcast,
which can be cast into near net shapes [39-45].

Current research efforts by both producers include using small ternary ad-
ditions to improve processibility as well as the properties of the resultant com-
posite. For example, Beralcast 363 has minor additions that are given as ranges
in weight percent, such as Be-(27.5-34.5)Al-(2.65-3.35) Ag-(0.65-1.35)Co-(0.55—
0.95)Ge [44]. Mechanical properties of AlBeMet AM162 (as HIP’d) and Beralcast
363 (as cast) are listed in Table 2.5.
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Table 2.5: Properties of commercially available Be-Al (from product literature)

AlBeMet AM162 Beralcast 363

Property (as HIP’d) (as cast)
Composition Be-38Al1 Be-30A1-0.75Ge-3Ag-1Co
Density (g/cm?) 2.071 2.159
Young’s modulus (GPa) 179 226
Yield strength (MPa) 193 200
Ultimate strength (MPa) 262 255
Elongation (%) 2 3.5
Thermal expansion
coefficient at 25 °C 13.91 12.7
(1076 K1)
Thermal conductivity at 9210 108

25 °C (W m~! K1)

2.3.3 Liquid phase separation

The microstructures of these two products differ because of their solidification
rates (among other factors). The Be-Al phase diagram has a eutectic reaction
with no compounds, very little solid solubility of Be in Al (0.3% at the eutec-
tic temperature), and essentially no solubility of Al in Be. The microstructural
length scales and phase morphologies depend on solidification rates and process-
ing history.

It has been suggested that a metastable region of immiscibility may occur in
undercooled liquids when the equilibrium system consists of a eutectic reaction
involving limited solubility and a liquidus exhibiting a point of inflection [46].

This was demonstrated in the Cu-Fe and Cu-Co alloy systems [47]. Both of
these systems have an equilibrium phase diagram with limited solid-solubility,
a large difference in melting points of the two phases, and a liquidus exhibiting

a point of inflection. In this work, liquid immiscibility was studied by measur-
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ing the magnetic susceptibility as the alloys were supercooled. The supercooled
state could be easily retained for about thirty minutes, so that magnetic mea-
surements could be performed. It was found that the magnetic properties of the
supercooled liquids were similar to those of normal liquids. However, once the
liquids separated into two phases, the magnetic susceptibility became anomalous.
Based on the magnetic properties, a liquid immiscibility limit was determined.

Liquid phase separation in these systems was confirmed by microscopic exam-
ination of quenched samples. If samples were quenched from above the immisci-
bility limit, small dendritic segregates were uniformly distributed throughout the
sample, irrespective of whether the sample was quenched from above or below
the liquidus temperature. However, if the sample was quenched after being held
below the immiscibility limit, the specimen separated into two heterogeneous
layers. The layers were regarded as evidence of liquid immiscibility. If the sam-
ple was immediately quenched after being rapidly cooled, the specimen did not
separate into two layers, but rather formed spherical-like drops of heterogeneous
phases, indicative of liquid phase separation. No estimates of cooling rate were
given.

A sub-liquidus metastable liquid miscibility gap in the Be-Al system has
been identified and characterized [48-55]. Figure 2.12 shows the suggested Be-
Al phase diagram [55]. Using a thermodynamic approach, the critical point of
this miscibility gap was calculated as 1100 °C at 68 at% Be [55]. A subregular
solution model was used for this calculation with parameters from [48].

Sufficiently rapid rates of solidification can result in melt undercooling below

the liquid miscibility gap, leading to the possibility of liquid phase separation.

29



1600

1400

Temperature (K)
o
8

]
]

Illllllllll'1]llllll]llll

] s “
[ I IS S AN AN AR S SN S AR SRS U0 W N TR0 S SN S0 SN0 SO0 S0 SN S O S0 S T T W IO G T 0 T MR T U
0 20 40 60 80 100

Atomic percent beryllium

Figure 2.12: Suggested Be-Al phase diagram showing the eutectic at 2.4 at% Be
and the metastable liquid miscibility gap. The solid lines represent equilibrium
between the phases, the dashed lines represent the metastable-phase extensions,
the dashed-dot line is the liquid phase miscibility gap, and the dotted line is the
liquid-phase spinodal (from [55]).

30



Composition

Temperature

Free Energy

Figure 2.13: Illustration of spinodal decomposition

Within the range of spinodal decomposition, illustrated in Figure 2.13 as the in-
flection points on the free energy against composition plot, there is no nucleation
barrier to the separation, and both of the resulting phases can be continuous.

Upon complete solidification, two intimately interpenetrating phases exist.
The resulting microstructure can be described as a three-dimensional interpen-
etrating composite. The “tendrils” of each phase have widths on the order of
1-3 pum and typically consist of about one grain of either Be or Al across each
tendril.

Through recent advances in rapidly solidified powder processing techniques,
fine-grained Be-Al composites have been produced at the Los Alamos National
Laboratory (LANL) with a morphology indicative of liquid phase separation and

with excellent strength and ductility. Initial studies concentrated on Be-28A1 [56],
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but a number of other compositions were examined during the development of
these composites [57]. The composite studied in this research had a composition

of Be-47.5A1-2.5Ag.

2.4 Neutron diffraction

Neutron diffraction was used in this study to quantitatively examine the defor-
mation behavior of Be-Al composites. Neutron diffraction is an ideal technique
because elastic strains can be measured for every crystallographic orientation in
each phase. It is important to discuss the details of the experiment and describe
exactly what information can be obtained and how to interpret it. This section
will consist of a brief description of the theory of measuring strain using neutron
diffraction. This will be followed by an analysis of how these measurements can
be applied to studying deformation in composites. Finally, a brief overview of
the application of neutron diffraction for examining deformation in composites

will be presented.

2.4.1 Neutron diffraction strain measurements

Neutron diffraction for strain measurement is described in the literature [58-61].

Diffraction of neutrons is governed by Bragg’s law,

A= thkl sin thl (211)
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where A is the neutron wavelength, dy; is the spacing of a crystal plane having
indices hkl, and 0y is the angle of incidence of the neutron beam on the hkl
plane.

At the LANL Manuel Lujan Jr. Neutron Scattering Center (LANSCE), poly-
chromatic pulses of neutrons are produced by spallation interactions of 800 MeV
protons with a tungsten target. At a pulsed neutron source, an entire diffraction
pattern can, in principle, be acquired from a single neutron pulse, although many
pulses are usually needed to acquire adequate statistics. Each detector at a fixed
angle records the entire diffraction pattern. Based on the “time of flight” of the
diffracted neutrons, the d-spacing can be calculated for each crystal plane that
is oriented correctly for diffraction. The wavelength of a neutron, from wave

mechanics, can be expressed as

NI

= — 2.12
mu mL ( )

Here, h is Planck’s constant, m is the mass of the neutron, v is the velocity of
the neutron, and ¢ is the time taken for a diffracted neutron to travel the total
flight path L.

By combining Equations 2.11 and 2.12, the d-spacing can be expressed in

terms of the time of flight as

ht
drnpy = ———— 2.13
M o L sin Onii ( )
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Elastic strains for individual lattice planes are calculated using

Adhkl

dhkl

Ehkl = (214)

where Adyy, is the change in d-spacing from two diffraction patterns taken at
two different applied stresses.

A typical diffraction spectrum for a Be-Al composite is shown in Figure 2.14.
The individual peaks are sharp, well defined, and well separated. The intensities
are normalized by the incident spectrum and have had a background subtracted.
Individual Be and Al Bragg peaks are labeled. The tick marks below the diffrac-
tion spectrum indicate predicted reflections for Be (lower marks) and Al (upper
marks). The stronger scattering of the Be over the Al is apparent from the
disparity in the peak intensities.

Figure 2.15 illustrates the shift in the Be (1011) diffraction peak recorded at
applied stresses of —5 and —307 MPa. Using Equation 2.14, £(1911) = —8.2x 1074,

The complete diffraction pattern is taken by a single detector and is, there-
fore, associated with this detector and, as a consequence, with a given diffraction
angle. Fach hkl peak in a diffraction pattern from a given detector represents
diffraction from the subset of grains that have this particular hkl peak oriented
correctly for diffraction. Therefore, each peak represents diffraction from a dif-

ferent subset of grains.
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2.4.2 Rietveld refinement

Strain data from individual sets of hkl planes can be analyzed to understand the
response of every crystallographic plane in each phase during deformation of a
two-phase system. Although this data is useful for a detailed understanding of
the dependence of crystallographic orientation on deformation behavior in each
phase, it is sometimes more useful to describe the stress-strain behavior on a
phase average basis. For example, for comparison with finite element analyses,
the stress-strain behavior of each phase is required, rather than the stress-strain
behavior of each crystallographic plane within each phase.

One method of arriving at a phase average behavior is to calculate an average
lattice parameter for each phase based on a Rietveld profile refinement of the
complete diffraction spectrum [62]. In this approach, the intensities and positions
of all Bragg peaks are predicted from an assumed crystal structure using the
Los Alamos Generalized Structure Analysis System (GSAS) software [63]. The
predicted spectrum is then optimized to match the measured spectrum. Using a
least-squares fit between the observed and predicted spectra, the atomic positions
and the lattice parameters can be calculated. The solid line through the data in
Figure 2.14 is a Rietveld fit, and the line below the tick marks is the difference
curve.

