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Effect of Texture on Strain Localization and Crack
Initiation in Polycrystalline Beryllium Under Static
Tension: Experimental Study and Micromechanical
Simulations

V. MISHIN, I. SHISHOV, E. UBYIVOVK, I. KASATKIN, and A. SHAMSHURIN

The mechanisms of deformation and crack initiation in polycrystalline beryllium during static
tension were studied in this work using EBSD analysis and crystal plasticity simulations. Results
showed that cold deformation of beryllium was accompanied by an extremely inhomogeneous
distribution of accumulated strain associated with different activities of slip systems and grain
interactions. The fracture of beryllium occurs by two mechanisms strongly related to its
crystallographic texture. Impossibility of slip along the basal and prismatic systems leads to
brittle transgranular fracture at small strains. Localization of strain at the conjugation of grains
with favorable and unfavorable conditions for prismatic slip produces intergranular cracks due
to the exhaustion of beryllium plasticity. Moreover, activation of basal or prismatic slip is not
only controlled by the grain orientation but also by the stress concentration raised by grain
interactions. The modified Cockcroft-Latham criterion and the stress triaxiality parameter
showed a reasonable agreement between the predicted and observed regions of intergranular
crack formation. For accurate estimation of the fracture probability, the strong dependence of
fracture strain or of the criterion limiting value on the grain orientation should be taken into
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I. INTRODUCTION

BERYLLIUM is an attractive material for aero-
space,l"? nuclear,’® optical,”* and X-ray P'" appli-
cations due to a unique combination of its mechanical
and physical properties. Improved strength and ductility
are crucial for its utilization since the mechanical
properties directly affect the reliability and operational
time of devices.

Like many other metals with a hexagonal close-
packed (hcp) lattice, beryllium forms sharp textures
during plastic deformation,!"* "> which cause significant
anisotropy of its mechanical properties.!'®
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The deformation modes for a single crystal of
beryllium at room temperature are well known.!'® 2%
Basal slip on the {0001} (11-20) system is the main
deformation mechanism. Slips on the prismatic
{10-10} (11-20) and the pyramidal (¢ + a) systems
are also possible, but the values of critical resolved
shear stresses at room temperature are much higher
for these systems. Another deformation mode is the
twinning by the {10-12} (10-11) system. However, it
can only be activated on compression or tension in the
directions transverse or parallel to the c-axis of the
basal pole, respectively. Meanwhile, deformation of
polycrystalline beryllium is much more complex, and it
strongly depends on crystallographic texture and the
loading path.l' Each grain in a polycrystalline mate-
rial is deformed in close interaction with neighboring
grains which produces significant local stresses and
affects the activation of nonbasal slip systems.**?4.
The macroscopic behavior of polycrystalline beryllium
under various loading conditions has been studied in
detail using elastoplastic self-consistent (EPSC) and
viscoplastic self-consistent (VPSC) models.l'*!32>27 [n
our previous works!'>'"] electron backscatter diffrac-
tion (EBSD), X-ray diffraction, tensile tests, and
numerical simulations with the VPSC model have
shown that the formation of a favorable structure and
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texture could be an effective way to improve the
mechanical properties of beryllium due to activation
of prismatic slip along the {10-10} (11-20) SS.
However, the EPSC and VPSC models oversimplify
the grain interactions in a polycrystalline material.
Thus, it was impossible to evaluate the stress and
strain localizations associated with these interactions.
At the same time, it is well known that deformation of
a polycrystalline material can be accompanied by a
significant inhomogeneity of the accumulated plastic
strain,”®?°! which can directl?/ dffect the material
hardening behavior and failure.**

Berzylhum is traditionally con51dered a brittle mate-
rial,! so understanding the relationships between the
textures and fracture mechanisms can be critically
important for its application. It is well known that the
mechanism of fracture (brittle or ductile) and fracture
toughness depends on the predominant crystallite ori-
entation since the anisotropy of mechanical properties
affects the level of stresses during crack formation and
growth.®* A favorable crystallographic texture of the
material increases the resistance to fracture and mini-
mizes the growth of defects during fatigue cycling, Wthh
improves the fatigue characteristics of the material.®
This effect has been reported for steels, zirconium, and
titanium alloys.?*3"]

