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Recrystallization of oligocrystalline tantalum deformed by cold rolling
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Abstract

The recrystallization behavior of coarse-grained tantalum deformed at large strains is strongly dependent on its deformation microstructure.
In this regard, a longitudinal section of a high-purity coarse-grained tantalum ingot obtained by double electron-beam melting (EBM) was
straight cold rolled to thickness reductions varying from 70 to 92% followed by annealing in vacuum at 900 and 1200◦C for 1 h. Microstructural
characterization was performed in cold rolled and annealed specimens using scanning electron microscopy (SEM) in the backscattered mode
(BSE), electron backscattered diffraction (EBSD), and microhardness testing. The recrystallization of individual grains is strongly dependent
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n their initial orientation. Recrystallization kinetics varies noticeably from one grain to another. Even after annealing at 1200◦C for 1 h, the
icrostructure of tantalum sections deformed to 92% predominantly consists of alternating bands of recrystallized grains with d
istributions and a few elongated areas marking the presence of individual grains softened by recovery. Results also show inho

n-grain and grain-to-grain spatial distributions of textures in the rolling plane.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Tantalum has a body-centered cubic (b.c.c.) crystal struc-
ure and displays an unique combination of physical and
hemical properties like a very high melting point (2998◦C),
utstanding corrosion resistance, and high ductility even
t cryogenic temperatures. Tantalum and its alloys have
any applications including the manufacture of equipments

or chemical processing plants, and devices for electronic,
erospace and military industries[1].

Electron-beam melting (EBM) is the most suitable tech-
ique to produce high-purity tantalum because of its en-
anced refining capability. Interstitial impurities such as oxy-
en and nitrogen must be minimized (O <150 wt-ppm and N
100 wt-ppm)1 to ensure high ductility and avoiding embrit-

lement in tantalum. Electron-beam melting provides these
equirements. The microstructure of high-purity tantalum

∗ Corresponding author. Tel.: +55 12 3159 9916; fax: +55 12 3153 3006.
E-mail address:hsandim@demar.faenquil.br (H.R.Z. Sandim).

1 Chemical requirements specified in ASTM B-364-92.

EBM ingots consists of a few coarse columnar grains w
grain boundaries are almost parallel to the longitudinal i
axis. The grain size of electron-beam melted tantalum in
is commonly in the cm-range. A similar grain structure
found in VAR (vacuum arc remelting) ingots.

Following EBM, conventional deformation processes
rolling and swaging are carried out to get tantalum pla
sheets, rods, and other semi-finished products. Cold wo
is the preferred fabrication method to produce semi-finis
products because of tantalum’s poor oxidation resistanc
high affinity for interstitials at elevated temperatures.

There are several reasons to use high-purity tant
oligocrystals to investigate orientation effects on recry
lization. First, because of its high purity, solute drag eff
on boundary migration during annealing are minimized.
ond, individual grains can be traced during deformation
further static annealing easing the comparison of their be
iors. Third, the identification of the initial grains nuclea
at deformation heterogeneities and grain boundary reg
is easier in oligocrystals especially when annealing is
formed at low homologous temperatures (e.g. 700–900◦C).
921-5093/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2004.09.032
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The nature of the cold-worked state determines the an-
nealing behavior in metals. In an earlier investigation[2],
the recrystallization of coarse-grained tantalum deformed by
cold swaging was found to be very inhomogeneous. The mi-
crostructure observed in the annealed state was very het-
erogeneous compared to the larger homogeneity found in
fine-grained tantalum. Individual grains did behave quite dif-
ferently during cold swaging displaying distinct deforma-
tion microstructures and work-hardening behaviors. Com-
monly found in coarse-grained materials are deformation
heterogeneities like deformation and shear bands. These het-
erogeneities contribute to increased differences in terms of
stored energy and act as preferential nucleation sites for
recrystallization.[3,4]. As a result, grain size and recrystal-
lized volume fraction varied significantly from one grain to
another. Hence, banded grains are expected to display a het-
erogeneous behavior regarding further recovery and recrys-
tallization[5]. In the present paper, a coarse-grained tantalum
slab was straight cold rolled to large strains and annealed at
900 and 1200◦C in order to obtain distinct microstructures
in terms of recrystallized fraction. This work reports the de-
velopment of in-grain and grain-to-grain texture gradients in
the rolling plane of oligocrystalline tantalum.
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Fig. 1. Sampling procedure used in the present work: (a) sectioning of the
tantalum slab prior to cold rolling; (b) longitudinal section showing the grain
structure in the as-cast slab lying parallel to the RD. The dashed area in (c)
corresponds to a typical example of a bicrystal sampled in the rolled plate.

