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Equal channel angular pressing (ECAP) is one of the severe plastic deformation processes that can
also be used for metallic powder consolidation. Consolidation of blended elemental powders of iron,
chromium, nickel, and manganese (Fe-25Cr-20Ni-2Mn wt. %) was performed at room temperature
ina ® = 120° die by 1 and 2 passes. SEM micrographs indicated that single pass ECAP consolidated
sample presented close to full densification. Additional pass of ECAP led to hardness increase and to
an apparent better mixing between the different particles. SEM/EDX analysis made before and after
heat treatment of the samples showed that effective diffusion only took place after heat treatment
and especially in the sample subjected to 2 ECAP passes. Results indicate that alloying by ECAP
consolidation and posterior heat treatment is feasible, especially for systems that cannot be processed
by conventional means, as well as mechanical alloying.
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1. Introduction

Severe plastic deformation (SPD) is commonly defined
as processes that ultra-large plastic strains are applied to a
bulk material, with no considerable change in its dimensions,
and capable of producing ultrafine grained (UFG) metals'.
Several SPD processes were developed, though some have
acquired more relevance, as high pressure torsion (HPT)?,
accumulative roll-bonding® and, especially, equal channel
angular pressing (ECAP)™'%.

Bulk solid metals are the most commonly discussed
materials in ECAP literature, especially aluminum and its
alloys. The potential of grain refinement and improvement
on the mechanical properties of these materials was reported
many times on literature. Manjunath and collaborators
presented good results on the ECAP processing of alloys of
the system Al-Zn-Mg, with major grain size reduction and
simultaneous improvement in the mechanical properties,
like hardness, ultimate tensile strength and elongation'® 4.

ECAP consolidation of metallic powders'>!” and metal
matrix composites'® have been studied in the last years.
Powder metallurgy is the usual method for obtaining bulk
solids from powders and its densification mechanisms
usually consists in uniaxial pressing, which may not be
effective, and mass transfer by atomic diffusion during
sintering. ECAP consolidation, on the other hand, has its
densification mechanism based on plastic deformation of
particles, which may result in almost full densification even
in low temperatures and almost instantly'®. Figure 1 displays
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Figure 1. Schematic representation of the consolidation of dissimilar
particles by ECAP.

a schematic illustration of the consolidation of dissimilar
particles by ECAP.

Additionally, densification of metals by sintering is
widely known' to be negatively affected by the surface
oxide layers, reducing the effectiveness of mass transfer in
these interfaces. During ECAP consolidation, the metallic
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particles are exposed to severe plastic deformation, fracturing
the surface oxide layer. This metal surfaces created by the
broken oxides are prone to easily bond to other metallic
surfaces, which are widely available after SPD'S.

Thus, ECAP consolidation of powders comes up as a great
alternative for conventional powder metallurgy processes,
once it does not require high sintering temperatures and can
be readily performed, reducing energy expenditure and the
final cost of the product.

The majority of works in the literature focus on the
consolidation of elemental®*? or pre-alloyed**?* powders. In
this research, the consolidation of blended elemental powders
of Fe, Cr, Ni, Mn was performed, by ECAP, to investigate
the potentiality of obtaining an alloy from this technique.
Scanning electron microscopy (SEM) coupled with energy
dispersive spectroscopy (EDX) was used for determining
the occurrence of diffusion and chemical homogenization.
Hardness tests were performed to evaluate the mechanical
properties of the samples and the work hardening evolution
after 1 and 2 ECAP passes and heat treatment.

2. Experimental

Elemental powders of iron (99.5%), chromium (99%),
nickel (99.8%) and manganese (99.7%) in a ratio of Fe-
25Cr-20Ni-2Mn wt. % were mechanically blended (without
grinding) and simply poured into the entrance channel,
without encapsulation, for ECAP consolidation. The chosen
elements and its ratio are the same as the AISI 310 stainless
steel, which is widely known for its corrosion resistance at
high temperatures. Nevertheless, checking the efficiency
of the consolidation of diverse metallic particles was the
main objective.