Brittleness of beryllium depends strongly on the
predominant crystallographic orientation. Hot-pressed
beryllium with random texture is characterized by only
2-3 pct relative elongation, while an extruded rod
demonstrates the elongation of 15-20 pct in the extru-
sion direction.*” When all other essential parameters,
such as grain size and chemical purity, are the same, the
effect can be explained by different activities of slip
systems (SS). After extrusion, beryllium has a crystal-
lographic texture favorable for the activation of pris-
matic SS when loading in the extrusion direction, which
results in a significant increase in ductility. The grain size
and preferred orientation affect the ductile-brittle tran-
sition, as it was also theoretically predicted by Arm-
strong *!

Wlttenauer et al ™ investigated the plastic properties
of polycrystalline hot-rolled beryllium foils during
bending. The enhanced ductility resulted from the
formation of a coarse-grained structure while the texture
had a little effect on the formability. This result has been
explained by the fact that the large grains span the entire
foil thickness without a need to accommodate the plastic
slip at the neighboring grain boundaries. Thus, it is
obvious that grain interactions play an important role in
beryllium fracture.

This work is focused on the detailed study of
deformation and fracture of polycrystalline beryllium
during static tension using EBSD analysis in combina-
tion with numerical simulations. The main aim is to
reveal the relationship between the crystallographic
texture of beryllium and the conditions of crack
initiation considering the strain localization and grain
interactions.
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II. MATERIALS AND METHODS
A. Tension Testing and EBSD Analysis

Samples for tension were obtained in two stages. At
the first stage, distilled hot-extruded beryllium
(99.87 wt pct, excluding BeO) with an initial thickness
of 3 mm has been subjected to multipass hot cross
rolling in the protective container down to the thickness
of 150 um at 870 °C with intermediate reheating
between the passes.'”) Then, the samples were cold
rolled at the laboratory mill down to the final thickness
of 25 um in the direction transverse to the direction of
hot rolling. After cold rolling, the total logarithmic
strain in the normal direction was exp = 1.8. The cold
rolling procedure was split into several stages. The
values of enyp = 0.2-0.3 were achieved at every stage
after which beryllium was subjected to intermediate
annealing. A final annealing has also been performed at
the end of the cold rolling route prior to further
investigations. The intermediate and final annealings
were carried out at a temperature of 850 °C for
20 mmutes under high vacuum conditions (pressure
5 x 1077 mbar).

By controlling the rolling route, a required texture can
be obtained.["! A fiber texture [Flgure 1(a)] was formed
in the rolled foil to ensure the maximum ductility of
beryllium in the tension direction.!'” In addition, cold
rolling combined with annealings led to the formation of
relatively fine grains in the beryllium structure. The
average equivalent spherical diameter of the grains was
11.6 um [Figure 1(b)].

A special specimen shape (Figure 2) with two parallel
stiffening ribs was used in tension tests to ensure strain
localization in the working area and to avoid premature
fracture of beryllium.

The tests were made at room temperature with a
tension speed of 1 um/s. The motion of the specimen
grip was controlled using a Gatan Accutroller Model
902 equipped with a displacement measurement sensor.
The loading process was monitored with an optical
microscope Olympus BX51 at a magnification of 100X.
Tension was stopped after the macrocracks have
appeared. The stress—strain curve was not recorded
during tension because the experimental setup was not
equipped with an appropriate sensor.

EBSD was utilized to study the microstructure and
texture evolution of beryllium during tension. The
analysis has been performed using a scanning electron
microscope MIRA3 (Tescan) for the specimen working
area of 900 x 330 um (Figure 2) with the scanning step
of 2 um. For more detailed studies of deformation
mechanisms and fracture initiation, the EBSD maps
have also been obtained at higher resolution with a
scanning step of 0.5 um.