strips were annealed at 900 and 1200◦C for 1 h in vacuum.
Selected bicrystals were cut from these strips for metallo-
graphic inspection. Vickers hardness tests were carried out
in deformed and annealed specimens using a load of 100 g.
Fifteen determinations were made on each specimen. Chan-
neling contrast images of selected regions were obtained in
a LEO 1450-VP scanning electron microscope operating at
30 kV. The EBSD scans were carried out in the rolling plane
with mapped areas varying according to the magnification.
EBSD sampling points were spaced from 8 to 20�m for the
annealed specimens (corresponding to the map step size). Mi-
crotexture evaluation (pole figures, inverse pole figures and
orientation distribution function (ODF)) was determined by
means of automatic indexing of Kikuchi patterns after suit-
able image processing in a TSL 3.0 system interfaced to a
Philips XL-30 SEM operating at 20 kV with a conventional
W-filament.

3. Results

3.1. Starting material

The microstructure of the tantalum ingot consisted of
coarse elongated grains with 40 mm in length and 10 mm in
. Experimental

The starting material was a 78 mm diameter ingot obta
y means of double electron-beam melting of tantalum s
able 1presents the chemical composition of this ingot.

mpurity contents are in agreement with ASTM-B-364-
10 mm thick slab was carefully cut out from the ingot a

traight cold rolled in multiple passes to 92% thickness
uction without intermediary annealing. In every part of
rticle, RD represents the rolling direction, TD the transv
irection, and ND the normal direction of the rolled sh
pecimens in the deformed state (70, 80, and 92% reduc
ere cut out parallel to the RD and vacuum-sealed in q
lass. Three consecutive strips (10 mm wide) containin

east five bicrystals each were sampled from the rolled
fter every reduction. The prior grain boundaries (refe

o the as-cast condition) were aligned nearly parallel to
D.Fig. 1shows a schematic representation of the sam
rocedure adopted in the present work. One strip was

or investigating the as-rolled structure. The two remain

able 1
hemical composition of the EBM-Ta ingot used in this investigation

mpurity Content (wt-ppm

<55
e <45
l <30
i <50

5± 3
65± 10

a Balance
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width. Some grains in the central part of the ingot were up to
150 mm in length. These grains are nearly parallel to the lon-
gitudinal direction. The aspect ratio of the grains in the lon-
gitudinal section was about 5.Fig. 1b shows the longitudinal
section of the EBM-Ta ingot used in this investigation. From a
practical viewpoint, the slab cut from the tantalum ingot con-
sisted of only a few coarse-elongated grains arranged in par-
allel. The initial thickness of the slab corresponds to the size
of the individual grains. The hardness in as-cast tantalum was
found to be 66± 5 (VHN, 5 kg). The orientation of individual
grains in the slab was not determined in the present work.

3.2. Deformed specimens

Pure tantalum is very ductile and can be rolled to very large
strains at room temperature. The microstructure of the lon-

F
i

gitudinal sections of cold deformed specimens is very inho-
mogeneous. The nature of the substructure developed varied
significantly from one grain to another.Fig. 2shows the two
neighboring grains in 70% cold-rolled tantalum[6]. While
grain A appeared structureless in SEM (electron channeling
contrast), grain B has been subdivided in a much finer sub-
structure. These distinct subdivision patterns were confirmed
by EBSD measurements. The distributions of the misorien-
tations (ψ) found in each grain are schematically shown in
Fig. 2. Grain B has subdivided in a wide range of misori-
entations with many boundaries having high angle character
(ψ > 15◦). On the other hand, the misorientation distribution
shows that low angle boundaries are predominant in grain A
(ψ < 8◦).

