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Abstract. Plastic deformation, static recovery and recrystallization in pure tantalum are analyzed 
in the present paper. Quantitative analysis of dislocation sub-structures were done. Sub-
structures development is completely dependent on crystallographic orientation. No clear effect 
of recovery was observed when direct analysis was made. Hence, recovery was studied through 
its effect on recrystallization. Recovery heat treatments followed by a recrystallization heat 
treatment were applied to compare the recrystallized state of samples which were subject to prior 
recovery with those which were not. Results show that recrystallization is accelerated in the early 
stages of recovery (low temperature or low annealing time or low plastic strain). On the opposite, 
in the advanced stages of recovery, it slows down recrystallization. Results show again an 
influence of crystallographic orientation. Static recrystallization was also investigated and the 
influence of crystallographic orientation, most probably inherited from the deformed state 
through dislocation sub-structures, was observed. Based on experimental results, a discussion on 
the mechanisms of nucleation in the different orientation grains is presented. Finally, a discussion 
is made on the quantification of stored energy. The effect of the observation scale and the choices 
of considering dislocation density or dislocation sub-boundaries energies from EBSD data is 
discussed. 

1.  Introduction 
Tantalum is a Body Centered Cubic (bcc) metal with three slip systems: {110}<111>, {112}<111> and 
{123}<111>. Even though tantalum slips mainly on {110} planes during cold deformation, it may also 
slip on planes with maximal resolved shear stress [1]. In bcc materials, cross slip can easily take place 
since no stable stacking faults were observed [2]. Many experimental evidence on dislocation sub-
structures in bcc materials can be found [3,4]. Influence of crystallographic orientation on dislocation 
densities and sub-structures in bcc materials was observed [5]. More sub-structures and higher stored 
energy were observed in grains with <111> direction parallel to normal direction (ND) than in grains 
with <100> direction parallel to ND on cold rolled tantalum [6].  

The influence of crystallographic orientation on the stored energy directly influences subsequent 
recrystallization. It was reported that nucleation is favored in grains with dislocation sub-structures in 
tantalum [7]. For estimating stored energy from Electron Back Scatter Diffraction (EBSD), several 
methods can be used [8]. Generally, the stored energy is calculated either as the sum of the energies of 
all individual dislocations or as the sum of the energies of the sub-boundaries. 
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Because of the ease of cross slip in bcc materials, recovery can take place. It is generally accepted 
that recovery, which is activated at lower temperatures, tends to slow down recrystallization kinetics. 
However, some studies showed that recovery may enhance recrystallization such in aluminum alloys 
[9]. Less studies were made on recovery in bcc materials.  

The current paper is a synthesis of new findings on microstructure evolutions in pure tantalum during 
plastic deformation [10], recrystallization [11] and recovery [12]. Special focus is made on the effect of 
crystallographic orientation on sub-structures development and their effect on recrystallization and 
recovery through EBSD analysis at the polycrystalline and at the sub-structures’ scales. 

2.  Material presentation and experimental conditions 
High purity (>99.99% wt.) tantalum sheet was used in the present study. EBSD maps used for the 
analysis at the polycrystalline scale and at the substructures scale were made with a step size of 1.2µm 
and 90 nm respectively. Quantitative EBSD analysis was performed using homemade routines within 
the MTEX toolbox [13]. The microstructure of the as received material in the center of the sheet and in 
the quarter layer region are presented in figure 1(a). The fully recrystallized microstructure is very 
different in the two regions. In the center of the sheet, upper part of figure 1(a), a dominant γ-fiber 
(<111> direction parallel to ND) of around 70-80% of volume fraction can be observed. In the quarter 
layer region, lower part of figure 1(a), γ-fiber represents about 10% and θ-fiber (<100> direction parallel 
to ND) about 30%. Those textures are inherited from the last rolling steps with a strong shear component 
near the surface because of friction and mainly compressive components in the center of the sheet. A 
more detailed texture analysis with X-ray diffraction can be found in [10]. In this study, all grains (grain 
boundaries defined with a disorientation higher than 10°) were classified into three groups: γ-fiber, θ-
fiber and “others” for the grains that do not belong to either of the first two classes. The material 
corresponding to the center, upper part of figure 1, and the one corresponding to the quarter layer, lower 
part of figure 1, are called AR1 and AR2 (for as-received). 

