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An investigation of deformation twinning in coarse-grained o-uranium was conducted within the heat-
affected zone of weld specimens tested in tension. Twins and twin interactions were studied both at frac-
ture surfaces and sub-surface, using transmission electron microscopy (TEM) and electron backscatter

diffraction (EBSD). The fracture surface plane was identified using TEM of foils cut from the fracture sur-
face using a focused ion beam. Intersecting twins found in these foils were also analyzed. EBSD was also
used to analyze twins and twin interactions at and below the fracture surface. Fracture parallel to {172}
twin planes and {172} twin crossings were observed, in agreement with previous optical/Laue diffraction
studies. Previously unobserved crossings of {172} twins by {112} twins were also frequently observed.
These twin interactions are interpreted in terms of previously established crystallographic criteria for

twin crossings.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Deformation and fracture of a-uranium (o-U) is an interesting
topic because of the abundance of deformation systems available
in the orthorhombic structure, including several different twinning
systems. Uranium exhibits compound, Type I, and Type II twins,
the only metal known to do so, and interactions between these
twins are often complex. Several seminal works regarding defor-
mation twinning are based on research of o-U [1-3].

The earliest work to identify twinning modes in o-U was from
Cahn [1]. Several twinning systems were identified, including the
compound {130}/(310) system (K; and #,, respectively), Type |
{112}/(372), and Type II {172}/(312), where (372) and {172}
are approximations of irrational indices. A tentative identification
of a {121} twin was also made. Frank [3] analyzed the twinning
modes found by Cahn in terms of known twinning modes in hcp
crystals, since o-U can be considered as a distorted hexagonal
structure.

Lloyd and Chiswik [4] confirmed the {1 3 0} and {1 7 2} twinning
systems. In addition, they observed a{1 7 6}/[5 1 2] Type Il twinning
system (again, the K; indices are approximations of irrational val-
ues). Daniel et al. [5] also confirmed the presence of {13 0} and
{17 6} twins, although they approximated the K; plane of the latter
as {19 7}, after Crocker. Crocker [2] performed a complete theoreti-
cal analysis of twins in the structure, including the influence of shuf-
fles. This work represented a major advance in the understanding of
shuffles in twinning mechanisms. Of particular interest is his expla-
nation of the increased mobility of {1 3 0} twins, which involve sim-
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ple shuffles, compared to other systems that have smaller shears but
require more complex shuffles to restore the crystal structure.

Cahn [1] identified fracture planes associated with {172} twins
in his specimens, which he likened to ‘parting’ mechanisms in min-
erals. This observation was later confirmed by others, with addi-
tional evidence for parting along {121} and possibly {112} twins
[6,7]. This phenomenon is more prevalent in single crystals and
large grained polycrystals and at low temperatures, primarily due
to the increased twin activity under these conditions [8]. It is gen-
erally agreed that twin boundaries represent high energy sites for
crack propagation, particularly {172} twins, which are expected to
have a particularly high degree of disorder due to shuffle require-
ments at the twin/matrix interface [6,8,9], as noted by Crocker [2].
Their role in nucleation is less certain, with some maintaining that
cracks are nucleated at apexes of twins by accommodation strains
[8] and others proposing slip dislocation interactions with twins
and low angle boundaries as principal nucleation mechanisms
[6,7].

Recent advances in experimental techniques for studying defor-
mation structures warrant a reexamination of twinning and frac-
ture in o-U. Two specific techniques were applied to this
problem. Electron backscattered diffraction (EBSD), sometimes
referred to as orientation imaging microscopy (OIM), has been
recently used to investigate deformation twins in o-U [10-13]. A
significant number of {130} deformation twins have been ob-
served for fine-grained o-U having undergone quasi-static loading
[13] and shock wave loading [12], with {172}, and {112} twins
also being observed in smaller numbers. The second is a very
recent technique in which focused ion beam (FIB) combined
with transmission electron microscopy (TEM) is used to deter-
mine the crystallographic orientation of a flat (i.e., cleavage or
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quasi-cleavage) fracture surface [14]. Application of these tech-
niques has yielded new insight into twinning mechanisms and
fracture in a-U.