Consolidation was performed at room temperature in
a sliding bottom die with channel angle of 120° and arc of
curvature (¥ angle) of = 20°. The sliding bottom die has the
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advantage of diminishing the friction between the die and
the part being pressed, as can be seen in Figure 2, where
SB is a sliding bottom die and CD is a conventional die. As
the material flows through the exit channel, the bottom bar
slides and eases the process without deleterious influence
on the deformation of the material. Pressing speed was
kept at | mm.min’, in order to prevent substantial heating
of the sample?”. Samples were obtained by a single pass and
by two passes in route A. In order to contain the powder
and apply an effective backpressure, a small billet of AISI
1045 was used as dummy billet. To remove the consolidated
sample and prepare the die for the second pass, a billet of
AISI 1045 was pressed halfway the channel. Heat treatment
in both samples was performed under vacuum at 1200 °C
for 60 minutes.

To verify the efficacy of the densification by ECAP and
heat treatment, the volumetric fraction of porosities was
measured by means of automated image analysis, accordingly
to the ASTM E1245-03 standard?.

Samples were analyzed by SEM and optical microscopy
(OM) in order to verify the particle deformation behavior
during ECAP. SEM-EDX was performed to identify particle
interfaces and its chemical composition qualitatively. SEM-
EDX line scans were performed for the better visualization
of the chemical composition gradient along the interfaces
between particles. The obtained billets were cut along
its longitudinal-section and conventional metallographic
preparation was performed with sandpaper (420, 600, 1200,
1500, 2000, 2500) and vibrational polishing with colloidal
silica for 4 hours.

The mechanical behavior of the samples was analyzed by
Vickers hardness tests. To understand the behavior of each
powder, Vickers hardness measurements were performed on
individual particles of the powder prior to the consolidation
and after each pass. By this method, it was possible to analyze
the hardening of each powder due to the shearing deformation

Figure 2. Picture of a sliding bottom die (SB) and a conventional die (CD) used for ECAP.
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imposed by ECAP. Indentations were performed using very
low loads, for ensuring that single particles were analyzed (15
gf for Fe and Ni, 50 gf for Cr and Mn). Twenty indentations
were obtained for each material, during 12 seconds each.

3. Results and Discussion

3.1 Powder characterization

Characterization of the initial powders was performed
by means of SEM and their morphologies can be observed
in Figure 3. The SEM images were used to determine the
maximum Feret’s diameter, which is the longest dimension
from edge to edge of a particle. A minimum of 200
measurements were performed for each material. Iron (Figure
3A) and nickel (Figure 3C) (58.5 £ 19.6 pm; 12.1 + 5 um;
respectively) presented smaller particles with a rounded
shape. Some aggregates can be observed, especially for
iron, which may have increased the average value of particle
size and its deviation. Fewer aggregates were observed for
nickel. Chromium (Figure 3B) presented an angular particle
shape with much larger size (449.6 + 78.8 um) than iron
and nickel. Manganese presented irregular shaped particles
with a bimodal particles size distribution (17.1 £ 4.6 pm for
the smaller ones and 82.3 &+ 25.7 um for the larger ones) as
can be seen in Figure. 3D.

3.2 Powder consolidation

The “stress x displacement” curves obtained during
ECAP consolidation are shown in Figure 4. The first powder
consolidation pass was characterized by an initial compression,
where inter-particle sliding and plastic deformation of powder
particles took place, analogously to uniaxial pressing. As
a critic stress was reached, the compacted powder mass
starts to push forward the backpressure dummy billet and
to be pressed along the channel, resulting in severe plastic
deformation by shear.

The second pass presents a different behavior, with a rapid
increase in stress until a critic stress is reached. Then, the
sample undergo a steady state of pressing along the channel.
The higher stress for the pressing of the second pass can be
associated with the strain-hardening during the first pass,
making the sample more resistant to the shear deformation
imposed by ECAP*.

