A Neutron Diffraction and Modeling Study of Uniaxial
Deformation in Polycrystalline Beryllium
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The deformation of polycrystalline beryllium to strains of =0.8 pct in uniaxial tension and com-
pression was studied by neutron diffraction and modeled using an elasto-plastic self-consistent
(EPSC) model. The beryllium response is asymmetric with respect to tension and compression
in both the macroscopic behavior, as displayed in the stress/strain curve, and the microscopic lat-
tice response. The EPSC model qualitatively reproduces the lattice strain curves in tension and
compression with the assumption of pyramidal slip being active, in addition to prism and basal
slip and with the inclusion of thermal residual stresses developed during processing. Although
it underpredicts the magnitude of the observed strains, it demonstrates that accounting for residual
stresses of thermal origin is crucial for understanding the evolution of lattice strains during uni-

axial loading.

I. INTRODUCTION

METALLIC beryllium has a number of potential
engineering applications that could benefit from its strength,
low density, and thermomechanical properties. Its elastic
stiffness is comparable to steel, with roughly one-fourth of
the density. The thermal conductivity of 147 W/m-K is
comparable to aluminum (210 W/m-K), and its melting
temperature is relatively high, 1551 K, making it attractive
for some high-temperature applications. Unfortunately, at
room temperature, beryllium has limited ductility that
prevents its use in more wide-ranging applications. In the
context of this study, beryllium is of fundamental scien-
tific interest, because it has a hexagonal close-packed crys-
tal structure and displays strong anisotropy of plastic
deformation while at the same time relatively low elastic
anisotropy.

There have been several studies of the polycrystalline
deformation of beryllium in uniaxial tension often aimed at
enhancing its limited tensile ductility.'"~” In tension, hot-
pressed beryllium typically exhibits a sharp yield point
phenomenon, with upper and lower yield points between
325 and 275 MPa, respectively, with an elongation of 0.7 to
3 pct depending on the impurities, heat treatment, and grain
size.>*%7! This yield phenomenon in beryllium has been
attributed to dislocation pinning by iron-bearing precipi-
tates.!>?! However, Murr ef al. saw little evidence of dislo-
cation pinning and asserted that plastic deformation was
dominated by localized slip at the grain boundaries !"!

Relatively few studies of uniaxial compressive defor-
mation of polycrystalline beryllium exist,* ! and only
those in References 10 and 11 concentrated on hot-pressed
material. The upper/lower yield point phenomena reported
in tension are not observed for hot-pressed beryllium in
compression. No detailed microstructural studies of com-
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pressive deformation of beryllium were found in the
literature.

The elasto-plastic deformation of polycrystalline metals
has been modeled using experimentally observed single-
crystal deformation mechanisms and elastic constants within
the construct of the elasto-plastic self-consistent (EPSC)
model originally proposed by Hill'?! and first implemented
by Hutchinson."3! Recently, EPSC models have been used
to calculate crystallographic lattice strains in individual
grains, which, upon suitable averaging, may be compared
to neutron diffraction measurements. Comparison of the
EPSC model with neutron diffraction data as well as with
the macroscopic flow curve is a much more stringent test
than comparison with macroscopic curves alone. The EPSC
and neutron diffraction studies of fcc!'*!”! and lower sym-
metry hep!?*?!l metals have been completed with varying
success. Preliminary neutron diffraction and EPSC studies
of compressive deformation of commercially pure beryllium
have recently been reported.®!

Intrinsic to the viability of the EPSC model are assump-
tions concerning the active inelastic deformation mechanisms.
At room temperature, the primary slip system operating
in single crystal beryllium is basal, designated {0002}
(1120), where the dislocations move within basal planes in
(1120) crystal dir_ections.[6J The secondary system is pris-
matic, {1020} (1120) (consistent with other hexagonal close-
packed metals), although its critical resolved shear stress
for activation is several times higher than for basal.!*??! The
slip direction (or Burger’s vector, b) for both basal and
prismatic lies in the basal plane precluding the possibility of
inelastic behavior in the basal direction. Finally, there is pyra-
midal ¢ + a slip, {1122} (1123), which does produce plas-
tic deformation with a component in the (0002) direction.
However, unlike basal and prismatic slip, room-temperature
pyramidal slip has not hitherto been reported in single-crystal
beryllium of commercial purity.”*! However, above 200 °C,
pyramidal slip was observed in single crystals when loaded
parallel to the basal plane.”? Evidence of pyramidal slip in
polycrystalline samples at elevated temperatures has been
reported recently.!**!

Another physical feature that must be included in
the model is the presence of thermal residual stresses
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developed during cooling from the processing temperature
due to the anisotropic coefficients of thermal expansion
(CTE). The crystallographic CTE of beryllium in the (100)
and (0002) directions are 13.4 and 10.9 X 10~ ¢/°C,[*!
respectively, with a weighted average of 12.6 X 107%/°C
for a nontextured aggregate. Thus, on cooling from the
pressing temperature, crystallites will tend to contract in
the (100) direction more than the average, leaving the
{1010} and {1120} crystallographic planes in residual ten-
sion at room temperature. Correspondingly, the {0002}
planes will be in a state of residual compression at room
temperature, such that the overall stress in the aggregate
is balanced.