In-grain microstructural inhomogeneities are also found
in cold-rolled tantalum. Deformation heterogeneities are ob-
ig. 2. Longitudinal section of grains A and B in 70% cold-rolled tantalum (SE
n longitudinal section of grains A and B. The grain boundary referred to as-c
M, BSE). Histograms showing the distribution of misorientations (ψ) measured
ast structure is indicated[6].
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Fig. 3. SEM micrograph showing deformation bands subdividing a single grain in 70% cold-rolled EBM tantalum and corresponding pole figures indicating
the orientation spread associated to banding.

served in most of the grains.Fig. 3 shows the presence of
a banded structure developed within a single coarse grain.
The corresponding pole figures show the orientation spread
associated with the deformation bands. Deformation bands
result from the fragmentation of unstable grains into regions
of common orientations separated by narrow transition bands
(geometrically necessary boundaries). These regions deform
uniformly but with different combinations of slip systems.
Large orientation changes are found across these bands. The
tendency of grains for banding can be related to size and
orientation effects[7]. In the following section, further ex-
amples of microstructural heterogeneity will be presented in
selected bicrystals during annealing.

3.3. Annealed microstructures

During annealing, both recovery and recrystallization ki-
netics are very inhomogeneous in cold-rolled tantalum.Fig. 4
shows the microstructure of grains A and B after anneal-
ing at 1200◦C for 1 h. Recovery was predominant in grain
A whereas grain B was fully recrystallized. EBSD inves-
tigation in the annealed state confirms that grain A is about

15◦-{0 0 1}〈1 1 0〉-oriented (rotated cube). Very coarse grains
growing towards grain A are also found.{1 1 0}-pole figures
corresponding to these grains and to the recovered grain A
are also shown.Fig. 5a shows the orientation image mapping
(OIM) of the recrystallized structure shown inFig. 4. In this
figure, it is evident that grain size varies in the recrystallized
structure. Pole figures (seeFig. 5c) show the orientation of
fine (left side of the OIM) and coarse-elongated (right side of
the OIM) grains in the former grain boundary region. There
are no significant changes in texture from one region to an-
other.

Fig. 6shows another example of how inhomogeneous the
annealing behavior is of two adjacent grains in the rolled
plate. The bicrystal shown in this micrograph consists of
grains E and F. The substructure of both grains is quite
different (Fig. 6a). Grain E is subdivided in a finer sub-
grain structure. Measured Vickers microhardness values con-
firm these differences in terms of the developed substruc-
ture in both grains (Table 2). In consequence, grain E re-
crystallized in full extent whereas grain F was softened
by recovery after annealing at 1200◦C for 1 h (Fig. 6b).
Table 2shows the results of Vickers microhardness testing
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Fig. 4. Longitudinal section of the former bicrystal formed by grains A and B (referred toFig. 2) after 70% cold rolling followed by annealing at 1200◦C
for 1 h (SEM, BSE). Note large grains growing towards grain A and a fine equiaxed structure at the lower part of the micrograph[6]. {1 1 0}-pole figures
corresponding to the recovered region and to the coarse-elongated grains are also shown.

for other grains and their corresponding annealing behav-
iors.

Another example of microstructural heterogeneity in tan-
talum is shown inFig. 7. This figure shows three consecutive
grains identified as G, H, and I. Grain H is positioned be-
tween grains G and I and did not undergo recrystallization
upon annealing. On the other hand, grains G and I did recrys-
tallize in full extent when annealed at 1200◦C for 1 h. The
presence of coarse-elongated grains growing towards grain H
is similar to those observed inFig. 4. It is plausible to admit

that longer annealing times could lead to a full recrystallized
structure, however, nucleation appears to be absent in grain
H.

Orientation effects are also evident inFig. 8. Two neighbor
grains display distinct annealing behaviors even after 92%
reduction followed by annealing at 1200◦C for 1 h.Fig. 8a
shows the SEM micrograph of this particular region. The
strong microtexture developed in the recrystallized region
(lower part of this micrograph) is{1 1 1}〈1 1 2〉 (a � fiber
component). The recovered region (upper part of the micro-
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Fig. 5. Orientation image mapping from EBSD data from the region shown inFig. 4: (a) OIM; (b) unit triangle with color scheme for orientations along the
RD; (c) pole figures showing the orientation of fine (left part of the OIM; indicated by red points) and coarse-elongated grains (right part of the OIM; indicated
by blue points) in the mapped region.

graph) was found to be{0 0 1}〈1 1 0〉 (rotated cube). The re-
spective pole figures determined from EBSD data are shown
in Fig. 8b.

