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Abstract In the present work, we demonstrate the
use of equal channel angular extrusion (ECAE) for the
consolidation of metallic nanoparticles at room tem-
perature as a bottom up approach to fabricating
nanocrystalline (NC) metals. Three different initial
average particle sizes of pure copper were used: —325
mesh micron size particles, 130 nm and 100 nm nano-
particles. The processing work was divided into three
major stages (Stages I-111), depending on the powder
filling procedure used prior to ECAE, to investigate
the effect of processing parameters such as extrusion
rate and ECAE route, powder filling environment, and
hydrostatic pressure on the final performance of the
consolidates. Microstructure of the consolidates and
monotonic mechanical behavior were determined at
room temperature. The Stage I experiments revealed
what can materials, ECAE routes and range of
extrusion rates to use for achieving near full density
consolidates. In Stages II and III, the effect of initial
compact density on the resulting mechanical behavior
was investigated. It was found that the prior compac-
tion is helpful in breaking down the initial nanoparticle
agglomerates and achieving high tensile strength and
ductility levels in the ECAE consolidates. Tensile
strength as high as 800 MPa and tensile ductility as
high as 7% were achieved in 100 nm Cu particle
consolidates, which were more than 1.5 ¢cm in diameter
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and 10 cm in length, with a bimodal grain size
distribution in the range of 50-100 nm and 300 nm-
600 nm. ECAE was also used to consolidate 316 L
stainless steel nanoparticles resulting in bulk samples
with tensile strength of 1180 MPa and 4% ductility.
The present study shows that ECAE can be a feasible
method for fabricating bulk NC materials with all
dimensions in the centimeter range. Future work is
needed to further optimize the processing parameters
for improving the ductility level further and controlling
the grain size distribution.

Introduction

Materials with ultra-fine grains and nanostructures
(<100 nm) have attracted considerable interest
because of their unique properties compared with
conventional materials [1-33]. The main challenge of
using nanocrystalline (NC) materials in structural
applications is to fabricate them in bulk and control
processing-induced defects with the purpose of reac-
hing ultra high strength and ductility combinations.
The development of novel severe plastic deformation
(SPD) techniques has made bulk structural materials
(with centimeter dimensions) of very fine grain size
and extraordinary strength a reality. Equal channel
angular extrusion (ECAE) and high-pressure torsion
(HPT) are the most well known SPD methods. Other
techniques for producing bulk NC materials include:
(1) crystallization from amorphous phases [34, 35], (2)
the mechanically activated self-heat sustaining reaction
method [36, 37], (3) mechanical alloying followed by
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compaction and sintering [30, 38-45], (4) compaction
and sintering of nanopowders produced by evapora-
tion-condensation techniques [46-48], (5) electrode-
position [17, 18, 49-52], and (6) plasma sintering [53-
56]. Each method has advantages and disadvantages.
For instance, it is difficult to obtain grain sizes less than
100 nm using ECAE when starting from bulk coarse
grained materials [57-68]. The sample sizes that can be
obtained by HPT and hot compaction of nanopowders
are very small and microstructural uniformity is an
issue [58, 69, 70]. Samples produced via electrodepo-
sition are often contaminated by hydrogen, carbon and
sulfur [6, 17, 18, 21, 29, 52]. Bulk amorphous materials
are still difficult to make, and thus, crystallization of
amorphous metals may not be the optimal method for
fabricating bulk NC materials [34, 35]. Clearly, com-
parison between the various nanomaterials fabricated
using different processing routes is not straight for-
ward, since there can be significant differences in
microstructural homogeneity, local chemistry, impurity
concentration and distribution, porosity and sample
size.

The consolidation of powders via ECAE at low
temperatures makes it possible to fabricate bulk
materials with grain sizes from the nano to micron
size scale [66, 71-74]. In ECAE, load is applied to a
powder filled can in the inlet channel and the billet is
deformed (powder consolidated) as it passes through
the shear zone and is extruded from the horizontal
channel as shown schematically in Fig. 1. The benefit
of powder consolidation by ECAE is effective consoli-
dation at lower temperatures than normally required
by HIP operations [57, 71-74]. ECAE processing is
especially attractive for NC materials because of (1)
the possibility of consolidation below dynamic recov-
ery temperatures, (2) large product cross-sections, and
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Fig. 1 Schematic of the ECAE powder consolidation process
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(3) easy incorporation of second phase components
(other powder, filamentary, or wire/rod dispersoids),
which are not suitable for incorporation during a
melting step. ECAE powder consolidation offers
additional benefits as compared to conventional extru-
sion powder consolidation since multiple passes are
possible in ECAE without changing the cross-section
which should lead to a better consolidation. ECAE
also permits a variety of deformation configurations by
changing the orientation of the billet with respect to
the extrusion axis after each pass [75-77]. In compa-
rison with conventional extrusion, the same amount of
equivalent strain can be achieved with lower extrusion
loads in ECAE using a novel tool design incorporating
moving die walls [78-80]. For details on the nomen-
clature used in ECAE processing, see [58, 81].

Work on ECAE consolidation of micropowders
began at Texas A&M University in the mid 90s [66, 71,
72, 81-89]. Materials successfully consolidated have
included Al-6061, pure Cu, Cu blended with Ag, Sn—
8Cu blended with Al,Oz and SiO,, NbFeB blended
with 304 stainless steel or pure Cu, WC blended with
Co, and amorphous Cu-, Fe-, Hf- and Zr-based alloys
[81-89]. In all cases (except for the Sn alloy blends
containing Si0O,), consolidation to a density above 99%
of the theoretical value has been achieved with one or
two ECAE passes.

