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The stretch formability of ultrafine-grained (UFG) interstitial-free steel (IF-steel) produced by
equal-channel angular extrusion/pressing (ECAE/P) via various strain paths was investigated
with a miniaturized Erichsen test. A coarse-grained (CG) sample demonstrated high formability
with an Erichsen index (EI) of 4.5 mm. Grain refinement by ECAE decreased the formability,
but increased the required punch load (FEI) depending on the applied strain paths. The EI values
were 0.35, 2.90, and 3.91 mm for 8A-, 8Bc-, and 8C-processed samples, respectively. Decrease in
the biaxial stretch formability was attributed to the limited strain-hardening capacity of the
UFG microstructure. Also, the grain morphology of the UFG microstructure was found to be
very influential on stretch formability. Heavily elongated grain morphology in the 8A-processed
microstructure resulted in the lowest formability due to the increased cracking tendency through
elongated grain boundaries. However, the UFG microstructures with equiaxed grains obtained
after 8C and 8Bc ECAE resulted in better formability compared to 8A. The UFG micro-
structure reduced the roughness (orange peel effect) of the free surface of the biaxial stretched
samples by decreasing the non-uniform grain flow leading to the so-called orange peel effect. It
should be noted that the strength and ductility values gained from uniaxial tensile tests are not
comparable directly to the EI and FEI values determined from the Erichsen tests. Finally, it is
important to emphasize that the UFG microstructure produced by a suitable strain path leading
to equiaxed grains below 1 lm could be highly deformed even under multiaxial stress condi-
tions.
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I. INTRODUCTION

THE fast-growing micro-technology applications
require the implementation of smaller products utilizing
punching and forming technology. Therefore, miniatur-
ization of parts and plastic-forming applications are
gaining attention for applications on a small scale.[1] The
coarse grain sizes of the materials to be used in scaled
down plastic deformation applications yield a series of
problems due to the size effects including loss of ductility
and strength, higher frictional forces, variability in
product dimensions, and free surface roughening.[2]

Ultrafine-grained (UFG) materials produced by severe
plastic deformation (SPD) with grain sizes in the range
of 100 to 1000 nm have received considerable attention
due to their higher strength combined with an adequate
ductility compared to their coarse-grained (CG) coun-
terparts.[3–13] Among the available SPD methods, equal-
channel angular extrusion (ECAE) is considered to be
the most capable one to control the resulting

microstructural features of the UFG materials like grain
size, grain morphology, and grain boundary charac-
ter.[14,15] UFG materials have been identified as prom-
ising candidates for micro-forming processes due to
their submicron-sized structures.[1,2] However, there is
lack of knowledge regarding post-SPD processing of
shaping of UFG metals, which limits the practical
application of UFG metals. A limited number of studies
have addressed the promising performance of UFG
materials for micro-forming applications. UFG alumi-
num demonstrated more uniform flow during micro-
extrusion[16] and lower surface roughness after micro-
bulge tests.[17] Furthermore, UFG copper produced by
ECAE yielded a higher punch load and slightly lower
limiting drawing ratio.[18] Also, the notable decrease in
tensile ductility with increase in strength after ECAE
was less pronounced for biaxial ductility.[18]

Interstitial-free steels (IF-steels) contain very low
amounts of interstitials like C, N, and O in their ferritic
microstructure.[19] The decreased interstitial content
results in excellent formability and high normal anisot-
ropy, which provide benefits for sheet metal form-
ing.[20,21] However, the low strength of conventional IF-
steels due to the lack of interstitials is a drawback for
many applications. Given their mono-phase ferritic
microstructure, useful strengthening methods are grain
refinement via plastic deformation and solid solution
strengthening. So far, the tensile response under uniaxial
loading and the fatigue behavior of ECAE-processed
UFG IF-steel have been investigated systematically,[22–29]

and superior strength with acceptable uniaxial tensile

ONUR SARAY, Student, and GENCAGA PURCEK, Professor,
are with the Department of Mechanical Engineering, Karadeniz
Technical University, 61080 Trabzon, Turkey. Contact e-mail:
purcek@ktu.edu.tr, purcek@hotmail.com IBRAHIM KARAMAN,
Professor, is with the Department of Materials Science and Engineer-
ing, Texas A&M University, College Station, TX. HANS J. MAIER,
Professor formerly with the Institut für Werkstoffkunde, University of
Paderborn, 33095 Paderborn, Germany, is now with the Institut für
Werkstoffkunde, Leibniz Universität Hannover, 30823 Garbsen,
Germany.

