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Molybdenum and molybdenum alloys exhibit brittle behavior in the transverse
direction of wrought bar stock despite having good ductility in the longitudinal
direction. This is believed to be due to the presence of cracked-carbide stringers on
adversely oriented grain boundaries. In the present paper, the possible role of
anisotropy in strength, as a result of the presence of a strong fiber texture, is
investigated. It is concluded, both theoretically and experimentally, that anistropy in
strength between the transverse and longitudinal direction of barstock containing a
perfect fibre texture is not a factor promoting brittle behavior.

INTRODUCTION
Investigations have recently been carried out to determine the cause
of the extremely poor transverse ductility that is found in commercial, wrought, molybdenum bar stock (Wadsworth et al., 1984a,
1984b). The major conclusions from these studies have attributed
this particular brittle behavior phenomenon to the presence of
cracked carbide stringers on unfavorably oriented grain boundaries.
It has also been shown that by careful recrystallization and forging
procedures, small molybdenum components can be manufactured
that have reasonably isotropic properties (Wadsworth et al., 1984b).
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One of the interesting metallurgical features of bar stock of BCC
metals, such as molybdenum, is the development of pronounced
[110] fiber textures. These textures are associated with manufacturing methods typically used in the production of bar stock such as
extrusion, rotary swaging, and round rolling. It has been recognized
for many years that the presence of a [110] fiber texture can lead to
wide, curved, ribbon-like grains during constrained deformation
due to the orientation of the principal slip systems (Hosforth, 1964;
Peck and Thomas, 1961). As described by Hosforth (1964), the
development of wide, curved grains can be readily understood from
the orientation of the BCC unit cell in the [110] fiber texture under
uniaxial tensile stress. In this case, anisotropy of slip leads to
favored deformation on limited systems. Thus, an initially spherical
grain, instead of becoming cigar-shaped upon subsequent deformation, develops an elliptical cross section. In a polycrystalline
aggregate, the various rotational misorientations amongst adjacent
grains led to constraints in the free development of these elliptical
cross sections. As a result of these contiguity requirements, the
grains become wide and curved about the [110].
One of the questions that does not appear to have been uniquely
addressed in all the above studies is the role that the fiber texture
has on brittle behavior in the transverse orientation of wrought bar
stock. It is known, however, that increases in yield strength can
promote brittle behavior in BCC metals by making cleavage or
grain boundary fracture more easy than general plastic yield (Tietz
and Perkins, 1964).

EXPERIMENTAL DETAILS
Commercial barstock of both wrought TZM (Titanium-Zirconium
Molybdenum) and unalloyed (low carbon) molybdenum were used
in the present study. The alloys were commercial grade barstock
that met the required purity levels (Wadsworth et al., 1984a). Small
right-circular cylindrical samples (8 mm length x 5 mm diam.) were
machined from the bars. Longitudinal samples were machined such
that the gage length was parallel to the working direction. Transverse samples were machined such that the gage lengths were
either radially or circumferentially oriented with respect to the
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working direction. Compression tests were carried out in an Instron
testing machine at a crosshead rate of 0.50 mm/min.

RESULTS AND DISCUSSION
As a result of the studies described in the introduction (Wadsworth
et al., 1984a, 1984b), it was concluded that poor ductility in the
transverse direction of wrought Mo and TZM is a result of cracks
associated with carbides on grain boundaries. These grain boundaries are, in addition, unfavorably oriented and large in the
transverse direction because of their morphology which, in turn, is
influenced by a [110] fiber texture. Examples of such curved grains
in molybdenum are shown macroscopically in Figure 1. It should be
noted (as originally pointed out by Peck and Thomas (1961)) that
this microstructural anisotropy is not apparent in the longitudinal
sections of such materials. As shown in Figure 2, longitudinal
sections do have the nominal appearance; however, it is quite
possible that a single grain is represented several times or more in
such an orientation as a result of the curved nature of the grains in
the transverse section. An example of the transverse section at high
magnification is also shown in Figure 2.
The development of grain boundary cracks, as shown in Figure 3,
and the ease of grain boundary separation in general, may be aided
by intergranular stresses arising from the presence of a [110] fiber
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FIGURE 1 Transverse cross-section from the center of unalloyed molybdenum bar
stock (37 mm diam.) showing curved grains.