The primary challenges during consolidation of
nanoparticles are the retention of a nanograin size and
the elimination of residual porosity. Heterogeneities
such as large pores and abnormal grains often persist in
the final microstructure and have a significant influence
on properties [29, 90-92]. Because of the agglomerate
formation in loose nanoparticles and compacts, pore
distributions become bimodal with two types of pores:
small intercrystallite pores with dimensions approxi-
mately equal to the particle size and large interagglom-
erate pores [93]. Closure of large pores needs an active
plastic flow of material at a level larger than the size of
nanoparticles. Macroscopic shear provides this kind of
flow. Damage development proportional to accumu-
lated shear strain can be suppressed with a high level of
hydrostatic pressure during processing. In ECAE, shear
deformation is inherent to the process and hydrostatic
pressure comes from canning and/or back pressure. In
the present work, the size of agglomerates varies from
few microns up to hundreds of micron as shown in
Fig. 2a. The mixture of these agglomerates definitely
creates a range in porosity distribution and elimination
of porosity to obtain full density becomes a challenge
for obtaining NC metals with high strength and ductility.

The presence of surface oxides poses a different
kind of challenge when consolidating nanoparticles.
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Fig. 2 SEM images of (a) the
agglomerates of 130 nm Cu
particles and (b) —325 mesh
Cu powder. (c) A bright field
TEM image of the 130 nm Cu
particles

This is because, their content is much higher in
nanoparticles and proper binding by diffusion requires
that they be broken by a suitable combination of
stresses and temperature. In our previous work on the
ECAE consolidation of amorphous particles [87, 8], it
was possible to break the surface oxide layers during
the first ECAE pass. In the present work, even though
we have not conducted a detailed analysis on whether
the oxide layers were effectively broken, it is believed
that they were not a major problem given the tensile
ductility levels achieved. The remnant porosity along
the inter-agglomerate boundaries was the main factor
dictating the ductility levels. Moreover, broken oxides
can be beneficial in suppressing grain growth as shown
in consolidated cryomilled Al particles using conven-
tional extrusion [38, 39].

In this study, Cu particles with three different
average particle sizes (=325 mesh, 130 nm and
100 nm) were consolidated using ECAE at room
temperature. The processing work was divided into
three stages depending on the powder filling procedure
and initial powder compaction method prior to ECAE.
Here, we report on the microstructural evolution of
powder consolidates and room temperature mechani-
cal response after each stage. We also discuss how each

100 nm

stage led us to select better processing parameters such
as extrusion rate and ECAE route, hydrostatic
pressure level through the selection of the powder
can material, and powder filling environment. More-
over, we present some preliminary results on the
ECAE consolidation of 316L stainless steel nanopar-
ticles to show the applicability of this process to other
materials. Finally, we propose few strategies for further
enhancement of plastic strain at fracture while main-
taining high strength levels.

Experimental procedures

Copper powders with three different sizes (-325 mesh,
100 and 130 nm), and 316 L stainless steel (SS) powder
(100 nm) were processed in this study. U.S. DOE
Ames Laboratory provided the gas atomized -325
mesh Cu powder, while Cu and SS nanoparticles were
acquired from Argonide Corporation, Sanford, Flo-
rida. Nanoparticles were fabricated using the electro-
explosion of wire process (EEW) [94]. The oxygen
content of the Cu nanoparticles was measured to be
0.11 wt% using Fast Neutron Activation Analysis.
2.5 centimeter square cans were used to contain the
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powder during consolidation. The exact dimensions of
the powder space and the materials of the cans are
summarized in Table 1. A 2.5 centimeter long solid can
material was left at the leading and trailing edges of the
cans to eliminate the non-uniformly deformed regions
in the consolidates.

We have divided this study to three major proces-
sing stages depending on the filling procedure and
powder compaction method prior to ECAE: manual
tapping of filled powder (Stage I), hand pressing during
filling (Stage II), and cold isostatic pressing (CIP)
(Stage III). The main goal of using three different
filling procedures was to determine how effective each
procedure is on minimizing the effect of nanoparticle
agglomeration and bimodal porosity distribution on
the final consolidation performance. Moreover, it was
intended to reveal whether only manual tapping would
be sufficient to achieve near full density via ECAE.
Stainless steel powders were only studied in Stage L.
The two later stages were also motivated by the desire
to achieve higher material yield (the final consolidate
length) after consolidation. The applied pressure dur-
ing hand-pressing was 10 ksi and CIPing pressure was
40 ksi. In Stage II and for one case in Stage I, we
calculated the density of the filled powder measuring
the powder weight and the volume of the powder space

in the cans. The green density of the manually tapped —
325 mesh Cu powder was about 62 + 2% while that of
hand-pressed nanoparticles (either 130 or 100 nm) was
about 49 + 3%. The density was about 45% for the
hand-pressed 50 nm particles (not presented here).
This shows that initial particle size makes a significant
difference in the compact density due to nanoparticle
agglomeration. For micron size particles, hand-pressing
do not cause any significant change in the initial
compact density as compared to manual tapping.
Manual tapping results in the lowest and CIPing
should normally give the highest initial compact
density.

Three different can materials were used: 1018 steel,
nickel and copper. In Stage I, some of the filling was
conducted manually in air for the 100 nm Cu particles,
which was loaded into nickel or steel cans to compare
the effect of can material on consolidation. The
consolidates in nickel cans showed much better integ-
rity than the ones in the steel cans, therefore, for the
rest of the study, nickel was the choice of can material
for Cu nanoparticles. For all the other cases, the cans
were degassed in vacuum for 8 h after the filling. The
—325 mesh powder was degassed at 150 °C while the
degassing temperature was 130 °C for the nanoparti-
cles. Copper cans were used for the —-325 mesh Cu

Table 1 Summary of the processing conditions used for the ECAE consolidation of micron and nanometer size Cu particles and 316 L
stainless steel nanoparticles. All the Cu particles were consolidated at room temperature