500 um

Figure 4. "Stress x displacement" curves obtained for the first and
second ECAP passes.

3.3 Microstructure characterization

Figures 5 and 6 present the SEM/OM micrographs obtained
for the samples subjected to one and two passes, respectively,
before heat treatment. Red arrows indicate the extrusion
direction. After the first pass, the sample presents a dense
structure, with well-defined interfaces between particles (Figure
5). This result reinforces that SPD by ECAP is an effective tool
for obtaining instantaneous highly dense, homogeneous bulk
solids. Figures 7 and 8 present the SEM/OM micrographs for
the samples after heat treatment. As seen in the SEM images
(Figures 7B and 8B), the interfaces between particles became
blurry, an indicative of interdifussion'.

Automated image analysis was performed to quantify
the porosity and results are displayed on Table 1. As seen on
Table 1, high densification was obtained with a single ECAP
pass and it was further improved with the second pass, which
may indicate the improvement of the metal-metal bonding
between particles. The densification of the samples was
also improved by the heat treatment. ECAP densification is
mainly based on plastic deformation of particles, whereas
sintering is mainly a diffusion based process'®.

3.4 SEM-EDX analysis

SEM-EDX maps were obtained for both samples,
before and after heat treatment, and are shown in Figure 9
to Figure 12. SEM-EDX for Mn was not considered, due
to the possible misinterpretation between Mn Ka, (5.900
keV) and Cr KB, (5.947 keV).

Figure 3. SEM images of the iron (A), chromium (B), nickel (C) and manganese (D) powders used.
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Figure 5. Optical (A) and electron (B) microscopy micrographs for the sample subjected to one ECAP pass, before heat treatment.

Figure 6. Optical (A) and electron (B) microscopy micrographs for the sample subjected to two ECAP passes, before heat treatment.

Figure 7. Optical (A) and electron (B) microscopy micrographs for the sample subjected to one ECAP pass, after heat treatment.
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Figure 8. Optical (A) and electron (B) microscopy micrographs for the sample subjected to two ECAP passes, after heat treatment.

Table 1. Calculated volumetric fraction of porosities for samples
before and after heat treatment.

Number of Volumetric fraction of
passes porosities (%)
1 pass 2.77+0.51
Untreated
2 passes 1.57+0.18
1 pass 1.05+0.17
Heat treated
2 passes 0.86+0.26

SEM-EDX maps for the first and second pass samples
before heat treatment are shown in Figures 9 and 10. By
analyzing Figure 9 and Figure 10, it can be observed that the

SPD provided by ECAP, solely, did not induce substantial mass
transfer between particles. A close agreement was observed
between SEM-EDX maps and line scans (Figures. 13 and 14)
in the interfaces between particles in one and two passes.
Interface diffusion during ECAP consolidation has already
been observed by Ng and collaborators? by STEM-EDX in
distances of approximately 10 nm in similar processing of Ti-
6Al1-4V at 400 °C. An initial analysis about the feasibility of
diffusion between two metallic particles would conclude that
surface oxide layer would suppress mass transfer. However,
ECAP processing, leads to shattering of the surface oxide
layer of particles, once it cannot be plastically deformed, as

Figure 9. SEM-EDX maps for the sample subjected to one ECAP pass, before heat treatment.

Figure 10. SEM-EDX maps for the sample subjected to two ECAP passes, before heat treatment.
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Figure 11. SEM-EDX maps for the sample subjected to one ECAP pass, after heat treatment.

Figure 12. SEM-EDX maps for the sample subjected to two ECAP passes, after heat treatment.

the particle itself'®. When not completely withdrawn, oxides
will be a barrier for mass transfer; but Ng? have found that
ECAP processing leads to the amorphization of these oxides,
which could possibly be less restrictive for diffusion than
crystalline oxides.

