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It is of considerable technological importance to establish how far textures introduced
into controlled-rolled steels by finish rolling at low temperatures may affect the fracture
strength. The purely textural effect is difficult to isolate in such steels because ofanisotropy
associated with grain shape, inclusions and pearlite banding. Consequently, an investiga-
tion was carried out using molybdenum, a b.c.c, single phase material showing good
structural homogeneity, as a model. Texture development was studied using crystallite
orientation distribution function analysis to identify a suitable processing route leading
to a sharp texture with a suitable distribution of {100} cleavage planes. The behaviour
of a sharply textured specimen was analysed by taking fracture specimens from various
orientations in the plate. The energy absorbed in impact showed a positive correlation
with the density of 100 planes in the crack direction, but the extent of the variation was
less than would have been expected had crack propagation been the controlling step in
the fracture process.

1. INTRODUCTION

Early work with molybdenum (Ransley and Rooksby, 1938; Semchysen
and Timmons, 1952) showed that the development of a strong
{100}(011) texture leads to a reduction in the fracture strength of
specimens tested with their axes at 45 to the rolling direction (that
is, with their axes parallel to the cleavage plane normal). This is
compatible with the evidence from the work of Allen et al. (1956) that
{100} is the preferred cleavage plane in b.c.c, metals. Subsequently,
Webster et al. (1971) reported a considerable effect of preferred orienta-
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tion on the low-temperature tensile behaviour ofpolycrystalline rimmed
steel and silicon-iron. They obtained results which showed some
significant texture dependence of the fracture behaviour. The anisotropy
of the cleavage fracture stress showed a degree of dependence on the
distribution of cleavage plane normals. However, for neither the
molybdenum nor the steels were rigorous quantitative measurements
of the texture and distribution of { 100} plane normals made. Recent
work (Mintz et al., 1976; Mintz et al., 1979) with controlled-rolled steels
in which impact fracture results were correlated with texture, using
crystallite orientation distribution function (c.o.d.f.) procedures, showed
some correlations for through-thickness tests but not for in-plate tests.
In this case, however, matters were complicated by microstructural
anisotropy associated with pearlite banding and inclusions. On the other
hand, work by Inagaki et al. (1977) which also involved controlled rolled
steels yielded evidence for a qualitative correlation between texture and
in-plate fracture strength.

It is clear that it is ofconsiderable commercial importance to establish
whether or not the textures introduced into ferrite by finishing
controlled-rolled steels at temperatures below the ),-phase boundary
could contribute to low fracture strength. To do this it is necessary to
isolate, as far as possible, textural effects from microstructural effects.
To examine textural effects alone, the study of molybdenum, a single
phase b.c.c, material with good structural homogeneity, was undertaken.
Initially it was necessary, however, to carry out a study of texture
development in molybdenum in order to identify a processing route
which would give a distribution of { 100} cleavage planes which could
be effectively utilised.

2. EXPERIMENTAL

2.1 Material

Experiments were carried out on hot-rolled molybdenum slab, 25 mm
thick, and of 99.9 per cent purity. The slab was annealed for 3 hours
at 800C prior to further rolling. All rolling was carried out on a 2-high
rolling mill with 200 mm diameter work rolls at a speed of 0.16 rn sec- 1.
Problems were initially encountered with "crocodiling" of the material
i.e. cracking along the central section parallel to the rolling plane, on
exit from the rolls. As a result slab sections were premachined with
wedge-shaped ends prior to rolling to overcome these difficulties as
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Rolling Direction

FIGURE
rolling.

Configuration of billet before rolling necessary to avoid crocodiling during

shown in Figure 1. Only the central section of the slab, which had
received the required deformation was used for the preparation of
fracture specimens. Both direct reduction and cross-rolling were per-
formed at a temperature of 700C (warm-rolling) with a reduction of
0.25 mm per pass. The material was reversed and inverted between
passes so as to produce orthotropic rolling symmetry. All annealing
operations were carried out under vacuum.