Manuscript submitted August 2, 2012.
Article published online May 11, 2013

4194—VOLUME 44A, SEPTEMBER 2013 METALLURGICAL AND MATERIALS TRANSACTIONS A



ductility and better low-cycle fatigue performance
compared to the CG counterparts have been
reported.[23,25,26,30–32] However, the formability behav-
ior, e.g., stretch formability, bendability, and deep
drawability, which are the key performance metrics for
the applications of the IF-steels, have not been inves-
tigated in sufficient detail. Only one study addressed the
formability of the IF-steel[33] where accumulative roll
bonding (ARB) of the IF-steel resulted in a decrease in
the Erichsen value. Processing routes including various
strain paths are expected to have a significant effect on
the formability of UFG materials,[34] as they affect grain
size, grain morphology, and grain boundary character-
istics, which in turn control the mechanical properties.
To the best of the authors’ knowledge, the influence of
these factors on the formability has, however, not been
investigated in detail.

In view of the above, the purpose of this study was to
investigate the stretch formability of UFG IF-steels
produced by multi-pass ECAE processing with different
microstructural characteristics. Especially, the effect of
UFG microstructures with different grain size and grain
morphology, obtained by following different strain
paths during ECAE processing, on the formability was
investigated using a miniaturized Erichsen test. The
main objective was to reveal the effect of the SPD-
induced UFG microstructure on the biaxial formability
of the samples. Given the dimensions of the ECAE
billets, the results have most relevance for small-scale
applications. As many groups currently work on an
upscaling of the established SPD methods, the current
results should be applicable for UFG bulk or sheet
materials provided that similar microstructures can be
established.

II. EXPERIMENTAL PROCEDURE

Ti-stabilized IF-steel, from ERDEMIR Iron–Steel
Company-Turkey, with the chemical composition of
0.004 wt pct C, 0.012 wt pct Si, 0.2 wt pct Mn, 0.012 wt
pct P, 0.009 wt pct S, 0.1 wt pct Ti, and balance Fe with a
mean grain size of about 30 ± 10 lm was used in the
present study. For ECAE processing, the billets with
the dimensions of 25 mm 9 25 mm 9 150 mm were
machined from the hot-rolled plates, such that the
longitudinal direction (LD) of each billet coincided with
the initial rolling direction. The billets were processed
using an ECAE die system with a sharp 90-deg channel
cross-sectional angle up to 8 passes following three main
ECAE routes: route-A (no rotation of the billet between
consecutive passes), route-Bc (the billet was rotated 90 deg
counterclockwise around its longitudinal axis between
successive passes), and route-C (the billet was rotated 180
deg in the same direction between each pass). The billets
covered with a graphite-based lubricant were extruded via
ECAE at room temperature at a rate of 2.5 mm s�1.
Optical microscopy (OM) and transmission electron

microscopy (TEM) were utilized to observe the micro-
structure of CG and UFG steels, respectively. The
samples for optical examination were prepared using
standard polishing techniques and then etched with
Marshall’s reagent. For TEM investigation, 0.5-mm-
thick disks were sectioned from the transverse planes
(perpendicular to the extrusion direction (ED)) of the
extruded billets (Figure 1(a)) and then mechanically
ground and polished down to 0.15-mm-thick foils.
Large electron-transparent areas were obtained in these
foils by conventional twin jet polishing utilizing a 5 pct
perchloric acid solution under an applied potential of

Fig. 1—Schematic illustrations showing (a) the position of the samples inside the ECAE-processed billet and (b) miniaturized Erichsen die.
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25 V at 233 K (�40 �C). TEM was conducted using a
Philips CM-200 microscope operated at a nominal
voltage of 200 kV. Tensile properties were determined
on dog bone-shaped samples with gage section of
1.2 mm 9 3 mm 9 8 mm using uniaxial tensile tests at
a strain rate of 5.4 9 10�4 s�1. The tensile axis of the
samples was oriented parallel to the extrusion direction
as illustrated in Figure 1(a).