2. Experimental procedure

The starting material was commercial grade, rolled and an-
nealed plate. Results from chemical analysis are shown in Table
1. This material is typically hot rolled at 600 °C (high-a) in several
passes with 90° rotation between passes to a total reduction of
approximately 50% to break up the cast structure. It is then clock
rolled at 300 °C to a further reduction of approximately 50%, with
one intermediate anneal at 600 °C/15 min., followed by a final
550°C/1 h anneal to yield an approximately 20 pm equiaxed o
grain structure. Electron-beam (EB) welds were made using weld
parameters that were designed to produce a sound weld.

Base metal material approximately 3.5 mm thick was cut into
two strips nominally 50 mm wide. A central groove 19 mm wide
was machined along both surfaces of the strip to leave a web that
was 0.97 mm thick. The strip was cleaned, and an EB weld was
made along the middle of the reduced-thickness web. Tensile sam-
ples with a shoulder 25.4 mm wide and a central gage section
12.7 mm wide by 12.7 mm long were oriented transverse to the
weld and sectioned by electro-discharge machining. The gage sec-
tion width was slightly oversized, and 0.13 mm was removed from
each side by final machining.

The tensile samples were tested with self-tightening wedge
grips that grasped the sample shoulders. Testing was performed
at —54 °C; the load train and samples were enclosed in a cooling
chamber with a fan that circulated vapor from liquid nitrogen.
Thermocouples were located on the grips and on the sample gage
section to measure the temperature. Samples were tested with a
servohydraulic testing machine at a constant actuator velocity of
0.019 mm/s or 19 mm/s, intended to result in nominal strain rates
of 0.001 or 1571, respectively. The low strain rate specimen (inter-
rupted prior to final fracture) was used in the EBSD study, while
the fracture surface from the high strain rate test was subjected
to TEM analysis. An extensometer with an initial gage length of
12.7 mm and 25% strain capacity was used, so that the extensom-
eter could straddle the weld metal and the heat-affected zone
(HAZ).

Specimens were prepared for optical metallography using tech-
niques developed by Kelly et al. [15] and for EBSD using a two-step
electropolish process detailed elsewhere [11]. EBSD analysis was
also performed on welded specimens prior to tensile testing. Auto-
mated EBSD scans were performed at 25 kV in an FEI XL30 ESEM
equipped with an EDAX/TSL data acquisition system. Regions were
orientation mapped with a step size of 1 um in a hexagonal grid.
The orientation data were analyzed using EDAX/TSL OIM™ Analy-
sis software. Twin boundaries were classified with the OIM soft-
ware using a misorientation of 180° +5° about either K; or 7,
depending on whether the twin was Type I or Type II, with either
working for the {1 3 0} compound twin.

Specimens for transmission electron microscopy were prepared
using an FEI DB235 focused ion instrument. Two specimens were
taken from a flat fracture surface at a projected angle of 90° from
each other and line direction analysis was performed on the frac-
ture surface/foil interfaces using standard techniques. The cross-
product of the two line directions then yielded the fracture plane.
Details of this procedure are described elsewhere [14].

Table 1

Chemical analysis data for U plate (all wt. ppm except for U, which is in wt%).

8] Fe Ni Cu Mn Ti Zr C
99.975 61 12 5 7 7 5 65

3. Results and discussion
3.1. Initial weld structure

Fig. 1 shows an optical micrograph and corresponding EBSD in-
verse pole figure (IPF) map of the initial, unstrained, weld micro-
structure. The images show the fine-grained parent material as
well as the weld and heat-affected zone (HAZ). The initial micro-
structure within the weld and HAZ consists of millimeter-sized
grains with generally only a small number of grains (1-3) spanning
the entire thickness of the sample. The large grains are composed
of a structure of misoriented (2-15°) sub-grains and {1 3 0} twins.
The {13 0} twins are believed to be mechanical twins resulting
from intergranular stresses that occur during cooling. Similar twins
are regularly observed in cast uranium. These twins are active dur-
ing subsequent deformation, particularly for grains oriented near
[100] in tension. However, {172} and {1 12} twins also play a
prominent role in subsequent deformation, and fracture in partic-
ular; these twins are the focus of this work.

