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Abstract Plastic deformation behavior was investigated
in near fully dense nanostructured and ultrafine-grained
bulk samples of carbon steel (0.55 wt% C) under com-
pression and tension tests. The specimens were obtained by
hot pressure from mechanically milled powder at 400 and
500 °C. Subsequent heat treatments at temperatures going
from 600 to 900 °C produced samples with ferrite grain
sizes from 30 nm to 17 pm. Nanocrystalline grained steel
samples presented very high strength with low ductility.
Once, in the ultrafine range, as the ferritic grain size was
increased, the strength was decreased and the ductility was
improved. The porosity and carbon atoms within the
structure were analyzed in order to explain the results of
strength and strain obtained.
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Introduction

Grain refinement is an important strengthening mechanism
for steels. Ultrafine-grained materials (UFG) with grain
sizes above 100 nm but within the nanometric range and
nanocrystalline materials (NC) with grain sizes below
100 nm exhibit an enhanced mechanical strength [1-4].
The main benefits are the prevention of alloying elements
and heat treatments. NC/UFG steels have great potential
for replacing some conventional high-strength steels.
However, the ductility is drastically reduced in NC/UFG
steels comparing them to their coarse-grained counterparts.
The uniform elongation of these steels before inhomoge-
neous or localized deformation is much lower than steels
with a larger grain size. In recent years, there has been an
increase in research to improve the ductility that might be
achieved in NC/UFG materials through the use of various
procedures such as a bi-modal grain size distribution, na-
notwins, boundary structure engineering, and second phase
precipitation. However, these approaches decrease in
strength as they increase in ductility [5-8].

According to Considere criteria, a large hardening
capability is required to show uniform deformation for
metals with high strength; such as NC/UFG steel [9]. The
great majority of reported NC/UFG iron and steel show
few or none hardening capability and even some papers
reported softening due to formation of shear bands as
dominant deformation mechanism [10-15]. Several authors
have studied microstructure and mechanical behavior of
NC/UFG structure of mechanically milled iron and steel.
Mechanical characterization on iron powder without a
consolidation process was carried out by numerous authors
[16-20]. Others works carried out mechanical tests on bulk
samples, for example: specimens obtained by hot rolling of
powder previously encapsulated in steel tubes [21-23],
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samples obtained by hot uniaxial pressing [12, 24], by hot
isostatic pressing [25], and by hot extrusion [26]. Each
work reported different results as a function of obtaining
and characterization methods used. Studies of NC iron
powder with oxygen intentionally added have shown an
increase of strength due to the presence of nanosized oxide
particles. [27-29]. High mechanical properties are worth
noting in NC steel obtained by dynamic impact [30], and
ball drop [31, 32]. Iron samples obtained by spark plasma
sintering [33-35] displayed a high strength and decent
ductility.

NC/UFG steels can be obtained through different pro-
cessing routes, such as powder metallurgy techniques,
severe plastic deformation, and thermomechanical treat-
ments. Powder metallurgy technique has been widely used
due to its simplicity and low cost. During mechanical
milling occurs the grain refinement exhibiting a strong
increasing of mechanical properties and changing thermal
and magnetic properties that depend on the nanometric
structure obtained [19]. Powder with very small grain size
(20 nm) is consolidated into bulk samples completing the
powder metallurgy technique. Nevertheless, contamina-
tion, imperfect particle bonding, and volume flaws are
some problems associated with this procedure [36, 37]. On
the other hand, steels obtained by severe plastic deforma-
tion process are treated as solid materials without the
problems of the porosity of powder metallurgy. Grain size
reduction reached by these processes is normally larger
than 300 nm though. Specimens through equal channel
angular pressing (ECAP) [38, 39] and accumulative rolling
bonding (ARB) [40-43] were studied by tensile test
showing acceptable ductility.

Compressive and tensile deformation behavior is an
interesting subject of study since a difference is often
observed between them. However, the comparison from
samples produced with different methods often show
inconsistent results. The aim of this work is to analyze the
compressive and tensile behavior of NC/UFG bulk speci-
mens of 0.55 wt% C steels obtained by hot consolidation
process of mechanical milled steel powder. Samples with a
wide range of grain size were used to correlate the defor-
mation behavior with the grain size. The determination of
mechanical properties by compressive and tensile test
developed in this work can make a contribution to under-
stand the ductility problems of these materials.