Stretch formability tests of CG and UFG IF-steel
samples were performed using the Erichsen test tech-
nique, which is a well-established standard for studying
the formability under biaxial strain conditions. The
Erichsen test samples with the dimensions of
25 mm 9 25 mm 9 0.9 mm were sectioned from the
transverse plane of the extruded billets using the wire-
EDM technique (Figure 1(a)). The samples were
machined from the uniformly strained region of the
billets as shown in Figure 1(a). In practical applications,
one criticism is that thin slices will unlikely be cut out
from the ECAE billets for further processing as they
were normal sheet metals. In this study, the aim was to
see the sole effect of SPD-induced UFG microstructures
on the formability under biaxial strain. If the bulk-
processed billets were converted into sheet by upsetting
or rolling, the resulting microstructure would change
and a different formability response would result.
Clearly, this further deformed microstructure would be
more complex including the effects of both traditional
processing of rolling or forging and ECAE processing
(as pointed out in many published papers). Therefore, it
is necessary to clearly separate the effects of the different
processing steps on formability. Moreover, it should be
possible to obtain a similar UFG microstructure in
sheets using appropriate SPD techniques or modified
equal-channel angular sheet extrusion. In this case, the
forming behavior is expected to be the same as that
observed in the present study.

The surfaces of the samples were ground using emery
paper down to a grid size of 1000 and then polished with
a 1-lm alumina solution before stretch tests. The tests
were conducted using a miniaturized Erichsen die
system attached to an Instron 3220 universal testing
machine. The dimensions of this fixture were adjusted as
45 pct of the standard Erichsen test fixture according to
ISO-EN 20482. A schematic illustration of this system is
depicted in Figure 1(b). The tests were performed with a
punch speed of 0.01 mm s�1 without lubrication, and
the load–displacement data were collected during the
tests. After the test, the Erichsen index (EI) and the load
(FEI) corresponding to this index were evaluated from
the load–displacement curves. Morphological features
of the stretched sample were examined using a JEOL
JSM 6400 scanning electron microscope (SEM) oper-
ated in the secondary electron mode at 15 keV.

III. RESULTS

A. Microstructure and Uniaxial Tensile Properties

The microstructure of CG IF-steel consists of coarse
and mostly equiaxed ferrite grains (Figure 2(a)). It is

clearly seen in Figure 2 that multi-pass ECAE led to a
substantial microstructural refinement and transformed
the CG as-received microstructure to a UFG structure
with some morphological and size differences based on
the followed strain path (Figures 2(a) through (d)).
After 8A ECAE processing, a microstructure mainly
consisting of elongated cell blocks created by shear
bands and sub-divided by mostly low-angle grain
boundaries (LAGBs) was formed (Figure 2(b)).[35–37]

The mean thickness and length of these blocks were
around 300 and 900 nm, respectively, demonstrating
that the resulting microstructure after 8A ECAE pro-
cessing consisted of grains with a high aspect ratio. As
can be seen in Figure 2(b), the length of some subgrain
blocks reached 2 lm, while the block widths were more
homogeneously distributed over the microstructure. The
8Bc ECAE processing brought about a more refined
microstructure with an average grain size of
240 ± 30 nm. This microstructure mostly has equiaxed
grain morphology due to the intersection of the shear
planes during 90-deg rotation of the billet between
repetitive passes (Figure 2(c)). The microstructure
formed after 8C ECAE exhibited mostly equiaxed but
coarser grains with 510 ± 12 nm grain size compared to
that formed after 8Bc ECAE (Figure 2(d)). Given the
experimental error, the grain sizes measured in the
current study are nearly identical to those given in
previous studies on UFG IF-steel. In all UFG micro-
structures, most of the dislocations are accumulated at
the grain boundary regions, and the amount of dislo-
cation decreases through the grain interiors.
Representative selected area diffraction (SAD) pat-

terns obtained from the UFG microstructures are shown
in the insets of the micrographs (Figures 2(b) through
(d)). The SAD pattern of the 8Bc condition shows a
significant spreading of spots that formed ring-type
patterns. For the same imaging conditions, more spotty
SAD patterns were observed in 8A- and 8C ECAE-
processed samples. It is known that UFG microstruc-
tures obtained with ECAE processing are composed of a
mixture of grains with high-angle grain boundaries
(HAGBs) and LAGBs. The SAD pattern of a UFG
microstructure that is dominated by HAGBs is expected
to show a ring-type SAD pattern as seen in the 8Bc
condition (Figure 2(c))[38]. By contrast, the spotty SAD
patterns of the 8A and 8C conditions suggest the
presence of a higher proportion of LAGBs in the
microstructure as compared to the 8Bc condition. In
fact, previous data from quantitative EBSD analysis of
the microstructure present in UFG IF-steel correlate
well with the findings of the current study. For instance,
Gazder et al.[39] investigated the effect of processing
route and number of passes on the microstructural
refinement of the IF-steel using EBSD. They reported a
mean grain size of about 0.5 lm and 44 pct of LAGBs
after 8Bc ECAE processing. In that study, a comparison
between the data obtained after processing via 4Bc and
4C was also made, and route-Bc was found to be the
most effective route in grain refinement and transfor-
mation of the LAGBs into HAGBs. Niendorf et al.[24]

