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Abstract: Tungsten is a promising plasma-facing material because of its low sputtering yield, high melting point and
high thermal conductivity. The hardness loss and microstructure evolution of pure tungsten hot-rolled to 90% thickness
reduction is investigated by isothermal annealing at temperature range of 1200 to 1350 °C. Changes in the mechanical
properties caused by recovery and recrystallization during heat treatment are detected by Vickers hardness
measurements. Additionally, the microstructural evolution is analyzed with light optical microscopy and X-ray
diffraction. The results indicate that the hardness evolution can be divided into two stages: recovery and
recrystallization. Recrystallization of W90 in the temperature range of 1200 t01350 °C is governed by the same
activation energy as grain boundary diffusion. The average recrystallized grain size is larger for lower annealing
temperatures.
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1. Introduction

Tungsten has potential applications in extremely challenging operation conditions, such as in plasma-facing
components and helium-cooled divertors [1], which withstand both large energy load (10-15 MW/m?) and temperature
gradients [2, 3]. As a refractory metal, tungsten features several advantageous properties for fusion application, e.g. a high
melting temperature of about 3695 K, good thermal conductivity, high creep resistance, good high-temperature strength
and low vapor pressure [4, 5]. Tungsten has already been selected as a candidate material for ITER. Pure tungsten is
generally manufactured through different technologies, including powder metallurgy [6, 7] and plastic deformation [8, 9].
Recovery, recrystallization and grain coarsening will occur in plastically deformed tungsten at high temperature. This will
result in a loss of good properties (i.e., mechanical strength) and embrittlement[10, 11].

Even though many studies have been performed on pure tungsten, e.g., material design, mechanical behavior, high heat
flux properties [12] and irradiation behavior [13, 14], there are only limited data available for recrystallization kinetics of
rolled pure tungsten, e.g. [2, 15]. The present work investigates the recrystallization behavior of pure tungsten hot-rolled to
90% thickness reduction for four different annealing temperatures. The time periods required for half-recrystallization of
pure tungsten at different annealing temperatures are determined; the recrystallization behavior is identified and described
by established models.

2. Experiments

The material used in this study is commercially pure tungsten from Beijing Tianlong Tungsten Technology Co. Ltd.
The as-received plates were hot-rolled to a thickness reduction of 90% (W90) at 1500 °C. Small specimens with a size of
6x7x8 mm® along normal direction (ND), transverse direction (TD) and rolling direction (RD) were cut from the plates by
wire-cut electrical-discharge machining. The samples were placed individually in evacuated and sealed quartz tubes to
avoid oxidation during heat treatment and subsequently isothermally annealed for various periods of time at four different
temperatures within the range of 1200 to 1350 °C. The specimens (termed W90-1200, W90-1250, W90-1300 and
W90-1350) were put into a pre-heated furnace, removed after the desired annealing time and cooled to room temperature
by air-cooling.

For all samples, transversal sections (RD 8 mm x ND 6 mm) were investigated. The surface was prepared
metallographically by subsequent mechanical grinding and polishing with silicon carbide paper, the final step with 800 grit
paper. For light optical microscopy, the samples were etched with boiling 3 wt.% H,O, solution [16]. Optical micrographs
were obtained under polarized light to examine the evolution of the microstructure. Their texture was investigated by
means of a X’Pert PRO MPD X-ray Diffractometer. Vickers hardness measurements were performed on the mechanically
polished surfaces under a load of 0.2 kg and a dwell time of 10 s. The reported hardness values HV,,+AHV,, are averages
over 10 indents with the standard deviation of the average AHV,,; error bars in graphs represent +AHV,, as well.
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3. Results and discussion

3.1. Variation of Vickers hardness

Generally, the softening during an annealing treatment can be classified into three stages: recovery, recrystallization
and grain coarsening. Recovery and grain coarsening lead to only minor changes in the hardness; therefore, the hardness
loss due to recrystallization will be mainly investigated here. The progress of recrystallization is determined from the
Vickers hardness (HV,,£AHV,,) as function of annealing time. The evolution of the Vickers hardness during isothermal
annealing at four different temperatures is illustrated in Fig. 1. From Fig. 1, it can be concluded that the hardness decreases
monotonously from the value HVy of the as-deformed state to the value HV, of the fully recrystallized state. The
achieved steady stage after the initial drastic decrease in hardness indicates completion of recrystallization.
Recrystallization is strongly influenced by the annealing temperature and the rate of recrystallization increases with the
increased annealing temperature indicating a thermal activated process [17].
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Fig. 1. Evolution of Vickers hardness of W90
during annealing at different temperatures

The isothermal annealing behavior of W90 as shown in Fig. 1 spans the first two softening stages, recovery and
recrystallization. For the highest annealing temperature of 1350 °C, the time to the onset of recrystallization is extremely
short; while for the lowest annealing temperature of 1200 °C, recrystallization initiates at about 2 h. Only before these
incubation times, the effects of recovery could be assessed quantitatively, therefore, only the recrystallization stage will be
discussed.