3.2. Mechanical testing

Fig. 2 shows a tensile bar following an interrupted test at —54 °C
and a nominal strain rate of 0.001 s™'. The test was stopped by a
sudden drop in load, but the sample did not fail completely. As
Fig. 2 shows, several large cracks formed, but did not link up. Cracks
occurred in the weld metal, and also in the HAZ (demarcated with
dashed lines on the figure) on both sides of the weld metal, suggest-
ing that all of these zones had similar fracture characteristics.

The samples showed a very low failure strain of only about 1.5%.
However, this is not the actual fracture strain. Because these are
composite tensile specimens, with base metal, weld metal, and
heat-affected zone material all included in the gage section, the
measured strains are overall strains, not local strains. The base me-
tal is stronger than the weld metal or HAZ, and so resists deforma-
tion. Thus, the actual strains are concentrated in the weld metal
and HAZ. These microstructures are very inhomogeneous, so the
strain is also inhomogeneously distributed in the weld metal and
HAZ. Thus, the actual fracture strain is greater than the overall
strains as measured by the extensometer, although it is not clear
how much greater.

The gage section of the specimen was cut perpendicular to the
weld, bisecting the long straight crack shown in the expanded
view. The two sections were mounted in epoxy and prepared for
metallographic and EBSD analysis, with the section below the cut
mounted for cross-sectional analysis and the section above the
cut mounted for plan view analysis.

3.3. Determination of fracture surface and surface twin using FIB/TEM

The fracture surface of a specimen tested to failure is shown in
the scanning electron micrograph (SEM) of Fig. 3. Fracture occurred
within the HAZ, which contains large (millimeter sized) grains. The
fracture surface displays several flat regions, decorated by parallel
striations. One of these regions was chosen for the FIB/TEM inves-
tigation and two foils were removed in the FIB, perpendicular to
each other (Fig. 4).

Low magnification TEM images of the two foils used in the anal-
ysis are shown in Fig. 5. Most of the fracture surface interface has
been removed from foil #1 during the FIB operation. However, a
sufficient amount remains to perform the analysis. Two twins are
observed in foil #1, one parallel to the fracture surface (surface
twin), the other at an angle to the fracture surface (sub-surface
twin), which presumably intersects the surface twin outside the
region of the foil. In foil #2, only one corner of the fracture surface
interface has been removed (lower left), leaving ample material for
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Fig. 1. Optical micrograph (top) and OIM map (bottom) of as-welded specimen. Note the enlarged grains in the weld and heat-affected zone (HAZ). Missing OIM data at
bottom center (semi-circular region) is due to carbon paint covering specimen in this area.

a b
Fig. 2. (a) Tensile bar containing weld after testing. (b) Higher magnification of crack showing cross-section plane.

the line direction analysis (line direction in this analysis refers to a at an angle to this surface (sub-surface twin). In this case, an inter-
direction contained within the fracture surface plane of the speci- section between the twins is observed, in which one of the twins
men). As in foil #1, two twins are observed, the first is again crosses the other. Analysis of the twins in both foils is discussed
adjacent to the fracture surface (surface twin) and the second is below.

Fig. 4. SEM micrograph showing fracture surface after removal of both foils (#1 on
Fig. 3. SEM micrograph showing ‘cleavage’ facet. left, #2 on right).
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Fig. 5. Low magnification TEM images of FIB foils used in fracture surface
determination and analysis of twin interactions. (a) Foil #1 and (b) foil#2.