also investigated the microstructure of 8C ECAE-
processed IF-steel using EBSD data. They reported that
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the microstructure was dominated by LAGBs inside
larger grains that featured HAGBs. The volume fraction
of the LAGBs after 8C-ECAE processing was around 60
pct in that study.

The stress–strain curves of the CG and UFG IF-steels
are shown in Figure 3, and the corresponding mechan-
ical properties are given in Table I. The CG IF-steel
demonstrated limited strength, but high ductility. For-
mation of UFG microstructure increased the strength,
but decreased the ductility of CG steel regardless of the
routes. Such changes in these properties are very
common in single-phase UFG metallic materials.[40,41]

ECAE processing following 8A, 8Bc, and 8C increased
the yield strength from 106 MPa to about 636, 687, and
568 MPa, respectively. Elongation to failure of UFG

IF-steel after processing by 8A, 8C, and 8Bc was
determined as 9.6, 14.1, and 14.7 pct, respectively.
Contrary to the as-received condition, UFG IF-steel
demonstrated very limited uniform elongations in the
range of 1.5 to 1.9 pct. This means that UFG consid-
erably decreased the strain-hardening capacity of IF-
steels and resulted in a relatively high post-uniform
elongation (Figure 3). The substantial increase in the
strength of UFG IF-steels can be attributed to the
extensive grain refinement (Hall–Petch effect) and stored
dislocations (dislocation hardening) formed during
ECAE processing.[39,42] The decrease in the ductility
after ECAE processing is attributed to the early onset of
necking due to the limited strain-hardening capacity of
the UFG microstructure.[4,40,41,43,44] Limited strain

Fig. 2—(a) Optical microstructure of as-received CG IF-steel. TEM micrographs and SAD patterns showing the microstructure on the transverse
planes of UFG IF-steel produced by ECAE following route (b) 8A, (c) 8Bc, and (d) 8C.
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hardening was reported especially for the single-phase
UFG materials such as Cu,[40] Al,[41,44] and Ni.[45] Such
behavior in UFG materials was explained in terms of
limited dislocation interactions during the uniaxial
tensile test.[40,41,43] The microstructure of UFG materials
consists of refined grains surrounded by strain-induced
dislocation boundaries. Therefore, the free path of
dislocations is lower than that of CG microstruc-
ture.[41,43,44] Also, strain-induced grain boundaries act
as dislocation traps which decrease the possible dislo-
cation interactions through a short dislocation free path.

It can be seen in Table I that the tensile response
somewhat depends on the applied strain path. For
instance, the UFG microstructure formed after 8Bc has
the finest grain size (Figure 2(c)) and thus produced the
highest yield strength (Table I), whereas the largest
grain size was obtained after 8C ECAE (Figure 2(d))
and therefore yielded the lowest yield strength (Table I).
These results indicate that the Hall–Petch effect is
qualitatively valid for these microstructures. Ductility
of UFG IF-steel was slightly affected by the applied
strain path. The material after 8A processing has the
lowest elongation to failure. This may be due to the
microstructure having strongly elongated grain mor-
phology. In contrast, mostly equiaxed grain morphology
was formed after 8Bc and 8C with very close elongation
values to each other, but higher than those of the 8A-
processed sample.

B. Biaxial Stretch Formability

1. Load–displacement curve
Load (F)–displacement (X) curves obtained from the

Erichsen tests are presented in Figure 4(a). In addition,
the values of the Erichsen index (EI) and punch load at
EI (FEI) determined from these curves are given in
Table II. It is seen from F–X curves that deformation of
CG and UFG samples takes place in several stages
under biaxial stresses via the Erichsen tests as previously
reported by Manahan et al.[46] In order to distinguish
the deformation stages from each other, the first-order
derivative of the punch load (F) with respect to the
displacement (X) was calculated, and the dF/dX–X
curves are depicted in Figure 4(b). In this figure, the
load–displacement curve of the CG sample shows a

Fig. 3—Room temperature stress–strain curves of the CG and UFG
IF-steel.