T. OYAMA AND J. WADSWORTH
LONGITUDINAL

TRANSVERSE

FIGURE 2 Longitudinal and transverse sections of unalloyed molybdenum bar
stock.

texture. It should be pointed out that oxygen contamination at grain
boundaries has been eliminated as a source of embrittlement in the
case of poor transverse ductility in molybdenum barstock (Wadsworth et al., 1984a).
Because there is a pronounced difference between the fracture
behaviour in the longitudinal and transverse directions of Mo bar
stock, the question of anisotropy in strength is also raised, i.e., is
there a difference between the yield strengths in the transverse and
longitudinal directions in a bar containing a perfect [110] fiber
texture? And, if so, could this be a factor contributing to brittle
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FIGURE 3 High magnification optical photomicrograph of a longitudinal section of
wrought, unalloyed molybdenum bar stock. The grain boundaries contain crackedcarbide stringers.

behaviour? A theoretical band experimental study was performed to
determine the answer to this question.
The orientation of a unit cell in an extruded bar is shown in
Figure 4. It is probable that the [110], [321], and [211] slip planes all
operate in Mo as in other BCC metals. For the purposes of the
present calculation, it is assumed that the operating slip planes are
[110]. In this simple version, there are 12 possible cases, as shown in
Table I.
The case for calculating the stress required to cause yielding in
the longitudinal (extrusion) direction is simple. The tensile direction, t is 1//[011], as indicated in Figure 4. Thus, the Schmid
factors, M, are readily calculated for each slip system and these are
also shown in Table I.f When a shear stress, :, in one or more slip

,
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For simplicity, the descriptions for slip planes and directions include two
directions. For example, the slip p_lane (110) in Table includes bo_t_h (110) and (110)
planes. Also, the slip direction [110] includes both [ill] and [111] directions. An
and
angle between the tensile direction and the direction normal to the slip plane,
an angle between the tensile direction and the slip direction, ,t,, range between 0 to
90 That is, 0-< cos 0 <-1 and 0-< cos Z-< 1. For calculations of cos 0 and cos Z, in
Table I, the slip planes and directions were chosen so that cos 0-> 0 and cos .-> 0,

.

respectively.
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FIGURE 4 Available slip systems in a unit cell of a BCC metal bar containing a
perfect (110) fiber texture.

TABLE
Slip systems and Schmid factors for a direction
parallel to the extrusion direction for BCC metals
Slip Plne

Slip Direction
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system reaches "[’crss (the critical resolved shear stress), the material
is assumed to yield. In the case of the longitudinal direction, four
slip systems yield at the same point and cry 17crss/Mma
The calculation of the stress required to cause yielding in the
direction transverse to the extrusion direction is not so straightforward. In this case, the grains within an extruded bar all have [011]
parallel to the extrusion direction, but can have random rotation
along the extrusion direction or [011] direction. To calculate the Cry
for this condition, a single-crystal system is assumed (Figure 4) and
the tensile direction (t) is rotated along the [011] direction. The
yield stress is then calculated as a function of the rotation angle, 0,
that is measured from the [100] direction. This stress is averaged to
estimate the try for the transverse direction.
Because of the symmetry inherent in the transverse cases, it is
only required to calculate values for 0 from 0 to 90 Initially it
is necessary to calculate 7 as a function of 0. Since 7 (tl, t2, t3)
and t + t + t= 1, and since 7 is on the (011).12lane, t3---t2.
Furthermore, tl=COS 0, so that t2 -t3--+(l/V2) sin 0. When
0 90 t2 (1/V) ._and 3 (--1/V/). Thus, because 7 [cos 0,
(1/) sin 0, (-l/V2) sin 0], the Schmid factors can be calculated
for the 12 slip systems and these are shown in Table II. Five
different functions for M result and these can be rewritten as
follows

-crss"

.

,
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2

0 "1-

-

1 + cos 20 +
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cos0-sin0+
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1

( /-1 )
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The values of Schmid factor, M, for each of these five functions are
shown versus 0 in Figure 5.
The average value of stress, o,,,, is then given as

or.,,

2
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TABLE II
Slip systems and Schmid factors for a direction normal to the extrusion direction
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Plane*
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FIGURE 5 Schmid Factor, M, as a function of 0 for the five possible cases.
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This can be expressed in terms of the critical resolved shear stress,
17crss and the Schmid factor as
dO
2lrcrs

/2 Mmax (0)

or in final form

1

2 ,,/2

dO

/

Mav .o Mmax (0)
This function was computed numerically and shown to be equal to
2.41. Thus:
O’av 2.413rerss

It may thus be concluded that in a bar containing a perfect [110]
fiber texture, the difference between the anticipated yield strengths
for the longitudinal direction (cr=k/’lrcrss=2.45Z’crss) and the
transverse direction (a 2.41 :crss) is extremely small.
An experimental study was performed to determine the validity of
this prediction. Six samples of both longitudinal and transverse
configurations were used for TZM and unalloyed Mo. The yield
strengths are as follows (the numbers in parenthesis refer to the
standard deviations):

TZM
Mo

Longitudinal

Transverse

(MPa)
636 (24)
69"7 (16)

644 (21)
"730 (25)

(MPa)

As many be seen, in agreement with prediction, the experimentally
determined yield strengths are essentially the same in the longitudinal and transverse direction (within error) for both Mo and
TZM. Thus, it is concluded that differences in yield strength
between the longitudinal and transverse directions of a Mo or TZM
bar containing a [110] texture are not a factor in promoting the
brittle behaviour of transversely oriented samples.
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