For EBSD analysis, the specimen was unloaded and
extracted from the grips after reaching the predeter-
mined value of elongation. Special equipment was used
to avoid undesirable deformation during these manip-
ulations. The specimen surface has been subjected to
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Fig. 1—The texture (a) and equivalent spherical diameter distribution (b) for 25-um-thick beryllium foil before tension obtained using EBSD.

Rolling (RD) and transverse (TD) directions correspond to cold rolling.
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Fig. 2—Specimen configuration for tensile testing and EBSD
analysis.

Table I. Measurement of Plastic Strain for Specimen Work

Area
Tension Length Before Length After Logarithmic
Stage Tension /y (um)  Tension /; (um) Strain (&)
1 (initial 900 — —
state)
2 900 913 0.014
3 900 1003 0.11

plasma cleaning for 15 minutes with a gas concentration
of O = 25 pct, Ar = 75 pct using a Fischione Nano-
Clean model 1070 before each analysis to improve the
recognition quality and eliminate the effect of «residue».
HKL software was used for EBSD map processing and
grain reconstruction. The modified Kuwahara filtert*”
was used to reduce the noise on the obtained EBSD
maps. The boundaries with misorientation angles
@ > 15 deg and w = 2-15 deg between adjacent grains
(subgrains) were considered high-angle (HAGB) and
low-angle (LAGB) boundaries, respectively.

For further analysis, the actual values of the accu-
mulated plastic strain were calculated from the lengths
of the working area before and after tension /, and /y,
respectively:

&= 11'1(11/[()) [1]
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The measurements showed (Table I) that the strain of
¢ = 0.11 had been reached in the working area before
the macroscopic fracture occurred.

B. Micromechanical Simulations of Beryllium Tension

To determine the reasons and mechanisms of crack
initiation, the distributions of the accumulated strain
and stresses were estimated and the activity of SS in
beryllium during tension was evaluated.

1. Crystal plasticity model

Micromechanical simulations have been performed
using DAMASK software that utilizes a spectral
method to solve the boundary value problem for
mechanical equilibrium.*# This approach is preferable
for EBSD-based modeling compared to the traditional
finite element method, which suffers from the numerical
difficulties associated with significant stress and strain
gradients resulting from grain interactions. !

A quarter of the EBSD map obtained for the
undeformed specimen was used for the simulations to
reduce the computational time. The area with the largest
count of tensile cracks was considered. The map
consisting of 418 grains was discretized with
476 x 164 material points using MTEX softwarel*®!
with the approach proposed by Latypov.*”’ It was
assumed that the deformation occurred due to the slip
along the basal, prismatic, or pyramidal SS. Twinning
was not considered in the simulations, since no defor-
mation twins were revealed by EBSD.

To describe the mechanical response of the material,
we used the phenomenological model proposed by
Hutchinson™® and implemented in DAMASK in a
modified form.*”’ According to this model, the shear
rate on ecach slip system can be computed by the
following equation:

n

sgn(z”), 2]

™
=3

7 ="

To

where j,—the reference shear rate, t—the slip resis-
tance, n—the strain rate sensitivity of slip, and a«—des-
ignation of the SS. Sgn stands for the signum function
that determines the sign of the real value function: it
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Table II. Crystal Plasticity Model Parameters for Beryllium at Room Temperature

Elastic Constants (GPa)

Cll1 C33 C44 Cl12 C13
292.0 349.0 163.0 24.0 6.0

Parameters of the Phenomenological Model

Designation %o n a q ho

Description reference strain rate slip hardening  latent hardening  slip hardening
shear sensitivity parameter parameter parameter
rate parameter

Unit s — — — MPa

Value 0.001 20.0 2.25 1.0 1200.0

Hardening Parameters

Slip system slip resistance 1y, MPa saturation stress 7.,, MPa
Basal {0001} (11-20) 47.5 90.0

Prismatic {10-10} (11-20) 67.5 180.0

Pyramidal {11-22} (11-23) 320.0 2085.0
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Fig. 3—Comparison between predicted and measured stress—strain curves for static tension in (a) rolling direction; (b) diagonal direction; (c)
transverse direction. The experimental curves for beryllium foil with a thickness of 150 um and with a basal fiber (0001) texture were measured
in Ref. [17].

attributes + 1 for positive input values and — 1 for
negative input values.