Even in regions where full recrystallization took place
there are strong differences in terms of the developed tex-
ture in the annealed state.Fig. 9 shows how texture varies
within an individual grain. There is a sharp transition divid-
ing two areas of the same micrograph. The region marked by
1 (left part of the micrograph) represents a collection of grains
with a slightly elongated morphology with texture centered
on {1 1 1}〈u vw〉. A pronounced orientation spread around
TD is evidenced in this region. In the right side of the figure,

grains with a more equiaxed morphology are{1 1 1}〈1 1 2〉-
oriented.

Another representative example of texture heterogeneity
within individual grains is displayed inFig. 10. Once more
a sharp transition between two recrystallized regions within
a single grain is present. Grain morphology also varies from
one side to another. The OIM referred to this micrograph is
shown inFig. 11. The orientation distribution function (ODF)
corresponding to the mapped area reveals the presence of ori-
entations mostly along� fiber (see ODF section forϕ2 = 45◦).
Goss{1 1 0}〈0 0 1〉 and cube{1 0 0}〈0 0 1〉 components are
also present, but in a minor extent.
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Fig. 6. Longitudinal section of grains E and F: (a) 80% cold rolled; (b) annealed at 1200◦C for 1 h (SEM, BSE).

4. Discussion

The tantalum ingot investigated in this work is a typical
oligocrystalline material. EBM and VAR are commonly used
to manufacture tantalum ingots. In this regard, understanding
the deformation behavior of this type of microstructure and
further annealing behavior is essential. In that sense, crys-
tallographic texture plays a decisive role since it influences
mechanical properties and further formability of tantalum
sheets, especially in the manufacture of deep-drawn parts.
There are only a few studies showing the presence of tex-
ture gradients in plates processed from EBM- and VAR-Ta
[8–10]. These papers report the effects of processing variables
on the resulting crystallographic texture of tantalum. These
variables included the amount of deformation, grain size, an-
nealing temperature, and the nature of the forming process
used to manufacture Ta plates, i.e. direction and amount of
forging and/or rolling.

The first point to be addressed in this discussion is the
large heterogeneity of the deformation microstructure found
in coarse-grained tantalum after cold rolling. In an earlier pa-
per[11], the microstructural heterogeneity of coarse-grained
tantalum deformed by cold swaging to large strains was
demonstrated. This heterogeneity was associated with ori-
entation effects occurring during grain subdivision. It has
been shown that a few grains appeared to deform in a sta-
ble manner producing structureless grains or coarse subgrain
structures (mosaic-like) in SEM. These grains developed only
very low misoriented dislocation structures which are much
more susceptible to be softened by recovery than recrystal-
lize. In contrast, the majority of grains split up in strongly
misoriented lamellae with high-angle character. These grains
provide more favorable nucleation sites for recrystallization.

Orientation effects were also observed during recrystal-
lization of coarse-grained tantalum deformed by cold swag-
ing [12]. Strong differences in terms of the misorientation de-
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Fig. 7. Longitudinal sections showing three consecutive grains G–H–I in a 80% cold-rolled tantalum sheet followed by annealing at 1200◦C for 1 h (SEM,
BSE). Note that recrystallization is absent in grain H.

Table 2
Results of Vickers microhardness testing of selected grains in cold-rolled tantalum and their respective microstructures after annealing at 1200◦C for 1 h

Grain Reduction (%) Microhardness (VHN-100 g) Microstructure after annealing at 1200◦C for 1 h

A 70 97± 8 RV
B 70 134± 8 RX
C 70 135± 21 RX
D 70 112± 13 RX
E 80 127± 18 RX
F 80 97± 9 RV
G 80 122± 9 RX
H 80 92± 2 RV
I 80 160± 6 RX
J 92 175± 19 RX
K 92 151± 30 RX

RX—recrystallized; RV—recovered.

veloped were observed in two neighboring grains using elec-
tron backscattering diffraction (EBSD). The grain with the
larger fraction of high angle boundaries recrystallized easily.
In contrast, recrystallization was virtually absent in the other
grain because of the predominance of boundaries with low
angle character. These features are repeated in the rolled ma-
terial. From the results of microhardness testing (seeTable 2)
and misorientation distributions shown inFig. 2, grain B has

a much higher stored energy compared to grain A. The pres-
ence of many boundaries with high angle character explains
why grain B recrystallized with ease and grain A did not.