A lattice parameter determined in this manner is an empirical phase average.
This can be used to calculate strain in each phase during a loading experiment.
Strain is calculated by replacing values of interplanar spacings in Equation 2.14
with the values of the lattice parameters obtained using the Rietveld refinement

(a for Al, a and ¢ for Be).
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The validity and usefulness of using these lattice parameters for comparison
with continuum mechanics calculations has been demonstrated [58]. Rietveld
refinements were made on neutron diffraction data taken during a tensile test of
austenitic stainless steel up to a plastic strain of 2% [64]. The response of the
calculated lattice parameter agreed with the expected average elastic response,
even in the plastic region. This study demonstrated that the refinement is a
good empirical average of the various hkl responses.

A more recent study considered the agreement between single peak fits and
the Rietveld refinement-modeled single peak positions for Be under a compressive
load [65]. It was found that the agreement was good in the elastic and early
plastic regime.

Three methods are available in the Rietveld refinement process for handling
crystal structures such as Be that exhibit anisotropic properties. The first
method is to assume that the strains in the a and ¢ directions are such that
¢/a remains constant. The second, or “normal” method, is to allow ¢/a to vary,

and

1 4 (h?+ hk + k? 2
=3 (— - (2.15)
hkl

a? @
The third method is to include the elastic anisotropy of the single crystal (see
Table 2.1) in the refinement. The three methods of refinement were compared
for use with Be [65].

The normal method was used in this dissertation. This approach assumes
that the crystal structure remains perfectly hexagonal and that all hkil planes

have responses between that of the (0002) and (1010) planes. Different strains

are obtained in the a and ¢ directions. It was found that if these strains were av-
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eraged according to (2e,+¢.)/3, this gave the same results as the first refinement
method, where ¢/a was held constant [65].

Inclusion of the elastic anisotropy parameters in the refinement slightly im-
proved the fits to individual peaks and, therefore, may be useful when this is
the goal of the research, for example, in studies of texture. However, Daymond,
Bourke, and Von Dreele [65] give a couple of reasons why normal Rietveld re-
finements may work for anisotropic materials such as Be. First, the majority of
reflections collected by a given detector bank move in the same direction dur-
ing a loading experiment. Second, elastic strains are small (generally less than
2 x 107?), and the deviations due to anisotropy would only be a modest percent-
age of this strain. It was concluded that the normal refinement method provided

a good bulk average of the polycrystalline strains in Be.

2.4.3 Neutron diffraction strain measurements on com-

posites
Deformation

Neutron diffraction is an ideal technique for studying the deformation of compos-
ites because it distinguishes between phases and measures strain in all possible
crystallographic orientations. Unlike x-rays, which are typically limited to near-
surface regions, neutrons provide a volumetric or bulk average strain. This is
because the depth at which most of the diffracted beam originates is typically
several orders of magnitude greater for neutrons than for x-rays. For most en-

gineering materials, neutrons penetrate on the order of millimeters, compared
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Figure 2.16: Hypothetical compression stress vs. strain data for a “weak phase,”
a “strong phase,” and a composite (which consists of the two phases)

with microns for x-rays [66].

A neutron diffraction experiment on a hypothetical metal matrix composite
will be described in order to understand the results from the present research.
The metal matrix composite comprises two phases: one with a low yield stress
(041) and low modulus, the other with a high yield stress (o,2) and high modulus.
Hypothetical compression o0 — ¢ data for each phase and for the composite are
shown in Figure 2.16.

Figure 2.17 shows the applied stress vs. elastic strain data expected from
neutron diffraction measurements taken during a uniaxial compression test of

this composite. Strain measured parallel to the compressive load is negative,

40



_50 L
-100 - Oy1
-150
-200 r

-250

Applied stress, o (MPa)

-300 | Oy,

phase |

350 L S |
02 015 01  -005 0 005 01

Elastic strain, €4 (%)

Figure 2.17: Applied stress vs. elastic strain data from a hypothetical neutron
diffraction compression experiment on a composite, measured both parallel and
perpendicular to the compression axis

and strain measured perpendicular to the load is positive. In this figure, the
stress is the applied value (i.e., not the stresses within each phase).

Neutron diffraction measures only the elastic strain, not the total strain.
However, from the elastic data, load partitioning between phases is observable,
and inferences can be made about the effects of plasticity on the overall defor-
mation. Both phases (Figure 2.17) are elastic up to 0,1, when the weak phase
begins to yield. Parallel to the loading direction, this causes the rate of elastic
straining in the weak phase, de./do, to diminish because it accommodates less

elastic strain and, thus, carries a smaller proportion of the load. Conversely, the
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strong phase must accommodate more load and, therefore, its applied stress vs.
elastic strain curve deflects in the opposite direction. Eventually, o, is reached
and the strong phase yields, resulting in another load repartition. At this point
the curves deflect in the opposite directions. In this example, it is assumed that
both phases continue to work harden beyond o,. If one phase becomes perfectly
plastic, its rate of elastic straining would be constant, de.;/do = 0.
Perpendicular to the load (Figure 2.17), the strains would be positive for a
compression test, and the ratio with the strains parallel to the load is related
to the Poisson’s ratio (v) for each phase. As before, the inflection points in the

curves indicate repartitioning of the load due to yielding.

Previous studies

Neutron diffraction has previously been used to study thermally and mechani-
cally induced strains in a number of composites [67-70]. Thermally induced resid-
ual strains were measured in a SiC whisker-reinforced Al,O3 composite [71-73].
It was found that the matrix was in a state of hydrostatic tension. The magni-
tude of residual strain decreased with increasing temperature and increased with
increasing volume fraction of whiskers. Generally good agreement was found
with predictions based on Eshelby’s equivalent inclusion analysis.

Thermally and mechanically induced strains were measured in Al composites
reinforced with either 15 vol% SiC whiskers or 20 vol% SiC particulates [74,75].
Finite element analyses were performed using an axisymmetric unit cell model.
Although the inclusion geometry affected the correlation between numerical and

experimental results, it was shown that continuum-based models using finite
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elements could be used effectively to calculate average residual strains for com-
parison with neutron diffraction results. An analysis using Eshelby’s equivalent
inclusion technique was also successfully used to interpret neutron diffraction
measurements on Al reinforced with SiC whiskers or particulates [76].

The repartitioning of load described in the previous section was measured in
an Al composite reinforced with 15 vol% TiC particulate using neutron diffraction
during tensile loading [77-79]. The proportion of the applied load carried by
each phase changed due to the evolution of matrix plasticity. Finite element
calculations were performed using an axisymmetric unit cell model and showed

good agreement with the neutron diffraction measurements.

2.5 Deformation of composites

Plastic deformation in metal matrix composites can be described by theories
that are based on dislocation micromechanics or continuum mechanics. In gen-
eral, dislocation micromechanics is appropriate for describing the behavior of a
composite on a scale comparable to the slip plane spacing. Continuum mechan-
ics approaches are based on classical theories of plasticity, which are not scale
dependent; however, these models include terms that may indirectly depend on
geometry. Two approaches based on continuum mechanics will be reviewed.
The first approach can be described as effective medium approximations, some
of which have their origins with Eshelby’s models of the mechanics of inclusions.
The second approach encompasses numerical techniques, such as finite element

method (FEM) calculations, and is well suited for the incorporation of plastic
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constraint into generalized plasticity models.

2.5.1 Effective medium approximations

Effective medium approximations are a class of solutions in which composite
properties are described in terms of volumetric averages. These include very
simple approaches, such as the Reuss and Voigt bounds on elastic moduli dis-
cussed earlier, or more elegant solutions, such as Eshelby’s equivalent inclusion
method. Other models, such as self-consistent theories, which can account for
non-dilute concentrations of the second phase and non-linear materials, have
their origins in Eshelby’s model.

Consider the case of two phases with different elastic constants (E, and E,,)
where the reinforcement phase is in the form of aligned fibers and is well bonded
to the matrix phase. If the model is simplified further and treated as a sandwich
consisting of two well-bonded parallel plates, upper and lower bounds for the
properties of this composite can be derived.

If a load is applied parallel to the fiber axis (or parallel to the plane of the
plates in this simplified model), the two components of the composite must have
the same strain in this direction. This is the isostrain case and yields the Voigt
upper bound for elastic modulus, E, (Equation 2.4). If a load is applied normal
to the face of the plates, the two components of the composite must have the
same stress in this direction. This is the isostress case and yields the Reuss lower
bound for elastic modulus, E; (Equation 2.5). Other moduli can be predicted
with the sandwich model, such as the shear moduli (G) and the Poisson’s ratio

(v;;) in certain directions.
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The Reuss bound is rather crude, but others are available, such as the semi-

empirical Halpin and Tsai [80] model,

_ En(1+8&nf)

E = = (2.16)

where

(B
(e

In this equation, ¢ is an adjustable parameter and is generally of the order of

unity. A comparison is made of this model with the Reuss lower bound and
the Eshelby model, which shows that the Halpin-Tsai model gives a very good
approximation for a Ti-SiC fiber composite [81].

These models are most useful for long-fiber composites. The most widely
used model for short-fiber composites is the shear lag model, which is an analyt-
ical description of load transfer from the matrix to the fiber through interfacial
shear [82]. Modified models, which take into account normal stress transfer at
the fiber ends, are useful for composites with particularly short fibers or smaller
fiber-matrix stiffness ratios [83]. The shear lag model has been used to predict
the onset of matrix plasticity at fiber ends by specifying a critical shear stress
for the matrix [81].

A wide range of problems can be solved using Eshelby’s equivalent inclu-
sion method, derived for isolated ellipsoidal inclusions embedded in an infinite
medium [84]. These solutions are rigorous only in the case of an infinite matrix,
but can be extended to include multiple inclusions. A review of self-consistent

models [85,86], which account for local interactions, can be found in [87].
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Bounds for the elastic moduli were derived for a mixture of two phases with
arbitrary geometry [88]. These bounds were found to be relatively close at low
volume fractions [89], and in some cases, one of the bounds is an exact result for
spherical inclusions distributed in a particular way within a matrix.

