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a b s t r a c t

When coarse-grained (CG) tungsten (W) is heavily worked by equal-channel angular extrusion (ECAE),
the grain size is reduced to the ultrafine-grained/nanocrystalline regimes (UFG/NC) and the strength and
ductility increase. Because of the brittle nature of CG W, the material must be hot-extruded, and, if the
temperatures are near the recrystallization temperature (Trc), gains in properties may not be maximized.
In this study, the recrystallization behavior of ECAE-processed CG W is examined as a function of the
imparted strain (i.e., number of extrusions) and the hot-working extrusion temperature. Up to four ECAE
passes were performed in tooling with a 90◦ channel intersection, and at temperatures of 1000 ◦C or
1200 ◦C. Subsequent 60 min annealing of the worked material to 1600 ◦C allowed for the determination of
Trc. Vickers microhardness measurements and scanning electron microscopy, were used to characterize
ungsten
ltrafine grains

the microstructures in the as-worked and recrystallized states. The ECAE-processed W shows increased
microstructural break-up and refinement with increasing strain and decreasing hot-working temperature
in the fully worked state. Trc was determined to be ∼1400 ◦C, which is nearly independent of the number of
extrusions and the working temperature. These results show that if ECAE is accomplished below 1400 ◦C
(i.e., at 1000 ◦C or lower) the attractive properties of the UFG/NC-worked W may be retained. Specifically,
below 1000 ◦C, with increasing strain imparted to the material, high hardness values with a concomitant
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grain size refinement (∼3

. Introduction

Recent studies on W have shown that ultrafine-grained (UFG)
r nanocrystalline (NC) microstructures produced by severe plas-
ic deformation (SPD) processing have properties quite different
rom their coarse-grained (CG) counterparts [1–4]. UFG/NC W,
hen compared with conventional CG W, shows a higher flow

tress, enhanced ductility, reduced strain hardening capacity, and
educed strain-rate sensitivity. To refine the grains to the UFG/NC
egimes, SPD processing, specifically, equal-channel angular extru-

ion (ECAE), was reported to be done at temperatures “around”
000 ◦C in a 120◦ ECAE die to avoid cracking the CG W, and subse-
uently rolled at temperatures between 600 ◦C and 800 ◦C. These
levated processing temperatures are necessary because CG W is

∗ Corresponding author at: U.S. Army Research Laboratory, Aberdeen Proving
round, MD 21005-5069, United States. Tel.: +1 410 306 0813; fax: +1 410 306 0759.
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) could be expected.
Published by Elsevier B.V.

ell known to have poor workability, and frequently experiences
racking and breakage [5,6].

However, such high working temperatures approach the tem-
erature range within which W is reported to recrystallize
900–1400 ◦C) [7]. The recrystallization temperature (Trc) is influ-
nced by factors such as starting grain size, impurity content, level
f induced plastic strain, and crystallographic texture. As such, care
ust be taken to process the CG W at the proper temperature:

f extrusions are performed at temperatures too near or above
he Trc, it may have excellent workability, but conversely, the as-
ormed UFG/NC microstructure will quickly coarsen and revert to
G microstructure, resulting in a loss of anticipated properties (i.e.,
igh strength and high-strain-rate ductility). The objectives of this
ork are to explore the recrystallization behavior and grain refine-

ent potential of CG W processed by hot ECAE. In particular, the

ffects of total plastic strain (i.e., the number of extrusion passes)
n the recrystallization temperature and the as-worked grain size
re investigated. The results obtained will help establish a ther-
omechanical processing window to realize the grain refinement

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:Suveen.mathaudhu@arl.army.mil
dx.doi.org/10.1016/j.msea.2008.03.051
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ig. 1. Micrograph of the as-received 99.95%-pure CG W, showing elongated grains
50–300 �m in length); 50-�m scale bar is located in the lower left-hand corner.

otential of ECAE and thus maximize the desired properties of
FG/NC W.