Examples of micrographs and SAD patterns used to perform a
line direction analysis on the edge of each foil are shown in
Fig. 6. These edges constitute the intersection of the foil with the
fracture surface. Projected line directions were determined by
measuring the angle between the foil edge and a known crystallo-
graphic plane normal at a specific zone axis. The measurement of
these angles is shown in Fig. 6. The actual direction is contained
within a plane defined by the projected direction and the zone axis.
This plane was traced on a stereographic projection. Plane traces
were obtained from two or more zone axes, and the line direction
determined as their intersection [16]. Knowledge of the geometry
associated with the removal of the foils from the fracture surface
(i.e., the 90° angle between them) allowed the establishment of a
common set of basis vectors for the foils. The cross-product of
the two line directions then yields the fracture plane. All of this
was accomplished using the stereographic projection feature of
the ‘Desktop Microscopist’ (Lacuna Laboratories) software package.

Results from the two line direction analyses and the cross-prod-
uct to determine the fracture plane are presented in Fig. 7. The
determined fracture plane is very close (well within the experi-
mental errors associated with the technique) to the (172) plane.
This is the approximate K; plane for the surface twin, which was
determined using the diffraction data shown in Fig. 6, along with
data from other zone axes. Note that two diffraction patterns are
superimposed in the SAD patterns, one from the matrix and one

x
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Fig. 6. Example of bright field micrographs and corresponding select area diffrac-
tion patterns used to determine fracture plane. (a) Foil #1, (b) foil #2. See text for
details.

from the twin. These were indexed in the common set of basis vec-
tors from the two foils as follows:

Foil 1:  [100)M||[112]T
(021)M||(021)T
Foil2:  [112)M||[100]T

(021)M[|(02T)T

where ‘M’ and ‘T’ represent indices for the matrix and twin, respec-
tively. The first line identifies the zone axes of the patterns in Fig. 6,
while the second line represents the aligned {021} planes for the
(172) twin orientation relationship. A slight rotation of the patterns
(between the matrix and the twin) is observed for foil #1, such that
the two {021} g-vectors are slightly misaligned (by ~1°). This is
shown in the inset in Fig. 6(a), in which splitting is discernible be-
tween the (042)M and (042)T reflections. This is believed to have
been caused by post-twinning deformation near the fracture sur-
face. Since this is a Type II twin, the actual K; plane is irrational,
but is only ~1° from (172). This analysis is consistent with previous
work in which it was determined that the material fractures (or
‘parts’) along {172} twin planes.

EBSD was also performed in the vicinity of cracks both in the
plan view and for a cross-section mounted specimen. Fig. 8(a) is
a plan view inverse pole figure (IPF) map of the large crack near
the top of the tensile specimen in Fig. 2 along with a color key of
a standard stereographic quadrant for the orthorhombic o-U struc-
ture. Fig. 8(b) and (c) are plan view IPF maps of the same grain on
either side of the long straight crack shown in the inset in Fig. 2,
and Fig. 8(d) is the cross-section view of the same crack although
not the same grain. For each image most of the twins are {172}
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Fig. 7. Schematics of stereographic projections used to determine fracture plane. Top: determination of line directions from individual foils, bottom: determination of
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Fig. 8. Low magnification OIM images near fracture surface and orientation key.
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type and all of the twins running parallel to the crack are {172}
type. The EBSD data are consistent with the TEM conclusion that
the fracture is preferentially occurring parallel to {172} twins in
that {172} plane traces (and the {172} twins themselves) run
roughly parallel to the cracks. Numerous twin crossings can be ob-
served in Fig. 8(b)-(d) and some of these were investigated in more
detail, as discussed below.

3.4. Twin Interactions

Interactions between twins, particularly twin crossings, are of
particular interest in o-U. One of the unique aspects found in this
material is the ease with which {17 2} Type II twins can cross
other twins in the structure, including other {1 7 2} twins. Several
examples were observed in both the TEM and EBSD investigations
of these specimens.