Table I. Uniaxial Tensile Properties of CG and UFG IF-Steels at Room Temperature

Condition Yield Strength (MPa) Tensile Strength (MPa) Uniform Elongation (pct) Elongation to Failure (pct)

CG 106 ± 02 232 ± 13 25.1 ± 2.2 53.0 ± 1.4
UFG
8A 636 ± 15 724 ± 13 1.5 ± 0.2 9.6 ± 2.3
8Bc 687 ± 09 750 ± 06 1.8 ± 0.3 14.7 ± 1.5
8C 568 ± 08 601 ± 20 1.9 ± 0.2 14.1 ± 2.4

Fig. 4—(a) Punch load (F) vs displacement (X) curves obtained dur-
ing Erichsen tests of CG and UFG IF-steel samples. (b) The dF/dX
vs displacement (X) curves showing the stretch deformation stages
under biaxial loading.
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narrow elastic deformation region, which is governed by
both the Young’s modulus and strength at the beginning
of the punch travel as clearly shown in the inset of this
figure.[46] Following elastic deformation, plastic defor-
mation takes place by the formation of a yield zone at
regions where the highest elastic displacement occurred.
This is followed by the propagation of the yield zone
along the cross section of the thickness and subsequently
in radial directions.[46] This deformation stage is valid up
to the point ‘‘a,’’ the lowest dF/dX value in the first stage
of the dF/dX vs X curve, as indicated in Figure 4(b).
During propagation of the yield zone, the dF/dX
decreases with increasing displacement (X), and plastic
deformation mainly occurs through biaxial bending in
this stage.[46] Further displacement of the punch tran-
sitions the deformation characteristic from biaxial
bending into membrane straining between points ‘‘a’’
and ‘‘b’’ (Figure 4(b)).[46] In this stage, the dF/dX
increases with increasing punch displacement up to
point ‘‘b.’’ After this point, the dF/dX–X curve becomes
nearly steady state within the region between points ‘‘b’’
and ‘‘c’’ (Figure 4(b)). In this stage, the thickness of the
plate decreased uniformly with the membrane straining
as explained in Reference 46. A possible decrease in the
punch load due to the decrease in the sheet thickness is
balanced by the high strain-hardening capacity of CG
IF-steel during stretching in the membrane-straining
regime. This results almost in a steady state dF/dX–X
curve (Figure 4(b)). Further deformation after point ‘‘c’’
caused deformation localization, and load–displacement
curve reached the peak load at point ‘‘d’’[46]. Beyond this
point, the punch load starts decreasing with crack
initiation and propagation on the dome surface with
further deformation. These letters indicating boundaries
of the deformation stages in the Erichsen test and mark
the changes in the slope of the curves.

Stretch formability of IF-steel under the biaxial
loading condition was affected considerably by the
formation of UFG microstructure depending on applied
strain paths. The 8A ECAE-processed sample resulted
in a limited biaxial stretch formability during the
Erichsen test and fractured just after a small punch
displacement (Figure 4(a)). As can be seen in Fig-
ure 4(b), the fracture occurred during the biaxial bend-
ing stage without considerable stretch deformation. On
the other hand, the 8C- and 8Bc-processed samples
demonstrated higher stretch formability during the
Erichsen tests compared to the 8A sample (Figure 4(b)).
Also, the deformation behavior of 8C- and 8Bc-pro-

cessed samples under biaxial loading is identical to that
of the CG sample up to the membrane-straining region
(point ‘‘b’’). However, contrary to the CG sample, the
steady state region between points ‘‘b’’ and ‘‘c’’ is very
narrow in the UFG samples. The dF/dX decreased
continuously with punch displacement after point ‘‘c’’ in
the membrane-straining regime.
As seen in Table II, CG IF-steel exhibited the highest

formability with the EI value of 4.50 mm. The EI values
of 8A-, 8Bc-, and 8C-processed samples were found to
be 0.35, 2.90, and 3.91 mm, respectively. It is also
obvious from these values that the highest and lowest
formability was obtained from 8C- to 8A-processed
samples, respectively. On the other hand, the high
strength of the UFG samples increased the required load
(punch load) for plastic deformation during the Erichsen
test, except the sample processed by route 8A. From
Table II, the FE_I was determined as 4190 N for the CG
condition. This value increased to about 7990 and
6910 N after processing by routes 8C and 8Bc, respec-
tively. However, the FEI of the sample processed by
route 8A was determined as 1380 N, which is much
lower than those of CG and other UFG IF-steels.