Materials and method

A commercial pure iron powder was severely deformed in
a planetary ball mill with stainless steel balls under an Ar
gas atmosphere. The medium carbon steel samples were
obtained by milling the powder with a small amount

(0.8 wt%) of Etilen-bis-stearamide (EBS) for 52 h. The
addition of EBS also avoided the adherence of the powder
to the recipient walls. The final chemical composition
(wt%) was 0.55 C, 0.73 O, 0.27 Cr, 0.15 Ni, and Fe bal-
ance. The consolidation process of the steel powders was
divided into two steps. In the first one, the powder was cold
compacted at 1100 MPa for 30 min. The second step was a
hot uniaxial compaction at a fixed pressure of 850 MPa for
60 min. The hot compaction temperatures chosen were
between 425 and 500 °C, in order to obtain different grain
sizes inside the nanocrystalline and low ultrafine regimes.
Some as-consolidated specimens at 500 °C were addi-
tionally heat treated at temperatures between 600 and
900 °C during 30 min in a tubular furnace under an Ar
protective atmosphere and subsequently cooled down in an
Ar atmosphere in order to get different grain sizes.

The dimensions of the cylindrical specimens used in the
compression tests were 5 mm in length and 7 mm in
diameter. Specimens for tensile test were cut from con-
solidated samples of 1 mm in length and 10 mm in diam-
eter by using a wire electrical discharge machine. The
tensile tests were carried out with samples dimensions
outside the standard procedure due to the geometric limi-
tations. The samples were 1 mm wide, 0.8—-1 mm thick,
and 2 mm of gage length. The density was determined first
by measuring the dimensions and weight of the consoli-
dated samples and secondly by the Archimedes method.
The total porosity determined by both methods was lower
than 4% in all the examined samples. Porosity was also
observed in the internal longitudinal section of the speci-
mens by scanning electron microscopy (SEM) after four
cycles consisting of etching with Nital 2% and polishing
cloth.

The ferritic grain sizes of steel samples obtained under
different treatments were determined by SEM and trans-
mission electron microscopy (TEM). Samples for TEM
observation were elaborated by ion milling. The grain size
in the nanocrystalline samples was measured combining
bright and dark field TEM images. This procedure allowed
identifying the contour of grains free from overlapping
effects. For the heat treated samples at temperatures above
725 °C in which larger amount of cementite precipitates
were formed, the microstructures were also observed in the
transverse directions of the cylinders by SEM after etching
the specimens with Nital 2%. Compression tests on bulk
specimens were performed on a universal testing machine
at a strain rate of 1 - 10™* sfl, and Teflon sheet and lith-
ium grease were applied in order to minimize friction.
Tensile tests were conducted in a Deben tensile machine at
an initial strain rate of 1.7 - 10 ~* s™'. Lateral surfaces of
tensile samples were ground, polished, and analyzed by
SEM in order to identify shear bands or any deformation
sign.
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Results and discussion
Microstructural characterization

The average grain size of the ferrite for the different
as-consolidated samples is shown in Table 1 together with
the corresponding values of relative density and total area
porosity. Also the evolution of the microstructure with the
processing temperature can be observed in the TEM
micrographs shown in Fig. 1.

In general terms, when the consolidation temperature
increases, a slight growth of the average ferrite grain size is
produced, while the random orientation of the nanocrys-
talline grains of ferrite remains. Nanocrystalline ferrite
grains are visible but their grain boundaries are not clearly
distinguishable, which raised some difficulties in the
determination of the ferritic grain size by TEM. The lowest
temperature used in the consolidation process (425 °C)
creates samples with an average grain size of ~30 nm. The
continuous rings in select diffraction area (SAD) confirm a

Table 1 Consolidation

procedure, grain size and Consolidation procedure Qrain Rela.tive Total.area
porosity values of the size (nm) density (%) porosity (%)
consolidated samples HC 425 °C 30 + 19 <96 215

HC 460 °C 46 £ 21 >96 1.69

HC 500 °C 115 £ 45 >97 1.38

HC 500 °C 4 HT 650 °C 160 + 40 >97 1.23

HC 500 °C + HT 700 °C 340 £ 220 >97 1.25

HC 500 °C + HT 725 °C 390 + 180 >97 1.21

HC 500 °C 4 HT 775 °C 900 >97 1.22

HC 500 °C + HT 825 °C 1100 >97 1.12

HC 500 °C + HT 875 °C 2800 >97 1.14
HC hot compaction HC 500 °C + HT 1100°C 17000 >98 1.03

temperature, HT heat treatment

Fig. 1 TEM images for different consolidation procedures. a HC 425 °C, b HC 460 °C, ¢ HC 500 °C, d HC 500 °C 4+ HT 725 °C, e HC
500 °C 4 HT 775 °C, £ HC 500 °C + HT 825 °C. The rings marked in the selected diffraction area confirm the presence of iron oxides