The experimentally determined hardness values are averages over recrystallized and non-recrystallized regions
according to the rule of mixtures [15]:

HV = X HV,¢, + (1 — X)HV .. 1)
with the hardness of the recrystallized regions HV,e and the hardness of the recovered matrix HV,, weighted by their
respective volume fractions X and (1 — X), respectively. For the hardness of the recovered matrix, the hardness values
measured at the onset of recrystallization (i.e. the incubation time in Table 1) are considered.

In this manner, the volume fraction of the recrystallized regions can be determined by

_ HVpec—HV
N Hvyec—HVrex (2)
from the actual measured hardness value HV.

Recrystallization occurs by thermally activated nucleation and growth of new defect-free grains. The evolution of the
recrystallized fraction follows the general Johnson—-Mehl-Avrami—-Kolmogorov (JMAK) kinetics [17]:

X =1-exp(=b"(t — tincd)™) ®)

with a coefficient b describing thermal activation, the Avrami exponent n, and the incubation time t;,. before the onset of
recrystallization. The incubation periods, during which only recovery occurs, depend strongly on the annealing
temperature. They are taken as the times when onset of recrystallization becomes recognizable, highlighted in Fig. 3 and
summarized in Table 1.
The evolution of the recrystallized volume fraction X is shown in Fig. 2. The symbols represent the experimental data
obtained from hardness measurements by Eq. (2), the solid lines being the description achieved by fitting the IMAK model
(Eg. (3)). Combining Egs. (1) to (3), the evolution of the Vickers hardness can be described as shown in Fig. 3. The values
of b and n shown in Table 1 are obtained by non-linear fitting.
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Fig. 2. Evolution of recrystallized volume fraction X of W90 during annealing at different temperatures.
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Fig. 3. Evolution of Vickers hardness of W90 during annealing at different temperatures. The lines represent the obtained fits by Egs. (1)
and (2). The insert highlights the hardness loss occurring during recovery before any onset of recrystallization.

Table 1 Values of the different parameters describing the recrystallization kinetics of W90. b and n are obtained as best fits of IMAK
kinetics, ti,c as onset of recrystallization.
TCO b n ()
1200 0.30 0.90 2
1250 048 0.84 15
1300 054 081 0.5
1350 0.70 0.81 0

The exponent n is rather constant within a range of 0.81-0.90 for the all investigated annealing temperatures. As the
annealing temperature increases, the value of b increases accordingly reflecting the thermal activation of the process.

The time to half-recrystallization (t,=os), obtained from Eq. (3), depends on annealing temperature T according to an
Arrhenius relationship:

ty=05 = tOEXp(EtX:O_S/RT) 4)

with a constant ¢y, the universal gas constant R and the apparent activation energy E; _ . for half-recrystallization. In the
corresponding Arrhenius plot in Fig. 4, i.e. a plot of Int,_,s against 1/T, a straight line is expected. Accordingly, the
apparent activation energy for half-recrystallization of the 90% hot-rolled plates is 203 kJ/mol. This activation energy is
comparable to findings of the activation of grain boundary diffusion as 210.7 kJ/mol [18] (at 1500-1900 °C) and
294 kJ/mol [19] (at 887-1050 °C): It should be mentioned that other sources [20] quantify the activation energy for grain
boundary diffusion to be 377-460 kJ/mol.

= W90, Ey—g 5=203 kJ/mol

=0.5
s

Inty
=
=

1 1 L 1 1 1
6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8

10000/T /K
Fig. 4. Arrhenius plot of the dependence of the time to half -recrystallization in W90 on annealing temperature




3.2. Microstructural evolution

The microstructure in the RD/ND section of the as-deformed state, several partially recrystallized states and the fully
recrystallized states are shown in Fig. 5 to illustrate the effect of the annealing temperature on recrystallization of W90. In
all cases, the micrographs were stitched form 6 individual images to obtain a larger field of view of 0.618 x 0.464 mm?.
The micrographs clearly show that the deformation structure of the as-received state after hot-rolling with elongated grains
along the rolling direction (RD) becomes gradually replaced by equiaxed recrystallized grains. After several hours of
annealing, a fully recrystallized structure with equiaxed grains is achieved.