In the classical theory of plasticity, yielding occurs when the deviatoric stress-
es exceed some critical value. The Von Mises yield criterion can be expressed for
the yield stress in uniaxial deformation oy in terms of the principal stresses o;
as

1 3
oy = {5[(01 —09)? + (09 — 03)* + (03 — 01)2]} (2.17)
When this criterion is satisfied everywhere in the solid, global yielding will occur.
The importance of this to the present discussion is that hydrostatic stress does
not affect yielding.

When a hard second phase is added to the material, plastic flow is constrained
in localized areas near the inclusions. This has the effect of reducing the difference
in principal stresses (Equation 2.17) in the constrained areas of the composite.
Mutual constraint between the two phases can lead to large hydrostatic stresses.
This constraint can significantly contribute to the overall composite strengthen-
ing. Consider the problem of plane strain compression of a block of material that
obeys Von Mises criterion. When the block begins to yield, frictional forces, due
to the platten, constrain the outward flow of the block material. Therefore, the
applied stress required to cause flow is higher than the yield stress of the block
material because of this constraint.

Hill [90] and Drucker [91,92] incorporated the concepts of constraint into

plasticity models. For example, the limit flow stress of a material can be greatly
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enhanced when a large amount of constraint between the two phases is intro-
duced. This can be accomplished through a high volume fraction of particles or
closely spaced platelets. A particulate reinforced composite was modeled as a
two-dimensional uniform array of non-deformable hexagonal particles in a per-
fectly plastic matrix, illustrated in Figure 2.18 [91]. The hexagonal grains have
a side length a and are surrounded by a contiguous matrix of thickness h. High
levels of constraint are developed in the matrix region that lead to compos-
ite strengths that are much higher than the yield stress of the matrix. It was
shown [91] that for a/h > 3, the average strength of the composite & is related
to the matrix flow stress o, by

5:@<1+2—a+ﬁ> (2.18)
3h  a

For completeness, it was found that for a/h between 1 and 3,

(o8 a
0=— |2+ — 2.1
7773 ( +h> (2.19)
and for a/h < 1,
G =0, (2.20)

The ratio of a/h is a function of the area fraction of hexagonal particles and
must be adjusted to match the volume fraction in an actual composite.

An extension of this analysis was used to predict the yield strength of pearlitic
steels from the yield strengths of spheroidized steels [93]. In this work, the

prediction was quite successful, even though a continuum plasticity model may
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Figure 2.18: Drucker’s model of a composite consisting of a two dimensional
hexagonal array of hexagonally shaped non-deformable particles with sides of
length a in a perfectly plastic matrix with a thickness of h (from [91])
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have been inappropriate because of the fine scale of the microstructure.

2.5.2 Finite element methods

Finite element methods are well suited for solving plastic constraint and other
problems related to deformation in metal matrix composites. Finite element cal-
culations have become much more common because of the increased availability
of the required computing power and improved software. A number of issues
have been addressed in the literature. This section will focus on the effects of
the reinforcement morphology, volume fraction, and distribution on the evolution
of constraint and plastic flow of the composite.

The problems of interest here are metal matrices with either fibers, whiskers,
or particles in which the reinforcement is generally considered to be rigid. Fi-
nite element models normally divide the composite into representative volume
elements that model the behavior of the entire composite microstructure. For ex-
ample, the simplest case consists of a unit cell incorporating one particle, whisker,
or fiber surrounded by matrix material. The analysis consists of applying ap-
propriate loading and boundary conditions to the unit cell and calculating the
average behavior of the composite. As an example, a unit cell used for study-
ing the effects of particle volume fraction and shape on the overall properties
of the composite is shown in Figure 2.19 [94]. If the particle is axisymmetric,
each hexagonal unit cell can be approximated by an axisymmetric cylindrical
cell. In this study [94], it was found that spherical particles have little effect
on the flow stress of the composite for volume fractions below 0.2, as suggested

by Drucker [91]. Aligned needle-shaped particles with an aspect ratio of 10 are
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Figure 2.19: Axisymmetric unit cell representing a uniform distribution of par-
ticles (from [94])

more than ten times as effective as spheres at a volume fraction of 0.2.

Details of the reinforcement geometry and distribution, not only the aspect
ratio, also strongly influence the evolution of constraint and hydrostatic stresses
in the matrix and affect the overall constitutive behavior of the composite. A
variety of unit cell models were studied to examine the effects of reinforcement
geometry and distribution on the properties of Al-SiC particulate and whisker
composites [89,95]. If a whisker reinforcement is modeled as a cylinder with a
flat surface, the hydrostatic stress level in the matrix is elevated in the vicinity
of the sharp corner. It was found that the hydrostatic stresses were tensile in the
matrix surrounding the end surfaces of the whisker, but compressive in the matrix
material that was sandwiched between parallel whiskers. The development of

these hydrostatic stresses provides an important contribution to strengthening,
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which means the shape of the reinforcement used in the model is significant.
For example, a cylinder with a flat surface was more effective at increasing the
composite flow strength than a spherical reinforcement of the same size. It was
also shown that clustering of these whiskers can have a significant effect on the
development of triaxial stresses, and, in general, decrease the flow strength of
the composite.

Finite element analyses have been used to solve many different problems
related to continuous fiber-reinforced composites as well. Although the morphol-
ogy of the present Be-Al composite is not that of a continuous fiber composite,
many of the techniques used in the literature were used successfully in this study,
especially those techniques that examined properties transverse to the fiber.

The influence of the cell geometry on the predicted behavior was studied for
fiber-reinforced composites [96]. Two different finite element models were stud-
ied: one with a regular hexagonal array of fibers and one with a square array of
fibers. It was found that the hexagonal array of fibers more closely represented
the constitutive properties, especially the transverse properties, of a metal re-
inforced with a random array of fibers, when the matrix exhibited nonlinear
behavior. Using this model, excellent agreement was found with experimental
observations for various mechanical and thermal loadings of an aluminum alloy
reinforced with alumina fibers [97-99]. This model will be utilized in the present
work.

Finite element results were presented on the effects of fiber arrangement and
fiber cross-section geometry on the constitutive behavior of metal matrix com-

posites reinforced with continuous fibers [100]. An Al alloy reinforced with boron
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fibers was chosen as a model system. It was found that these geometric variables
had a strong effect on the behavior of the composite when the composite was
loaded transverse to the fiber axis, but the effects were not as strong when the
composite was loaded in axial tension. It was concluded that the major factor
influencing the difference in transverse properties because of these variables was
the manner in which local stresses evolved within the matrix. Different distribu-
tions and fiber geometries produced significantly different levels of hydrostatic
stresses in localized regions of the matrix and lead to changes in the macroscopic

flow stress and strain hardening rate.

2.6 Summary

A number of the issues and models described in this chapter influence the defor-
mation of this Be-Al composite. The behavior of Be-Al will be described in terms
of various composite deformation models, both analytical and numerical. Some
of the issues that are important to the deformation behavior of the composite are
the intrinsic properties of the phases, their scale, and morphology. The following
chapter describes the experiments and results that address these issues.
Neutron diffraction is an excellent technique to quantify the intrinsic proper-
ties of each phase in a composite. Neutron diffraction measurements will demon-
strate the evolution of hydrostatic stresses in the Al. This effectively raises the
amount of hardening in the Al and allows it to bear a larger proportion of the
applied load. This also raises the applied stress required to reach the critical

fracture stress in the Be. The fine grain size of Be raises its critical stress for
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fracture as well as its ductility. Simple finite element analyses will be used to
reproduce the evolution of hydrostatic stress.

In Chapter 4, the results of the experiments and finite element calculations
will be used to develop a model, or description, of deformation in this composite.
The model explains the interaction between the phases and the local stress states

established by compatibility requirements.
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Chapter 3

Experimental Procedures and

Results

3.1 Introduction

In this chapter, all of the experimental procedures performed during the study
of a Be-Al composite will be presented, along with the results from these exper-
iments. All of the research was performed at LANL. The material studied was
a Be-Al composite with a composition Be-47.5A1-2.5Ag, previously fabricated at
LANL. The processing method used to fabricate this material will be described.
The microstructure will be shown using scanning electron microscopy (SEM).
To further explore the morphology of the composite, an etching experiment was
performed to examine the morphology of the Be phase after the Al was etched
away.

The purpose of the present study was to consider the sequence of elastic and
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plastic deformation in this composite and to characterize the deformation behav-
ior of the individual phases. Details of the mechanical tests and in situ neutron
diffraction loading experiments will be presented, along with their results, which

quantify this deformation behavior.

3.2 Material processing

The material used in this study was produced by hot isostatically pressing powder
which was made by centrifugal gas atomization!. This process involves induction
melting a metal charge under argon in a graphite crucible and directing the
molten metal through a nozzle onto the surface of a rapidly spinning disk. The
liquid metal is mechanically atomized into finely divided droplets at the periphery
of the spinning disk. The droplets are solidified in flight by heat transfer to a
helium gas that also carries the powder particles into a cyclone separator. The
powder is screened to a mesh size of —325, canned, and hot isostatically pressed
to 100% density at 590 °C and 207 MPa.