 
 (a) (b) (c) (d) (e) (f) 
Figure 1. Upper part for AR1 and lower part for AR2. (a) EBSD maps of the as-received materials [10], 
(b) Electron Channeling Contrast Imaging (ECCI) micrographs of the deformed state [10], (c) EBSD 
maps after plastic deformation [10], (d) dislocation density 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 maps [12], (e) EBSD maps after heat 
treatment [11] and (f) Grain Orientation Spread maps differentiating recrystallized and non-
recrystallized grains (RD stands for Rolling direction). 

3.  Dislocation sub-structures in cold deformed tantalum 

3.1.  Polycrystalline scale analysis 
To study sub-structures development during plastic deformation, AR1 was deformed by compression 
(parallel to ND) and AR2 by cold rolling [10]. For more details on deformation conditions and texture 
evolutions please report to [10]. Dislocation density 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 was estimated from EBSD data using the 
Nye’s tensor with the method proposed by Pantleon [14]. The deformed microstructures along with 
𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 maps for 𝜀𝜀𝑉𝑉𝑉𝑉 = 0.65 for the AR1 and 𝜀𝜀𝑉𝑉𝑉𝑉 = 1.67 for the AR2 are presented in figures 1(c) and 
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1(d). As illustrated in figure 2(a), the evolution of the average dislocation density (𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸��������) in function 
of 𝜀𝜀𝑉𝑉𝑉𝑉 is different for each class of orientations. 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� is higher in the γ-fiber grains than in the θ-fiber 
grains of around 60% with a faster increase. 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� in “other” grains is either between those of γ-fiber 
and θ-fiber grains or close to those of γ-fiber for others. This observation is consistent with the average 
Taylor factor of each class, 3.5, 2.4 and 3.0 for γ-fiber, θ-fiber and “other” grains respectively. However, 
no correlation was found between 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� and the Taylor factor grain per grain. 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� is higher in the γ-
fiber grains of the AR1 than in those of the AR2 as illustrated in figure 2(b). This is probably due to 
interactions with neighboring grains as it will be discussed in the next section. 

 
 (a) (b) 

Figure 2. Evolution of 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� with 𝜀𝜀𝑉𝑉𝑉𝑉 (a) for each class of orientations and (b) for the γ-fiber grains in 
AR1 and AR2 [10]. 

3.2.  Dislocation substructures’ scale analysis 
To analyze dislocation substructures evolution in the grains of each class, Electron Channeling Contrast 
Imaging (ECCI) micrographs were made in the γ-fiber and θ-fiber grains as illustrated in figure 1(b). 
The micrograph in the upper part of figure 1(b) was obtained in a γ-fiber grain in AR1 and the one in 
the lower part of figure 1(b) was obtained in a θ-fiber grain in AR2. Figure 1(b) shows that sub-structures 
are formed in the γ-fiber grains even for small 𝜀𝜀𝑉𝑉𝑉𝑉 (even at 𝜀𝜀𝑉𝑉𝑉𝑉 = 0.3 [10]). As for θ-fiber grains, very 
few sub-structures were observed even for 𝜀𝜀𝑉𝑉𝑉𝑉 = 1.67. This observation agrees with the observations 
made at the polycrystalline scale where 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� is higher in the γ-fiber grains (figure 2(a)). 

For the analysis of dislocation sub-structures EBSD maps were acquired with a step size of 90 nm. 
All segments with a disorientation between 1.5° and 10° were considered as sub-boundaries. They are 
quantified through their average disorientation 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠������ and their density 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠������ (total length of sub-
boundaries over total area ratio). For statistical details please refer to [10].  

The evolutions of 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠������ and 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠������ in function of 𝜀𝜀𝑉𝑉𝑉𝑉 for the three orientation classes are presented in 
figures 3(a) and 3(b) respectively. As expected, 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠������ and 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠������ are higher in the γ-fiber grains than in the 
“other” oriented grains which in their turn are higher than in the θ-fiber grains. To describe the evolution 
of  𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠������ and 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠������ in function of 𝜀𝜀𝑉𝑉𝑉𝑉, power laws were used for every case as illustrated in figure 3. The 
obtained laws are not in agreement with the ones proposed in [15] on aluminum for Geometrically 
Necessary Boundaries (GNB) and Incidental Dislocation Boundaries (IDB). One possible explanation 
of such differences is that the proposed laws on face centered cubic aluminum may not be suitable to 
describe sub-structures evolution in bcc tantalum.  