Stage Case#  Route  Can specifications Filling environment  Powder size
(material/length of powder space)
Stage 1: Manual tapping 1 1A Nickel/5 cm Air 100 nm
2 2C Nickel/5 cm Air
3 1A Steel 1018/10 cm Air
4 2A Steel 1018/10 cm Air
5 2C Steel 1018/10 cm Air
6 1A Steel 1018/10 cm Air
7 2A Nickel/10 cm Air
8 2C Nickel/10 cm Air
9 1A Copper/7.6 cm Vacuum at 150 °C -325 mesh
10 2A Copper/7.6 cm Vacuum at 150 °C
11 2B Copper/7.6 cm Vacuum at 150 °C
12 2C Copper/7.6 cm Vacuum at 150 °C
13 4C Copper/7.6 cm Vacuum at 150 °C
14 2B Nickel/7.6 cm Vacuum at 130 °C 130 nm
15 2C Nickel/7.6 cm Vacuum at 130 °C
16 4E Nickel/7.6 cm Vacuum at 130 °C
17 6E Nickel/10 cm Vacuum at 130 °C
18 4C Nickel/10 cm Vacuum at 130 °C
19 2B 316L SS /10 cm (extrusion at 700 °C) ~ Vacuum at 150 °C 100 nm (SS)
Stage 2: Hand pressing 23 2A Nickel/10 cm Vacuum at 130 °C 130 nm
24 2B Nickel/10 cm Vacuum at 130 °C
25 4B Nickel/10 cm Vacuum at 130 °C
26 4C Nickel/10 cm Vacuum at 130 °C
Stage 3: Cold isostatic pressing 27 4B Nickel/13 cm Vacuum at 130 °C 100 nm
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powder because of its lower flow strength. As a rule of
thumb, one should select the can material such that is
has similar flow characteristics as the powder inside the
can. Thus, 316 L SS cans were used for the stainless
steel powder in the present study.

Note that the requirement for canning or initial
compaction of powders in conventional ECAE may be
eliminated using back pressure at the exit channel of
ECAE die as proposed by Xia and Wu [73]. Back
pressure can also improve the uniformity of deforma-
tion by making the shear zone more confined, espe-
cially if the channel intersection corners are not sharp
and there is an associated fan angle. Moreover, higher
hydrostatic pressure levels from back pressure can
provide more effective consolidation. However, the
lack of initial compaction would reduce the material
yield, i.e. the length of consolidates would be less.
Moreover, unless the whole ECAE system is sealed
and in vacuum or inert gas environment, powder
encapsulation and evacuation of the cans are necessary
to minimize oxidation of particles even with back
pressure. This is particularly important for nanoparti-
cles in which oxidation is detrimental.

The filled cans were electron beam welded under
vacuum and processed with different ECAE routes
under an extrusion speed of 2.5 mm/sec. This speed
was selected after comparing the densities of Cu
micropowders consolidated using one ECAE pass at
different extrusion speeds [95]. Some of the billets
were processed using route A (no rotation of the billet
between successive passes). The billet is rotated +90°
after each pass for route B (also sometimes referred to
as B, in the literature), +90° and 180° after each pass
for routes C’ (also known as B¢) and C, respectively.
Route E is a 2C extrusion followed by a 90° rotation
and then another 2C extrusion. Table 1 summarizes
the experimental conditions for each can.

Dog-bone-shaped flat tensile specimens with nom-
inal dimensions of 8 x 3 x 1.5 mm® in the gage section
and compression specimens with nominal dimensions
of 4 x4x8mm> were cut by electrical discharge
machining (EDM) along the long axis of the consol-
idates (the extrusion direction). The surfaces were
polished to remove the EDM affected layer. Experiments
were performed at room temperature with a hydraulic
MTS test frame under a strain rate of 5 x 10~ s™'. The
strain was measured with a miniature extensometer
(3 mm gage length) mounted on the specimens in both
tension and compression experiments. Teflon tape was
used in between compression platens and the
compression specimens to minimize friction. Neither
buckling nor barreling was observed on specimens
after compression. Two to three experiments were

conducted on companion specimens to check the
repeatability of the results.

Transmission electron microscopy (TEM) was
employed to study the dislocation arrangements after
ECAE processing. For TEM analysis, specimens were
prepared by mechanical grinding and twin jet elec-
tropolishing. Relatively large electron transparent
areas were obtained in Cu samples with a solution
consisting of 250 mL phosphoric acid, 500 mL distilled
water, 250 mL ethanol, 50 mL propanol and 5 g urea
when used at a temperature of —16 °C and a voltage of
15 V. For stainless steel, a solution of 5% perchloric
acid in ethanol was used at —20 °C and 15 V. The
resulting thin foils were examined in a PHILIPS CM
200 electron microscope operated at 200 kV. X-ray
analyses [96, 97] were also performed using a Bruker-
AXS D8 diffractometer with Cu K, radiation to
determine the average grain sizes of the consolidated
Cu powders in Stage I using the Warren—Averbach
method. In the later stages, we have used TEM to
determine average grain sizes using both low and high
magnification images.

The densities of the consolidated samples were
determined in Stage I using Archimedes’ principle,
according to the ASTM specifications for density
measurements of porous materials [98]. Relative den-
sities are based on the measured values and the
theoretical density. For other stages, the density was
not measured since the processing parameters used
usually resulted in more than 99% theoretical density.
Instead tensile ductility was used to evaluate the
success of the consolidation. In addition, Scanning
Electron Microscopy (SEM) was used to examine the
fracture surfaces of the tensile specimens.