The centrifugal atomization process produced spherical powder particles rang-
ing in size from 5-200 pym in diameter with solidification rates on the order of
10°-107 °C/sec. These solidification rates are rough estimates that were calcu-
lated based on many simplifying assumptions. The slowest solidification rate
was calculated by assuming that the largest observed particle (200 pm) solidified
with a change in temperature of 600 °C in the time it took to travel the entire

diameter of the chamber at a constant speed, equal to the tangential velocity of

!The centrifugal gas atomization process for Be was developed at LANL under the National
Aerospace Program and then under a Cooperative Research Agreement with Pratt & Whitney
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Figure 3.1: Powder particle of Be-Al produced by rapid solidification (backscat-
tered SEM)

the disk. Particles larger than 200 pgm did not solidify completely in this amount
of time and adhered to the wall of the chamber.

The amount of heat generated during cooling and solidifying was calculated
for each particle based on rule-of-mixtures values for heat capacity and heat
of fusion. From this value, and the solidification time for the large particle, a
heat transfer coefficient was calculated. By setting this coefficient equal to the
heat transfer coefficient for the smallest observed particle (5 pm), the solidifi-
cation time for the smallest particle was found. The fastest solidification rate
(107 °C/sec) was then calculated, given a change in temperature of 600 °C.

The microstructure of a typical powder particle is shown in Figure 3.1, using
backscattered SEM imaging, which enhances the contrast between the Be and
Al. The rapid solidification results in two distinct, continuous phases in a three-
dimensional interpenetrating morphology, indicative of liquid phase separation.

Minor additions of Ag were used to study the effects of age-hardening the Al
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on the hardness and other properties of the composite [101]. An optimum com-
bination of properties was obtained with a composition of Be-47.5A1-2.5Ag [101-
105]. All of the material examined had this composition and was examined in the
as-HIP’d condition, with the Ag in a super-saturated solid solution with the Al
The formation of the equilibrium phase AgBes was suppressed by rapid solidifi-
cation. The condition of the material was chosen to simplify the development of
a model for deformation. All studies were performed on material in the as-HIP’d
condition to avoid complexities in the analysis arising from texture due to rolling
or extrusion. Also, the Ag was in solid solution in the Al; therefore, the analysis

did not need to consider any effects due to precipitates in the material.

3.3 Microstructural characterization

Two commercially available Be-Al composites were examined during the course
of this research: Beralcast 363 2 and AlBeMet AM162 3. The neutron diffraction
experiment results for the AlBeMet AM162 material will be presented here be-
cause this material had a microstructure very similar to the LANL Be-Al. These
results showed the same characteristics as those from the LANL Be-Al.
Beralcast 363 has a nominal composition of 656Be-30Al-3Ag with other minor
additions of silicon, germanium, or cobalt. The alloy was developed for structural
applications and designed for improved castability, as well as good strength and
ductility in the as-cast condition. Silver helps strengthen the Al by precipita-

tion strengthening. Germanium improves castability by lowering the interfacial

2Sample provided by Starmet Corporation (formerly Nuclear Metals Inc.), Concord, MA
01742
3Sample provided by Brush Wellman Inc., Cleveland, OH 44110
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energy between Be and Al and increasing the fluidity of the alloy. Due to the
resulting decrease in porosity, Ge also improves the strength and ductility of the
composite. Cobalt increases the hardness and strength of the Be phase.

The alloy is vacuum-induction melted in a ceramic crucible. The melt is
homogenized and then poured into a preheated mold. The casting is solidified
under vacuum to room temperature. The resulting microstructure is uniform,
with very little texture. A typical microstructure is shown in Figure 3.2. In
this backscattered SEM image, the Be is the dark phase and the Al is the light
phase. Due to the slower solidification rate of casting versus atomization, no
evidence of liquid phase separation is observed. The grain size is on the order of
25-50 pm, and consists of Be dendrites in an Al matrix. However, compared to
many types of commercially available monolithic Be, the grain size is relatively
small. Because of this, and the fact that the Be grains are surrounded by Al,
this material still exhibits excellent strength and ductility.

AlBeMet AM162 is produced by a powder processing technique, similar to
that used to produce Lockalloy in the 1970s. The powder is produced by inert-
gas atomization, cold isostatically pressed to about 80% of its theoretical density,
and then consolidated further by extrusion. AlBeMet is also produced as HIP’d
block. A backscattered SEM image of the typical microstructure is shown in
Figure 3.3. It is evident that the grain size, 5-10 pum, is much smaller than that
of the cast product. The microstructure is similar to that of the LANL Be-Al
composite.

The focus of the present research is on the composite fabricated at LANL with

a composition Be-47.5A1-2.5Ag. Results from neutron diffraction experiments on
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Figure 3.2: Microstructure of Beralcast 363 (backscattered SEM)
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Figure 3.3: Microstructure of AlBeMet AM162 (backscattered SEM)
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the commercial alloy will be presented solely for the purpose of supporting certain
observations made regarding the LANL composite.

One of the unique features of this composite is its morphology and mi-
crostructure, produced by liquid phase separation. It can be described as a
three-dimensional interpenetrating composite in which each phase is continuous.
A number of studies were performed to characterize this microstructure. A back-
scattered SEM micrograph is shown in Figure 3.4. As shown in this micrograph,
this composite had a very fine microstructure, with a grain size on the order of

1-3 pm and about one grain across each “tendril” of Be or Al.

3.4 Etching experiments

One method used to evaluate the morphology of the composite was to etch
away the Al phase with sodium hydroxide and closely examine the remaining
material. Two samples of as-HIP’d Be-47.5A1-2.5Ag, labeled as Sample 1 and
2, were immersed in a solution of 10% NaOH at 80 °C. The sample geometry
was the same as that used for tensile tests (see Figure 3.8). Immersion density
measurements were taken before and after the experiments [106]. The samples
were weighed periodically during the experiments. Microscopy was performed
on the samples after the experiments were complete.

Table 3.1 shows the density of the samples before and after the experiment.
The theoretical density of Be-47.5A1-2.5Ag is 2.23 g/cm?®, and the theoretical
density of Be is 1.848 g/cm?. The density after etching should not be less than

that of pure Be; therefore, this error is due to the large amount of porosity in the
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Figure 3.4: Microstructure of Be-47.5A1-2.5Ag (backscattered SEM)

63



Table 3.1: Density before and after etching experiment
Starting Density Final Density

(g/cm?) (g/cm?)
Sample 1 2.217 1.229
Sample 2 2.217 1.274

sample after etching and the small sample size, which makes an accurate density
measurement difficult.

Figure 3.5 shows a plot of weight loss vs. time during the etching experiment.
This plot is shown in order to emphasize the significance of optimizing the etching
time and to document the amount of time necessary to etch away the Al phase.
It is evident that Sample 1 lost more weight than the starting weight percentage
of Al. The Be began etching away once the Al was gone, especially at the point
on the graph where the rate of weight loss slows down considerably, at about
50% of the weight. Sample 2 was removed from the etchant when it had attained
a weight loss of 46%, in order to etch away most of the Al and to prevent etching
the Be phase.

The microstructures of the material remaining after the etching experiments
from Samples 1 and 2 are shown in Figures 3.6 and 3.7, respectively. The mi-
crostructure of Sample 1 is unusual, but probably not indicative of the morphol-
ogy of the Be in the as-HIP’d composite because a substantial amount of the
Be was etched away. The microstructure consists almost entirely of platelets,
similar to a graphite microstructure, and indicates that perhaps the Be grains
preferentially etched a particular crystallographic plane.

Sample 2 is more indicative of the microstructure of the Be in the as-HIP’d
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Figure 3.5: Weight loss vs. time during etching experiment
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Figure 3.6: Microstructure of Sample 1 after etching for 826 hours
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Figure 3.7: Microstructure of Sample 2 after etching for 72 hours
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composite. Each powder particle is a completely interconnected network of Be,
intertwined with a completely interconnected Al phase, now etched away. This
is indicative of a microstructure created by liquid phase separation. The surface
of the sample shows evidence of the boundaries of the original powder particles.
Although both samples (even Sample 1) were still intact after the experiment, it
appears that some of the powder particles were removed from the surface during
the experiment. Some evidence of prior powder particle boundaries was also

observed in as-HIP’d samples (see Figure 3.4).

3.5 Mechanical properties

The tensile properties of Be and Be-47.5A1-2.5Ag were measured using round
tensile specimens, shown in Figure 3.8. This geometry is commonly used for
tensile testing of Be and Be-Al composites. Representative tensile stress-strain
curves for Be and Be-47.5A1-2.5Ag in the as-HIP’d condition are shown in Fig-
ure 3.9. The Be used in this test was fabricated using the same centrifugal gas
atomization process as the one used for producing the composite. An optical
micrograph, using polarized light, of its microstructure is shown in Figure 3.10.
Even though the grain size was relatively small, 10-30 pum, the tensile elongation
was only 1%.

The tensile elongation of Be-47.5A1-2.5Ag in the as-HIP’d condition is 8%
with a yield strength of 300 MPa and an ultimate strength of 360 MPa. The
Vickers Hardness is 140 VHN. Previous studies showed that these properties

can be improved through further heat treatments or rolling. Table 3.2 [103,104]
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Figure 3.9: Tensile stress-strain curves for Be and Be-47.5A1-2.5Ag
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Figure 3.10: Microstructure of rapidly solidified HIP’d Be (optical)
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Table 3.2: Tensile properties of rolled Be-47.5A1-2.5Ag sheet (from [103,104])
Condition o, (MPa) o, (MPa) Elongation (%)

Solution treated 356 427 6.6
Solution treated 358 430 9.6
Annealed 356 393 4.8
Annealed 354 399 6.3
175 °C age 400 455 10.6
175 °C age 399 458 9.1

shows the yield strength (o), fracture strength (o.), and elongation for sheet
that was rolled from material with three different heat treatments: (i) solution
treated at 550 °C for 1 hour and then quenched; (i) annealed at 550 °C for
1 hour and then furnace cooled; and (7ii) solution treated at 550 °C, quenched,
then aged at 175 °C for 16 hours.