2.2 Texture determination

Texture measurements were carried out on a Siemens texture gonio-
meter using the back-reflection technique (Schulz, 1949) and composite
specimens (Welch, 1980). { 110}, {200} and {211} pole figures were
determined and used to derive the crystallite orientation distribution
function, w(, 0, )(Roe, 1965; Bunge, 1965)expanded to the 20th order.
Plots of the orientation distribution function are presented as constant-

sections of Euler space. In these plots the contour with the value
unity (equivalent to the intensity from a random specimen) is shown
as a broken line. Where necessary indexing of regions of these plots
was carried out using published charts (Davies et al., 1971). The volume
fractions of crystallites with {100} cleavage planes oriented within 5
of any chosen direction in the plane of the plate were determined by
integration over the appropriate volume of Euler space (Kallend and
Davies, 1969). This procedure provides quantitative accuracy not able
to be achieved through equivalent measurements on {200} pole figures.
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2.3 Mechanical testing

25 mm thick molybdenum plate was cross-rolled by 70% to give a plate
8.5 mm thick, and annealed for 30 minutes at 1200C. Round specimens
of 8 mm diameter were machined from the plate with their axes at 0,
22.5, 45, 67.5, and 90, to the rolling direction of the plate. Hounsfield
V notches were cut into these, parallel to the normal direction in the
plate. The crack propagation direction was thus fixed in the plane of
the plate in the required direction. These specimens were tested in a
Franck mini impact tester and values determined for the energy
absorbed in impact. Six specimens of each orientation were tested.

3. RESULTS AND DISCUSSION

3.1 Hot-rolling texture

The crystallite orientation distribution function (c.o.d.f.) plot for the
as-received, hot-rolled material is given in Figure 2. In this, and
subsequent figures, the texture severity is a measure of the standard

FIGURE 2 The c.o.d.f, for molybdenum as received in the hot-rolled condition. Contour
intervals 0.5 times random. Texture severity 0.54.
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FIGURE 5 Pole figures from through-thickness locations.

a) {110}.
b) {200}, from surface layer, contour intervals (a) 1.0 to 1.9 by 1.0 (b) 1.0 to 3.0 by 0.2.

c) {110}.
d) {200}, from one-third depth, contour intervals (c) 1.0 to 4.0 by 0.5 (d) 1.0 to 4.5

by 0.5.

deviation of the c.o.d.f, from that of a random sample. The texture was
similar to that previously reported for hot-rolled steels (Goodwill, 1972)
but a good deal more severe. The texture was best described as a tube
of orientations centred on {100}(011) with a minor {110}(001)
component.

3.2 Warm-rolling toxturos

The c.o.d.f, for 70% warm rolled molybdenum is given in Figure 3. The
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e) (110}
f) (200), from two-third depth, contour intervals (c) 1.0 to 4.0 by 0.5 (f) 1.0 to 4.5

by 0.5.

g) (110).
h) (200), from c@ntr plane, contour intervals (g) 1.0 to 3.0 by 0.2 (h) 1.0 to 4.5 by

0.5.

direct-rolled specimens had a starting thickness of 10 mm and were
rolled to a thickness of 2.7 mm. The c.o.d.f, is very similar to that of
rimming steel after a similar reduction. A c.o.d.f, for rimming steel, cold
rolled 80% is given in Figure 4 for comparison. Both textures are
comprised of a tube of orientations running from {100}(011) to

{ 11 11 8}(4 4 11) and a partial { 111}(uvw) fibre texture. The difference
lies in the distribution within these components. In the molybdenum
there is a maximum at {100}(011) and a rather weak {lll}(uvw)
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fibre texture. The {110}(001) component present in the hot-rolled
material has disappeared. The steel shows a peak at { 112}(110) and a
strong { 111}(uvw) texture. These textural data are broadly in agree-
ment with those reported from previous pole figure studies (Ransley
and Rooksby, 1938; Custers and Riersma, 1946; Semchysen and
Timmons, 1952). The c.o.d.f, is in agreement with that predicted by
simulation assuming multiple slip on {110}(111) systems (Kallend,
1971).