In this article, we report time-of-flight (TOF) neutron dif-
fraction and EPSC modeling studies of the deformation of
S200-D grade beryllium in tension and compression. The
work was motivated by a prior study of residual stresses in
beryllium welds in which disparate results were found
depending on the selected diffraction plane.”! We believe
the disparities are attributable to intergranular strains, which
develop due to the plastic and thermal anisotropy of beryl-
lium and initiated this study of uniaxial deformation in an
attempt to understand their evolution.

The advantages of TOF neutron diffraction at a pulsed
spallation source are twofold. The resolution in TOF is
nearly uniform over the entire spectrum and all diffraction
peaks are recorded in the detectors at fixed scattering angles.
Thus, the lattice spacings, and hence strains, of all grains
oriented to satisfy the diffraction condition in a particular
sample orientation are obtained simultaneously. The high
resolution of the Neutron Powder Diffractometer (NPD) at
the Los Alamos Neutron Science Center, coupled with the
excellent neutron scattering properties of beryllium, has
permitted the simultaneous analysis of twenty (16 inde-
pendent) distinct peaks. The resulting comprehensive
description of the strain response presented on a stereo-
graphic projection allows us to discern the systematic grain-
scale behavior for the first time. In conjunction with the
EPSC model, this has led to insights concerning thermal
effects and active slip systems.

II. SAMPLE PREPARATION

The specified impurities in S200-D grade beryllium in
weight percent are as follows: <2 pct BeO, 0.3 pct
Fe, 0.2 pct C, 0.12 pct Si, and 0.08 pct Mg. The initial
powder was produced by Braun-type mechanical attrition
and sieved to particle sizes less than 44 wm. The resulting
powder was vacuum hot pressed into billets at 1100 °C and
slowly cooled to room temperature. The average grain size
of the samples was approximately 15 to 25 um. Hot-pressed
S200-D beryllium exhibits a weak texture (~1.5 times ran-
dom) in which the basal poles are offset from the press-
ing direction by roughly 35 deg.!*”! Threaded end tensile
samples (ASME standard A370) and compressive samples
(6-mm diameter X 15-mm long) were machined from the
billets with the loading axis parallel to the pressing direc-
tion. A 50-pwm-thick surface layer was chemically etched
from the samples to remove surface cracks due to the
machining, which can lead to premature failure of the sam-
ples in tension.*®!
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III. EXPERIMENTAL DETAILS

In-situ neutron diffraction measurements were performed
on the NDP at the Manuel Lujan Jr. Neutron Scattering Cen-
ter, LANSCE, Los Alamos National Laboratory. Details of
the NPD are published elsewhere® and only a short descrip-
tion is presented here. A schematic of a tensile sample and
the diffraction geometry is shown in Figure 1 with the dif-
fraction plane in the plane of the figure. The NPD accepts
a pulsed white beam of neutrons generated through spalla-
tion reactions in a tungsten target and moderated by a water
moderator at 283 K. The incident neutron beam impinges
on the gage section of the sample and is scattered in all
directions. The volumes of the tension and compression sam-
ples immersed in the beam were =450 and 1250 mm?,
respectively. Detector banks are located 1.5 m from the sam-
ple at =90 deg relative to the incident beam. Each detector
bank consists of 31 individual *He tubes, which subtend
11 deg in the diffraction plane centered at 90 deg in 26.
Spectra from individual tubes are summed, with corrections
applied for differences in diffraction angle and flight path,
to provide a single integrated diffraction pattern for each
detector bank. The peak width resolution (FWHM) of NPD
is approximately 2.5 X 1073,

The samples were deformed in-situ using a purpose-built
load frame with the load axis oriented at 45 deg relative to
the incident beam in the horizontal plane. Detectors on either
side of the specimen, at =90 deg relative to the beam,
record data with diffraction vectors parallel (Q)) and
perpendicular (Q ) to the applied load simultaneously 2%
The tensile grips incorporated universal joints to ensure uni-
axiality of the applied load, whereas the compression sam-
ples were deformed between flat hardened steel platens.
Measurements were performed under load control, except

Incident Neutron Beam

+ 90 ° Detector

Q,

\4

-90° Detector

N\

Tensile Axis
Fig. 1—Schematic of the diffraction geometry showing the scattering vec-

tors Q and Q, relative to the tensile axis of the sample. Note that the
drawing is not to scale.
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in the plastic regime of the tensile samples, for which stroke
control was used because load control was unstable under
zero hardening conditions. The macroscopic strain was deter-
mined concurrently with the neutron diffraction measure-
ments using an extensometer that spanned the irradiated
region. Measurements of the macroscopic stress/strain curves
were also performed ex-situ, i.e., without employing the
interrupts required for recording the diffraction data. The
ex-situ and in-situ measurements of the flow curve agree
satisfactorily.