To understand the deformation behavior, various fracture surfaces were close-
ly examined. A secondary SEM micrograph of the fracture surface of a tensile
specimen in the as-HIP’d condition is shown in Figure 3.11. The sample under-
went a strain of 8% before failure.

It is not evident from Figure 3.11 that any substantial difference in the frac-
ture morphology between the Be and the Al exists. In particular, the Al grains
did not neck down to a point or debond from the Be during deformation. It
appears that the Al was constrained by the Be. A hydrostatic stress is developed
in the Al due to this constraint; it will be shown in the following chapter how
this could enhance the flow strength and ductility of the composite. Also, there
was no evidence of any microcracking in the Be, either at the fracture surface or

away from the fracture surface.
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Figure 3.11: Fracture surface of a Be-47.5A1-2.5Ag tensile specimen (secondary
SEM)

72



370 . . . . . . . . .
360
350
340
330
320
310

300 As-HIP’d _
290 | Solution treated
280 __——Annealed
0O 5 10 15 20 25 30 35 40 45 50
Aging Time (Hours)

Yield Strength (MPa)

Figure 3.12: Effect of aging time and temperature on compression strength of
Be-47.5A1-2.5Ag (from [103,104])

The yield strength in compression for as-HIP’d material is 307 MPa. The
compressive properties have also been measured as a function of aging condi-
tion [103,104]. The results are shown in Figure 3.12. This is a plot of compression
strength versus aging time and temperature, showing that the higher tempera-
ture aging for shorter times produced the best results. Also shown on this plot
are yield strengths for samples that were (i) as-HIP’d, (i) solution treated at
550 °C for one hour and then quenched, and (i) annealed at 550 °C for one
hour and then furnace cooled.

In order to determine the yield behavior of the composite in bending, four-

point bend tests were performed on the material in the as-HIP’d condition at two
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Figure 3.13: Four-point bend test specimen geometry

different strain rates. The maximum stress for a beam in bending is calculated
using

o=— (3.1)

where M is the moment arm, c¢ is the height of the neutral axis, and I is the
moment of inertia.
The sample geometry and loading configuration is shown in Figure 3.13. For

this sample geometry,
3PS
g =
4wh?

(3.2)

where P is the applied load, S is the outer span, w is the sample width, and
h is the sample height. For this experiment, w = 2.5 mm, A = 6.4 mm, and
S =19 mm.

Samples were tested in displacement control, at crosshead speeds of 0.127
and 1.27 mm/min. The stress versus crosshead displacement curves for samples

tested at these two crosshead speeds are shown in Figure 3.14. Both samples
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Figure 3.14: Four-point bend test data for Be-47.5A1-2.5Ag, crosshead speeds of
0.127 mm/min and 1.27 mm/min
bottomed out in the fixture prior to failure, demonstrating excellent ductility.

Both samples yielded at approximately 200 MPa.

3.6 Cyclic tensile test

The focus of this research was dependent on whether the apparent ductility in
Be-Al composites was due to microcracking or compatible plastic deformation;
therefore, this question was addressed initially. Preliminary microscopic exam-
inations suggest that the Be phase undergoes plastic deformation, rather than

substantial microcracking during tensile elongation.
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One of the first experiments performed was a tensile loading/unloading test,
wherein the Be-47.5A1-2.5Ag composite was strained beyond yield, unloaded,
and then reloaded. The purpose of the experiment was to determine whether
the modulus of the composite remained invariant, an indication that minimal
microcracking accompanies plastic straining. That is, whether all of the strain
was caused by compatible plastic deformation of both the Al and Be phases.

The specimen geometry is shown in Figure 3.8. This test was performed on
an MTS hydraulic load frame with a TestStar digital controller and software
for control and data acquisition. A cyclic loading program was written such
that each cycle would strain the sample to an additional 0.5% engineering strain
(except the first five, which were in increments of 0.2%). Loading occurred in
strain control, with a strain rate of 1 x 10™* sec™!. Unloading was performed in
load control, and each unload went to a nominal load of 5 MPa. The sample was
cycled in this manner until the specimen failed.

Figure 3.15 shows the resulting stress-strain curve. The modulus of the com-
posite remained invariant, an indication that minimal microcracking accompanies
plastic straining. That is, all of the strain is caused by compatible plastic defor-
mation of both the Al and Be phases. One other noteworthy feature of this o—¢

curve was the ductile characteristic of the failure.

3.7 Thermal residual strain measurements

Three types of experiments were performed using neutron diffraction. The first

experiment was designed to obtain diffraction patterns on powder samples to
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measure thermal residual strain due to processing. The second and third ex-
periments were in situ loading experiments in which diffraction patterns were
acquired from a sample held under either compressive or tensile load.

During processing, residual stresses result from the difference in thermal ex-
pansion coefficients between Be (11.6 x 1075 K1) and Al (23.6 x 107 K71).
After cooling from the pressing temperature (590 °C), the Be phase will initially
be in compression and the Al in tension, though the magnitudes depend on the
specific microstructure and creep characteristics of the phases.

The Be-Al composites were expected to begin the load tests with a pre-
existing residual strain. To assess this, a neutron diffraction spectrum was ac-
quired from two different powders. The first powder was the starting Be-47.5A1-
2.5Ag powder from which the LANL Be-Al samples were fabricated. The second
powder was nominally pure Be, also produced by centrifugal gas atomization,
with a particle size of 5 um. Fach powder was sealed in a cylindrical vanadium
can. Vanadium has a very short coherent scattering length; essentially no visible
diffraction peaks were produced by the can.

Diffraction spectra were acquired on both powders and compared to a diffrac-
tion spectrum from the HIP’d cylindrical compression sample of Be-47.5A1-2.5A¢g
to obtain the level of residual strains due to HIPping.

Table 3.3 shows the residual strains in the HIP’d Be-47.5A1-2.5Ag sample
with respect to both the starting powder and nominally pure Be powder. Be
is in compression and Al is in tension with respect to the starting Be-47.5Al-
2.5Ag powder. Also, the Be in the sample is in compression with respect to

the Be powder. Surprisingly, the difference between the lattice parameter of Be
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Table 3.3: Thermal residual strains, e, in Be-47.5A1-2.5A¢g

Phase
(in HIP’d sample) e in ae e in ¢ Basis for ep
Be —1.62x 107* —2.76 x 1074 Be powder
Be —1.53x107* —3.54 x 107 Be-47.5A1-2.5Ag powder
Al +3.26 x 107* Be-47.5A1-2.5Ag powder

in the Be-47.5A1-2.5Ag powder and in the Be powder is slight, indicating that
the residual strain in the starting Be-47.5A1-2.5Ag powder is similar to the Be

powder.

3.8 In situ neutron diffraction loading experi-

ments

3.8.1 Procedure

Neutron diffraction spectra were acquired on tensile and compression specimens
of Be-47.5A1-2.5Ag while the samples were held under load. Cylindrical compres-
sion samples were machined with a diameter of 8 mm and a height of 24 mm.
The tensile specimen geometry is shown in Figure 3.16. Experiments were per-
formed in the stress rig shown schematically in Figure 3.17 [78]. This apparatus
fit into a 0.74 m diameter cylindrical chamber in the neutron beam.

The orientation of the sample in the neutron beam is shown in Figure 3.18.
By placing the loading axis at 45° to the incident beam, strains parallel and
perpendicular to the loading axis were measured simultaneously by detectors at

scattering angles of —90° (Q parallel to the load) and +90° (Q perpendicular to
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Figure 3.16: Round tensile test specimen geometry (in inches)

the load) where Q indicates the diffraction direction. Not shown in Figure 3.18
is an additional detector at +148° with respect to the incident beam.

Nominal loads of —5 MPa for the compression test and 5 MPa for the tensile
test were used as the stress-free references. Each sample was loaded at a strain
rate of 2x 10™* sec™! in increments varying between 10 and 50 MPa. The sample
was held in displacement control for 2-4 hours at each applied stress while diffrac-
tion data were acquired. Beryllium has a large neutron scattering cross-section
and substantially shorter times could have been used for Be alone. By contrast,
Al has a relatively small scattering cross-section; therefore, obtaining adequate
statistical accuracy for the aluminum was the limiting factor in determining the
hold duration at each stress.

The loading history for the compression experiment is shown in Figure 3.19.
The maximum applied stress was —323 MPa. The total strain was measured
using an extensometer. At higher loads, some stress relaxation was noted, but
the change was only 10 MPa even at the highest applied load.

The compression experiment was repeated using a sample of AlBeMet AM162

to determine whether the behavior was repeatable with another Be-Al composite.
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| ncident beam

Figure 3.17: Stress rig used for loading experiments in the neutron beam

(from [78])
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Figure 3.18: Scattering geometry: (a) axial and transverse strains are measured
simultaneously in —90° and +90° detector banks, respectively; (b) dashed lines
show the paths of the incident and diffracted beams, which record strain parallel
(Q) and perpendicular (Q.) to the applied load

The loading history for the AlBeMet sample was similar to that for the LANL
Be-Al, except that the maximum applied stress was —302 MPa. The total strain
was measured using the average of two strain gauges on diametrical sides of
the samples. These strain measurements did not deviate significantly, which
indicates good alignment of the loading axis.