Additionally, Ahn and collaborators**3! reported the
formation of intermetallics of Al and Mg after 10 turns HPT
of stacked disks of these elements at room temperature, which
indicates that interdiffusion between different particles may
be induced by this SPD method.

SEM-EDX maps for the first and second pass after heat
treatment are shown in Figures 11 and 12, respectively, and
present evidences that interdiffusion has happened along
the analyzed area during heat treatment. In both figures, it
can be observed that the interfaces between particles are
not well defined, but composed of a compositional gradient
due to interdiffusion between particles. The results on these

figures confirms that heat treatment is indeed necessary
for achieving substantial mass transfer between particles.
Once again, SEM-EDX line scans were performed to
further investigate the interfaces, as can be observed in
Figures 15 and 16.

SEM-EDX maps and line scans of the heat treated
samples evidenced a pattern where the diffusivity of the
elements depends on the diffusion pair to which it was
subjected. According to the maps, Fe diffusion was more
efficient in Ni than in Cr; Cr diffusion was more efficient
in Fe than in Ni; and Ni diffusion was rather inefficient in
Cr, but some diffusion to Fe particles was observed. This
result corroborated the finding of Million, Ruzickova and
Viest'al on the self-diffusion coefficients of the Fe-Cr-Ni
ternary system*’. According to those authors, for a large
range of temperatures and concentrations, D" : D " : D,
=1:12:2.

Figure 13. SEM-EDX line scans for the interfaces between particles on the sample subjected to one ECAP pass, before heat treatment.
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Figure 14. SEM-EDX line scans for the interfaces between particles on the sample subjected to two ECAP passes, before heat treatment

Figure 15. SEM-EDX line scans for the interfaces between particles
on the sample subjected to one ECAP pass, after heat treatment.

Figure 16. SEM-EDX line scans for the interfaces between particles
on the sample subjected to two ECAP passes, after heat treatment.

In order to better understand the interdiffusion behavior
during the heat treatment, one-dimensional diffusion simulations
were performed using DICTRA (Thermo-Calc - Limited
Version 2019a) in conjunction with the thermodynamic
database FEDEMO and the mobility database MFEDEMO.
The simulations were made considering planar geometry, a
50 pm region for each element, 50 points (linear grid) per
region, and a thermal profile identical to the experimental
heat treatment (1 h at 1200 °C). Figure 17A and 17B show
the composition profile across Fe-Ni and Fe-Cr interfaces,
respectively. At the starting time (zero seconds), one has a
pure iron particle in contact with a pure nickel/chromium

particle. The Fe and Ni particles are FCC, while Cr is
BCC. After the complete heat treatment (3600 seconds),
the amount of interdiffusion between the Fe-Ni particles
is very limited, reaching less than 20 pm inwards the Fe
particle. Differently, there is a large mass transfer from
the Cr particle inwards the Fe particle, reaching the whole
50 pum region. These results are in great concordance with
the SEM-EDX line profiles (Figures 15 and 16), that show
some regions with high Fe and Cr concentrations (prior Fe
particles) and others with high Cr and very low Fe (prior Cr
particles). An explanation for the high Cr diffusion into the
Fe structure is the austenite destabilization caused by the
Cr enrichment, as the diffusion coefficients of substitutional
impurities are at least one order of magnitude higher for BCC
iron than for FCC iron®. As seen in Figure 17C, the width
of the FCC regions shortens as the Cr content increases
during the heat treatment. Effectively, the entire Fe region
is BCC after 1050 seconds of heat treatment. Important to
notice that this is a simplified analysis, considering only
the diffusion of a single solute species into the Fe particle.
Although this is a reasonable approximation for short heat
treatments, the real interdiffusion process, especially for
longer heat treatments (which would promote a greater
homogenization and interactions between Cr and Ni atoms),
would be significantly more complex.

