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Abstract" The important class of metallurgical treat-
ments known as thermomechanical treatment (TMT) is espe-
cially appropriate for textural studies because the
crystallographic disposition of the matrix largely deter-
mines the final properties of the material. The current
work utilized regular and inverse pole figure measure-
ments of the ferrite matrix in TMT eutectoid steel to
monitor the effects of various processing steps such as
degree of cold rolling and the temperature and time of
rapid annealing. Textural results provided the key to
under,standing fatigue life differences between longitud-
inally and transversely oriented sheet samples. The most
favored ferrite slip system was not well oriented to act
in the transverse samples. This in turn retarded the
slip which nucleates fatigue cracking and hence extended
the total fatigue life of transverse samples.

i. INTRODUCTION

When a polycrystalline metal is plastically deformed par-
ticular grains tend to rotate toward a common orientation de-
pending upon the amount of deformation, i ,2 Although the ef-
fect is most accentuated after cold work, it may also be ob-
served after annealing. 3, The type and degree of preferred
orientation depends on the mode, magnitude and temperature
of deformation’ and the subsequent annealing treatment, all
of which influence crystallographic texture.

Lankford et al. found that plastic anisotropy governed
the mechanical properties of sheet steel. This plastic aniso-
tropy has its.origin in the texture of the sheet. 8,9 Steel
textures usually are multicomponent in nature I ,i0 and the
superposition of the poles in a regular pole figure (RPF) can
make quantitative analysis difficult. This difficulty can
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be partly alleviated by utilizing the inverse pole figure
(IPF) techniquel 2 to complement the RPF information.

2. EXPERIMENTAL PROCEDURES

2.1 General

Regular and inverse pole figures were determined
using 2.54 cm square samples taken from the center of each
sheet of TMT eutectoid steel. Samples were mechanically
polished and then etched in an aqueous solutionI of 2% phos-
phoric acid and 49% peroxide to remove the disturbed metal.
Finally the samples were electropolished in a solution of 6%
perchloric acid in glacial acetic acid at 40 volts for two
to three minutes.

2.2 Inverse Pole Figures

The diffracted intensitiels from a textured sample
were compared with those calculated for an ideal non-textured
sample b calculating an index called the texture coefficient
(TC) 2, which is defined as:

TC
I (hk)/Io (hk)
n

i/n I (hk)/Io (hk)
o

where I is the measured integrated intensity of a given (hk)
reflection, Io is the calculated intensity for the same (hk)
reflection as would be produced by a sample with an equal
number of grains oriented in all directions and n is the total
number of reflections measured. The calculated TC values were
then plotted within a unit stereographic triangle. The re-
flections used were (ii0) (200) (211) (310) (321)
(411,330), (332) (521), (510,431) and (530,433). Zr-filtered
Mo Ks radiation was used with a DIANO horizontal diffractometer.

2.3 Regular Pole Figures

The technique used was that of Schwartz and the
instrument was a Siemens Pole Figure Goniometer. Intensities
were rated relative to those from a random c-arbonyl iron sam-

"times randomple, i.e.

2.4 Materials

Consumable electrode vacuum arc remelted (CEVAR)
eutectoid steel of composition listed in Table I was used.

The methods used to produce the random coarse pearlite
(RCP) and oriented pearlite were those of Grange8 and of
Cairns and Charles, 19 for a similar eutectoid steel. The as-
received material was austenitized at I090C for I0 minutes
in an argon atmosphere and then transformed at 705C for 17
hours and furnace cooled.
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TABLE I

Chemical Composition of the Steel (wt %)

C Mn P S Si Mo V Ni Cr

0.85 0.77 0. 002 0. 008 0.17 0.2 0. 002 0.02 0.05

Ti Cu Sn A1

0.001 0.03 0.002 0.005

Samples containing random coarse pearlite were cold
rolled to a 75% reduction in thickness which was sufficient
to orient the cementite lamellae in the rolling direction.
Lesser reductions were studied 2 but only samples based on the
75% reduction will be reported here since that reduction was
critical to the TMT.

The cold work in the ferrite matrix was removed by a
rapid anneal or up-quench above the eutectoid temperature.
The rapid annealing was performed by up-quenching in a lead
bath over a range of temperatures between 730C and 820C for
periods of time from 5 to 60s followed by air cooling. The
complete schedule for the thermomechanical treatments is
shown in Table II.