Since the AlBeMet sample had been extruded, some texture was expected.
This texture is apparent in the difference in diffraction spectra recorded by detec-
tors parallel [Figure 3.20(a)] and perpendicular [Figure 3.20(b)] to the extrusion
direction. The extrusion caused the Be basal (0002) planes to align parallel to
the extrusion direction. Therefore, the relative intensity of the (0002) diffraction
peak recorded parallel to the extrusion direction is much higher than the (0002)

diffraction peak recorded perpendicular to the extrusion direction.
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Figure 3.19: Applied stress vs. total strain
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Figure 3.20: Diffraction spectra from planes a) parallel and b) perpendicular to
the extrusion direction for AlBeMet. The fitted background response has been
subtracted and the intensity has been normalized with respect to the incident
spectrum.
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Figure 3.21: Applied stress vs. elastic strains for selected hkl planes with normals
parallel to the loading direction (LANL Be-Al)

3.8.2 Results

Plotted in Figures 3.21-3.23 are strains for four selected planes in the Be-47.5A1-
2.5Ag: Al (111), Be (0002), Be (1010), and Be (1011). Although data was
obtained for all peaks, only strains from these peaks are shown to simplify the
presentation. These strains are measured for planes whose normals are parallel
(Figure 3.21) and perpendicular (Figure 3.22) to the loading direction and also
+148° to the incident beam (Figure 3.23). In these and subsequent plots, the
strains assumed zero initial values and do not account for the small thermal

residual strains from processing (Table 3.3).
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Figure 3.22: Applied stress vs. elastic strains for selected hkl planes with normals
perpendicular to the loading direction (LANL Be-Al)
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Figure 3.23: Applied stress vs. elastic strains for selected hkl planes with normals
+148° to the incident beam (LANL Be-Al)
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Be grains oriented such that the compression axis is perpendicular to the basal
plane (0002) behave differently than those in the pyramidal plane (1011) or the
prismatic plane (1010) orientations. This may be explained by the anisotropy
in elastic constants for Be because the elastic stiffness for Be is higher along
the c-axis than along the a-axis. The effects of anisotropy on the deformation
behavior of single-crystal Be are reviewed in [8], and neutron diffraction studies
of this behavior were performed in [65].

The microstructural deformation is complicated by both the mean phase (Be
and Al) response and the hkl specific anisotropic behavior of the Be. Individual
hkl responses will be the subject of further work. However, the significant aspects
of the bulk deformation are captured by the response of the lattice parameters
and, hereafter, the deformation will be described in terms of the strains calculated
from the Rietveld refinements.

The results in Figures 3.24 and 3.25 represent mean phase elastic strains
parallel and perpendicular to the loading direction, plotted against the applied
stresses. These curves show the same characteristics as the strains in the indi-
vidual planes.

Each phase (Figure 3.24) has two inflections, highlighted on Figure 3.26,
where straight lines have been superimposed, identifying three distinct regions.
Both phases remain elastic until —100 MPa, where the Al phase begins to yield.
That is, for each additional increment in applied stress, the Al accommodates
less elastic strain than below —100 MPa. Correspondingly, the Be bears a higher
proportion of the load, which results in more elastic strain. Therefore, the Al

curve deflects downwards, and the Be curves deflect in the opposite manner.
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Figure 3.24: Applied stress vs. elastic strains parallel to the loading direction
(LANL Be-Al)
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Figure 3.25: Applied stress vs. elastic strains perpendicular to the loading direc-
tion (LANL Be-Al)
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Figure 3.26: Applied stress vs. elastic strains parallel to the loading direction
(LANL Be-Al) with straight lines superimposed that identify three distinct re-
gions of these curves
Because Be has a higher elastic modulus than Al (300 GPa for Be and 70 GPa
for Al), the inflections for Be are not as obvious as the inflections for Al. At
—250 MPa, a second inflection occurs in both curves, where the Be curves deflect
downwards and the Al curve deflects in the opposite direction. It can be inferred
from this observation that the Be is beginning to yield, causing a redistribution
of the strain between the two phases.

The unloading slopes of both phases were approximately the same as their
initial slopes on loading. In both phases, the deformation-induced residual elastic

strains upon unloading are tensile: 3.2 x 107 for Be a,, 1.9 x 10~ for Be c.,
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and 2.7 x 107 for Al a,. Through the balance of forces, the volume average
of residual stress cannot be tensile in both phases. However, this interpretation
assumes that each phase had zero strain at the initial applied stress (Table 3.3).
The total residual strain upon unloading, measured by the extensometer, was
1.1 x 1072 (plastic strain) (Figure 3.19).

Perpendicular to the loading direction (Figure 3.25), upon initial loading,
both phases experience tensile strain. At approximately —100 MPa, the stress-
strain curve for the Al deflects in the opposite direction, and by —150 MPa,
the Al phase exhibits a compressive strain. Aluminum continues to strain in
compression up to the maximum applied stress of —323 MPa, reaching an elastic
strain of —6.9 x 1072,

The Al is in compression when unloading begins, and it goes further into
compression to a final elastic strain of —1.3 x 1073. The residual elastic strain
in Be upon unloading is tensile: 2.5 x 10~* for a, and 5.0 x 10~ for c,.

This result was surprising because no other composite studied in this manner
had shown this type of behavior. The large compressive strains perpendicular
to the load imply that the Be constrains the Al to such a degree that the Al
experiences compressive hydrostatic stress in addition to the stress normal to
the applied load. The data measured at 148° to the incident beam (Figure 3.23)
also show large compressive strains in the Al, which supports the hypothesis that
the Al undergoes a compressive hydrostatic stress. This constraint is caused
by the wide disparity in the flow stresses and elastic constants of Be and Al,
the anomalously low Poisson’s ratio of 0.03 for Be, and the morphology of the

microstructure. This will be discussed in detail, in connection with a model for
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Figure 3.27: Applied stress vs. elastic strains parallel to the loading direction
(AlBeMet)
deformation in this composite, in the following chapter.

Shown in Figures 3.27 and 3.28 are elastic strains parallel and perpendicular
to the compression direction, respectively, for AlBeMet. The results show the
same general characteristics as those found in the LANL Be-Al composite. The
most distinctive characteristic is the large amount of compressive strain in the
Al in a direction perpendicular to the compression axis (Figure 3.28), indicative
of a large amount of hydrostatic stress. Also, a difference existed between the
behavior of the Be planes along the a-axis and the c-axis, both parallel and
perpendicular to the compression direction. This may be due to the anisotropy

in elastic constants for Be.
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Figure 3.28: Applied stress vs. elastic strains perpendicular to the loading direc-
tion (AlBeMet)
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Figure 3.29: Applied stress vs. elastic strains parallel to the loading direction,
loading only (LANL Be-Al)

The results from the tensile experiment on the LANL Be-Al are shown in Fig-
ures 3.29-3.31. For clarity, elastic strains parallel to the loading direction during
the initial part of the loading cycle are shown in Figure 3.29, and Figure 3.30 is
the first complete load and unload cycle.

Figure 3.31 shows the elastic strains perpendicular to the tensile axis. The
diffraction data perpendicular to the tensile axis show a large amount of scatter,
so it is unclear whether these data will provide any useful information.

The residual strain from processing this composite was measured and found to
be small (see Table 3.3). This strain was not taken into account when plotting the

strains during the neutron diffraction loading experiments, such as Figures 3.24
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Figure 3.30: Applied stress vs. elastic strains parallel to the loading direction,
loading and unloading (LANL Be-Al)
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Figure 3.31: Applied stress vs. elastic strains perpendicular to the loading direc-
tion (LANL Be-Al)
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or 3.25. These plots assumed a starting strain of 0 at the initial nominal load of
—5 MPa. It is worthwhile to discuss the effect, if any, that the initial residual
strain may have on the behavior of the composite.

The initial residual strains are on the order of 10~%. This is a relatively small
amount of strain when considering magnitude of strains shown in Figures 3.24
and 3.25. If one were to simply calculate the residual stress based on Young’s
modulus, the result would be between —50 and —100 MPa for Be and 25 MPa
for Al. A couple of observations can be made. The most important result is that
the sign of the residual stress is correct for each phase. Based on the difference in
thermal expansion coefficients [Be (11.6 x 107¢ K=1) and Al (23.6 x 1076 K=1)],
Be should be in compression and Al in tension, after cooling from the pressing
temperature of 590 °C.

These residual strains should not affect the stress-strain characteristics ob-
tained from the neutron diffraction experiments, given that the residual strains
were low, except that since the Al is initially in tension, it would begin to yield

at a slightly lower applied stress in the tensile test than in the compression test.
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Chapter 4

Modeling and Interpretation

4.1 Summary of important results

The Be-Al composite has a unique microstructure because of rapid solidification
and resultant liquid phase separation. The grain size is very fine, on the order
of 1-3 pm. The morphology can be described as a three-dimensional interpen-
etrating microstructure, in which each phase consists of continuous “tendrils.”
Each tendril typically consists of only one grain and, therefore, can be consid-
ered single-crystal Be or Al. Single-crystal Be undergoes plasticity if oriented
correctly. The Al accommodates shape changes in the Be by compatible defor-
mation.

The properties of Be are anisotropic; therefore, the local stress and strain
state may vary from grain to grain. In the composite, the material properties
are isotropic because the tendrils are randomly oriented. Therefore, an averaging

technique may be employed to describe the effective properties.
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The emphasis is on the deformation and the way in which the two phases
interact, as measured using neutron diffraction. Strains parallel to the compres-
sion axis (Figure 3.24) follow the qualitative trends in the hypothetical example,
Figure 2.17. Strains perpendicular to the compression axis (Figure 3.25) were
surprising. Strains in the Al were largely compressive transverse to the loading
direction. No other composite studied in this manner in the literature has shown
this type of behavior.