The presence of large elongated bands parallel to the RD
where recrystallization did not occur demands a more de-
tailed discussion. These large bands mark the presence of
individual grains and correspond to stable orientations per-
sisting even after large straining, as shown inFig. 8. They are
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Fig. 8. Micrograph showing the heterogeneous microstructure found in the
grain boundary region of a sample 92% cold rolled followed by annealing
at 1200◦C for 1 h: (a) general view of the microstructure (SEM, BSE); (b)
pole figures corresponding to the recrystallized grains shown in the lower
part of the SEM micrograph ({1 1 1}〈1 1 2〉 texture, blue points) and the
recovered region ({001}〈0 1 1〉, red points) shown in the upper part of the
SEM micrograph.

found in minor extent even in specimens annealed at 1200◦C
for 1 h. The EBSD data shown in this work confirms the pres-
ence of orientation effects on recrystallization of the selected
tantalum bicrystal as shown inFig. 2 [6]. Grain A was found
to be{0 0 1}〈1 1 0〉-oriented. The rotated cube orientation has
a very low Taylor factor which gives rise to low-misoriented
regions and hence a very weak tendency to form potential nu-
clei during recrystallization[13]. The{0 0 1}〈1 1 0〉 (rotated
cube) and{0 0 1}〈1 0 0〉 (cube) orientations in FeSi single
crystals are examples of sluggish orientations in terms of re-
crystallization[14]. Raabe et al.[15] have reported the occur-
rence of large recovered areas in rolled and annealed bcc met-

als attributed to the presence of rotated-cube oriented grains.
(0 0 1)[11− 0]-oriented tantalum single crystals displayed no
recrystallization even after annealing at higher temperatures
(1400◦C) [16]. The use of transverse rolling was also re-
ported to promote undesirable rotated cube ({0 0 1}〈1 1 0〉)
components in tantalum plates[8,10]. Thus, the large struc-
tureless bands appearing inFigs. 4 and 6–8correspond to
recovered grains. These findings are confirmed by micro-
hardness testing taken in structureless bands (grain A, for
example) suggesting that recovery was the chief softening
mechanism in these grains.

It is very well known that recovery and recrystallization
are competing mechanisms. In both cases, the stored energy
of deformation is the driving force for the transformation.
Assuming that nucleation is relatively uniform, growth of nu-
clei tend to be faster within grains or regions having higher
stored energies. Depending on the annealing temperature, the
final microstructure consists of regions where recrystalliza-
tion takes place faster while within other grains it seems to
be slower. This explains the presence of adjacent regions dis-
playing distinct behaviors in terms of recrystallization (vol-
ume fraction, texture, and grain size), as demonstrated in
Figs. 4 and 6–8.

The recrystallization behavior of cold-rolled tantalum is
comparable with the one observed for coarse-grained nio-
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overed regions. This banded microstructure results from
plitting of the majority of the former coarse grains into mu
extural components. This peculiar microstructure has
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Fig. 9. SEM micrograph showing two adjacent regions within former grain K (92% cold rolled + annealing at 1200◦C for 1 h) where grain size and texture
vary from region 1 to region 2 (BSE). Note a sharp transition in the central part of this micrograph.

Fig. 10. Detail of a sharp transition dividing two recrystallized regions within former grain G (80% cold rolled + annealing at 900◦C for 1 h). Grain size and
morphology vary significantly within the region delimited by this former grain (SEM, BSE).
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Fig. 11. Orientation image mapping from EBSD data from the region shown inFig. 10 (dashed rectangle) corresponding to the sharp transition between
texture components in former grain G: (a) OIM; (b) ODF showing the texture components and respective intensities found in the mapped region. The� fiber
is predominant followed by weaker Goss{1 1 0}〈0 0 1〉 and cube{1 0 0}〈0 0 1〉 texture components. The unit triangle with color scheme for orientations along
the RD is also shown.
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cases while in others orientation pinning may affect the nu-
clei/grain growth rate leading to remarkable differences in
terms of grain size as shown inFig. 11. A detailed discussion
about this subject is given in Ref.[22].