For the fully recrystallized states, grain boundaries were delineated and individual recrystallized grains identified by
Adobe Photoshop and IPP software. The resulting boundary maps of W90 fully recrystallized at three different annealing

temperatures are shown in Fig. 6.
For quantifying the grain size, the equivalent circular diameter (ECD)
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The grain size distributions for fully recrystallized W90 after annealing at three different temperatures are shown in Fig.
7. The average grain size was determined as area weighted average of the ECD over the entire region. This average ECDs
were 28 um, 32 um and 35 pm for the fully recrystallized W90 annealed at 1350 °C, 1300 °C and 1200 °C, respectively.
Obviously, the average recrystallized grain size becomes larger at lower annealing temperature, which can also be seen
from Fig. 5 and Fig. 6. Such a smaller grain size at higher annealing temperature could be the result of an increased nuclei
density at higher temperatures, while at lower temperatures less nuclei might be formed [21].
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Fig. 7. Grain size distribution of fully recrystallized W90 achieved by isothermally annealing at different temperatures for different
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X-ray diffraction was performed on the ND/RD surface of the as-received and two annealed conditions for all test
temperatures. Fig. 8 shows the measured diffractograms of W90-1200. W90-1250. W90-1300 and W90-1350 which
indicate subtle changes during the annealing process. Obviously, the highest diffraction intensity is always (110) peak as
expected from the theoretical intensities; all measured intensities in the as-received state follow generally the expectations
for a random texture (see table 2).
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Fig. 8 Diffractograms of W90 annealed at different temperatures. The horizontal axes represent diffraction angles 20 from 30° to

135°. The indizes of the expected peaks are indicated.

In order to highlight the differences between the diffractograms, the integrated intensity of each recorded peak was
determined by integrating the intensity over an interval of 3° in 26 after subtracting the background. Further information
about the texture can be gained by normalizing the relative intensities by the intensity of the 110 peak as shown in Table 2.
In order to quantify the ratio between different texture components, the ratio between the sum of the integrated intensities
of the (110) and (220) reflections and the total intensity of all reflections is calculated and given in the table as
(110)+(220)/all. This ratio assumes approximately the value for a random texture in the as-received state and decreases
significantly during annealing, in particular for annealing at 1200 °C, indicating the formation of a recrystallization
texture.



Table 2. The integrated intensity of X - ray diffraction peaks as measured on the RD/ND surface of tungsten hot-rolled to 90%
thickness reduction after isothermal annealing. For comparison purposes, the expected intensity rations according to JSPDS card
04-0806 for tungsten are added.

Annea (110)+(220

ling (110) (000  (211) (200  (310) (222  (321) il
oh 00 132 256 120 115 102 290 0.56
1200 °C 8h 100 292 346 123 203 88 354 0.47
24h 100 507 441 99 343 190 4238 037
oh 100 132 256 120 115 102 290 0.56
1250 °C an 100 286 3.9 104 185 68 307 0.49
17h 100 142 229 119 109 40 241 0.60
oh 100 132 256 120 115 102 290 0.56
1300 °C 3h 100 243 268 110 169  7.33 302 051
15h 100 244 274 994 172 489 289 0.52
oh 100 132 256 120 115 102 290 0.56
1350 °C 3h 100 318 380 109 241 107 356 0.44
1h 100 231 274 976 154 616 298 0.52
JCPDS 100 15 23 3 11 4 13 0.61

4, Conclusions

The recrystallization behavior of pure tungsten subjected to 90% thickness reduction by hot-rolling is investigated by
means of Vickers hardness testing, light optical microscopy and X-ray diffraction. The hardness loss during the
recrystallization can be nicely fitted by the Johnson-Mehl-Avrami-Kolmogorov kinetics, if an incubation time is taken into
consideration. The apparent activation energy for half-recrystallization of W90 is found as 203 kJ/mol similar to the
activation energy of grain boundary diffusion. During heat treatment, elongated grains along the rolling direction in the
deformation structure become gradually replaced by equiaxed recrystallized grains. The average recrystallized grain size is
larger for lower annealing temperature as higher recrystallization temperatures may cause an increased probability to form
nuclei.
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