@ Springer



J Mater Sci (2010) 45:4796-4804

4799

random orientation of grains (Fig. 1a), which is usual in
NC metals obtained by mechanical milling [18, 44, 45].
Figure 1b shows TEM micrograph of specimen obtained at
460 °C with grain size of ~46 nm. Increasing the tem-
perature of consolidation makes it easier to identify the
grain boundaries due to the reduction of overlapping. The
average grain size of samples consolidated at 500 °C
corresponds to low ultrafine-grained regime (~ 115 nm)
moving away from the NC regime obtained with the lowest
temperature (Fig. 1c). There is a visible weak ring inside
the first ring of Fe{110}. The value of interplanar spacing
associated to that ring agrees well with the highest inten-
sities of FeCr,0O4 and Fe;0,.

When the consolidated specimens at 500 °C are
heat treated, larger ferrite and cementite precipitates are
observed. Samples heat treated at temperatures up to 725 °C,
show growth of ferritic grain up to 400 nm and small
cementite precipitates (Fig. 1d). With treatment tempera-
tures higher than 725 °C the grain size is significantly
increased (Fig. le, f). The growth of ferrite grains is pinned
by the presence of finely dispersed cementite and oxides
along grain boundaries. Their presence is also detected in the
XRD profiles (Fig. 2). At the consolidation temperatures
used in this work, Zhang et al. [33] suggest that C atoms are
mainly segregated at the grain boundaries of the nanocrys-
talline ferrite forming non-stoichiometric cementite parti-
cles, although there are important concentrations of C atoms
inside the ferrite grains. Ohsaki et al. pointed out the large
variations of carbon concentration in nanocrystalline ferrite
(0.6-1.5 at.%). Some grains show concentrations up to
1.0 at.%, which is much larger than the equilibrium solu-
bility of carbon in ferrite [46]. Regarding the O atoms, they
are dissolved after long mechanical milling times [22, 27].
With annealing, the nano-sized oxide particles are finely
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Fig. 2 XRD profile for different consolidation procedure. (a¢) HC

460 °C, (b) HC 500 °C, (¢) HC 500 °C + HT 725 °C, (d) HC
500 °C + HT 775 °C

dispersed within the ferrite matrix. The three-dimensional
atom probe (3DAP) analysis by Srinivasarao et al. [35] has
shown that O and Cr in mechanical milling of iron form oxide
particles specially Fe;04 and FeCr,0,4. The examination of
these oxides in the ferrite matrix by TEM dark-field images
showed a regular distribution in grain boundaries and a very
small size generally below 20 nm. High-temperature
annealing above 700 °C are needed for precipitation of large
oxides on the ferrite grain boundaries. The uniform distri-
bution of these oxide particles controls the microstructure
evolution inhibiting the accelerated growth of the grain
during heat treatment [28]. Microstructure evolution details
can be founded in previous works [47].

Figure 3 shows SEM images of porosity at internal
section of specimens for three different conditions of
consolidation. Samples consolidated at 425 °C show the
highest total area of pores ~2.15% (Fig. 3a). The average
size of pores is kept in the nanometric regime with a few
pores around ~ 300 nm. This porosity decreases to 1.38%
in samples consolidated at 500 °C (Fig. 3b). Samples with
heat treatment show a little reduction of porosity as can be
seen in Fig. 3c. Porosity analysis shows a low quantity of
pores with small dimensions and homogenously distrib-
uted, which are the properties belonging to a closed
porosity. The pores shape is very regular with shape factor
around 0.9. These results suggest that total porosity is
reduced when consolidation temperature increases, as well
as remaining pores become more regular.