3.3 Through-thickness texture variations

Direct pole figures were determined at various levels through the
specimen thickness on rolled specimens. The finished thickness was
2.7 mm and measurements were made on the surface, at 0.5 mm and
1.0 mm below the surface and on the centre section. {110} and {200}
pole figures are shown in Figure 5. Figure 6 shows positions ofimportant
ideal orientations in these {100} and {200} pole figures, superimposed
on the pole figures for the composite specimen.

OC,

0 0

FIGURE 6 Ideal orientations for pole figures superimposed on polefigures for 70%
direct rolled specimen. Contour intervals (a) 1.0 to 3.0 by 0.2 (b) 1.0 to 2.4 by 0.2.

0{100}(011) m{111}(112)
I-1{112}(110) e{llO}(O01)

The texture of the surface layer is composed entirely of the { 100}
(011) component. This is a single texture but is rather weak overall.
The level of the {100}(011) component is approximately the same as
in the c.o.d.f. The first and second sub-surface layers show textures that
are very similar to each other and to the bulk of the material. The central
section shows a texture similar to that of the bulk with the { 100}(011)
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component at about the same level of intensity but with the { 112}(110)
component reduced.
The variation of the texture of molybdenum as a function of depth

through the thickness is similar to that reported by Vandemeer and
coworkers (1970, 1977) in niobium and a niobium-vanadium alloy. The
immediate surface layer has a { 100} (011) component similar in severity
to the bulk material but is devoid of other {hkl}(llO) orientations.
A similar absence of {112}(110) can also occur in other positions in
the plate depending on the exact deformation geometry.
The observed dependence of the texture on depth was not considered

sufficiently severe to affect the analysis of fracture behaviour.

3.4 Cross-rolling texture of molybdenum

The c.o.d.f, for 70 cross-rolled molybdenum is given in Figure 7. The
texture is best described as a combination of two orientation tubes. The
normal b.c.c, cold-rolling tube, running from { 100}(011) to { 11 11 8}
(4 4 11) is present with a distinct maximum centred on the { 100}(011)
orientation. The second tube is centred on { 110}(001) and is somewhat
weaker. Previous workers (Ransley and Rooksby, 1938; Custers and
Riersma, 1946; Semchysen and Timmons, 1956) have reported that
cross-rolling produces a sharpening of the ideal orientation { 100}(011)
and introduces a further spread of orientations along { 111 }(uvw), and
centred on { 111}(112). A prediction based on equal amounts of straight
and transverse rolling and assuming { 110}(111) multiple slip (Taylor,
1938; Bishop and Hill, 1952) for a total deformation of 50o gives rise
to the c.o.d.f, shown in Figure 8. This predicts peaks at {100}(011)
orientations and a well developed {lll}(uvw) fibre texture. There are
no { 110}(001) components in the prediction.
The presence of the { 110}(001) orientation is most probably a result

of shearing during the rolling process. The component has been
previously identified (Nussbaum and Brenner, 1955; Hoddinott and
Davies, 1972) as arising from shear deformation in the surface layers
of hot-rolled sheet steels. The absence of this component from the
directly-rolled material is almost certainly a result of the different
deformation geometry resulting from the smaller initial thickness and
the greater cooling in the thinner material during the rolling process.
The presence of this component in the starting material supports this.
Morris (1976) has observed this texture as a weak component in some
controlled-rolled steels.
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A simulation of the texture development assuming { 110}(111) glide
predicted the {110}(001) texture as the main component when the
simulation was carried out using a strain tensor composed of equal
amounts of plane strain and alternate + ve/- ve shear. A strain state
of this type was found also to predict the textures occurring in
aluminium-magnesium alloys under conditions of high friction (Welch,
1976) and seems to be representative of the rolling of thick sections with
rough rolls.
The behaviour of the b.c.c, cold-rolling tube is consistent with the

prediction. There is a tendency for localisation at the {100}(011)
orientation. The reduced intensity of this orientation as compared to
the direct-rolled material can be attributed to the presence of the shear
component. The presence of shear components has been shown to
reduce the intensity ofnormal rolling components in f.c.c, metals (Welch,
1976). Dynamic recovery at the higher internal temperature of the
thicker plate could also make a contribution.
The absence of a {lll}(uvw) component is somewhat unexpected.