TABLE II

Thermomechanical Treatment Schedule for the Eutectoid Steel*

Reduction by Rapid Annealing
Nomenclature Cold Rolling Temperature
of the TMT** % (RAT), C

Rapid Annealing
Time (RAT)

75-730-t 75 730 5,10,15,20,30,40,60
75-740-t 75 740 5,10,15,20,30,40,60
75-750-t 75 750 5,10,15,20,30,60
75-760-t 75 760 5,10,15,20,30,60
75-780-t 75 780 5,10,15,20,30,60
75-800-t 75 800 5,10,15,20,30,60
75-820-t 75 820 5,10,15,20,30
70-730-t 70 730 i0
70-740-t 70 740 10,15
70-760-t 70 760 I0
60-730-t 60 730 i0
50-730-t 50 730 i0
40-730-t 40 730 I0

*All the rectangular-shaped slices were austenitized at 1090C for
i0 min. and then isotransformed at 705C for 17 hours before the cold
rolling.

**To allow for easy identification the TMT specimens will hereafter
be referred to with the following nomenclature: TMT (% deformation by
cold rolling-rapid annealing temperature-rapid annealing time).
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3. RESULTS

3.1 Inverse Pole Fiqures

Figures 1 and 2 contain the IPF of the random coarse
pearlite, the cold rolled and the TMT conditions. All the

.9
,332

1.1 e321
411 .8

,.o
e521

.7

e.3

C. d.

Figure I. Inverse pole figures taken with respect to
sheet normal direction (ND). (a) Random coarse pearlite,
(b) 75% cold-rolled, (c) TMT-75-730-10, (d) TMT-75-740-10.

inverse pole figures were taken in a normal direction (ND) to
the rolling plane of the sheet.

Figure la contains the IPF of the random coarse pearlite.
In most of the stereographic triangle the pole density was
constant with some decrease around (iii) and an increase near
(i00). These results indicate that the RCP had a cube-on-face
texture. The IPF for the 75% cold rolled pearlite is shown
in Figure lb. The TC were high near (iii), relatively un-
changed near (Ii0) and low near (i00). This suggests a
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Figure 2 Normal direction inverse pole figures for (a)
TMT-75-750-10, (b) TMT-75-760-10, (c) TMT-75-800-10,
(d) TMT-75- 820-10.

cube-on-corner texture in agreement with other workers. 11,20,21

Figure 3 shows the influence of the temperature of rapid
annealing on the texture coefficients of TMT specimens. The
TC near (iii), which is a maximum for 75% cold rolling, began
to decrease as the RAT increased, reaching the lowest value
at 760C. That value was the same up to 800C. The texture
coefficient increased slightly at 820C. The TC near (i00)
were higher at lower RAT and then decreased up to 760C. The
changes in TC near (ii0) were not so large but reached slightly
higher values in the range of 760C to 800C.

The set of TC closest to the ideal random value was for
the TMT between 760C and 800C for 10s. In that temperature
range the specimens develop a duplex <I00> and <iii> fiber
texture normal to the rolling plane of the sheet.

The effect of rapid annealing time on the TC of the TMT
at 740C is presented in Figure 4. The (iii) pole density
decreased, the (I00) pole density increased and the TC around
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Figure 3. Texture coefficients for the <iii>, <100> and
<110> corner locations of the unit stereographic triangle
for TMT specimens as a function of rapid annealing tem-
perature. TC for the 75% cold-rolled condition appear
along the y axis.

PLANE TMT- 75-740-t 75Olo C.R.

10 20 30 40 50

RAPID ANNEALING TIME

Figure 4. Texture coefficients for the <iii>, <110> and
<ii0> corner locations of the unit stereographic triangle
for TMT specimens as a function of rapid annealing time.

(ii0) remained largely unchanged with increasing time at 740C.
The set of TC closest to the ideal random orientation were for
10s and 60s.
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Figure 5 represents changes in the IPF due to (a) cold
rolling and (b) rapid annealing 10s at 740C. Figures 1 to
5 indicate that the TMT oriented pearlite sheets inherited
some crystallographic texture from the cold rolling process.
That texture was closer to the rolling texture at lower RAT.

111

IO0

111

110

UNCHANGED

100
be

110

Figure 5. Schematic changes in inverse pole figure tex-
ture coefficients due to: (a) cold rolling, (b) rapid
annealing at 710C for 10s.

Figure 4 shows how the rolling texture is inherited. In
cold rolling the random material many (iii) planes became
parallel to the sheet rolling plane at the expense of other
planes. The axis density moves largely from (I00) and (ii0)
to the (iii) corner. By up-quenching the samples only a small
fraction of the (iii) poles change orientation and the axis
density near (i00) and (Ii0) increased only slightly.

3.2 Regular Pole Figures

Figure 6 shows the (ii0) pole figure of the ferrite
in the 75% cold rolled condition. The {112}<110>, {111}<112>
and {Iii}<ii0> orientation are consistent with the highest
intensity regions of the pole figure. The {ii0}<ii0> compon-
ent can be considered as minor. The component {554}<225> may
exist, but it is so close to the {111}<112> orientation that
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Figure 6. (ii0) pole figure for 75% cold rolled material.

it is difficult to distinguish very well between the two.
This was also true for (200) pole figures, which are not
shown in order to conserve space.