A sequence of geometrical, physical, and numerical models will be presented

in the following sections to help explain these results.

4.2 Geometric models

It is beneficial to develop the simplest geometric model that captures the salient
features of the morphology. One well-characterized representation comprises
a fiber-reinforced metal matrix composite, which can be modeled as a regular
array of cylinders. Generally, the composite is loaded either longitudinally or
transversely to the fiber direction. The former describes an iso-strain condition,
while the latter is closer to an iso-stress condition (as discussed in Chapter 2).
The Be-Al composite can be considered a mixture of these morphologies. It
will be seen that the iso-stress model simulates the data more closely than the
iso-strain model because the volume fraction of tendrils aligned with the loading
direction is smaller than that transverse to the loading direction. This can be
explained using a simple illustration, shown in Figure 4.1, for randomly oriented

discontinuous fibers; the same concept can be applied to the Be-Al composite,
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sinB2 A@ AB

Figure 4.1: Illustration of volume fraction of fibers, V}, oriented longitudinal vs.
transverse to loading direction. V; oriented at some angle ¢ from the vertical
axis is fOQ“ sin 0A0d¢ = 2w sin A0. Therefore, Vy oriented transversely is greater
than those oriented longitudinally (sinfy > sin 6;).

where the morphology comprises randomly oriented “tendrils.” The density of
fibers intersecting a sphere is constant around the entire surface. The volume
fraction of fibers within each “wedge” of the sphere is thus f02” sin 0AOd¢ =

2msin OA. (See [107].) Since sinfy > sin 6y, the fraction oriented transverse to

the loading is greater than the fraction oriented longitudinally.

4.3 Physical models

A simple illustration may help explain the concept of plastic constraint. In
Figure 4.2, the stress-strain curves for a composite (o,¢). and in situ curves
for each phase in the composite («,3), are plotted for a hypothetical tensile

experiment. Although this is not a quantitative model (it is neither isostress nor
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Figure 4.2: Strain compatibility during unloading of a composite (o, ). consist-
ing of a stronger, stiffer phase (o, ¢)s and a weaker, softer phase (o, ¢)q,
isostrain), it is a useful illustration. The sample is loaded to some strain, e¢,
where the average stress is ¢ and then unloaded.

The (8 phase is stronger and stiffer then the o phase. Because of this, the stress
and strain in each phase are different than the average values, o3 > o¢ > 0, and
eg < ec < Eq-

Each phase unloads along a line with a slope corresponding to its elastic
modulus. If we now assume an isostrain condition, each phase must undergo the
same unloading strain, ;. Because the § phase has a higher modulus than the «
phase, it must undergo a larger change in stress. Since the final average stress in
the composite must be oo = 0, the residual stress will be tensile in the o phase
and compressive in the § phase.

Neutron diffraction provides a unique way of studying composites because
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Figure 4.3: lustration of strain compatibility effects

measurements can be made of strains in each phase individually. The results
imply that as the composite is loaded, constraint causes a hydrostatic stress to
develop in the Al, evident from the large transverse compressive strain. The
reasons for the development of hydrostatic stresses include the disparity in the
flow stresses for Al and Be, the difference in their elastic properties, and the
morphology of the composite.

Following Poech [108], the material is idealized as an isostress composite with
layers of alternating phases (Figure 4.3). In the direction of loading (designated
by a subscript of 1)

O1c = O1a = 013- (41)

The strains in the transverse directions, ;, are equal to the strain in the
composite such that

Etc = Eta = E1B- (4.2)
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As the composite is loaded in compression, it expands transversely. The

transverse stresses in each phase must balance, giving

Otc = faata + f,@at,@ =0 (43)

where f, and f3 are the volume fractions of the phases. If the Poisson contraction
is higher in the o phase than in the 3 phase, then the a experiences compression

in the transverse direction. The strains in each phase are

Ot — Va(ala + Uta)

Eta — E (44)
and
o3 — Vglo1g + 0,

Using these relations together with Equations 4.1-4.3, the transverse stresses

in each phase are

E v — Egv,
O'ta:_ﬁo't,@:_ avB BYa

O1c (46)
a Es(1—v,) + ;—;Ea(l Z)

In the Be-Al composites (v, = 1/3, v3 = 0, f, = fs = 1/2, and Eg ~ 4E,,)

4
Oty = — 03 = ﬁalc. (47)

When the applied stress ;. is compressive, the transverse stress in the Al is also

compressive.
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The hydrostatic component of stress op is

19
OHa — @Ulc (48)
and
1
OHB = ﬁglc (49)

showing that the hydrostatic stress in the Al is greater than in the Be by more
than a factor of 6.
The constraint has an even greater effect when the o begins to yield because

its Poisson’s ratio increases to 0.5.

4.4 Numerical models

A unit cell model was developed to examine the mechanical properties. This
model was previously used to study alumina fiber-reinforced Al composites [97—
99] and SiC fiber-reinforced titanium composites [109].

Fibers are assumed to be long, parallel cylinders arranged in a hexagonal
array, shown in Figure 4.4(a). The properties of this array are closest to a
composite with randomly distributed fibers [98]. It is transversely isotropic when
both phases are elastic, but is anisotropic when either phase exhibits non-linear
behavior.

Numerical studies were performed using the ABAQUS ! finite element pro-

gram. The load and symmetry conditions were taken from [96]. The model

IHibbitt, Karlsson & Sorensen, Inc., Pawtucket, RI 02860
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Figure 4.4: FEM model (from [96])

comprised a two-dimensional unit cell from a hexagonal array of fibers loaded
either axially (in the y3 direction) or transversely (in the y; direction). An inver-
sion symmetry in the displacement field exists at (3v/3b, 2b) [see Figure 4.4(a)]
when the displacements are taken to be zero at this point. Therefore, only one
eighth of this unit cell needs to be modeled, shown in Figure 4.4(b). This mesh
was determined to be sufficiently fine for the solutions to converge. Ten-node
biquadratic quadrilateral, reduced integration generalized plane strain elements
were used for both axial and transverse loading cases.

The boundary conditions ensured generalized plane strain. The following

conditions were imposed on the displacements u;:

uz(y2 = 0) =0 (4.10)



Table 4.1: Material properties used in finite element analysis
v E(GPa) o, (MPa) n
Al 0.3 70 75 10
Be 0.03 250 275 6

u1<y1:i£§ay2::§>::o (4.11)

2 2
u1(y1 = 0) = constant (4.12)
us(y2 = b) = constant (4.13)
V3 b V3 b
Uy <y1=75,y2:§+c = —u y1=7b,y2:§—c (4.14)
where
b
0<e<g (4.15)

Both constituents are modeled as power law materials with isotropic harden-
ing, where the stress strain relation reduces to
o] 7= (4.16)
%(2) 020
where o, is the initial yield stress. The input properties are listed in Table 4.1,
where v is Poisson’s ratio and F is Young’s modulus.
Properties for Be were fit from experimental data (Figure 3.9) obtained on
material produced by rapid solidification, identical to the process used for the
Be-Al composite. The in situ properties for the Al were estimated using data

from the literature. Using these as a starting point, a parametric study was
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performed using the finite element model to refine the properties. Tensile stress-
strain curves were calculated using the model and compared to measured data
(Figure 3.9). The properties that gave the best fit (Table 4.1) were used for
subsequent analyses.

The unloading modulus during cyclic tensile tests (Figure 3.15) indicates
that no debonding occurs at the Be-Al interfaces. Therefore, the model assumed
perfect bonding.

Results are presented for Al as the fiber and Be as the matrix, with equal
volume fractions. The composite was loaded in compression either axially or
transversely to a final load of —323 MPa and then unloaded. The results are
plotted as volume averages of the elastic strains in each phase, both parallel and
perpendicular to the loading direction (as plotted for the experimental data, such
as in Figures 3.24 and 3.25).

Figure 4.5 shows the elastic strains parallel to the loading direction for a
simulation in which the stress was applied axially. Both Al and Be follow the
same curve until —162 MPa, when the Al yields. At this point, the curves diverge,
indicating that a higher proportion of the load is being carried by the Be. At
—260 MPa, the Be begins to yield and continues to harden, up to the maximum
load. Upon unloading, the slopes of both curves are equal to their initial loading
slope. This slope is an “effective stiffness,” E, not an elastic modulus, because
the applied stress is the ordinate, not the stress in each phase. These simulations
do not correspond with the measurements.

The transverse applied stress simulations, shown in Figures 4.6 and 4.7, com-

pare well with the measurements. In this case, the applied stress is in the
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Figure 4.5: Simulation of applied axial stress vs. elastic strains parallel to the
loading direction
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Figure 4.6: Simulation of applied transverse stress vs. elastic strains parallel to
the loading direction

direction. The results are plotted as applied stress against elastic strains parallel
and perpendicular to the loading direction.