Fiebig and Amouyal**** have demonstrated that SPD
processing may create preferential, high speed, diffusion paths
in bulk metals which may justify why the sample subjected
to a second pass showed a more substantial interdiffusion
between these particles.

3.5 Hardness tests

Vickers hardness tests were performed in the powder
prior to consolidation and after 1 and 2 passes. Results are
displayed in Table 2.

The hardness for Mn particles after consolidation was not
included due to small amount and the possible detachment
of the particles during sample preparation. The initial Mn
powder presented a hardness of about 247.4 + 23.1 HV.

According to Table 2, Fe and Ni powders present
similar hardness prior to consolidation, around 130 HV. Cr
particles, on the other hand, presented a higher hardness
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Figure 17. Simulated composition profile across Fe-Ni (A) and Fe-Cr (B) interfaces. The destabilization of austenite caused by Cr

enrichment by interdiffusion is displayed in (C).

of 272 HV. After the first and second ECAP passes, all
powders presented a substantial hardness increase. This
increase was mostly observed during the first pass, which
possibly consumed, in great amount, the work-hardening
capacity of the metals.

A hardness increase of 272% was observed for Ni after
the first ECAP pass, as well as 196% and 125% for Fe and
Cr, respectively. A hardness increase of 294% was observed
for Ni after 2 ECAP passes, as well as 205% and 138% for
Fe and Cr, respectively. This difference can be associated,
primarily, to the moderately high stacking fault (128 mJm)
FCC structure of Ni, which is highly prone to work-hardening
when compared to the BCC structure of Fe and Cr*®.

Independently of the material, it was seen that ECAP
processing was successful on producing a harder material,
which means that all metals underwent an appreciable level
of deformation. Thus, this deformation may have led to a
substantial refinement on its microstructure and a pronounced
increase in dislocation density. Due to the dissimilar nature of
the samples, revealing the individual particles microstructure
by etching was not possible.

After heat treatment, hardness measurements were
performed with higher loads (about 500 gf), since it was
not possible to easily distinguish between the particles of
different elements. Thus, the measurements were made in
order to obtain information about a large area of the sample,
comprising several particles. The average hardness of both
samples was considerably lower than the particles before
heat treatment, indicating that the heat treatment led to an
efficient stress relief on the samples. The hardness after

heat treatment was even lower than the average hardness
of the powders prior to ECAP. After heat treatment, the
samples with 2 passes presented a higher hardness than
the sample with a single pass. This is probably caused
by a more refined recrystallized microstructure in this
sample. Larger amounts of plastic deformation increase
the number of effective recrystallization nuclei, leading to
smaller grains (35,36). It is also possible that the higher
hardness is linked to an increased solid solution due to
a larger interdiffusion of elements. Although some solid
solution hardening is surely present after heat treatment;
it is not possible to predicate its influence by Vickers
hardness solely.

4. Conclusions

ECAP consolidation of blended elemental powders of
Fe, Cr, Ni and Mn, at room temperature, was successfully
performed for obtaining a bulk highly dense material.

Good densification was obtained in a single pass of ECAP
consolidation. Additional passes led to an improvement in
densification and metal-metal bonding in the interfaces
between particles.

SEM-EDX analysis demonstrated that mechanical
alloying was not, initially, possible by ECAP consolidation
solely. However, heat treatment of samples showed that
interdiffusion of elements can lead to alloying, especially
after higher ECAP strains.

Hardness tests indicated that ECAP consolidation may
produce harder materials by work hardening.

Table 2. Vickers hardness for powders before and after ECAP, and bulk Vickers hardness of samples after

Number of passes Fe (HV) Cr (HV) Ni (HV)
Powders (as received) 129.5+79 272.75 +20.1 132.7+104
1 pass 253.3+8.9 340.3+£10.3 361 +7.5
Untreated
2 passes 265+4.9 376.5+£6.78 3903+ 11.4
Bulk (HV)
1 pass 112.8+7.3
Heat treated
2 passes 126.7+ 7.1
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