. Experimental methods

Pure (99.95%) W rods, produced via powder sintering followed
y hot extrusion, with nominal 13 mm diameter × 100 mm length
ere purchased from Alfa Aesar, Inc., Ward Hill, NY. As shown in

ig. 1, the as-received CG microstructure is composed of elongated
rains with widths of 50–300 �m and aspect ratios of about three to
our. These rods were processed up to four extrusions in ECAE tool-
ng with a 90◦ channel intersection angle. The billets were heated
or 1 h at temperatures of either 1000 ◦C or 1200 ◦C, and quickly
nserted into the isothermal tooling, heated to 300 ◦C. The punch

peed during the extrusions was 25 mm/s. Multipass extrusions
nvolved route 2B (90◦ rotations about the billet axis) and route 4E
180◦ rotation between passes 1 and 2, 3 and 4, with a 90◦ rotation
etween passes 2 and 3).

s
c
c

ig. 3. Backscattered electron micrographs of the as-worked, ECAE-processed W UFG/NC
000 ◦C (0.71 �m), (b) route 2B-1000 ◦C (1.02 �m), (c) route 4E-1000 ◦C (0.36 �m), (d) ro
1.08 �m).
ig. 2. Vickers microhardness as a function of the number of ECAE extrusions with
ot-working at 1000 ◦C and 1200 ◦C. Data points are slightly offset so the error bars
o not overlap. The error bars indicate the standard deviation of the measurements.

Wire electro-discharge machine cut samples were annealed for
h at temperatures between 400 ◦C and 1600 ◦C in a Lindberg-Blue

ube furnace under argon cover gas to prevent oxidation. Stan-
ard polishing techniques and etching with Murakami’s reagent
ere used to prepare the flow plane of the extruded W samples

or metallographic evaluation. Polished samples were then tested
or hardness on the flow plane (billet side plane) using a Wilson
ukon Vickers Microhardness tester. Each sample was indented 10
imes under a load of 500 gmf for 20 s. A field-emission gun scan-
ing electron microscope (Hitachi S4700 FE) operated at 20 kV was
sed to obtain grain structures via backscattered electron imaging
or the as-worked material.

. Results and discussion
Microhardness can be quantitatively correlated with yield
trength for a polycrystalline metal. Microhardness can also be
orrelated to a grain size, e.g., a higher microhardness value indi-
ates a smaller grain size (higher yield strength). In turn, a high

microstructures. The average grain size is given in the parenthesis: (a) route 1A-
ute 1A-1200 ◦C (0.93 �m), (e) route 2B-1200 ◦C (1.04 �m) and (f) route 4E-1200 ◦C
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Fig. 4. Recrystallization curves for the ECAE-processed W extruded at: (a) 1000 ◦C
and (b) 1200 ◦C. The curves demonstrate that the worked W recrystallizes near
1400 ◦C, independent of the processing temperature. Note, the one-pass material
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similarly, as observed. In any case, Trc for the ECAE-processed
hows an erratic recrystallization behavior, due to inhomogeneous deformation. At
wo to four passes, recovery and recrystallization events occur similarly. The scale
ars indicate the standard deviation of the microhardness measurements.

ield strength corresponds to a fine grain size, as determined by
he conventional Hall–Petch relationship [8,9]. Fig. 2 displays the
ickers microhardness values of the starting material as a func-

ion of both the number of extrusions and processing temperature.
irstly, note that hardness values for the extrusions performed at
000 ◦C are greater than those at 1200 ◦C. This is to be expected,
s the higher temperature likely approaches Trc. In both cases, the
ardness reaches a near maximum after two passes, with little fur-
her increase from two to four passes. This result indicates that the
ncreased level of strain induced in the W by the higher number
f extrusions results in an increased grain refinement. The relative

ncreases in microhardness from two to four passes for the 1000 ◦C

orking temperature is higher (∼20 HV500) than that of the 1200 ◦C
orking temperature (∼15 HV500), indicating that the lower work-

ng temperature provides a higher level of grain refinement.
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These trends predicted by the microhardness are empirically
erified by observation of the as-worked UFG/NC microstructures
Fig. 3). The average grains sizes are reported in Fig. 3 as well. It
hould be noted that the grain sizes reported for the single pass
aterial, in both the 1000 ◦C and 1200 ◦C extrusions, have a larger