The (i00) pole figures of the ferrite in the TMT oriented
pearlite sheets are shown in Figures 7 through 10. The roll-
ing texture persisted in the TMT specimens. As the tempera-
ture of up-quenching increased the (ii0) pole figures lost
sharpness. This became more accentuated when the up-quench
time was increased as is shown in Figure i0. The various (ii0)
TMT pole figures clearly show the {Iii}<112> and {112}<ii0>
components. The preferred orientation {112}<110> from the
cold rolling was always in the highest intensity region.

4. DISCUSSION

The high axis density in the ND inverse pole figure for
the cold rolled condition (Figure i) suggests that the pre-
ferred orientation obtained by cold rolling the coarse pearlite
must be mainly {lll}<uvw>, {211}<uvw> and {100}<.uvw> components.
The low (ii0) TC values mean that almost all the (ii0) poles
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Figure 7. (ii0) pole figure for TMT-75-730-10.

are lying in the rolling plane. Based just on the IPF results
one can postulate that the 75% cold rolled pearlite texture
can be described as a <ii0> fiber axis in the rolling direc-
tion with Components of {iii}<ii0>, {112}<110> and {I00}<ii0>,
together with a <iii> fiber axis normal to the surface of the
sheet. .The results obtained from the (ii0) regular pole
figures indeed showed that the {111}<112>, {112}<110>,
{100}<110> and {iii}<ii0> orientations are consistent with the
highest-intensity regions of the pole figures. Considering
the two types of pole figures together one finds confirmation
of a <Ii0> fiber axis in the rolling direction and a <iii>
fiber axis normal to the sheet surface. In addition one has
the following four textural components: {111}<112>, {112}<110>,
{100}<110> and {111}<110>. This description is in agreement
with results of other workers 22’ 23, for low carbon steels
in the same range of deformation. No references on eutectoid
steel textures were found in the literature.

The textures of the TMT involving lower rapid annealing
temperatures showed more retention of the cold rolled texture.
The shorter times of rapid annealing at those lower temperatures
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Figure 8. (ii0) pole figure for TMT-75-760-10.

produced microstructures which still showed deformed grains,
hence no general grain growth of the austenite occurred. The
IPF in Figure ic illustrates how the texture is still cube-
on-corner in the TMT-75-730-10 sample. The evidence of some
sharpening of the texture in Figure 7 may be partially caused
by the removal of the line broadening of cold work by the
rapid anneal in the TMT. Line broadening has the effect of
lowering the relative intensities from cold worked specimens. 2s

Subsequent annealing apparently sharpens the texture because
line broadening has been reduced.

When the temperature of annealing increased, the texture
became less sharp; however, the preferred orientations are
mainly the same as the rolling texture. Only at relatively
high temperature (760C) and for the holding time of 60s did
diffuse changes in the shapes of the high-intensity contours
become evident. This treatment produced complete softening,
partial destruction of the mechanical fibering and slight
grain growth.

An important feature was the stability of the (112) ori-
entation parallel to the rolling surface as is shown in Figures
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Figure 9. (110) pole figure for TMT-75-800-10.

1 and 2. This is consistent with the presence of {112}<110>
components in the highest-intensity contours of the regular
pole figures of the reheated specimens.

The texture of the specimens with TMT using lower rapid
anneal temperatures can be described as the same as that of
cold rolled pearlite. The textures of samples annealed from
760C to 800C for 105 can be described as having a duplex
<100> and <111> fiber axis perpendicular to rolling surface
and a <110> fiber axis in the rolling direction. The remain-
ing components are the same as for the rolled material.

Figure 7 may be used to explain the fact that transverse
fatigue samples for this TMT had superior fatigue resistance
to longitudinal samples. 26 For bending fatigue of longitud-
inally cut (i.e. long dimension parallel to the rolling direc-
tion} samples, the bending is about an axis transverse to the
rolling direction. This causes slip on {110} planes oriented
optimally for such shear as indicated in Figure 7 by their
pole concentrations along a north-south line at intermediate
positions between the sheet normal and the north and south
directions respectively. If slip on these systems is
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Figure i0. (ii0) pole figure for TMT-75-760-60.

encouraged slip induced fatigue crack initiation will be ear-
lier than in a sample with a more random (Ii0) pole distribu-
tion. Conversely, in transversely cut samples, with a north-
south flexure axis, Figure 7 shows that no (ii0) pole concen-
trations exist along the east-west axis in positions appro-
priate to slip under maximum applied shear during bending.
If slip on the main slip system is discouraged fatigue crack
initiation will be retarded and this may well account for the
higher total observed fatigue life of transverse TMT samples.
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