Compression test

Figure 4 shows stress—strain curves of compression tests at
room temperature for samples with a wide range of grain
sizes. As a general rule, the compressive strength decreased
as the grain size increased. In samples with the smallest
grain sizes, high compressive strength accompanied by a
fragile behavior was noticed. Once in the UFG range, as
the grain size was increased, the strength was decreased
and the ductility was improved. The samples in the NC
range had high strength but were fragile. Although the
samples showed compressive strength over 2300 MPa,
which represents an increase of nearly five times compar-
ing with a conventional steel of the same carbon content,
the samples failed before show plastic deformation. The
analysis of the fracture surface showed that the fragile
fracture initiated between powder particles (Fig. 5). This
fact is related to a weak interparticle bonding, probably
produced by the low consolidation temperature. Low
ultrafine-grained samples (115 and 160 nm) showed small
ductility. The strength reached is significantly lower than
for the NC steels. For instance, samples with grain size of
~160 nm failed at ~1800 MPa and 2% of total
deformation.
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Fig. 3 SEM images of porosity for three different conditions of consolidation. a HC 425 °C, b HC 500 °C, ¢ HC 500 °C + HT 725 °C
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Fig. 4 Compression stress—strain curves of NC/UFG steel (0.55 wt%
C) with several average grain size

The medium ultra-fine grained samples (340 and
390 nm) showed enhanced ductility and a significant
reduction of compressive strength comparing with NC
samples. It is worth noting that these samples showed more
than 80% of plastic deformation (at this deformation value,
the test was suspended), without showing defects that
indicates the failure in the samples. In samples with an
average grain size of 340 nm highlights yield point of

600 um

1335 MPa and an ultimate compressive strength of
1740 MPa at 2.4% total strain. From this point, softening
appears until the end of the test. Same behavior was
observed in samples with average grain size of 390 nm.
Softening is not usual in polycrystalline metals, which
usually show hardening during plastic deformation [9].
This absence of strain hardening has been analyzed in
several works on samples of BCC metals, such as iron
[10-12, 15], vanadium, and tantalum [48].

Slight ductility and strain-hardening capability due to
the existence of localized deformation in shear bands has
been studied in several works [10-15]. However, in the
samples analyzed in this work, no shear bands have been
detected. Other possible explanation is dynamic recovery,
in which the steady state dislocation density is determined
by the dynamic balance between the generation of dislo-
cations during plastic deformation and annihilation during
the recovery process [14]. This dynamic recovery can be
promoted through a combination of very small grain size
<400 nm and high stress applied. In this case, the sources
of the dislocations are very close promoting a high fre-
quency of annihilation.

The ultrahigh-grain samples (900 nm) show yield
strength of 960 MPa, with an ultimate strength of
1490 MPa. Additionally, samples with grain size exceed-
ing the UFG regime, reaching an average grain size of

10 pum

Fig. 5 Fragile fracture by compression test of NC samples with average grain size of 46 nm
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1100 and 2800 nm show yield strength of 880 and
770 MPa, respectively. These samples show a plastic
deformation above 80% (at this deformation value, the test
was discontinued) with a yield point nearly twice to steels
with conventional grain size (17 pm). The samples with
grain size of 900, 1100, and 2800 nm show great strain-
hardening capability developing an ultimate strength after a
plastic deformation upper to 30%. This increase in the
strain-hardening capability can be explained by a combi-
nation of different causes related to heat treatment >775 °C
subsequently to the consolidation process. First, the pres-
ence of soft and ductile ferrite due to the carbon atom
diffusion during the heat treatment, second, growth of
ferrite grains which could reduce the excessive annihilation
of dislocations during recovery processes, and finally,
better metallurgical bonding due to the subsequent thermal
treatment.

Mechanical properties under the compression mode for
NC/UFG grained ferrite materials differ according to the
manufacturing method used. Bulk NC Fe materials pro-
duced by cold compaction and hot pressing have a very
high yield strength of ~2500 MPa but a very low plastic
strain of less than 5% [10, 13]. Ma et al. pointed out the
reason for the low plastic strain is the inability of dislo-
cation activities in the nanocrystalline microstructure.
Nearly fully dense compacts were produced by hot isostatic
pressing at ~600 °C after mechanical milling [49]. How-
ever, they showed little plastic strains in compression due
to shear banding as dominant deformation mechanism,
even though the strength level was ~ 1800 MPa.

On the other hand, samples obtained by spark plasma
sintering [33-35, 50] show an improvement of ductility
with low reduction of strength. The yield strength of
~ 1800 MPa and compressive plastic strain reaches ~37%
obtained in samples at 600 °C for 10 min is a good
example of suitable relation strength/strain. However a
limitation of spark plasma sintering technique refers to
very small samples dimensions obtained (2 x 4 mm)
compared to the samples in this work. In spite of these
differences, the strength values of this work are very high,
only surpassed by specimens reported by Srinivasarao et al.
[50].