Another striking feature observed in the annealed speci-
mens was the presence of coarse grains growing into recov-
ered areas. This is evident inFigs. 4, 6 and 7. Similar fea-
tures were reported in coarse-grained aluminum[21]. Ori-
ented growth was the explanation proposed by Nes et al.
[21] to explain the presence of coarse{1 1 1}〈1 1 0〉-oriented
grains growing into the Brass-{0 1 1}〈2 1 1〉 component. In
aluminum the high mobility of the{1 1 1}-tilt-boundaries
results in a planar growth selection of 40◦-{1 1 1}-oriented
grains. During primary recrystallization of tantalum, growth
selection is the mechanism proposed to explain the disap-
pearance of the rolling texture{1 1 2}〈1 1 0〉 and the corre-
sponding growth of{1 1 1}〈1 1 2〉 texture[23]. These orien-
tations have a 35◦-〈1 1 0〉 relationship, i.e. close to the 27◦-
〈1 1 0〉-orientation relationship. The 27◦-〈1 1 0〉-orientation
relationship in ferritic steels and b.c.c. refractory metals is
characteristic of very mobile high-angle boundaries with
�19a symmetry, which determines the final texture by a
growth selection mechanism[23]. The coarse grains grow-
ing into former grain A (Fig. 4) display such morphology
probably because they exhibit a noticeable growth advan-
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found elsewhere within a grain[7,24]. These volumes rotate
during grain fragmentation and tend to develop distinct sub-
structures during plastic deformation. Hence, the annealed
microstructure shown inFig. 9 reflects the development of
such distinct deformation textures within a grain.Fig. 10
brings another example of texture gradients due to the oc-
currence of deformation banding within coarse grains. Grain
G has a clear boundary dividing two parts of the prior grain.
These regions display different recrystallization texture com-
ponents. This “boundary” is not related to the former grain
boundary.Fig. 11 shows that the desirable� fiber compo-
nent is predominant in the middle of the OIM scan. Weaker
components like Goss{1 1 0}〈0 0 1〉 and cube{1 0 0}〈0 0 1〉
are also present in the right side of the mapped area. De-
fects caused by inhomogeneous thinning of the sheet during
deep drawing are expected to take place in such microstruc-
ture.

It must be noted that through-thickness texture gradients
were not evaluated in the present paper. Through-thickness
texture gradients depend on strain history and were also re-
ported in fine-grained tantalum plates[25]. According to the
authors, these gradients could explain the effects of non-
uniform microstructures on inhomogeneous plastic behavior
of tantalum in rolled products.
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olled sheets. The� fiber is usually incomplete and com
rises orientations with a common〈1 1 0〉-direction paralle

o the RD.
Fig. 9 reveals the presence of in-grain texture gradie

BSD, in this case, is very useful to detect difference
exture in the grain-size scale. This is an advantage on
entional X-ray diffraction techniques used to evaluate c
allographic texture. There is a clear transition from one
o another within the boundary of former grain K. In o
iew, this has probably to do with the occurrence of de
ation banding during fragmentation of coarse-grained

erials. Deformation bands are defined as volumes of
tant orientation that differ significantly to the orientation
. Conclusions

a) The static recrystallization in oligocrystalline tantal
deformed by straight cold rolling is strongly depend
on the nature of the deformation microstructure ex
ited by individual grains. Orientation effects during gr
subdivision are evident in coarse-grained tantalum.

b) The recrystallization kinetics in EBM-Ta clearly var
from grain to grain. As a result, the microstructure
the annealed specimens is very inhomogeneous and
sists predominantly of recrystallized areas with dist
mean grain sizes and a minority of tiny elongated
gions softened by recovery. The heterogeneity obse
in the annealed microstructure of this coarse-gra
material can be predominantly related to orienta
effects.

c) Recrystallization microtexture varies within and fr
one grain to another. In the rolling plane the domin
texture is the� fiber ({1 1 1}//ND). The presence of tin
recovered regions in the annealed plate is associated
stable orientations like the rotated cube{0 0 1}〈1 1 0〉,
which resist to recrystallization even at high annea
temperatures.
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