Experimental results and discussion

Powder characterization and Stage I processing
runs

The morphology and size of the Cu particles were
determined prior to consolidation. SEM micrographs
show that the size of microcrystalline Cu powder ranges
from approximately 1 to 10 um (Fig. 2b). Nanoparticles
have the tendency to cluster into agglomerates of bigger
size to minimize their surface energy (Fig. 2a). TEM
images (Fig. 2c) indeed show the actual morphology and
size of the powder: most Cu particles are about
100-130 nm and they have spherical morphology. By
comparison, X-ray analyses yielded values of 4.2 pm and
130 nm as grain sizes for the —325 mesh and 130 nm
powders, respectively, and 100 nm for the other Cu and
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316 L stainless steel nanoparticles used in this study
(Tables 1 and 2).

The first phase of Stage I was a preliminary study to
determine the appropriate canning materials and extru-
sion parameters for consolidation of nanoparticles
(cases 1-8 in Table 1). The Ni and AISI 1018 steel cans
were filled with 100 nm Cu powder in air and manually
tapped. The presence of cracks in the AISI 1018 steel
cans after the first pass lessened the possibility of
successful subsequent extrusions. The final density of
specimens from steel cans was therefore low in some
cases [66]. A high extrusion speed (25 mm/sec) was also
used in a few cases and led to poor consolidation as the
final density was on the order of 70% of the full density
after one pass. The density values for lower extrusion
speeds (2.5 mm/sec and lower) were much higher
usually more than 93% up to 99% depending on the
can material and number of passes. These preliminary
experiments showed the importance of the choice of
canning material and extrusion rate for an acceptable
consolidation. Nickel was chosen as the canning mate-
rial for the consolidation of nanoparticles in the
remaining Stages I and III. Note that the can material
and its flow strength is important since it dictates the
amount of hydrostatic pressure on the enclosed
powder.

Microstructural evolution and monotonic stress—
strain response of consolidated microcrystalline
powders

Figure 3 shows the microstructure of the consolidated
—325 mesh Cu powders obtained via different ECAE
routes after filling the cans, manually tapping, and
vacuum outgassing at 150 °C for 8 hours. The TEM foil

Table 2 Summary of the percent theoretical density, measured
grain sizes and tensile properties in the —325 mesh and 130 nm
Cu particles consolidated using ECAE at room temperature

normals were sectioned perpendicular to the longitu-
dinal plane shown in Fig. 1. The 2A and 2B ECAE
consolidates show large areas with low dislocation
density. The grains are well developed and are almost
free from dislocations in some cases. The microstruc-
ture in the 2C sample is more homogeneous but
contains high dislocation density regions without clear
subgrain formation. Sample 4C exhibits well developed
subgrains with relatively thick subgrain boundaries
with a high dislocation density. Most of the grain
boundaries are clearly visible indicating substantial
misorientation between grains. Note, however, that
some of them are poorly defined.

Figure 4 presents the tension and compression true
stress—true strain response of consolidated —325 mesh
Cu powder. As can be seen in the figure, one ECAE
pass was not sufficient for complete consolidation and
both tension and compression specimens fractured
prematurely. Compression specimens exhibited a high
ultimate strength level of 480 MPa and good ductility
(except the sample from Route 1A). All compression
experiments were stopped at a strain of 10% because
of considerable shape change. The best tensile
response was observed in the sample consolidated
using route 2B, which exhibited significant true strain
at fracture (19.2%) for an ultimate true tensile strength
of 470 MPa. ECAE 2A and 2C samples showed small
strains at fracture while the ECAE 4C sample exhib-
ited a final true strain of 6%. Near elasto-plastic tensile
response of the 2B and 4C samples is interesting to
note as it contradicts the Considere criterion, which
describes the onset of plastic instability [92]. For a true
elasto-plastic behavior, necking should start right after
the onset of yielding. However, no significant necking
was observed in the fractured tension samples. The

after filling the powder cans in vacuum, manual tapping,
outgassing and sealing the cans

ECAE Case Powder size Percentage Grain Size Tension (Extrusion
Route # density (%) direction)
X-Ray TEM Oy (0.20/0) ouUTS &f
(MPa) (MPa) (%)
1A 9 325 mesh (4.2 pm from X-Ray) 97.4 - - - - -
2A 10 98.3 315 nm 200-300 nm (some 406 420 1.9
grains >500 nm)
2B 11 99 300 nm 200-300 nm (some 433 470 19.2
grains <100 nm)
2C 12 98.8 250 nm 200-300 nm - 409 0.5
4C 13 99 260 nm 250 nm 418 443 6.0
2B 14 130 nm (from X-Ray, about 96 110 nm 70-100 nm 690 730 12
2C 15 100 nm from TEM) 96 140 nm ~200 nm and 50-80 nm - - -
4E 16 97 - ~250 nm and 40-80 nm 516 546 0.9

ay: 0.2% offset yield strength, oyrs: ultimate tensile strength, and & strain at fracture
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|
200 nm

500 nm - ) 500 nm

Fig. 3 Bright field TEM micrographs of ECAE processed —325 mesh Cu powder following the routes: (a) 2B, (¢) 2C, and (d) 4C. The
foil normal is perpendicular to the longitudinal plane shown in Fig. 1
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Fig. 4 Room temperature tension (a) and compression (b) true
stress—true strain response of consolidated —-325 mesh Cu
powder. Recompiled from Ref. [66]

stress levels achieved are similar to what bulk ECAEd
Cu samples, with initial coarse grains, usually demon-
strate irrespective of the number of passes they
experience, i.e. ultimate tensile strength levels of
around 450 MPa [66, 99].

The near-perfect elasto-plastic behavior was also
shown in a recent study by in conventional extrusion
consolidated nanosized Cu particles (50 nm). These
authors suggested that the mechanical instability crite-
ria for nanocrystalline materials should be revisited
since the observed near-perfect elasto-plastic behavior
is in contradiction with the Considere criterion. The
present results support these findings, however, our
average grain sizes are considerably larger than the
nanometer range (Fig. 3 and Table 2). It can be argued
that near-perfect elastoplasticity is partly due to the
combined effect of the bimodal microstructure and the
residual porosity. Larger grains in the bimodal structure
(Fig. 3) lead to strain hardening but softening caused by
residual porosity compensates the hardening. Similarly,
strain hardening can also be balanced by a recovery
mechanism such as absorption of dislocations by grain
boundaries since the structure is heavily deformed.
Before necking starts due to the deformation in larger
grains, residual porosity may cause fracture.