The component is present in the direct-rolled material, although at a
very much lower intensity than the steel specimen. The appearance of
the component has also been reported previously in cross-rolled
molybdenum although in very much thinner sheets and using photo-
graphic texture determination methods. Morris (1976) has shown that
this component is found in the centre of controlled-rolled steels.
Dynamic recovery in the absence of niobium and differences in slip
behaviour may result in its absence in the present case.

3.5 Annealing textures of 70% direct-rolled molybdenum

C.o.d.f.’s for direct rolled molybdenum annealed for 30 minutes at
1200C and 1500C are shown in Figures 9 and 10, respectively. The
texture after annealing at 1200C shows remnants of the {100}(011)
texture component and the { 111 }(uvw) component (now centered on

{ 111 }(011)). There are also minor cube-texture components and other
near cube components. On annealing at 1500C the remnants of the
cold-rolling texture completely disappear and the other components
consolidate into near-cube components.
The overall intensity levels are low and the texture approximates to

a random texture. Photographic methods used in earlier investigations
would have been unable to resolve the individual peaks and the random
textures reported there are consistent with the present results.
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FIGURE 13 The c.o.d.f, for molybdenum cross-rolled to 70% reduction and annealed
at 1500C. Contour intervals 0.2 times random. Texture severity 0.34.

The annealing texture at 1200C is very similar to that for a
Fe/lo Mn alloy rolled in the ?-region and air cooled (Welch and Mintz,
1978).

3.6 Annealing textures of 70% cross-rolled molybdenum

C.o.d.f.’s for 70 cross-rolled molybdenum annealed for 30 minutes at
1000C, 1200C and 1500C are given in Figures 11, 12 and 13,
respectively. The texture of the material annealed at 1000C shows an
almost identical texture to the cold rolled case but the severity had
increased slightly. This increase is normal during the initial stages of
recovery (Welch, 1976). Annealing at 1200C leads to a diminution of
the texture, with no change of orientation, and the concurrent appear-
ance of a mild cube texture. After annealing at 1500C the texture has
declined significantly in severity, the rolling components having dis-
appeared, apart from a minor {110}(001) component. This texture is
similar to that of the directly-rolled and annealed sample for the same
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temperature, being comprised of irrational, near-cube orientations.
There is a fairly strong { 110}(111) component which does not appear
in the directly-rolled and annealed sample.

3.7 The correlation of the distribution of cleavage plane
normals and impact strength

As a result of the previous work the sample cross-rolled 70 and
annealed at 1000C (Figure 11) was used to examine the effect of the
distribution of { 100} cleavage planes on impact strength. The c.o.d.f.
from the plate was integrated to determine the volume fraction of
crystallites with { 100} planes lying parallel to the crack propagation
direction for each specimen. These values, in multiples of that for a
random sample, are given in Table 1.

TABLE
Volume fractions of 100} cleavage planes lying within
5 of the crack propagation plane for impact

specimens.

Angle of specimen axis
to rolling direction (x random)

0 1.73
22.5 1.03
45 1.76
67.5 0.81
90 0.63

The mean value of the energy absorbed in the impact fractures is
shown plotted against 1/"s from Table 1 in Figure 14. The error bars
represent the standard deviation in the sets of six samples and show
the necessity for multiple testing in such experiments. The data show
a correlation between low fracture strength and high cleavage-plane
density within 5 of the fracture propagation plane. However, the overall
differences in energy absorbed are small. The differences are, neverthe-
less, consistent with the textural data.

4. CONCLUSIONS

The variation in impact strength within the plate for cold rolled and
annealed molybdenum is consistent with the variation in crystallo-
graphic anisotropy. The scale of the variation is less than would be
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7.0
0 1.0

FIGURE 14 The correlation between absorbed fracture energy and density of cleavage
planes parallel to crack propagation plane.

expected if propagation were the controlling step for cleavage fracture
in molybdenum. There is evidence to suggest (Knott, 1973) that the
crack-nucleation stage is most important in the cleavage of molyb-
denum. The use of pre-cracked slow-bend specimens tested at low
temperatures might enable the purely textural effect to be isolated.
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