The evolution of slip resistance due to hardening can
be described as

where /,,,—the hardening matrix.
The hardening matrix describes the micromechanical
interaction between different slip systems empirically:

| " bt = e (122 } 4
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Fig. 4—EBSD maps obtained after different stages of foil tension: (@) initial state; (b) after tension up to logarithmic strain of ¢ = 0.014; (¢)

after tension up to logarithmic strain of ¢ = 0.11.

where hy, a, and 1., are slip hardening parameters,
¢.»—latent hardening parameter.

The contribution of slip system interactions to strain
hardening has not been considered during modeling, so
¢4y Was chosen as 1.

It should be noted that more complex and physically
sound hardening models are presented in the litera-
ture.® > However, a large number of hardening
parameters should be determined for their application
that seems unjustified in the absence of twinning and
with relatively small strains.

Comparison between the average grain size [11.6 um,
Figure 1(b)] and the sample thickness (25 um) suggests
that no more than 1-2 grains were located in the
thickness direction. Therefore, the plane stress state has
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been enforced by setting the following periodic bound-
ary conditions:

_ 1 0 0 * % %
F=10 « 0| &P=|%x 0 x|, [5]

where F is the rate of the deformation gradient tensor, P
is the first Piola—Kirchhoff stress tensor.

2. Determining the hardening parameters

The accuracy of prediction of the material response
during deformation directly depends on the set of
hardening parameters used in Eqgs. [2]-[4].°Y As a rule,
the parameter fitting is performed based on the exper-
imental data on the material behavior under different
loading conditions.!'*>33¢ Since the stress—strain curves
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Fig. 5—Misorientation angle distribution at different stages of foil tension: (a) initial state; (b) after tension up to logarithmic strain of

& = 0.014; (c) after tension up to logarithmic strain of ¢ = 0.11.
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Fig. 6—The measured texture of beryllium foil after tension up to the different logarithmic strains ¢ = 0.014 (a) and ¢ = 0.11 (b) and schematic
representation of beryllium texture evolution during tension (¢). RD and TD directions correspond to cold rolling.

were not recorded in our experiments, the hardening
parameters were calibrated from the tension curves
obtained for the 150-um-thick foils in our previous
work.'”! To compute the stress—strain curves, a repre-
sentative volume element (RVE) consisting of 512 grains
was constructed according to the actual foil texture. The
hardening parameters were evaluated by fitting the
stress—strain curves for the foil with a basal fiber (0001)
texture, which exhibited the highest ductility for all
tension directions. The mean squared error was
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minimized using a gradient-based optimization method

fmincon implemented in Matlab. The hardening param-

eters obtained with the above procedure, the other
parameters of the phenomenological model, and the
elastic constants of beryllium (according tol®”)), are
presented in Table II. The calculations showed [Fig-
ures 3(a) through (c)] that the fitted set of parameters
provided a good agreement between the predicted and
experimental stress—strain curves.
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Fig. 7—SEM images of the specimen working area after macroscopic fracture.
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Fig. 8—SEM images (I and II) and EBSD map (III) of the cracking area.
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Fig. 9—Texture of beryllium foil after tension up to logarithmic strain of ¢ = 0.11 predicted by simulation (RD and TD directions correspond

to cold rolling).
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Fig. 10—Computed values of Mises stress in specimen after tension up to logarithmic strain of (a) ¢ = 0.014; (b) ¢ = 0.11.

3. Estimation of fracture probability
To assess the failure probability, we used the modified
Cockeroft-Latham failure criterion (CL) P%:

c:/@@ 6]
o
0

where o) is the maximum principal stress, & is the
effective stress, and ¢ is the effective strain.