istribution of grain sizes, have fewer internal dislocations, and
oundaries that are not as sharp as those produced after subse-
uent passes. The contrast and demarcations between the grains
ive a qualitative indication of the misorientation angle at the grain
oundary. With this in mind, it can be seen that the 1000 ◦C extru-
ions appear to have much sharper grain boundaries, in addition
o finer grains than the 1200 ◦C extrusions (0.36 �m vs. 1.08 �m,
espectively), for the same number of passes. The higher number
f high angle grain boundaries in combination with a finer grain
tructure explains the higher hardness of the 1000 ◦C extrusions. It
s also seen that the average grain size decreases with an increas-
ng number of extrusions with very fine, equiaxed, submicrometer
tructured grains forming after four extrusions at 1000 ◦C (0.36 �m
verage grain size). The microstructure developed after four extru-
ions at 1200 ◦C, in contrast, is just beginning to show sharp, high
ngle boundaries similar to what was obtained after two passes
t 1000 ◦C, and correspondingly, the hardness values are similar as
ell (560 ± 15 HV500 for route 2B at 1000 ◦C vs. 558 ± 13 HV500 for

oute 4E at 1200 ◦C).
The inability of the extrusions performed at 1200 ◦C to ade-

uately fragment the starting microstructure to the same degree
s the 1000 ◦C extrusions can be related to the increased dynamic
islocation motion that occurs at the higher processing temper-
ture, and structural relaxation during the 1 h heat treatment
erformed prior to extrusions. To quantify the effects of the pre-
xtrusion annealing and high temperatures extrusion process,
ecessitated the determination of recrystallization curves as a

unction of both extrusion temperature, and number of extru-
ion. These recrystallization curves are presented in Fig. 4. The
rc is identified by a sharp elbow at the bottom (soft) end of the
urve. Observe that in both cases, the material extruded only a
ingle pass shows a noticeably different behavior than the two
r four pass material. The microhardness values are significantly
ower to start, and in the 1200 ◦C case, the material appears to
ecrystallize at a higher temperature (∼1500 ◦C). Conversely, the
urves for the two and four pass extrusions nearly overlap for both
ot-working temperatures and show clear recrystallization elbows
t ∼1400 ◦C.

From this result, it can be inferred that recrystallization occurs
imilarly for materials above some particular level of strain (in
his case, after two extrusions) or that the dependence of the Trc

n the level of deformation strain is weak, but this is contrary to
rior results which suggest that the Trc drops with an increasing
umber of extrusions [10]. The discrepancy could be explained by
he fact that the reported materials in Ref. [8] were processed at
oom temperature, where dislocations and other microstructural
eatures are stable. In contrast, the ECAE-processed W material
s hot-worked. The kinetics of grain formation and growth dur-
ng hot-working prevents significant introduction of dislocations
nd/or microstructural refinement from occurring with increased
umber of extrusions. The result of the hot ECAE is decreasing,
ut very similar grain sizes (∼1 �m down to 350 nm). Similar
rains sizes would results from a homogeneous distribution of grain
ucleation points in the as-worked material, and if all these nucle-
tion points are activated equally, recrystallization would occur
is shown to be at the high end (∼1400 ◦C) of the predicted
ange for W. More importantly, this is well above the process-
ng temperatures of 1000 ◦C or 1200 ◦C used to obtain UFG/NC

icrostructures.
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. Conclusions

The recrystallization behavior of ECAE-processed W, as a func-
ion of the number of passes and hot-working temperature, was
etermined by an examination of the as-worked microstructure
nd microhardness in as-worked and annealed materials. The
esults point to the following conclusions:

(i) The as-worked microstructures show increasing grain refine-
ment and sharper grain boundaries with increasing extrusion
passes (from one to four), and with decreasing hot-working
temperatures (1200 ◦C and 1000 ◦C). The application of four
passes at 1000 ◦C results in an equiaxed, ∼350 nm grain struc-
ture.

(ii) The Vickers microhardness increases with increasing strain
(number of extrusions) and decreasing hot-working tempera-
ture. This observation verifies that finer UFG/NC structures are
obtained at higher passes and lower working temperatures.
Properties reach near maximum levels after two passes.

iii) The recrystallization temperature (∼1400 ◦C), is independent

of the hot-working temperature except for the single pass
case extruded at 1200 ◦C, which shows recrystallization at
∼1500 ◦C. This high Trc indicates that ECAE processing can be
performed at 1000 ◦C where effects (UFG/NC microstructure)
are realized.
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