Two distinct measurement types were employed on sep-
arate samples. In the first, the magnitude of the applied stress
was increased monotonically with diffraction patterns taken
at regular stress intervals to monitor the evolution of the lat-
tice strains in response to the applied stress. The ramp rate
between stresses was on the order of 25 MPa/min. with
roughly 30-minute hold times during which the diffraction
patterns were recorded. In the second, diffraction patterns
were recorded after load/unload cycles to incrementally
increasing levels of applied stress to monitor the develop-
ment of the unload residual stresses, which are a signature
of the onset of plasticity in the polycrystal.

Interatomic spacings of 16 independent crystallographic
planes were determined from the diffraction patterns and the
(hkil) specific lattice strains were calculated from the change
in the measured interplanar spacing:

0
dhkil B dhkil

0
dhkil

[1]

Enkil =

The reference lattice spacing, d;?ku, was determined from the
measured lattice spacing with a nominal 5 MPa load to hold
the sample fixed. As a consequence, g, represents a strain
change with respect to the hot-pressed and machined state
of the sample. Accordingly, &,; does not account for the
thermal residual strains left from sample processing and,
thus, should properly be termed “mechanically induced” lat-
tice strain.

IV. POLYCRYSTAL MODEL

The EPSC model used in this article is described in detail
elsewhere.!?>3%3!! Briefly, a population of grains is chosen
with orientations and weights appropriate for the texture that
is to be modeled. After verifying that the weak measured
texture of S200-D beryllium had little effect on the calcu-
lation, a random texture was assumed for efficiency of com-
puter time. In this case, the random texture was represented
by 1000 orientations. Each grain is modeled as a spherical
elasto-plastic inclusion embedded in a homogenous effec-
tive medium (HEM). The total deformation experienced by
a grain depends on its relative stiffness with respect to the
HEM that, in turn, is a function of the grain orientation.
The elasto-plastic properties of the HEM correspond to the
average of all grains and must be solved iteratively. Each
grain is defined with appropriate elastic and thermal sin-
gle-crystal constants. The active slip and twinning systems
are defined through their critical resolved shear stress (CRSS)
and some hardening behavior. In this work, we have used
an extended Voce hardening law characterized by an evo-
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lution of the threshold stress with accumulated shear strain
in each grain of the form

s s s s 061—‘
# =1+ (1 + DI 1 — expl — - 2]

1

where I is the accumulated shear in the grain, 70 is the ini-
tial CRSS of system s, (7, + 7,) is the back-extrapolated
stress at the origin, 0 is the initial hardening rate, and 0, is
the final linear asymptotic slope in the hardening response.!

For the purposes of the model, it was assumed that the
thermal residual stresses began developing at 750 °C on
cooling since the yield strength of beryllium is small above
this temperature.*? The simulated sample was first cooled
from 750 °C to room temperature. Then, it was loaded in
tension or compression applied in strain increments of 1074,
to a total strain of 0.8 pct consistent with the experiment.
Finally, the sample was unloaded in stress control over
20 steps.

For comparison with the diffraction measurements, sub-
sets of grains were identified from the texture file whose
(hkil) plane normals are oriented to match the diffraction
condition defined by the instrument. In practice, grains with
normals within an angular range (=5 deg) of the exact dif-
fraction requirement were used, consistent with the angular
range of the detectors, which is =5.5 deg (20).

V. EXPERIMENTAL RESULTS

A. Macroscopic Response

The macroscopic stress/strain curves in tension and com-
pression are shown in Figure 2. The inset shows an enlarge-
ment of the elastic-plastic transition with the sign of the data
changed so the curves overlap. The macroscopic behavior of
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Fig. 2—Macroscopic stress/strain response of S-200D beryllium in tension
and compression. The inset shows a blowup of the elastic-plastic transi-
tion region of each flow curve.
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the samples in tension and compression in the linear elastic,
plastic (>0.15 pct strain), and unloading regions is very sim-
ilar. However, the elastic-plastic transition differs qualita-
tively between the two cases. The beryllium sample responded
nearly linearly to applied tensile stress until roughly 275 MPa,
followed by a sharp yield point phenomenon, consistent with
previous reports.['>* In contrast, in compression, the strain
response departs from linearity at roughly —215 MPa with
a smoother elastic-plastic transition. In both tension and com-
pression, once plastic deformation is initiated, the samples
deform with essentially no hardening. At higher strains, above
—0.6 pct in compression, a small amount of hardening is evi-
dent. Also, we observe nonlinear unloading behavior in both
tension and compression.

B. Lattice Plane Response

Figure 3 shows the diffraction pattern recorded in the
—90 deg detector bank (diffraction vector parallel to the
load) from the beryllium tensile sample at a load of 5 MPa.
The inset shows an enlargement of the pattern in the
d-space range of 0.60 to 0.83 A to highlight the quality
of the data. Overall, the strain response of 20 different
crystallographic planes, 16 of which were first-order peaks,
was tracked during the measurement. To the authors’
knowledge, this is the first time such complete coverage
of the crystallographic orientations has been achieved
during an in-situ loading measurement, providing new
insight into the deformation behavior of the polycrystal
aggregate.