Fig. 9 is a schematic of a twin crossing. According to Cahn [1],
one twin can cross another if two conditions are met:

(1) The traces of the crossing (A) and secondary (C) twins in the
plane of the crossed twin (B) must be parallel.

(2) The direction (#1) and magnitude (s) of shear must be iden-
tical in the crossing and secondary twins, and the sense of
shear must be the same.

For a Type I or compound crossed twin these conditions are al-
ways satisfied if the #; for the crossing twin (twin A) is contained
within the K; of the crossed twin (twin B). This can be understood
in terms of the transformation that takes place across this type of
twin, i.e., a 180° rotation about K; of twin B. If the #; of the crossing
twin (A) is contained within the K; of the crossed twin (B), it is ro-
tated to be antiparallel to its original orientation within the matrix,
and will still lie within the K; plane of B. The K; plane of A will also
be rotated 180° about the K; of B, as will its trace with this plane.
The 7, of A is contained within K; of A and K; of B, and therefore is
parallel to the intersection of these two planes. This intersection is
parallel to the intersection of K; for the same twinning system
within B, giving rise to twin C (within B) with a parallel trace
and the same magnitude of shear (since it is the same twinning
system). Since both components of A (K; and #,) are antiparallel
in B compared to the matrix, the two twinning systems will also
have the same sense of shear. The orientation of the K; plane of
C will be different from that of A (unless the normal of K; of A is
also contained within the K; of B) resulting in a deflection of A as
it crosses B. This allows one to determine by inspection which twin

Fig. 9. Schematic showing twin crossings as described by Cahn [1] and discussed in
the text.

is crossing which, even without specific crystallographic informa-
tion for the twins. The K; of the crossed twin (B) is not deflected,
since the shear direction of the crossing twin is contained within
it. Examples of Type I crossed twins have been observed in U [1]
and the o” martensite (a slight monoclinic distortion of o-U) in a
U-13 at.% Nb alloy, which displays shape memory behavior and
therefore exhibits many twin interactions [17].

When the crossed twin is Type II, the situation is more compli-
cated since the K; plane is irrational and the 180° rotation is about
11, not Ky, for this type of twin. Cahn analyzed this situation for the
case of crossing {172} twins in a-U [1] and found that all of the
twin components of A align to within fractions of a degree with
those of the reciprocal {112} twin in B for certain combinations.
Cahn discussed one example of such a crossing. In the present
work, all combinations of {172} twins were considered. The results
are given in Table 2.

The fact that all of the twinning components, i.e., K3, K2, 1, and
12, in the crossing twin (A) are aligned with the components of its
reciprocal twin within the crossed twin (B) has several ramifica-
tions. First, condition (1) above is automatically met. Second, since
a twin and its reciprocal both have the same magnitude of shear, at
least one half of condition (2) is met. The other half, that both twins
have the same sense of shear, will be discussed below. Third, if
twin A can cross twin B, then the reverse is also allowed, as re-
flected in Table 2. Fourth, there is no deflection of the K; plane in
moving from the matrix to the crossed twin. These last two points
mean that it is not possible to determine which twin is crossing
which, even if both twins A and B have been fully indexed.

Sub-surface twins were observed in both FIB/TEM foils and
their intersections will now be considered. Diffraction data taken
from the sub-surface twin in foil #1 identified it as a (172) twin.
An example is shown in Fig. 10. Note that this pattern is similar
to those shown for the surface twin in Fig. 6, but with the (112)
zone axis from the twin in a mirrored orientation (the pattern in
Fig. 7 must be rotated ~45° counterclockwise to make this com-
parison). According to Table 2, this twin cannot cross the (172)
surface twin, at least not without accommodation of residual
strains by other mechanisms (i.e., a ‘forced’ crossing). Unfortu-
nately, this intersection was outside the foil region and therefore
could not be analyzed.