2. Surface and sub-surface features after
biaxial stretching

SEM micrographs representing the free dome surfaces
of the CG and UFG samples after the Erichsen tests are
shown in Figures 5 through 8. Figures 5(a) and (b)
shows that the smoothness of the initially polished
surface of the CG sample was transformed into the
rough free surface with the formation of the orange peel
effect after stretching via the Erichsen test.[47] Roughen-
ing of the free surface with an orange peel effect is shown
in Figure 5(c) at a higher magnification. Also, shallow
tears formed on the grain surfaces as can be seen in
Figure 5(d). These tears have a misorientation to those
formed in the neighboring grain. This may be taken as
an indicator of variation of the plastic deformation
behavior in adjacent grains. The surface morphology
and fracture characteristics of CG microstructure are
substantially changed by intense deformation via ECAE
depending on the applied strain path. Surface appear-
ances of the stretched 8A-processed sample are repre-
sented in Figure 6. It can be clearly seen that this sample
did not deform into a dome shape due to the early onset
of fracture with an EI value of 0.35 mm (Figure 6(a)).
During stretching, cracks suddenly formed at the central
part of the sample, where semi-spherical punch first
contacted the sample, and propagated through the
inclination angle of the prior grain boundaries after
ECAE and following the cell-block boundaries
(Figure 6(a)). Figure 6(b) shows the strain localization
regions at the tip of the crack, where many micro-cracks
propagated parallel to each other almost along the flow
direction (FD)(defined in Figure 1), helping the forma-
tion of the main crack path. This direction is nearly
coincident with the elongated grain boundaries seen in
Figure 2(b).
The surface appearances of the biaxial stretched 8C-

and 8Bc-processed samples are presented in Figures 7

Table II. Erichsen Index (EI) with Corresponding

Compressive Loads (FEI) Before Fracturing the CG

and UFG IF-Steel Samples

Condition
Erichsen Index

(EI) (mm)
Load at Erichsen
index (FEI) (N)

CG 4.50 ± 0.20 4190 ± 400
UFG
8A 0.35 ± 0.15 1380+250
8Bc 2.90 ± 0.30 6910 ± 200
8C 3.91 ± 0.20 7990 ± 140
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and 8. The samples strained considerably under biaxial
loading and deformed into the dome shape as in the case
of the CG one. It is also evident from the SEM
micrographs (Figures 7 and 8) that there is a substantial

reduction in mesoscale roughening (called orange peel
effect) on the dome surface of the UFG samples
processed by routes 8Bc and 8C. From the SEM
micrographs, it is also possible to say that stretching

Fig. 5—SEM micrographs showing the roughening of the dome free surface of Erichsen-tested CG IF-steel sample: (a) General dome view show-
ing orange peel effect, (b) side view of the dome surface with fracture, (c) high magnification image of orange peel formation, (d) misoriented
deformation of neighboring grains leading to orange peel effect, and (e) fracture propagation region with deformation bands on the dome sur-
face.

Fig. 6—SEM micrographs showing the biaxial stretched surface of the 8A-processed UFG sample: (a) General view of stretched sample showing
the cracks and (b) high magnification micrograph showing the crack propagation and deformation localization region.
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under biaxial tensile loading caused the formation of
three main deformation regions in these samples, called
region-A, region-B, and region-C, each of which has
different surface appearances with different deformation
homogeneity. The surface morphologies obtained in
each region are identical for both routes as indicated on
the SEM micrographs (Figures 7 and 8). SEM micro-
graphs taken from region-A of the 8C- and 8Bc-
processed samples are shown in Figures 7(b) and 8(b),
respectively. These micrographs show that limited num-
bers of shallow cracks and/or tearing form at the surface
of the region-A (central region of the dome surface). In
this region, the friction force in-between the punch and
sample surface during stretching may counteract the
stretching effect. Therefore, even if the central region of
the sample has the highest deflection, only shallow
surface cracks and/or tears form at that region. Also,
Figures 7(b) and 8(b) represent the transition of the
smooth dome free surface at region-A to the rougher
surface appearance that can be characterized with
localized deformation bands formed at region-B. High
magnification micrographs showing the deformation
bands with micro-cracks formed at region-B are shown
in Figures 7(c) and 8(c). A smooth surface just as in the
case of the initially polished state is seen in region-C
(Figures 7(d) and 8(d)). This indicates that region-C of