We begin by discussing the observed residual lattice
strains measured following load/unload cycles to progres-
sively increasing maximum stress shown in Figure 4. After
tensile loading, significant residual stresses develop only
after a loading to stresses in excess of 270 MPa, corre-
sponding to the deviation from linearity seen in Figure 2.
In contrast, after compressive loading, residual stresses
appear after loads of 200 MPa. This indicates that the mate-
rial deformed plastically earlier than in tension, probably
below 200 MPa, again consistent with the macroscopic
flow curve shown in Figure 2. Also of significance is the
dissimilar behavior of the {hkil} specific residual strains
between tension and compression. For example, in Figure 4,
the {0002} orientation after tensile and compressive defor-
mation shows residual strains that are strongly tensile and
almost zero, respectively. Prediction of this asymmetry
provides a strong test for our ability to understand
microstructural deformation processes.

The lattice plane specific {hkil} stress/strain curves dur-
ing monotonic loading were also measured and are shown
in Figure 5. Figures 5(a) through (f) show the lattice strain
response of the grains with {1010}, {1011}, {1012},
{1013}, {1014}, and {0002} plane normals parallel to the
applied stress direction for both compression and tension.
Circles and diamonds represent the strain response in ten-
sion and compression, respectively. Open and closed symbols
distinguish between load and unload, respectively. The uncer-
tainty in the strain measurement is between 20 and 50 ue
depending on the strength of the diffraction peak associ-
ated with a given {hkil}.

The expected plane-specific response in the purely elas-
tic regime, calculated from the single-crystal elastic con-
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Fig. 3—Diffraction pattern from beryllium at 5 MPa applied stress. The
inset shows an enlargement (12.5 times) of the region of the pattern from
d=0.6to 0.83 A.
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Fig. 4—Residual lattice strains following load-unload cycles to increasing
maximum applied stresses in tension and compression.

stants and the texture (random in this case), is indicated
by the solid lines passing through the origin for each {hkil}.
As in the macroscopic stress/strain curve, deviations from
linear elastic behavior are seen in compression at a lower
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Fig. 5—Lattice strain associated with the {1010}, {1011}, {1012}, {1013},
{1014}, and {0002} reflections parallel to the applied compression and
tension. Closed (open) symbols represent loading (unloading). The dashed
lines are guides to the eye.

applied stress than in tension for all individual planes
shown. This is a microscopic manifestation of the “early
yield” in compression noted in reference to the macro-
scopic stress/strain curve (Figure 2).

When plastic deformation occurs, the strain response of
each crystallographic plane {hkil} no longer follows the
line given by the diffraction elastic constant. Departures
of the lattice strain (associated with a set of grains with a
given orientation) above the calculated elastic line (in an
absolute sense) indicate that the grain orientation has
yielded (deformed plastically). Conversely, deviations of
the hkil-specific lattice strain below the calculated line indi-
cate that other grains in the polycrystalline aggregate have
yielded, transferring the load to the remaining orientations.
This representation is not strictly accurate in a material
with multiple active slip systems, such as beryllium, but
may be considered a rule-of-thumb and will be used in the
following discussion for descriptive purposes.

To follow the complex loading behavior of the beryl-
lium polycrystalline aggregate, we consider the trends that
exist for the {101/} planes with increasing / approaching the
basal pole, {0002}. We begin with a close examination of

METALLURGICAL AND MATERIALS TRANSACTIONS A

the lattice strains measured in grains oriented with the
{1010} plane normal parallel to the loading axis. In ten-
sion above roughly 275 MPa, the {1010} strain (Figure 5(a))
deviates above the calculated elastic response and acquires
a negative residual strain indicating that plastic deformation
has occurred in grains with {1010} poles parallel to the load-
ing axis. At an applied stress of roughly —200 MPa in
compression, the {1010} departs below the linear response
(in an absolute sense) indicating that grains of this orienta-
tion have not yielded, but instead are supporting a greater
portion of the load as other sets of grains deform. There-
fore, we conclude that grains with {1010} plane normals
parallel to the loading direction yield in tension, but not in
compression.

In tension, the {1011} strain (Figure 5(b)) behaves like
the {1010}. Plastic deformation occurs for this grain ori-
entation and the grain acquires a compressive residual strain
on unloading. However, the behavior of the {1011} strain
under compressive loading differs from the {1010}. The
slope of lattice strain vs applied stress is greater than the
calculated elastic line indicating that plastic deformation
has occurred in these grains in compression as well as in
tension.