Table 2
Crossing twins allowed (Y) or forbidden (N).
172 172 172 172
172 N N Y
172 N Y N
172 N Y N
172 Y N N
oz1, Ml
@ o @
3 110,
(){}EM o !
% x @ x @
UZ.IM _
o) [ ] \@l

Fig. 10. SAD pattern from the sub-surface twin in foil #1 and indexed schematic.
Circles are matrix reflections, squares twin reflections, and x’s double diffracted.
The twin is indexed as (172) and the zones axes are [100]M and [112]T.
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Fig. 11. Stereographic projection showing twinning elements for crossing twins and zone axes used for analysis of twins in foil #2.

In foil #2, this intersection was contained within the foil, allow-
ing a complete analysis. The results are summarized in the stereo-
graphic projection of Fig. 11. Because of the orientation of the twin
with respect to the foil, only a single zone axis was obtained con-
taining patterns from the matrix and the sub-surface twin. This
pattern was similar to the one shown in Fig. 10. With no additional
diffraction data, a unique identification could not be made. Thus
the twin could only be identified as either (172) or (172). How-
ever, since there appears to be a crossing between the surface
and sub-surface twins, the latter was tentatively identified as
(172), according to the rules listed in Table 2. This identification
was confirmed by additional analysis, as described below.

As discussed above, even with both twins identified, the ques-
tion of which crosses which (i.e., which twin came first) cannot
be answered. However, this question can be resolved by analyzing
twin C, as shown in Fig. 11. In the Figure, all of the zone axes col-
lected during the analysis are shown as colored circles, with the
colors designating the matrix and three different twins, as shown
in Table 3. The plane of shear for all of the twins has been placed
in the center of the projection so that the relevant elements appear
on the circumference, designated with black squares and indexed
with the same color coding used for the zone axes. Note that the
sub-surface twin is identified as A, the crossing twin. The justifica-
tion for this choice will be given below.

Two important points can be gleaned from Fig. 11:

(1) All of the twinning elements are aligned and the sense of
shear is the same for A and C, as determined by Cahn [1]
in his original analysis. The latter point can be demonstrated
by considering the positions of the K> planes for twins A and

Table 3

Indexing scheme for twin crossing in foil #2 and color key for Fig. 11.

Twin K K> M1 12 Color
A (172) (112) [312] [372] Red

B (172) (112) [312] [372] Green
C (112) 172) [372]* [312]* Orange
Matrix - - - - Blue

¢ Indexed with respect to twin B. K, and #, are reversed within twin C.

C. The K; plane for twin A, indexed with respect to the
matrix (M), and twin C, indexed with respect to twin B, are
aligned on one side of the #; direction. These represent the
position of K, before the twinning shear. These same planes
indexed with respect to twin A and twin C, respectively,
indicating the position after shear, are on the opposite side
of n1.

(2) The position of the [310] zone axis, taken from twin C, is
indicated on the figure. This zone axis was found experimen-
tally to be nearly aligned with the [332] zone axis of B, con-
sistent with the designation of the sub-surface twin as the
crossing twin. The positions of the (130) zone axes of C for
the case of the surface twin being the crossing twin (i.e., B
crossing A) are also shown, and are clearly inconsistent with
the experimental data. Therefore, analysis of twin C can dis-
tinguish between the crossing and crossed twin, a distinc-
tion that cannot be made without this information. In the
case at hand, the sub-surface twin has crossed the surface
twin.

In practice, the data need not be analyzed at this level of detail.
All that is required is to determine which intersecting twin has a
twin relationship with C. This will be the crossed twin. Indeed
the position of the [310] zone axis that is consistent with the
experimental data in the stereographic projection of Fig. 11 as-
sumes this twin orientation relationship between B and C, even
though this relationship could not be determined directly from
the available diffraction data. This determination is particularly
straight forward in EBSD.

An analysis of a similar situation was performed using EBSD.
Fig. 12 shows an enlarged area from an IPF map in which two
{172} twins are crossing. They were identified as (172) and
(172) twins and are allowed to cross according to Table 2. If the
(172) twin is labeled twin A the (172) as twin B, B and C share
a (112) twin orientation relationship, the reciprocal of (172), con-
sistent with A crossing B.