According to the CL criterion, fracture of material
occurs when the actual value of C exceeds a certain limit
that depends on the material properties. Despite its
relative simplicity, the criterion reliably predicts the
locations of crack initiation and has an acceptable accu-
racy; therefore it is often used to predict fracture and
evaluate workability in metalworking processes.>? ¥

Another important parameter for fracture probability
estimation is the stress triaxiality (ST):

Om

where ¢, is the mean normal stress.
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Values of mean normal stress can be computed as

oy+0y+0
=T, b

where o1, 65, and g5 are principal stresses.

It is well known that stress triaxiality affects strongly
the value of fracture strain (i.e., the strain that can be
accommodated by a material before a fracture
occurs). Experiments showed that fracture strain
decreased with increasing ST 104768

III. RESULTS AND DISCUSSION

A. Evolution of the Structure and Texture of Beryllium
Foil Subjected to Static Tension

Figures 4(a) through (c) show the EBSD maps of the
specimen work area at different stages of tension up to
the macroscopic fracture.

It can be seen that strain accumulation triggers the
process of LAGB formation [light lines in Figure 4(c)].
To quantify the proportion between LAGB and HAGB,

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 11—Computed values of accumulated logarithmic strain in specimen after tension up to logarithmic strain of («) ¢ = 0.014; (b) ¢ = 0.11.

misorientation  angle distributions were plotted
(Figure 5). It can be seen [Figure 5(a)] that the unde-
formed state of beryllium before tension is characterized
by an almost completely recrystallized structure with a
volume fraction of LAGB of no more than 0.14. Small
deformations of ¢ = 0.014 [Figure 5(b)] had practically
no effect on the quantitative change in the ratio between
LAGB and HAGRB (the ratio of LAGB f = 0.15). After
strain accumulation up to & = 0.11, the fraction of
LAGB was f = 0.31 [Figure 5(c)]. It should be noted
that the formation of new boundaries is extremely
inhomogeneous. According to Figure 4(c), the process
of LAGB formation in some grains was faster than in
the surrounding grains. This effect can be associated
with the inhomogeneity of the strain distribution in the
specimen.

The reconstructed pole figures [Figures 6(a) and (b)]
showed that the initial (0001) fiber texture of beryllium
was transformed into the {0001} (10-10) texture after
tension. The presence of the maxima in the (10-10)
directions along the tension direction indicates that
crystallite rotation occurs not only in the foil plane but
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also in the plane perpendicular to the tension direction
[Figure 6(c)].

B. Fracture of Beryllium Foil Under Static Tension

Figure 7 shows SEM images of the specimen working
area after a macroscopic fracture.

It can be seen that the macroscopic cracks (zone 1 in
Figure 7) coexist with the relatively small cracks that
grow in a perpendicular direction (zone 2 in Figure 7)
and at an angle (zone 3 in Figure 7) to the tension
direction. For more detailed studies, an additional
EBSD map was captured in the cracking region (zone
2 in Figure 7) with a scanning step reduced to 0.5 um
(see Figure 8 and Supplementary Figure S-1). Determi-
nation of the crack positions by comparison of EBSD
maps and SEM images is provided in more detail in the
electronic supplementary data file. Results showed that
both transgranular (cracks a, b, and d in Figure 8) and
intergranular (crack c in Figure 8) cracks were formed in
the region.
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Tension direction

Accumulated slip for {0001} <11-20> basal system

0.00 0.06 0.12 0.18 0.23 0.29 0.35 041 047 053 058 0.64 070 0.76 0.82

Accumulated slip for {10-10} <11-20> prismatic system
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- observed cracks

Accumulated slip for {11-22} <11-23> pyramidal system

0.00 0.02 0.04 0.06 0.09 011 0.13 0.15 0.17 0.19 0.22 0.24 0.26 0.28 0.30

Fig. 12—Computed values of accumulated slip along different SS in specimen after tension up to logarithmic strain of ¢ = 0.11: a) basal {0001}
(11-20); (b) prismatic {10-10} (11- 20); (c) pyramidal {11-22} (11-23).