It should be mentioned that in the study by
Champion et al. [92], the average grain size was
reported to be 80 nm although the TEM images mostly
showed subgrains around 80 nm with purely defined
boundaries. The grains with high angle grain bound-
aries seemed to be more on the order of 200-300 nm in
size. The reported mechanical test results support the
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latter size range as the ultimate tensile strength levels
were around 450-500 MPa which is similar to what
ECAE processed bulk Cu usually exhibits with grain
sizes of 200-300 nm. However, the reported 80 nm
average grain size would have been expected to result
in much higher strength levels. The contamination
level of nanoparticle consolidates should not be much
less than commercially pure Cu, reducing the possibil-
ity of attributing such low strength levels to low
contamination level. It can be argued that the conven-
tional extrusion consolidation most likely caused
abnormal grain growth during consolidation and thus,
a bimodal grain size distribution, leading to such low
strength levels and near elasto-plastic response.

From the Stage I investigation on the consolidation
of the microcrystalline Cu particles, it was concluded
that route B results in the best consolidation perfor-
mance, i.e. very good tensile ductility, and two ECAE
passes were sufficient to reach near full density in this
route. This finding is reasonable because in route B,
orthogonal rotations of billets in successive passes
cause more effective close up of pores or cavities left
out from the previous passes than what is experienced
in routes C or A. In route A, since the shear is applied
almost on the same plane in successive passes, it is
difficult to close up the pores as this requires some
cross-shearing. In the case of route C, the cross
shearing after the 180° rotation can cause opening of
the pores which are not closed completely in the
previous pass. This is thought to be the reason why
route C always results in the poorest tensile ductility in
consolidates.

Macro and microstructure of consolidated
Cu nanoparticles in Stage I

A macrograph of the consolidated 130 nm Cu powder
following route 4E is shown in Fig. 5 on the transverse
plane. These nanoparticles were filled into the cans,
manually tapped and vacuum outgassed at room
temperature for 8 hours (Stage I, case#16). The image
shows the lack of large cavities and the integrity of the
can and enclosed powder maintained during ECAE.
We can distinguish flow lines separating regions
reflecting different levels of hue seemingly correspon-
ding to areas having dissimilar microstructures. Optical
micrographs were taken from different areas of this
section to build a qualitative understanding of the prior
agglomerate behavior during the extrusion process.
Figure 6 shows the low magnification optical micro-
graphs of the above consolidate. The elongation of the
agglomerates along certain flow lines can be clearly seen
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7 mm

Fig. 5 Cross section of the ECAE consolidated 130 nm Cu
powder parallel to the transverse plane (Fig. 1) which was
processed following route 4E (case #16 in Table 1). The section
was mechanically polished and etched. Dark corners are from the
Ni can. Part of the Ni can was machined down before the picture
was taken

in Fig. 6. These flow lines do not seem to follow a specific
direction but rather organize into blocks of uniform
structure. These blocks flow with respect to each other
during the extrusion and can be separated by a fine
interface as seen in Fig. 6a or by a thicker transition zone
asin Fig. 6b. These areas are generally continuous, but in
some instances can be the preferred site of discontinuity
where microporosity emerges as indicated with an arrow
in Fig. 6b. In some cases, three flow regions were
observed to intersect at an area (similar to triple
junctions at grain boundaries) which is often a strong
candidate for the existence of remnant porosity (Fig. 6c).
Higher magnification micrographs show that debonding
may even occur between agglomerates flowing in the
same direction (Fig. 7a). It can be argued that route E
contributes to opening the gap between distinct agglom-
erates during the 180° rotation at the second pass similar
to route C. These agglomerates are disintegrated to a
certain extent but a considerable proportion is reticent to
a break down even after subjecting the can to four passes
following routes C and E. Figure 7b shows a fairly large
agglomerate etched to reveal the very fine structure due
to the nanoparticles.

TEM micrographs of the consolidated 130 nm Cu
powder following route C (case #15, Fig. 8a) show that
the microstructure is relatively uniform with some
large grains in the upper submicron range. The grains
are mostly equiaxed and separated by high-angle
boundaries. A higher magnification TEM image
(Fig. 8b) demonstrates a uniform distribution of the
grains less than 80 nm with a fairly narrow grain size
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Fig. 6 Low magnification
optical micrographs of ECAE
consolidated 130 nm Cu
powder following route 4E
illustrating the flow lines
formed by the elongation of
powder agglomerates during
extrusion

distribution. Similarly, Fig. 8c from the consolidated
130 nm Cu powder following route B demonstrate the
presence of very fine grains (about 60-80 nm). The
larger light gray areas in the figure with a small change
of contrast indicate a low misorientation between small
subgrains. Thus, these samples and other consolidated
nanoparticles following different routes essentially
have a bimodal grain size distribution, which is
desired for improving the tensile ductility. Average
grain sizes of the consolidates were also determined
using X-ray diffraction analyses in Stage I. The values
are reported and compared to the grain sizes obtained
from several representative TEM micrographs in
Table 2.