From figure 3(b), it can be observed that for AR1, with a dominant γ-fiber ≈70-80%, the development 
of sub-boundaries occurs for small 𝜀𝜀𝑉𝑉𝑉𝑉 and an early saturation appears (additional experiments for 
higher 𝜀𝜀𝑉𝑉𝑉𝑉 would confirm this saturation at 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠������≈ 2 µ𝑚𝑚−1). For AR2, with less γ-fiber ≈10%, figure 
3(b) shows that 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠������ keeps increasing even with high 𝜀𝜀𝑉𝑉𝑉𝑉 with no saturation indicating a continuous 
sub-structures development with 𝜀𝜀𝑉𝑉𝑉𝑉. In addition, sub-structures development seems more homogenous 
(smaller error bars) in the case of AR1 than in the case of AR2. Those two observations illustrate the 
influence of the neighboring grains (majority of γ-fiber for AR1) on substructures development in γ-
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fiber grains. Hence, even though the grain orientation is of prime importance, the neighboring grain 
orientations also affect the plastic deformation of grains. 

No correlation between orientation long range gradients and crystallographic orientation was found 
[10].  

 
 (a) (b) 

Figure 3. Evolution of (a) 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠������ and (b) 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠������ in function of 𝜀𝜀𝑉𝑉𝑉𝑉 for the three orientation classes. Power 
laws were used to fit experimental data [10]. 

4.  Static recrystallization in pure tantalum 
As illustrated in figures 1(e) and 1(f) recrystallization is much faster in AR1 than in AR2 even with 
smaller 𝜀𝜀𝑉𝑉𝑉𝑉. This faster recrystallization is due to the high amount of stored energy despite smaller 𝜀𝜀𝑉𝑉𝑉𝑉. 
As illustrated in figure 2(a) dislocation density is higher in the γ-fiber grains which explains the high 
𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� in AR1 than in AR2 for a given 𝜀𝜀𝑉𝑉𝑉𝑉. The evolution of the recrystallized fraction for the three 
classes of orientation is presented in figure 4(a) and 4(b) for AR1 and AR2 respectively. Recrystallized 
grains mainly belong to the γ-fiber class. This crystallographic orientation of recrystallized grains is 
inherited from the deformed state. Because of well-formed sub-structures, figures 1(b) and 3, nucleation 
is enhanced in γ-fiber grains and diminished in θ-fiber grains. Hence, deformed θ-fiber grains are mainly 
consumed by recrystallized grains issued from neighboring γ-fiber grains than by those who nucleate in 
the deformed θ-fiber grains. This hypothesis is supported by the faster evolution of γ-fiber recrystallized 
grains volume fraction observed in figures 4(a) and 4(b). It can be also concluded that grains which 
recrystallize in the deformed γ-fiber grains are probably γ-fiber oriented.  

The grain sizes values, presented in figures 4(a) and 4(b), show higher grain sizes for γ-fiber 
recrystallized grains for AR1 and AR2. A faster nucleation (shorter incubation time) as a result of the 
sub-structures in the deformed state explains this observation.  

The comparison between figures 4(a) and (b) shows that recrystallized grain sizes in AR1 are bigger 
than in AR2. Two possible reasons may explain this difference. The first one is the faster nucleation in 
the γ-fiber deformed grains (dominant in AR1) leading to additional growth time and size advantage 
from the early stages of the annealing. The second one is the deformed grains morphology (figure 1(c)) 
were the deformed AR1 has almost three times less grain boundaries than the deformed AR2 
(0.06µm/µm² and 0.175µm/µm² respectively). Considering that grains boundaries are potential 
nucleation sites, more nuclei may appear in the deformed AR2 leading to a smaller recrystallized grain 
size. 

It is important to mention, that when 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� estimated at the polycrystalline scale (step size of 1,2µm) 
was used to quantify stored energy, contradictory results were obtained. For example, the values of 
𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� given in figure 1(d) are contradictory with those of recrystallized fraction in figure 1(f). However, 
when EBSD data at the sub-structures scale (step size of 90 nm) were used, 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� gave consistent 
results. This observation is probably because Geometrically Necessary Dislocation (GND) density is 
correctly estimated with EBSD data acquired at the sub-structures scale [16]. Independently of the scale 
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analysis, results showed that the quantification of the stored energy using the dislocation sub-structures 
[8] instead of 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸�������� gave more consistent results with recrystallized fractions [11]. 