Tensile test

The tensile stress—strain curves for samples with average
grain sizes from 46 nm to 1.7 pum are exposed in Fig. 6. As
expected, the tensile strength decreased as the grain size
increased. At the same time, there was an increase of
ductility as the grain size increased. In the NC range, the
behavior was clearly brittle, since all samples presented
early failure in elastic regime, for such reason the curves
for NC samples are not shown in Fig. 6. The fracture
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Fig. 6 Tensile stress—strain curves of NC/UFG steel (0.55 wt% C)
with several average grain size

surface of ~46 nm specimen (Fig. 7a) shows particle
debonding as the dominating fracture process, indicating a
weak cohesion between former powder particles. This
weak interparticle bonding is related mainly to the low
temperature in the consolidation step.

In the medium UFG range, there was an improvement of
the bonding between powder particles, since the yield
strength was 1240 and 1070 MPa for the specimens with
average grain sizes of 340 and 390 nm, respectively.
However, the samples were no ductile, with total strain
below ~2%. Despite the increase in heat treatment tem-
perature for these samples, the aspect of the fracture is
clearly brittle (Fig. 7b). For the samples on the high UFG
range, a slight improvement of ductility has been obtained
as the heat treatment temperature was increased. At the
same time, the strength values are reasonable, especially
for samples with 900 nm average grain size, in which the
yield strength rose above 840 MPa. The fracture surface
for the specimens’ heat treated at 825 °C with 1100 nm
average grain size in Fig. 7c showed no signs of cleavage
or interparticle debonding, but numerous zones with
microdimples confirming the existence of plastic strain.
Although the initiation point of the fracture is not clearly
observed, it is likely that fracture initiates with the nucle-
ation of a crack from larger and irregular pores where there
is greater effect of stress concentration. In all cases, the
stress—strain curves showed strain hardening, with no signs
of lower and upper yield stress. The latter agrees well with
the experimental fact that no shear bands have been
observed in any sample. Finally, Fig. 6 shows tensile curve
of samples with a ferritic grain size around 17 pum, offering
yield strength of 357 MPa and ductility greater than all
samples analyzed above. These behaviors support, as
expected, that increase of heat treatment allows improve-
ment of cohesion between particles.
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Fig. 7 Surface fracture of samples with average grain size of
a 46 nm, b 340 nm, ¢ 1100 nm

Tensile curves show little deformation capability
reaching quickly the ultimate strength at very low defor-
mation. Additionally, the subsequent heat treatment pro-
duces a slight increase of ductility, especially for a large
grain size as 2.8 pm. This behavior can be related to two
main facts. First, closed porosity, i.e., pores in small
amounts, small size and homogenously distributed which
reduce the deformation capacity. Probably the great
amount of micro-porosity generates that several cracks
initiate in different points and propagate until converging
and forming a macro-crack. This macro-crack finally raises
an unexpected failure. In fact, an important amount of
micro-cracks has been observed in adjacent zones to the
final failure supporting this idea. The results obtained
suggest that the presented porosity is invariable when
temperature treatment is increased; therefore the plastic
deformation is almost constant. Shear bands and Liiders
bands were not observed in any tested specimen. This fact

@ Springer

could be also attributed to porosity, which generates stress
concentrators avoiding any possibility of bands generation.
According to Wang and Ma [14], in tensile tests, samples
develop quickly the fracture by localized deformation in
the neck, inhibiting the formation of shear bands.

Tejedor et al. [51] point out that carbon atoms inside
ferrite grains and in the core of dislocations difficult the
movement of dislocations reducing the plastic deformation.
The slight improvement of strain-hardening capability
observed in samples with heat treated higher than 800 °C,
suggests better mobility of dislocations inside ferrite grains
due to carbon diffusion and growth of ferritic grains. The
fracture surface (Fig. 7c) showed many zones with
microdimples that confirmed the improvement of ductility.
This improved strain-hardening capability due to heat
treatment was also observed by Song et al. [52] in UFG
steel with a fine particle distribution of cementite. Addi-
tionally, the presence of hard second phases from Cr and O
elements is related to the diminution of Liiders band for-
mation and decrease of work-hardening in tensile samples
of ferrite samples [53]. Therefore, it is possible that the
combination of C element and hard second phases could
restrict the mobility of dislocations in the coarse grains.