Features of the experimental data can be interpreted by these simulations, es-
pecially the strain in the Al perpendicular to the loading direction (Figure 3.25).
That is, the Al experiences transverse compressive strain during loading, as found
experimentally. Also, because this is nearly an isostress condition, the simulation
calculates a different E for each phase. The calculated E for Be and Al during
the initial loading (parallel to the loading direction) are 249 and 103 GPa, re-
spectively, compared with experimental measurements (Figure 3.24) of 283 and

120 GPa.
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Figure 4.7: Simulation of applied transverse stress vs. elastic strains perpendic-
ular to the loading direction
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4.5 Discussion

The main focus of this research is on the interaction of the two phases during
the initial stages of elastic and plastic deformation. This behavior was studied
using neutron diffraction, a technique that was ideal for studying the deformation
of two phases because it quantified the deformation of each phase individually.
Compression tests were performed during neutron diffraction to provide the mode
of interaction of the two phases. The repartitioning of load because of plastic
flow in each phase was quantified. Tensile tests were also performed to examine
the role of microcracking. No evidence of substantial microcracking was found.

The main observation regarding the deformation behavior is that the con-
straints in this composite are important and complex. A number of origins of
constraint exist. (i) Beryllium has a Poisson’s ratio of almost zero; therefore,
it undergoes essentially no strain in the direction perpendicular to the loading
axis. This imposes hydrostatic components of stress. Although each tendril of
Be is essentially a single crystal, the Poisson effect is observed in a global sense,
in which the Be phase is polycrystalline. (7i) The composite had an unusual mi-
crostructure and morphology, consisting of a very fine interpenetrating network
of continuous phases. (iii) Plastic compatibility exists between the two phases.
The Al is able to flow around the grains of Be, but the constraint imposed by
the Be effectively raises its flow stress. The Al phase also can accommodate
deformation in the Be phase.

In addition, constraints can also arise because of thermally induced residual
strain. It was observed that residual strains from processing existed in both

phases: compressive in the Be phase and tensile in the Al phase. The tensile
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residual stress in the Al phase may in fact be on the order of the flow stress
for normal polycrystalline Al. However, the flow stress for the Al phase in this
composite is not the normal flow stress for Al in tension, but the constrained
flow stress, which is much higher.

The development of these constraints can be explained and even reproduced
using simple physical and numerical models. Moreover, even though the mor-
phology of the Be-Al composite is difficult to represent, a simple two-dimensional
model reproduces the salient features of the deformation behavior—namely, the
development of a large hydrostatic stress component. A nearly iso-stress con-
dition reproduced the observed deformation behavior much better than an iso-
strain condition. This is consistent with the earlier finding that the volume frac-
tion of tendrils aligned with the loading direction is smaller than the transverse
volume fraction.

It is the purpose of this section to discuss how these constraints may influence
mechanical properties. The primary effect may be to enhance the ductility of
the composite. Failure of polycrystalline Be is normally due to cleavage, a stress-
controlled fracture mode. The development of a high hydrostatic stress in the Al
during deformation effectively raises the flow stress of the Al. Because of this,
the Al is able to bear a larger proportion of the applied stress. This allows much
more strain to be imparted into the composite before the stress in the Be reaches
the critical stress for fracture. Moreover, the Be undergoes plastic flow before
reaching its critical cleavage stress.

This can be illustrated with a simple model using Mohr’s circles, shown in

Figure 4.8. In this diagram, the principal stresses are plotted along the x-axis,
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Figure 4.8: Mohr’s circle representation of constraint effects in Be

and the shear stresses are plotted along the y-axis. The stress state for a tensile
test on Be (07 > 0,09 = 03 = 0) is shown in Figure 4.8(a). This case is plotted
in Figure 4.8(c), where o, represents the critical (normal) stress for fracture in
Be, and 7, represents the critical (shear) stress for plastic flow in Be. Normally,
polycrystalline Be will reach its critical stress for fracture (o.) prior to substantial
plastic flow (7,). However, it is evident from this illustration that it is possible
to reach 7, before o, by changing the stress state in the Be.

The stress in the Be transverse to the loading direction has the opposite sign
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from the stress in the Al [Figure 4.8(b)]: the Be is in compression transverse
to the loading direction, when tensile loading is applied. Along with the axial
tension, this stress increases the maximum shear stress, facilitating plastic flow.

This same simple model can be used to illustrate the effect of constraint on
the Al, shown in Figure 4.9. The stress state for a tensile test on Al (o1 > 0,09 =
o3 = 0) is shown in Figure 4.9(a). In this case, hydrostatic stress components due
to constraint require 0,03 > 0, shown in Figure 4.9(b). The resulting Mohr’s
circle is shown in Figure 4.9(c). For the same applied stress (o), the maximum
shear stress is decreased, effectively raising the flow stress of the Al.

The data from this work and others support this hypothesis. For example,
it was found that as the strength of the Al was increased due to age-hardening,
the ductility of the composite also increased. This is counter-intuitive because
strength and ductility are sometimes inversely proportional. However, it fits with
the current hypothesis because, as the flow stress of the Al is increased, the Al
bears a higher proportion of the load and, thus, increases the required applied
stress to reach the cleavage stress in the Be.

Evidence from microscopy studies (see Figure 3.11) also supports this hypoth-
esis. Observations of fracture in this composite suggested that the Al was fully
constrained by the Be until fracture. The Al grains do not undergo substantial
necking, as they might in other metal matrix composites. In fact, the phases
look almost identical in appearance on the fracture surface. Each “tendril” con-
sists of a single grain of either Be or Al. The size of the “ductile dimples” was
essentially the grain size of the Al. The fine grain size of the Al means that each

facet on the fracture surface was caused by only one void. Also, no evidence of
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microcracking or debonding near the fracture surface was observed.

To summarize, the initial sequence of elastic and plastic deformation in this
Be-Al composite can be described as follows. As the composite is loaded, both
phases load elastically. Because of the morphology and the elastic properties of
the phases, a hydrostatic stress develops in the Al. Therefore, the Al is able to
bear a larger proportion of the applied load, and the stress in the Be is lower
than the cleavage stress. Once the Al begins to yield, the constraint increases
even further.

Eventually the Be begins to plastically deform. The Be can flow plastically
before it begins to fracture because each Be tendril is a single crystal surrounded
by Al, which can accommodate shape changes through compatible deformation.

In addition, the critical stress for fracture of Be increases with decreasing grain
size (0. oc D7Y/2) and the amount of hardening also increases (o, — o, 0 D71/2)
(see Figure 2.6). The fine grain size of the composite enhances its ductility by

elevating its fracture stress.
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Chapter 5

Conclusions

The physical and mechanical properties of Be, especially the combination of
low density and high elastic modulus, make it an attractive structural material.
However, intrinsic brittleness problems exist with monolithic Be related to its
hexagonal close-packed crystal structure. The Be-Al material studied in this
research had a unique composite microstructure that obviates this problem. It
consisted of interpenetrating phases formed from liquid immiscibility.

The approach taken to understand its behavior was to use neutron diffraction
to monitor the elastic strains in each phase, in combination with studies of the
overall mechanical behavior. The results were interpreted in terms of models that
describe the interaction between the phases and the local stress states established
by compatibility requirements.

Parallel to the loading direction, the Al began to yield at about —100 MPa;
whereas, the Be phase appeared to deform plastically at —200 to —250 MPa.

The Al developed a large hydrostatic stress enabling it to bear a substantial
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proportion of the applied load (and even maintain this load when the Be yielded).
This raised the applied load required to reach the critical stress for cleavage
fracture in Be.

Perpendicular to the loading direction, the Al was in compression at applied
stresses above —150 MPa. This was a result of the hydrostatic stress that arises
because the Al was highly constrained by the Be, which does not expand perpen-
dicular to the loading direction. Upon unloading, the Al retained a compressive
residual strain, while the Be had a smaller tensile residual strain.

Finite element analyses using a relatively simple model simulated this behav-
ior quite well. A hexagonal array of Al cylinders in a Be matrix, when loaded in
the transverse direction, reproduced a similar constraint. The resulting o, vs.
£¢, curves both parallel and perpendicular to the loading direction were consistent
with the experimental observations.

The mechanical behavior of this composite was largely influenced by the
constraints developed during deformation. These constraints were very complex
and had a number of origins. (i) Beryllium has unusual elastic properties—a high
elastic modulus and low Poisson’s ratio. (i) The microstructure and morphology
of the composite is unique—an interpenetrating network of two continuous phases
with a very fine grain size. (ii) Compatible plastic deformation occurs—Al is
constrained, but can plastically flow and accomodate deformation in the Be.
Because of these constraints, the Be-Al composite had a yield strength of 300—
400 MPa, yielded plastically, and exhibited a substantial amount of ductility, on
the order of 10% elongation, prior to fracture.

A number of areas exist for further research. The fine microstructure and
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unusual morphology of this composite were among the factors governing its de-
formation behavior and excellent mechanical properties. Similar experiments
should be performed using Be-Al with different microstructures to examine the
importance of specific microstructural parameters on the deformation behavior.
For example, the deformation behavior of cast Be-Al, which has a much larger
grain size, should be studied. The larger scale of the microstructure may lead to
microcracking in the Be because of incompatible deformation between Be grains.
A larger grain size may also cause a smaller fracture stress such that the Be
undergoes cleavage at a smaller applied load.

Plasticity in the Be should be carefully studied to identify the specific de-
formation mechanisms and the relative importance of twinning, basal plane slip,
and other slip systems.

Experiments should be performed as a function of temperature to examine
the role of diffusional processes in the deformation behavior of this composite. In
addition, the role of thermal residual strain from processing on the deformation
behavior of the composite needs to be studied further.

The fracture properties of Be-Al composites should be studied further. For
example, if the Be fails by cleavage, the orientation of Be grains on the frac-
ture surface can be examined to determine whether they fractured along their
preferred cleavage plane: the basal plane. Other fracture properties (fracture
toughness and fatigue resistance, for example) need to be understood before

considering Be-Al as a viable composite for structural applications.
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