 
Figure 4. Evolution of the surface fraction of each class of orientations among recrystallized fraction 
(black curve) with annealing time for (a) AR1 and (b) AR2. The given values correspond the average 
recrystallized grain size [11]. 

5.  Recovery in pure tantalum 
Because of the ease of cross slip in tantalum, recovery is expected to take place and to influence 
recrystallization. Therefore, AR2 samples deformed up to 𝜀𝜀𝑉𝑉𝑉𝑉 = 0.56, 1.00 𝑎𝑎𝑎𝑎𝑎𝑎 1.67 were submitted 
to a recovery heat treatment at 750°C for 4 hours. Then samples were analyzed through hardness 
measurements, 𝜌𝜌𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸��������, 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠������ and 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠������ [12]. No clear evolution induced by recovery was observed.  

Therefore, it was decided to analyze recovery indirectly through its effect on recrystallization. A one 
stage recrystallization heat treatment (950°C for 30 min.) and five two stages heat treatment of pre-
recovery (700°C for 60 min., 750°C for 15 min., 750°C for 60 min., 750°C for 240 min. and 800°C for 
60 min.) followed by a recrystallization heat treatment (950°C for 30 min.) were done without any 
cooling between the two treatments. The recrystallized fractions are reported in figures 5(a) and 5(b) in 
function of the temperature and the time of the pre-recovery treatment respectively. For all the cases, 
pre-recovery affects recrystallized fraction indicating that recovery is indeed activated. 

Recovery is known to decrease the stored energy because of annihilation of redundant dislocations 
and therefore to slow-down recrystallization. In the present case, this was observed for the major cases 
with a smaller recrystallized fraction for samples subject to pre-recovery when compared to the samples 
which were not subject to pre-recovery, figure 5. However, for the three cases circled in figures 5(a) and 
5(b), recovery enhanced recrystallization with a higher recrystallized fraction. 

 
Figure 5. Recrystallized fraction in function of pre-recovery (a) temperature (for 60 min.) and (b) time 
(at 750°C) treatment followed by a recrystallization treatment at 950°C for 30 min. estimated from 
EBSD maps of 1.2 mm × 0.9 mm [12]. 
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These observations illustrate two competitive mechanisms occurring during recovery. The first one, 
associated with annihilation of dislocations and a decrease of stored energy; slows down 
recrystallization. The second mechanism consists in the increase of the ability of sub-structures to 
migrate by decreasing dislocations tangles around them. This mechanism would make nucleation faster 
by decreasing incubation time. Therefore, the effect of recovery depends on the balance between those 
two mechanisms. Results show that at the early stages of recovery (low temperature or short time or low 
plastic strain) the second mechanism is favored and recrystallization is accelerated. On the opposite, 
when recovery advances the first mechanism is dominant, and recrystallization is slowed down. 

Additional analysis of the effect of recovery on the recrystallized grains size and their 
crystallographic orientation can be found in [12]. 

6.  Conclusions 
Plastic deformation, static recovery and recrystallization in pure tantalum were analyzed in the present 
paper. Several main conclusions can be reported. 
- Dislocations sub-structures develop in γ-fiber grains even at low plastic strains unlike in θ-fiber 

grains where very few sub-structures were observed even at high plastic strain. 
- When γ-fiber is dominant, dislocation sub-boundaries develop homogenously from the early stages 

of deformation with a quick saturation and their disorientation continue to increase. When γ-fiber 
is not dominant, the appearance of new sub-boundaries with strain continues. 

- The orientation dependance of plastic deformation influences recrystallization. Nucleation is 
enhanced in γ-fiber deformed grains giving place to mostly γ-fiber recrystallized grains. Hence, 
microstructure composed mainly of γ-fiber grains recrystallizes much faster. 

- Estimation of stored energy using dislocation density estimated from EBSD at the polycrystalline 
scale gives contradictory results. For a more precise estimation, it is necessary to estimate stored 
energy from dislocation sub-boundaries from data acquired at sub-structures scale. 

- Recovery gives place to two competitive mechanisms, one accelerating and one slowing down 
recrystallization. The first one is dominant at the early stages of recovery, the second one is 
dominant when recovery advances. 
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