Focusing again on the {0002} grains in tension, beyond
the onset of plasticity, they exhibit strains that are larger
than the calculated elastic response (solid lines in Figure 5).
This indicates that they support a larger fraction of each
stress increment after plasticity and is consistent with load
being shed from grains in other orientations that are yield-
ing. This is expected since the resolved shear stress on the
two primary active slip systems in beryllium, basal and pris-
matic, is zero in grains with basal poles parallel to the stress.
However, the {0002} strains in compression differ dra-
matically, remaining near the calculated elastic behavior
even as grain orientations, such as the {1012} and {1013},
begin to deform plastically. This indicates that grains with
basal poles parallel to the compressive axis must have some
mechanism of inelastic deformation. This contrast in behav-
ior between tension and compression is unambiguous and
requires an explanation.

A summary of the hkil-specific residual strains observed
for poles in the plane containing the {1010} and {0002}
poles, that is plane normals of the form {#0hl} is given
in Table I. Also shown in Table I are the angles from
the basal pole and hkil-specific moduli for each orienta-
tion. When examined as a whole, moving from the {1010}
to the {0002} pole, a definite trend exists in the residual
strain, the details of which differ between tension and com-
pression. In tension, the residual strains are constant
(~—250 we) to within our uncertainty between the {1010}
and {1011} poles and subsequently increase monotoni-
cally from the {1011} pole to reach a maximum of 1000ue
at the {0002} pole. In contrast, in compression, the resid-
ual strains increase from the {1010} pole, reach a maxi-
mum near the {1013} pole, and thereafter decrease to
nearly zero at the {0002} pole (Figure 5).

The lattice strain response perpendicular to the applied
stress for the same subset or orientations is shown in Fig-
ures 6(a) through (f) for both compression and tension. The
solid lines passing through the origin for each {hkil} indi-
cate the expected Poisson’s ratio response in the purely
elastic regime. Since the Poisson’s ratio of beryllium is
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Table I.

Residual Strains as Measured for the {10!} and {0002} Planes Normals Parallel to the Loading Direction

after a Load/Unload Cycle to 0.7 Percent in Tension and —0.8 Percent in Compression, Respectively;
Uncertainties are between 25 and 50 ge Depending on the Strength of the Reflection

Angle from

Residual Strain Residual Strain in

Reflection Basal Pole (Deg) Ey; (GPa) in Tension (ue) Compression (pe)
{1010} 90.00 300 —260 —240
{2021} 74.56 303 —270 —100
{1011} 61.08 310 —250 -120
{2023} 50.35 315 30 —170
{1012} 42.15 319 50 260
{1013} 31.11 322 340 270
(1014 24.35 322 800 180
{0002} 0 321 1000 40
300 T ‘ ] VI. DISCUSSION
200 (loy T (1673} A. Evolution of Intergranular Strains with Plastic
Deformation
100 N R
The measured lattice strains, &gy;, parallel and
0 perpendicular to the applied load, o, recorded during a load
100 test may be expressed as the sum of two components:
o
-200 T 1 Epit = —— + 6‘2/([1 ( parallel) and
Eir
— i ot (3]
— - _ - M 4 dicul
S 2000 . oty T o (1014) 1 Entit = » & perpendicular)
= 100 |- + ! M
§ y where the first term represents the response to the macro-
= 0 — ¥ b ? scopic applied load, o, and 821(,»1 the response to intergranular
w b . . . . . .
S 100l e i Jeo | stresses for a given grain orientation (hkil). The intergranu-
2 M4 A ) lar strain, &, arises from the combined effects of elastic
2 00t Colle 4 . : 4 anisotropy (Ej;), thermal anisotropy (a;), and plastic
< K % N . anisotropy (associated with different inelastic deformation
L P L g modes). The elastic anisotropy of beryllium is relatively small
[*e0 . . . .
200 ; _ 1 Ny | compared to the other effects with the plane specific elastic
o o o) Jeo 10002} moduli varying by roughly *4 pct from the average (Table I)
100 | 8 ° 1 H J and are ignored in this study. In the following discussion,
1) o® O . . . . ..
o ° we will consider intergranular strains arising due to both ther-
0 o0 T° > mal and plastic anisotropy. However, we stress that due to
100 ‘ N ! our adoption of the initial interplanar spacing as d;?k,», (Eq. [1])
haael 9 T ’: . in our analysis of the neutron diffraction data, the thermal
2001 i, 1 . L intergranular strains are explicitly ignored and the following
¢ LN plots of the intergranular strains reflect only those originat-
-300 bt ‘ ' R ing during plastic deformation.
-250 0 250 750 =250 0 250 750

Lattice Strain (ue)

Fig. 6—Lattice strain associated with the {1010}, {1011}, {1012}, {1013},
{1014}, and {0002} reflections perpendicular to the applied compression
and tension. Closed (open) symbols represent loading (unloading). The
dashed lines are guides to the eye.