C. Results of Crystal Plasticity Simulations reliability of the simulations and accuracy of the used
hardening parameters.

The calculated distributions of the Mises stress and
the accumulated logarithmic strain for different tension
stages are shown in Figures 10 and 11. It can be seen
that the stress localization is already observed at the

Figure 9 shows the reconstructed pole figures charac-
terizing the foil texture after tension up to ¢ = 0.11
(stage 3, Table I). A good agreement between the
predicted and measured textures [Figure 6(b)] confirms
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Fig. 13—The values of accumulated slip for basal (¢) and prismatic (b) slip systems, Mises logarithmic strain (¢) and the stress component along

the tension direction ¢y, () for fracture zones 1-3.
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Fig. 14—Schmid factor maps for basal (a) and prismatic (b) slip systems for the undeformed state in tension direction.

initial tension stage [Figure 10(a)]. As far as strain
accumulates in certain grains and the slip resistance
increases due to hardening, other grains begin to
deform, and the stress distribution becomes more
uniform [Figure 10(b)].

A significant stress gradient leads to an extremely
inhomogeneous distribution of accumulated plastic
strain (Figure 11). At the initial tension stages, when
the macroscopic strain of the specimen is only
¢ = 0.014, strain can reach the values of ¢ = 0.07 in
some regions which is 5 times higher [Figure 11(a)].

The strain inhomogeneity becomes less pronounced
with further tension: the value of the accumulated strain
becomes ~ 0.4-0.44 when the average macroscopic
strain measured by the elongation of the working area
is ¢ = 0.11 [Figure 11(b)]. At the same time, there are
some grains in which the accumulated strain is almost
zero (regions 1 and 2 in Figure 11). It should be noted
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that the highest values of the accumulated strain are
typically observed at grain boundaries, especially at
triple junctions.

The heterogeneity of strain distribution can be
explained by different activities of slip systems in the
grains under tension. Figures 12(a) through (c) show the
distributions of accumulated slip for different SS after
tension up to ¢ = 0.11.

It can be seen that the prismatic slip is the main
deformation mechanism in the considered case, while
the slip along the basal SS is restricted in most grains.
Sliding along the pyramidal SS is activated in some
grains due to the exhaustion of the slip possibility along
the other slip systems. Such a mechanism is not typical
of the beryllium deformation at room temp[werature,
where the basal slip normally dominates."> The
observed activity of the slip systems can be explained
by the formation of a (0001) fiber texture.
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Fig. 15—Computed values of the modified Cockcroft-Latham criterion (a) and stress triaxiality parameter (b) in the specimen after tension up to

logarithmic strain of ¢ = 0.11.

D. Analysis of the Beryllium Fracture Mechanism

Analysis of the accumulated slip for the basal and
prismatic SS in fracture zones 1-3 [Figures 13(a) and
(b)] showed that the formation of cracks is associated
with blocking of the prismatic slip in all considered
cases. In addition, the possibility of basal slip activation
and the orientation of neighboring grains also have a
significant effect on the fracture mechanism. When both
basal and prismatic slip are simultaneously blocked in
the grain (zones 1, 2 in Figure 13), a transgranular
fracture is observed. It is associated with the appearance
of significant tensile stresses in the tension direction o
[Figure 13(d)] and with the formation of cracks located
perpendicular to the same direction. Since the values of
accumulated strain are only ¢ ~ 0.02-0.04 [Figure 13(c)]
this can be characterized as a brittle fracture. Conse-
quently, the grain in this case can be considered as a
brittle nondeformable inclusion.