the 8C- and 8Bc-processed samples does not undergo
considerable plastic deformation with membrane strain-
ing, but was deformed within the biaxial bending regime
during the Erichsen test. This may be because of the
early deformation localization formed in region-B dur-
ing stretching (Figures 7(c) and 8(c)).
The dome surface regions can also be validatedwith the

variations in the thickness of biaxial stretched samples.
Therefore, the cross sections of the domes with the
corresponding thickness values are shown in Figure 9. It
is obvious from Figure 9 that the initial thickness
(0.9 mm) of the CG, 8Bc, and 8C samples was decreased
to 0.70, 0.85, and 0.80 mm, respectively at the region
under the effect of punch friction (region-A).Hence, it can
be concluded that both CG and UFG samples were not
thinned considerably during biaxial stretching at that
region, which also led to smoother surfaces than that at
region-B (Figures 7(a) and 8(a)). This is probably because
of the significant friction at the punch-sample interface
and thus lower amount of thinning. At the localized
deformation region (region-B), the thickness of the
samples decreased considerably with necking and finally
fracture occurred (Figure 9). This may be due to the
coalescence of dislocations, which results in micro-voids
as a typical reason for plastic instability with necking of
CG samples after large plastic deformations.[30] The

Fig. 7—SEM micrographs showing the morphological features of the dome surface of the biaxial stretched sample previously processed by
ECAE 8Bc: (a) A general view showing different deformation regions, namely region-A formed under the effect of frictional forces, region-B
stretched with biaxial tensile loads, and region-C deformed with biaxial bending. (b) A detailed view of region-A and the boundary between
region-A and region-B. (c) A detailed view of region-B showing the deformation bands. (d) Smooth surface appearance of region-C indicating
that no considerable amount of deformation occurs during stretching.
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thickness of the CG samples at that region is much lower
than those ofUFG samples. It was about 0.45 mm,which
means a considerable amount of deformation (uniform
thinning) took place before necking during stretch form-
ing of the CG sample. Localized deformation regions
(region-B) observed at dome free surfaces of the 8Bc- and
8C-samples (Figures 7(c) and 8(c)) also show local
thinning of the sample, but not as much as that in the
case of the CG sample. Average thicknesses of the
localized deformation regions were determined as 0.70
and 0.51 mm for the 8Bc- and 8C-processed samples,
respectively. This is because of the limited uniform
deformation capacity of the ECAE-processed samples
during secondary deformation of stretching as in the case
of uniaxial tensile deformation (Table I). In the bended
region (region-C), the samples are not thinned consider-
ably. Dome thicknesses at region-C were determined as
0.90 mm for the 8Bc-processed and 0.88 mm for the 8C-
processed samples, which are very close to the initial
thickness (0.9 mm) of the samples. Thismaybe because of
the limited plastic deformation in that region during
stretching. After strain localization, most of the defor-
mation takes place in the localized region (region-B), and
thus the thickness in the bended region remains nearly
constant especially for the UFG samples.

IV. DISCUSSION

The grain refinement via ECAE strongly affected the
formability and surface quality of the IF-steel samples
depending on the applied strain path. The ECAE
processing using route 8A resulted in a limited biaxial
stretch formability, and the sample fractured just after a
slight punch displacement without considerable defor-
mation (Figure 4(a)). This limited formability can be
explained in terms of the strongly elongated UFG
microstructure formed after the 8A processing. The
TEM micrograph (Figure 2(b)) and the dome free
surface appearance after stretching (Figure 6) confirm
that the cracks initiate and propagate through the
boundaries of cell blocks. This means that elongated
grain boundaries act as easy crack initiation and
propagation regions, where high stress concentrations
leading to high cracking tendency were accumulated
during initial ECAE processing. Therefore, these bound-
aries are becoming easy paths for the crack propaga-
tion especially under biaxial loading conditions. This
resulted in lower FEI and EI values compared to other
routes, even though comparable strength values were
obtained under uniaxial tensile test. Niendorf et al.[30]