The consolidated Cu nanoparticles in stage I exhibi-
ted much higher tensile strength levels (Table 2) than

Fig. 7 (a) Remnant porosity
between similarly deformed
nanoparticle agglomerates in
the ECAE consolidated

130 nm Cu powder following
route 4E due to the 180°
rotations in between certain
number of passes in route E.
(b) A very fine microstructure
exists in the nanoparticle
agglomerates

L

0.1 mm

Longitudinal
Plane Normal

Flow Plane
Normal

that of consolidated microcrystalline particles and
ECAEd bulk Cu [66], except the ones consolidated
using routes A and C. The tensile strength level in the
route 2B (case #14) sample, 730 MPa, was exception-
ally high, which is about 60% more than that of
ECAEd bulk Cu. However, the samples showed
limited ductility (1.2%) (Table 2) despite their bimo-
dal grain size distribution. The fracture without
substantial ductility in the consolidated 130 nm Cu
particles can be attributed to the remnant porosity and
to premature debonding between agglomerates. The
fracture surface in Fig. 9 suggests that the fracture may
initiate due to interagglomeratee debonding. The
arrows in Fig. 9 show potential sites for such debond-
ing which are thought to be prior agglomerate bound-
aries because of their size.

F|-
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Fig. 8 Bright field TEM
micrographs of the ECAE
processed 130 nm Cu powder
following different extrusion
routes, (a) and (b) 2C, and
(¢) 2B. The foil normal is
perpendicular to the
longitudinal plane shown in
Fig. 1

Two important conclusions were reached after the
preliminary investigations on the nanoparticle consol-
idation. Firstly, any route that involves 180° rotations
similar to route C, such as routes E and C’ at low
number of passes (up to four) can not sufficiently
eliminate the remnant porosity. The 180° rotation
between passes leads to debonding along prior agglom-
erate boundaries. Therefore, route B with its orthog-
onal rotations between passes is the best choice among
all at low number of passes. Secondly, it is believed that
there are intrinsic length scales associated with ECAE
shear during the extrusion of porous media that causes
the observed flow lines in Fig. 6. In addition, the
nanoparticle agglomeration and bimodal porosity dis-
tribution significantly affect this flow behavior and

@ Springer

Fig. 9 Fracture surface of a tensile sample from the 130 nm
copper powder consolidate (4E) [Courtesy of Ref. 66]. The
arrows show potential sites for interparticle debonding
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cause premature fracture in the resulting consolidates
under tension (Fig. 9). To eliminate these effects and
achieve better consolidation performance, one needs
to break down the agglomerates as much as possible
before the extrusion and decrease the agglomerate size
range to levels less than the remnant macroporosity
sizes observed in Fig. 6. In other words, the initial
compact density should be increased as much as
possible. The pores like the ones in Fig. 7, though,
can be eliminated by just using the right processing
route, i.e. route B. Alternatively, the same could be
achieved by increasing the hydrostatic pressure levels
with the application of a sufficient back pressure at the
exit channel. This approach was recently proposed by
Xia and Wu [73] and used for the consolidation of pure
Al coarse particles at 100 °C. The tensile strength
achieved was about 150 MPa and ductility was about
10%, which is, however, relatively low for an average
resulting grain size of 7 um.

Below, in Stages II and III, we have investigated the
effect of initial compact density prior to ECAE on the
final consolidation performance. This effort on bre-
aking down and minimizing the effect of nanoparticle
agglomeration resulted in some success supporting the
arguments introduced above.

Microstructural evolution and tensile stress—strain
response of consolidated Cu nanoparticles in Stages
II and III

It is essential for a successful ECAE consolidation to
have prior nanoparticle compacts with high initial

density and a uniform density distribution, which can
be obtained by breaking down the agglomerates.
Higher initial compact density prior to ECAE should
also permit larger consolidates and higher final
material yield. Two methods were applied to manip-
ulate the initial compact density and break down of
agglomerates: (1) a hand pressing of nanoparticles
incrementally using a 10 ksi hand-press in an inert gas
environment, and (2) the application of hydrostatic
pressures through CIPing, in the present case under
40 ksi.

Subsequent processing schedules involving route B
were used for the further disintegration of the agglom-
erates. Several cans were ECAE processed mainly
using route B up to 4 passes (4B) in both stages. In the
4B consolidates, at least 5 or more tensile experiments
were conducted in each billet to determine the varia-
tion in the tensile response in different billets. Fig-
ure 10 shows the tensile stress versus strain curves with
the highest and lowest tensile strength levels obtained
from these samples. As can be clearly seen in the
figure, this route permitted an extraordinary increase
in the fracture strain to 6-7% for ultimate strength
levels of around 750 MPa and above in both initially
CIPed and hand pressed conditions. The average stress
level is slightly higher in the CIPed case than the hand-
pressed case, which can be attributed to better initial
compaction in the former or to the slight difference in
the initial average particle size. For comparison, the
tensile stress—strain responses of the route B consoli-
date from Stage I, microcrystalline powder consolidate,
and annealed Cu are also included. Clearly, the

Fig. 10 Selected room
temperature true stress—true
strain responses of the ECAE
consolidated Cu nanoparticles
under tension demonstrating
the effect of powder filling
and compaction procedure
prior to ECAE and initial
particle size on the strength

800 —

600 —

—#— Nanopowder consolidate, 100 nm
ECAE 4B (stage 3)

—&— Nanopowder consolidate, 130 nm
ECAE 4B (stage 2)

—o— Nanopowder consolidate, 130 nm
ECAE 2B (stage 1)

—¥— Micropowder consolidate, -325 Mesh
ECAE 2B (stage 1)

—— Annealed Cu 101, (grain size 75 pm)

W W
v v

-y

and tensile ductility levels.
The curves with the same
legends show the response of
the tensile samples from
different billets processed
following the same ECAE
route with the highest and the
lowest tensile strength levels
among more than 10 tensile
samples from at least two
different billets

400 —

True Stress, MPa

200 —

Copper Experiments at RT
After various processing conditions

4
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4

I I I I
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2cm

Fig. 11 Image of the ECAE consolidated 100 nm Cu powder
following route 4B with all dimensions in the centimeter range.
Several tension samples were cut from the middle of the billet

attempt to break down the agglomerates and increase
the initial compact density was shown to be successful
in significantly improving the tensile ductility of Cu
nanoparticle consolidates. The repeatability of the
fracture strain levels are also notable since it shows
that even if there might be some remnant porosity left
in the consolidates, they are not as many and detri-
mental as the ones observed in Stage I. It can be
speculated that even if cracks start to propagate from
these pores, the material is ductile enough to suppress
the crack propagation.