abnormally small (~0.04), little elastic response perpen-
dicular to the applied stress is expected. Again, the lattice
strains deviate from the linear elastic response in com-
pression at lower stresses than in tension.
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The plasticity-induced intergranular strains were deter-
mined experimentally using Eq. [3] and the hkil-specific
elastic moduli calculated from the single-crystal stiffnesses.
Since 16 independent crystallographic planes were measured,
the most efficient way to view all of the recorded data is in
the form of stereographic projections. Figure 7(a) shows the
location of the poles of the analyzed planes on the standard
hexagonal close-packed projection. Figures 7(b) and (c) show
the contribution to the intergranular strains from plasticity
after macroscopic strains of (b) —0.8 pct and (c) 0.7 pct.
The measured values are listed in locations consistent with
the pole labels shown in Figure 7(a). The experimental
uncertainty in the strain measurements is between 25 and
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Fig. 7—Experimentally determined plasticity-induced intergranular strains
(pe) resulting from macroscopic strains of (b) —0.8 pct (¢ = 275 MPa)
and (¢) 0.7 pct (¢ = 263 MPa) shown on a stereographic projection.
Figure 7(a) indicates the location of the 16 independent crystallographic
directions monitored during the experiment. Uncertainties are between
+25 and *50pe depending on hkil.

50 we depending on the intensity of the diffraction peak
associated with a given orientation. Although not shown,
the intergranular strains develop smoothly as a function of
macroscopic strain from zero strain to the extreme values
plotted in Figures 7(b) and (c).

The discrete data shown in Figure 7 have been fit to a
tensor form

assuming a single tensor &; with principal axes along the
crystallographic directions [1010], [1210], and [0002] for
the purpose of drawing the intergranular strain contours on
the stereographs. While we have no physical justification
for this procedure, it turns out that the data are consistent
with this simple assumption and the fits are quite good.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The stereographic projections clearly reveal the system-
atic variation of the intergranular strains with orientation
associated with both tensile and compressive plasticity. In
tension (Figure 7(c)), there is a strong variation of the plas-
ticity induced intergranular strain between the {0002} and
{1011} poles with a zero between {1012} and {1013. The
zero in the plane containing {0002} and {1120} comes at
nearly the same radial distance from the {0002} pole. The
variation of the intergranular strain is less dramatic between
the {1011} and {1010} poles with a weak minimum appar-
ent at roughly 70 to 75 deg from the {0002} pole near the
{3032} and {2132} poles. In contrast, in compression, the
zero of the intergranular strain is near the {3032} and {2132}
poles and a maximum is present near {1124} and {1012},
roughly 40 deg from the basal pole. The variation of the
intergranular strains is consistent with the residual strains
described in Table I.

B. EPSC Model

The difference in tensile and compressive behavior exhib-
ited by the intergranular strains is apparent in Figures 7(b)
and (c). To reproduce the observed behavior we included
thermal residual stresses, basal prismatic, and pyramidal slip
in the model calculation. The lack of compressive residual
strain observed for the {0002} in compression indicates that
a relaxation mechanism parallel to the basal pole is active
in compression. Furthermore, the existence of thermal resid-
ual stresses, which are quite plausible, and activity of pyra-
midal slip are necessary to explain the tension-compression
asymmetry.

Specifically, it is necessary to postulate pyramidal slip
because the shear stress resolved on the basal and prismatic
systems due to the thermal residual stresses (TRS’s) is zero.
This requirement for pyramidal slip to provide the catalyst
for asymmetry is evident by considering the shear stress due
to the thermal stress resolved on the ith slip system,

TRS
Ol

F o=
2

(binp + biny) [5]

where n’ and b' are the normal to the slip plane and its slip
direction. For a random texture, the thermal residual stress
tensor expressed in the crystal coordinate system of the
hexagonal structure adopts the form

Sy 0 0
o =10 s, o0 (6]
0 0 S,

Substitution of the plane normal and slip direction for basal
and prismatic slip, {0002} (1022) and {1010}(1120),
respectively, results in zero resolved shear stress in each case.

This assumption of pyramidal slip is controversial because
it has not been observed in single crystals'?*! below 200 °C.
However, the constraints on a single crystal during com-
pressive deformation (transverse surfaces are unconstrained)
differ significantly from those on a single grain embedded
in a polycrystal. We believe that the difference in boundary
conditions between deformation of a single crystal and a
single grain within a polycrystalline matrix is sufficient to
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consider the possibility of pyramidal in the polycrystalline
sample at room temperature.

Other possibilities that may be considered to explain the
asymmetry include crystallographic texture, polar CRSS and
hardening parameters, grain boundary fracture, and twin-
ning. When we ran the model with and without the reported
texture of hot-pressed S200-D grade beryllium,?”! the dif-
ferences in the calculated lattice strains were less than 5 pct.
Therefore, the presence of texture proved insufficient to
explain the asymmetry. Polar CRSS and hardening para-
meters are generally considered unphysical. The experimental
signature of grain-boundary fracture would likely be appar-
ent in tension only and would not in any simple sense explain
the compressive response.