One last case will be considered, in which a crossing is observed
between a (172) and (112) twin, as identified using EBSD and
shown in Fig. 13. Although {172} twins can sometimes cross
{11 2} twins, this is not an allowed crossing in this case, since
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Fig. 12. OIM analysis of crossing {172} twins. See text for details.

the [312] »; direction for the (172) twin is not contained within
the (112) K; plane. It then must be considered under what circum-
stances a {1 1 2} twin can cross a {1 7 2} twin, a phenomenon that
has not been previously observed, but was predicted by Cahn [1]. It
should be noted that (112) is the reciprocal of (172), which can
cross a (172) twin, as noted above. A (112) twin crossing a
(172) can take place because all of the twinning elements of the
two twins are aligned. Since the reciprocal twin is derived by
exchanging these twinning elements (i.e., K;<K; and n;<15), the
reciprocal twin should also be able to cross. Note that there is no
deflection of the crossing twin in this case either. However, since
the (172) twin cannot cross the (112) twin, analysis of the inter-
section is not necessary to identify the crossing twin. Nevertheless,
a (172) twin orientation relationship was identified between B and
C, confirming the analysis. The allowed {1 1 2}/{1 7 2} crossings are
summarized in Tables 4 and 5. Table 4 is generated by considering
the reciprocals of the {1 7 2} twins in the top row of Table 2. The
diagonal of the table considers whether a {1 12} twin can cross
its reciprocal. This crossing is not allowed. Table 5 is generated
by determining whether the #; of the {17 2} is contained within
the K; plane of the {1 1 2}, as discussed above.

The detailed analysis of the TEM data shown in Fig. 11 and the
EBSD data in Figs. 12 and 13 demonstrate that the ambiguity be-
tween the crossed and crossing twin can be resolved by considering
the crystallographic orientation relationship between the intersec-
tion twin (twin C) and the two intersecting twins.

Finally, some discussion of the role of twinning in plasticity and
fracture in this material is warranted. As in other materials, twin-
ning in o-U has a positive effect on plasticity by contributing to

Fig. 13. OIM analysis of {112} twin crossing {172} twin. See text for details.

Table 4
{112} crossing {172}: allowed (Y) or forbidden (N).

112 112 112 112
172 N N N Y
172 N N Y N
172 N Y N N
172 Y N N N
Table 5
{172} crossing {112}: allowed (Y) or forbidden (N).

172 172 172 172
112 N N Y N
112 N N N Y
112 Y N N N
112 N Y N N

deformation when an insufficient number of slip systems is avail-
able. {172} and {112} twinning are two of the few uranium defor-
mation mechanisms that will accommodate strain in tension near
the [001] direction [5], and these twins are numerous in the HAZ
of our welded samples, particularly in grains oriented near [001].
However, for reasons unknown, the {172} twin interfaces also pro-
vide favorable sites for either crack initiation or propagation,
resulting in ‘parting’ fracture along these boundaries as discussed
above. The {172} twins extend over large distances because of
the very large grains present in the HAZ, so that fracture can easily
propagate over large distances as well. Thus, twinning permits
additional plasticity, but also contributes to premature failure in
the very large grains present in the HAZ region. The rapid decrease
in ductility of -U above a critical grain size has in fact been attrib-
uted to the grain size exceeding the critical crack length for frac-
ture by previous investigators [9].

4. Conclusions

The application of modern analytical techniques to the prob-
lems of deformation twinning and fracture can result in a more de-
tailed characterization and understanding of these phenomena.
Specifically, in the case of a-U, the following observations have
been made:

- The fracture surface has been confirmed as {172}, associated
with ‘parting’ along {172} twins.

- The ambiguity of crossing vs. crossed twins for the case of {172}
has been resolved by crystallographic analysis of the intersec-
tion (twin C).

- The first observation of a {112} twin crossing a {172} twin has
been made.
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