The material yield for Stages II and III was signifi-
cantly higher due to the high initial compact density and
less need for final compaction with ECAE. CIPing plus
ECAE of nanoparticles using route 4B yielded near full
density Cu samples with specimen dimensions of more
than 1.5 cm in diameter and minimum lengths of 10 cm.
One of the representative powder consolidates after
CIPing and 4B ECAE is shown in Fig. 11 with about 18
mm diameter and 10 cm length. Table 3 summarizes the
mechanical test results for the consolidated Cu nano-
particles in Stages II and III.

The TEM micrograph of the consolidated 100 nm
Cu powder in Fig. 12 indicates the presence of a
bimodal grain size distribution. The regions with
considerably different average grain sizes are easily
distinguishable as shown in the figure and their sizes
are on the order of the prior agglomerate sizes. The
areas with very fine grain sizes strengthen the material.

It has been reported that the accumulation of disloca-
tions is difficult in these fine grains as they are emitted
from one grain-boundary segment and disappear at the
adjacent one, leaving no dislocations inside the grain
interior [100]. Figure 13 demonstrates such small
grains in the present case. The ductility is thought to
be mainly provided by the larger grains. Although the
consolidation permitted to achieve some ductility
(7.3%), we believe that it is possible to enhance the
strain at fracture further as microstructures such as the
one in Fig. 12 should provide larger strain levels since
some of the large grain interiors appeared to be devoid
of dislocations. This is an indicator that the material
can sustain more plastic deformation if there is no
catastrophic fracture. Indeed, Fig. 12 also demon-
strates a non-uniform thickness of the TEM foil
indicating a potential debonding line separating large
prior agglomerates, shown by the arrows. This corrob-
orates the idea of fracture initiation along prior inter-
agglomerate interfaces.

Microstructural evolution and tensile stress—strain
response of consolidated 316 L stainless steel
nanoparticles

To demonstrate the applicability of ECAE nanoparti-
cle consolidation for other materials, 316 L stainless
steel (SS) nanoparticles was selected due to the similar
crystal structure to Cu but with significantly different
mechanical properties. Austenitic stainless steels are
used in a broad range of industrial applications mainly
because of their excellent corrosion resistance. How-
ever, their low yield strength often is a major draw-
back. Strengthening via nanocrystallization without
significant loss of ductility could extend their use in
industry. Compared to pure Cu, there are several
additional issues in grain refinement, consolidation and
resulting deformation response of nanocrystalline SS.
These materials have low stacking fault energy, and

Table 3 Summary of the observed grain sizes and measured tensile properties in the Cu nanoparticles consolidated using ECAE at
room temperature after filling the powder cans in vacuum, hand-pressing or CIPing, outgassing and sealing the cans

ECAE route Case # Powder size Grain size (TEM) Tension
Oy (02%) (MPa) OuUTS (MPa) &f (o/o)

2A%* 23 130 nm - - - -

2B 24 - 457 441 0.7
4B 25 80-250 nm 584 749 6.0
4Cr** 26 ~250 nm and 40-80 nm - 467 0.7
4B 27 100 nm 50-250 nm 605 790 6.2
2B 19 100 nm (SS) 100-200 nm 942 1030 39

Typical error bars from at least four companion specimens on oyrs were about +15 MPa and about +0.3% for the fracture strain. gy:
0.2% offset yield strength, oyrs: ultimate tensile strength, and & strain at fracture. *: It was not possible to obtain tension samples from
this billet. **: The samples failed before any plastic deformation occurred
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Fig. 12 Bimodal grain size distribution in the ECAE consoli-
dated 100 nm Cu powder processed following route 4B. Some of
the large grain interiors are nearly devoid of dislocations. The
image also shows a line of preferential thinning of the TEM foil
corresponding to a potential debonding site shown by the arrows

thus experience planar slip and twinning. Because of a
small amount of carbon and nitrogen, static and
dynamic strain aging can lead to additional complica-
tions in consolidation and deformation. On the other

100 nm

Fig. 13 Several nanograins with hardly any dislocation activity
in the ECAE consolidated 130 nm Cu powder processed using
route 4B at room temperature

hand, the stability of nanostructures in SS will be
improved over pure systems. Earlier results [61, 101]
indicated that high strength levels are possible without
sacrificing ductility in SS by combining grain refine-
ment and twinning during ECAE at high temperatures.
Therefore, SS was selected as a second and more
challenging model alloy for consolidation.

The preliminary consolidations of SS nanoparticles
with 100 nm average particle size were performed at
700 °C non-isothermally in an ECAE tool heated to
300 °C. The same preparation steps were used as Cu
nanoparticles in Stage I except that the SS nanoparticles
were vacuum outgassed at 130 °C for 8 h. The powder
can was heated in a furnace for 30 min at 700 °C and
transferred to the pre-heated tool in less than 5 s. This
preliminary extrusion temperature was selected to
minimize the effect of dynamic strain aging, which is
usually operative around 400-600 °C and to eliminate
the effect of twinning as much as possible. If the
consolidation would be unsuccessful or if there would
be some peculiarities in resulting consolidate micro-
structure or performance, it could have been difficult
to understand the reasons because of the role of
several factors. Clearly, minimizing the number of
operative mechanisms makes the control of
consolidation process much easier. ECAE at lower
extrusion temperatures, though, will be investigated in
the near future.