Concerning twinning, transmission electron microscopy
(TEM),”>3 and texture™ measurements have demonstrated
that beryllium twins on the {1012} (1011) system when sub-
jected to a compressive stress perpendicular to the basal pole.
However, in these references, no twinning was observed when
the compression was parallel to the basal pole (precluding
the relaxation of {0002} strains parallel to the load in con-
trast with the behavior that was observed in this study). Fur-
thermore, during the diffraction measurements reported here,
no intensity changes were noted that might be associated with
twin reorientation*(The experimental sensitivity to twin-
ning is typically better than 5 pct volume fraction.)

C. Thermal Intergranular Strains

Concerning the thermal residual stresses, the explanation
used in this article is similar to the explanation of the flow
curve asymmetry observed in an annealed Zirconium
alloy* 3¢

*ZIRCALQY is a trademark of . ..

Because the thermal residual strains introduced on cooling
from the pressing temperature have not been measured
experimentally, the EPSC model was used to calculate
them. The calculated TRS’s are an upper bound because
the model assumes a temperature-independent elastic mod-
ulus and yield strength. Figure 8 shows the calculated TRS’s
for the reflections subsequently monitored in our neutron
diffraction study. The calculated TRS’s can also be
expressed in tensor form by

127 0 -1
o'®S = 0 124 0 |MPa
-1 0 —237

The minor deviations of the TRS tensor from the format
given in Eq. [6] are due to the limited number of grains
(1000) used in the calculation.

The magnitude of the calculated TRS’s is significant. The
thermal residual stress on the prism planes, 127 MPa, is
nearly 1/2 of the ultimate tensile strength of the material and
biases these planes to yield in tension. Correspondingly, the
presence of the thermal residual stresses predisposes orien-
tations having the basal pole aligned with the loading axis
to yield prematurely in compression, and to delay yielding
in tension. Furthermore, the magnitude of the thermal resid-
ual stress is larger in compression in orientations near the

1446—VOLUME 34A, JULY 2003

—_
n
]

—
e O
o o O

—
o
S

Thermal Residual Stress (MPa)
th
(e

1 | 1 |

0 20 40 60 80
Angle From the Basal Axis (degrees)

Fig. 8—Calculated thermal intergranular stresses developed in beryllium
after cooling from the pressing temperature of 750 °C. The data are plot-
ted as a function of hkil between the basal pole and basal plane at three
polar angles about the basal pole. @’s, A’s, and 4’s represent hkil’s within
the planes defined by the {0002} and {1020} plane normals, the {0002}
and {1130} plane normals, and the {0002} and {1220} plane normals,
respectively.

Table II. CRSS’s of the Slip Systems Assumed Active
in the EPSC Model

To(CRSS) (MPa)

Slip System Designation 7, (CRSS) (MPa) in Ref.6
Basal {0002 }(1120) 30 <10
Prismatic {1010}1120) 140 50
Pyramidal  {1122}(1123) 325 2000

basal pole relative to the tensile thermal residual stress near
the prism pole, suggesting that macroscopic yield will occur
at a lower applied stress in compression then tension.

Starting from this state, the macroscopic and lattice spe-
cific response to the applied compressive and tensile stresses
were calculated. The model assumes that basal, prismatic,
and pyramidal (¢ + a) slip modes are active with CRSS’s
given in Table II. For general comparison, reported CRSS’s
for single-crystal beryllium are also shown in the table, (6).
The hardening parameters were maintained at essentially
zero to attempt to reproduce the perfectly plastic response
of the material above strains of 0.15 pct. The CRSS’s were
varied systematically to optimize the agreement between the
calculated and observed lattice strains. Agreement between
the calculated and observed macroscopic flow curves was
considered a secondary goal.

D. Macroscopic Stress/Strain Curve

Figure 9 shows a comparison of the observed and calcu-
lated flow curves in compression and tension. The model
captures most of the exhibited behavior in tension and com-
pression, including the prediction of some Bauschinger effect
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Fig. 9—Experimental (symbols) and calculated (solid lines) macroscopic
flow curves of beryllium in tension and compression.

(nonlinear relaxation) during unloading. However, the model
predicts an elasto-plastic transition that is much less sharp
then the one observed experimentally. The model contains
no physical mechanism that can predict the yield point
phenomenon observed in tension that is reportedly due to
dislocation pinning.>*! Moreover, in order to optimize the
agreement with the lattice strains, CRSS’s were chosen that
have led to the calculated macroscopic curve departing from
linear elastic behavior earlier than is observed. However, it
is noted that due to the thermal residual stresses, the model
predicts that deviation from linear elastic behavior will occur
in compression at stresses 10 to 20 MPa lower than in ten-
sion, consistent with the observed macroscopic asymmetry.
Also, the model does not predict the late hardening (above
—0.6 pct) observed in compression. Only one neutron dif-
fraction pattern was taken after this point so we have no
information to elucidate this behavior.

E. Elastic Lattice Response

Figure 10 shows the measured and modeled lattice
response in grains with {1010} and {0002} plane normals
parallel and perpendicular to the applied stress in compres-
sion and tension. The agreement between the experiment
and model is qualitative in the sense that the model correctly
predicts the stresses at which deviations from linear elastic
behavior occur as well as the direction of the deviation of
the strain from linear behavior.