If prismatic slip is blocked in the grain, but there is a
possibility of basal slip activation, the observed crack is
located along the grain boundary (zone 3 in Figure 13).
The formation of intergranular crack is accompanied by
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the accumulation of significant strains up to the values
of ~ 0.3-0.35. Therefore, it can be assumed that its
appearance is associated with the fracture caused by
plasticity exhaustion. Thus, the regions of crack initia-
tion should be well captured by the ductile damage
criteria in this case. A comparison of the logarithmic
strains with the values of accumulated slip shows that
the strain localization occurs at the boundary of those
adjacent grains which have favorable and unfavorable
conditions for prismatic slip, respectively, i.e., when a
significant gradient of prismatic slip activity exists (zone
3 in Figure 13). Such localization pattern is typical of
hep metals. For example, a significant stress concentra-
tion was found at the boundary between the regions
with the so-called “hard” and “‘soft” orientations in the
Ti-6A1-4V alloy.l®”

Analysis of the calculated values of the Schmid factor
showed (Figure 14) that some grains had favorable
orientations for prismatic [grain I in zone 1,
Figure 14(b)] or for basal slip [grain Il in zone 2,
Figure 14(a)]. However, both basal and prismatic slips
were blocked in these grains during tension, which
caused the formation of cracks and brittle fracture. On
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the contrary, for other grains [grains III and IV in zone
3, Figure 14], the values of the accumulated slip were
fully consistent with the Schmid factor for both the
basal {0001} (11-20) and the prismatic {10-10} (11-20)
SS. Thus, the assumption about the effect of stress
localization on the possibility of slip activation is also
confirmed for beryllium. Since the fracture mechanism is
closely related to the activity of SS, the role of grain
interactions in the deformation of polycrystalline beryl-
lium seems to be significant.

The calculated values of the CL criterion are shown in
Figure 15(a).

It can be seen that the values (0.37-0.47) are signif-
icantly higher in the cracking region 3 than in most of
the other grain areas, owing to strain localization. Thus,
the CL criterion reliably predicts the regions where the
intergranular cracks may form. It should be noted that
the CL criterion cannot capture the transgranular
cracking in the zones 1-2, because of the minimal values
of the accumulated strain in the fractured grains.
Analysis of the stress triaxiality distribution [Fig-
ure 15(b)] also shows that an unfavorable stress state
is observed in the cracking regions, as evidenced by the
high values of n ~ 1.3-2. Nevertheless, there are certain
regions in the specimen with the large values of CL
criterion and ST, but fracture does not occur in those
areas. Thus, we can conclude that the values of fracture
strain and the critical value of the CL criterion strongly
depend on the grain orientation.

IV. CONCLUSIONS

In this work, the mechanisms of deformation and
crack initiation in polycrystalline beryllium during static
tension were investigated using EBSD analysis and
micromechanical simulations. The experiments and
calculations showed that the fracture of beryllium was
closely related to its crystallographic texture. The main
conclusions can be formulated as follows:

(1) Cold deformation of beryllium under tension is
characterized by a significant inhomogeneity in
the stress and strain distribution. Depending on
the grain orientation, the accumulated strain may
either be much higher than the average strain of
the specimen, or be almost zero.

(2) The fracture of beryllium during cold tension has
a complex character and occurs by two mecha-
nisms. Brittle transgranular fracture takes place at
small strains of ¢ ~ 0.02-0.04 through the grains
in which slip along the basal and prismatic slip
system is blocked. At the same time, activation of
the prismatic slip prevents the fracture at the
accumulated strains of up to ¢ ~ 0.3-0.35, which
are significant for the beryllium at the tempera-
tures of cold deformation. Localization of plastic
strain at the conjugation of grains with favorable
and unfavorable conditions for a prismatic slip
leads to the formation of intergranular cracks due
to the beryllium plasticity exhaustion.
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(3) The possibility of basal or prismatic slip activa-
tion during static tension is affected not only by
grain orientation but also by the stress gradient.
Thus, the accounting of grain interactions is
critically important for the analysis of polycrys-
talline beryllium fracture.

(4) The ductile fracture of beryllium can be ade-
quately predicted using the modified Cock-
croft-Latham criterion or the stress triaxiality
parameter. Meanwhile, the fracture strain and the
limiting value of the modified Cockcroft-Latham
criterion strongly depend on the grain orientation.
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