As can be seen in Fig. 14, an ultrahigh ultimate
tensile strength of 1180 MPa was achieved in consol-
idated SS nanoparticles following route 2B having
dimensions of 15 mm in diameter and 7 cm in length.

1200
316L Stainless Steel
Tension Experiments at room temperature
1000 Bulk samples and nanoparticles
- Processed by ECAE
o
< 800+
2
o 6004 T
1) /
(0]
E 400 . —e— 100 nm nanoparticle consolidate
700 °C, Route 2B
200 ¢ —e— Bulk billet, 600 °C, Route 2B
—— As Received
0 _J' T T T T T T
0 10 20 30 40 50 60

True Strain, %

Fig. 14 Room temperature true stress—true strain response of
the ECAE consolidated 100 nm 316L stainless steel particles
following route 2B. For comparison, the tensile responses of the
as-received coarse grained polycrystals and ultrafine grained
316 L stainless steel obtained using ECAE processing of the as-
received material at 600 °C using route 2B are also shown
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For comparison, the tensile responses of ECAE
processed bulk 316L SS using route 2B at 600 °C (with
an average final subgrain/grain size of about 200-
300 nm) and as-received 316 L SS (average grain size
of 45 pm) are also presented. The considerably higher
strength level in the NC consolidates as compared to
the one in the ECAE processed bulk sample can be
clearly seen in the figure. However, such difference in
strength levels cannot be solely attributed to grain
refinement. TEM bright field images in Fig. 15 show
that the grain sizes in the NC consolidate seem to be on
the same order as that of the ECAE processed bulk
sample. Grain sizes are similar as the microstructure of
the consolidate seems to have partially recrystallized.
However, mostly well-developed grain boundaries
were observed in the NC consolidate as compared to
less developed subgrain boundaries with low misori-
entation angles in the ECAE processed bulk material,
and thus the strength level is considerably higher in the
NC consolidate. Contamination of nanoparticles and
higher interstitial content can also play an additional
role in obtaining higher strength levels.

No deformation twinning activity was observed in
the consolidated nanoparticles after two passes while
considerable twin activity was evident even at 800 °C
after one pass in the bulk samples [61]. The strain at
fracture was 4% due to the same problem of inter-
agglomerate debonding, which is a consequence of
using only two passes. Further improvement in ductil-
ity is expected by using route 4B and by initially
disintegrating and compacting the agglomerates
through hand pressing or CIPing as in the Cu case.

Fig. 15 Bright field TEM
micrographs of (a) the
consolidated 100 nm 316 L
stainless steel powder after
the consolidation using
ECAE at 700 °C, and (b) the
ultrafine grained bulk 316 L
stainless steel billet processed
by ECAE at 600 °C with
initial coarse grains, both
following route 2B

@ Springer

What is the next step in the consolidation
of nanoparticles using ECAE?

The ECAE process proved to be a very effective
technique in the fabrication of bulk NC materials.
However, further improvement in tensile ductility is
needed. The inter-agglomerate debonding is shown to
be the most detrimental effect on the final strain at
fracture. Some fundamental questions need to be
addressed regarding the formation of agglomerates
and what the lower limit of their size is. To break down
the agglomerates, we have used cold compaction prior
to ECAE consolidation using hand-pressing or CIPing,
which are shown to be effective. From the observed
microstructures, further ductility improvements seem
to be possible. Using higher CIPing pressures and
applying higher number of passes in route B could
provide such improvement by an additional break
down of initial agglomerate sizes and further reduction
in remnant porosity, respectively. One disadvantage of
this processing approach is that it is a two-step process
because of the involvement of CIPing. The application
of a back pressure during ECAE can be an alternative
eliminating the CIPing step, however, its effectiveness
remains to be shown. This approach could also provide
much higher hydrostatic pressure levels than what the
can material imparts on the enclosed powder.

In the present study, we have not addressed the
effects of the oxide layer present on the powder
surface, oxygen or other interstitial contents, and
powder size distribution. For the former, we have
assumed from our previous studies [87, 88] that ECAE
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shear is capable of breaking the surface oxide layers
easily. However, one needs to consider the effect of the
size of broken oxide particles laying along the grain
boundaries on the final ductility level. Perhaps, it might
be necessary to apply higher number of passes to break
down the size of these particles further and to reduce
their effect on ductility. It is believed that nanometer
size oxide particles along grain boundaries would
significantly enhance the thermal stability of nanopar-
ticle consolidates as shown in Al alloy consolidates
[102].

Conclusions

In the present study, it was shown that ECAE can be a
feasible method for fabricating bulk NC materials with
all dimensions in the centimeter range. The mechanical
properties and microstructural evolution of ECAE
consolidated —325 mesh microcrystalline Cu particles,
different size Cu nanoparticles and 100 nm stainless
steel particles were investigated and correlated with
the processing schedules. The ECAE consolidation of
100 and 130 nm Cu nanoparticles through route 4B,
after the initial break down and compaction of the
nanoparticle agglomerates using hand pressing or cold
isostatic pressing, yielded excellent tensile properties.
Maximum strength and strain levels of 790 MPa and
7.3%, respectively, were achieved in the Cu consoli-
dates with bimodal grain size distribution. In the
stainless steel nanoparticles, a maximum strength level
of 1180 MPa with 4% tensile ductility was reached
after the consolidation using route 2B at 700 °C. The
inter-agglomerate debonding was shown to be the most
important effect on the consolidation performance. It
was argued that further improvement in tensile duct-
ility could be possible if: (1) the nanoparticle agglo-
merates are initially broken further by using higher
pressures during cold isostatic pressing, (2) more
effective shearing is achieved by conducting higher
number of ECAE passes in route B, and (3) high
hydrostatic pressure levels accompany ECAE shear by
the application of back pressure in the exit channel
during ECAE.
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