For comparison with the model, the intergranular strains
shown on stereographs in Figures 7(b) and (c) are collapsed
and plotted as a function of the azimuthal angle between the
reflection and the basal pole in Figure 11. Again, the agree-
ment between the experiment and model is qualitative. The
model reproduces the functional form of the intergranular
strains, for example, the maximum parallel to the compres-
sive axis, but, in general, underpredicts the magnitude of
intergranular strain significantly.
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Fig. 10—Experimental and calculated (solid curves) lattice response of
{1010} and {0002} reflections to applied tension and compression. @’s
(A’s) and €’s (¥’s) represent the parallel and perpendicular lattice strains
in tension (compression) on loading (closed symbols) and unloading (open
symbols).

Model calculations were also completed with only basal
and prismatic slip active. As stated previously, the thermal
residual stress has no resolved component on either the basal
or prismatic systems and the calculation necessarily pro-
duces identical results (with a sign reversal) in tension and
compression. Thus, basal and prismatic activity alone can-
not reproduce the asymmetry observed in the tensile and
compressive intergranular strains and are insufficient to
describe the data even qualitatively.

The possible sources of the underpredicted intergranular
strains have to do with assumptions intrinsic to the model,
and point toward areas where model improvements can
be introduced. To start with, the EPSC model, as proposed
by Hill'"?! and implemented here in a fully anisotropic
version, is based on regarding each grain as an elasto-plas-
tic inclusion interacting with an elasto-plastic effective
medium. In addition, the stress and strain are regarded as
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Fig. 11—Experimental (solid symbols) and calculated (open symbols) plas-
ticity-induced intergranular strains at maximum values of macroscopic com-
pressive and tensile strain. @’s, A’s, and 4’s represent ikil’s within the planes
defined by the {0002} and {1010} plane normals, the {0002} and {1120}
plane normals, and the {0002} and {1230} plane normals, respectively.

homogeneous inside the domain of the inclusion. The
deviations in stress and strain between the inclusion and
the average medium are controlled by the stiffness of the
interaction between the inclusion and the medium: the stiffer
the interaction, the smaller the deviations and the closer to
an isostrain model. Molinari ef al.*”! convincingly argue that
the Hill, approach represents a “‘secant” approximation, which
is on the “stiff” side. As a consequence, increased variations
in strain can be expected from grain to grain if the stiffness
of the interaction is somewhat relaxed. Such relaxation could
be enforced empirically, and we are in the process of investi-
gating this option.

The other assumption of the inclusion formalism is the
uniformity of strain within the grain. As a consequence,
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the model only captures intergranular strains (type II), but
does not describe intragranular strains (type III) that may
arise from microstructural features within the grain. In the
particular case of beryllium studied here, and judging from
the TEM evidence,!'** pyramidal slip seems to take place
in the vicinity of the grain boundary. As a consequence, one
may envisage the interior of the grain as a second phase
where only basal and prism slip can operate, and the capa-
city of relieving stresses is reduced. As a consequence, larger
strains would result in the interior of the grain and these
would weight the diffraction results.

The asymmetry in the development of the plasticity
induced intergranular strains under compression or tension
is clear, but cannot be reproduced in the model with basal
and prismatic slip alone. In addition, the observed inter-
granular strain in grains with {0002} poles parallel to the
compressive axis is relatively small and negative. Because
basal and prismatic slip do not permit plastic deformation
parallel to the basal pole, the omission of pyramidal slip
from the model would result in an overestimation the {0002}
intergranular strain in compression by more than 600 ue.

VII. SUMMARY

In-situ neutron diffraction loading measurements of beryl-
lium in uniaxial tension and compression revealed asym-
metric behavior in both the macroscopic stress/strain curve
measured with an extensometer and the microscopic lattice
(hkil-specific) curves measured by neutron diffraction. In
both measurements, the compressive flow curve deviates
from linearity at lower applied stress relative to the tensile
flow curve. Correspondingly, significant residual stresses
develop earlier during compressive loading than tensile.
Finally, the asymmetry is characterized microscopically by
differences in the {hkil} dependent intergranular strains that
develop during plastic deformation.

An EPSC model including thermal residual stresses and
basal, prismatic, and pyramidal slip qualitatively reproduces
the asymmetry in lattice strains, €;, with respect to uni-
axial tension and compression in beryllium to 0.8 pct strain.
However, in general, the model underpredicts the magni-
tude of the lattice strains. The calculated intergranular strains
associated with the thermal residual stresses were compa-
rable in magnitude to the plasticity-induced intergranular
strains produced during deformation. The thermal residual
stresses are fundamental in explaining the compression/ten-
sion asymmetry of the microscopic response but require
the assumption of pyramidal slip. This is controversial, but
other mechanisms of inelastic deformation, such as twin-
ning and fracture, could not reproduce the observed lattice
response to applied stress. Moreover, using the model in its
current form, the early macroscopic yield observed in com-
pression was predicted.
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