Tensile strength values obtained in this investigation are
not directly comparable to other references due to differ-
ences in processing methods and testing conditions. Most
of UFG microstructures have been produced by severe
plastic deformation methods and advanced thermome-
chanical routes. UFG steel obtained by ECAP technique
[38, 39] and ARB technique [40—43] show an improvement
of ductility compared to the results of this work, probably
due to lack of porosity. Ohmori et al. [40], and Torizuka
et al. [41] work with Fe—C alloys (0.3-0.45% C). They
observed yield strength of ~900 MPa, smaller than values
reported in this investigation due to large grain size and
minor carbon quantity. Nevertheless, their samples show a
high ductility of 18%, several times higher than ductility
reported in this paper. Also, Liu et al. and Zhao et al.
observed ductility values higher than those reported here
[42, 43]. Zhao et al. worked with a carbon amount equiv-
alent to the steel of this investigation, but their steel has
conventional quantity of Mn and Si elements. Yield
strength of ~ 1000 MPa can be explained as the effect of
the combination of such elements, as well as they reported
a ductility of ~16% pointing out the advantages of ARB
technique compared to the powder consolidation process
used in this research [43]. Besides, Shin et al. [39] pointed
out a good relation strength/strain with yield strength slight
lower than our results and ductility of 11%.

Cheng et al. [54] reported tensile behavior of sub-
micrometer iron samples obtained by mechanical milling
and consolidate by rapid forging method. They reported a
yield strength of ~900 MPa in samples with a grain size of



J Mater Sci (2010) 45:4796-4804

4803

1.6 pm. The low ductility ~3% indicates the significant
effect of lack of bonding between particles by rapid forging
method. Takaki et al. [23] obtained NC iron powder by
means of mechanical milling and subsequently accumula-
tive rolling between 600 and 800 °C. They reported yield
strength of ~ 1800 MPa with grain size of ~ 180 nm,
being a little inferior to yield strength obtained in this
investigation. Also, the low ductility of 2% reported by
Takaki et al. can be a consequence of the porosity of the
material, as it happened in this investigation.

The influence of specimens’ dimensions and strain
measurement methods may cause serious differences in the
reported results. Recently, Zhao et al. studied the size
effect on ductility and especially the uniform elongation in
small copper specimens. Although nanostructured materi-
als processed by SPD were not tested because of their small
uniform elongations being difficult to evaluate the size
effect. FEM simulation and earlier work on nanostructured
Cu and NiFe alloy showed a trend whereby the uniform
elongation increase with decreasing gauge length and
increasing specimen thickness when strain was measured
from the crosshead displacement, such as measured in this
investigation [55, 56].

Tensile test results are noticeably different to compres-
sion test results explained above. These differences can be
explained by two main reasons: first, geometric differences
between the cylindrical test samples of compression
(7 x 5 mm) and the tensile test samples obtained from
disks (1 x 9.2 mm) generate different conditions of fric-
tion during uniaxial consolidation process. Finally, tensile
tests are high sensitive to porosities of the material, that is
why the compression tests are much more permissive [33].
Figure 8 shows two specimens with clear differences

between compression and tensile behavior. Medium
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Fig. 8 Compression and tension stress—strain curves for samples with
grain size of 340 and 900 nm

ultrafine samples (340 nm) display compression strength
appreciably higher than tensile tests results. Both curves
show a lack strain-hardening capability reaching ~2.4% in
compression and 1.6% in tensile of plastic deformation.
The curves behavior is different when strain-hardening
capability is used up. High ultrafine-grained samples
(900 nm) display compression strength higher than tensile
tests, like happened in the case of medium ultrafine sam-
ples. As explained above, porosity contained in tensile test
samples creates and propagates cracks before these sam-
ples saturate their strain-hardening capability.

Conclusions

The mechanical milling, hot compaction process, and
subsequent heat treatments have enabled the production of
bulk samples of 0.55 wt% C steel with ferritic grain size
into the nanocrystalline and ultrafine regimens. The growth
of ferrite grains is pinned by the presence of finely-dis-
persed cementite and oxides in grain boundaries.

As a general rule, the compressive and tensile strength
decreased as the grain size increased. Samples with smaller
grain sizes show a high strength accompanied by a fragile
behavior. Once in the UFG range, as the grain size
was increased, the strength was decreased and the ductility
was improved. Tensile test results are noticeably different
to compression test results. These differences can be
explained by geometric differences between compression
and tensile test samples. Additionally, tensile tests are
highly sensitive to the porosity of the material where the
compression tests are much more permissive.

Tensile curves show little deformation capability
reaching quickly the ultimate strength at very low defor-
mation. Shear and Liiders bands were not observed in any
specimen tested. This fact could be attributed firstly to the
porosity, the presence of second phases from Cr and O
elements, and carbon atoms inside of ferrite grains and in
the core of dislocations. They could restrict the mobility of
dislocations reducing the plastic deformation.
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