also discussed the effect of microstructural features on

Fig. 8—SEM micrographs showing the morphological features of the dome surface of the Erichsen-tested sample previously processed by ECAE
8C: (a) A general view showing different deformation regions, namely region-A under the effect of frictional forces, region-B stretched with biax-
ial tensile loads, and region-C deformed with biaxial bending. (b) A detailed view of region-A and the boundary between region-A and region-B.
(c) A detailed view of region-B showing the deformation bands. (d) Smooth surface appearance of region-C indicating that no considerable
amount of deformation occurs during deformation.
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the crack propagation behavior of the UFG IF-steels
during fatigue testing. They concluded that the micro-
structural features such as elongated grain/subgrain
boundaries causing stress concentrations may act as the
places where crack propagation occurs easily under
cyclic loading conditions. Similarly, such microstruc-
tural features obtained in this study by route-A seem to
have a considerable effect on the cracking tendency and
overall mechanical performance under biaxial loading
conditions. A higher cracking tendency due to the
elongated boundaries was also observed in the uniaxial
tension tests and can be understood based on the lower
tension ductility of the 8A IF-steel in uniaxial tensile
tests compared to 8C and 8Bc (Figure 3). This influence
becomes more pronounced under biaxial loading con-
ditions due to the multiaxial tension stress condition,
which may initiate cracks more easily in the case of the
Erichsen testing of the 8A IF-steel.

The UFG microstructures that formed after the 8Bc
and 8C processing showed relatively high formability
under biaxial loading in contrast to those formed after the
8A processing, which can be attributed to the microstruc-
tural differences. The ECAE processing following route-
Bc and route-C results in a microstructure mainly

consisting of equiaxed ultrafine grains (Figures 2(c) and
(d)). This grain morphology results in lower cracking
tendency and higher EI and FEI values after stretching
compared to thoseof the8A-processed condition (Table II).
However, such a UFG microstructure still yields F–X
curves with a decreasing slope just after the transition to
the membrane-straining regime in contrast to the CG
microstructure (Figure 4(b)). This is due to the limited
strain-hardening capacity of the 8C- and 8Bc-processed
UFG samples as shown in Figure 3. According to the
results obtained from the uniaxial tensile tests, uniform
elongation of the CG IF-steel was decreased from 25 pct
to about 2 pct after ECAEprocessing following routes 8C
and 8Bc. This means that very limited strain hardening
may also occur during secondary deformation processes
like deep drawing. Therefore, the 8C- and 8Bc-processed
samples cannot compensate the decrease in the punch
load due to the thinning of the sample by strain hardening
in the membrane-straining regime. This causes early
localization of the deformation as in the case of the biaxial
tensile test and consequently, the dF/dX curve continues
to decrease with the punch displacement up to the point
‘‘d,’’ the peak point of the load–displacement curve as
shown in Figure 4(b). This indicates that not only

Fig. 9—Variation in the thickness of the CG and UFG samples after biaxial stretching via the Erichsen test.
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uniaxial tensile elongation but also biaxial deformation of
the UFG IF-steel takes place mostly in a heterogeneous
manner due to the limited strain-hardening capacity, and
a great proportion of the tensile elongation occurs via
plastic instability with the formation of localized defor-
mation bands (Table II).[24,40,44]

The microstructural differences in the samples
obtained by the 8Bc and 8C conditions brought about
a minor deviation in the formability behavior. The
microstructure of the 8Bc-processed sample consists of
finer and well-defined grains compared to that of the 8C-
processed sample (Figure 2(c)). Hence, dislocations
stored in that microstructure are mostly accumulated
at or near the grain boundaries. Contrary to the 8Bc
condition, dislocations are accumulated not only at
grain boundaries but also in grain interiors of the
coarser grains in the microstructure of the 8C-processed
sample (Figure 2(d)). Furthermore, the 8Bc processing
forms a higher fraction of HAGBs as compared to
route-C as discussed previously.[39] The higher amount
of HAGBs in the microstructure means a higher amount
of internal energy (Figure 2(c)). Such a microstructure
with the higher energy state of the grain boundaries may
cause an increase in the cracking tendency under biaxial
tensile loading and therefore cause lower EI and FEI

values compared to those of the 8C-processed sample.[30]

It should be noted that it is not possible to establish a
direct correlation between the strength and ductility
values obtained in uniaxial tensile tests and the EI and
FEI values obtained in biaxial Erichsen tests. The highest
and the lowest strength levels were obtained from the
samples processed with ECAE 8Bc and 8C, respectively
(Table I). Also, the strength of the 8A-processed sample
was close to that of the 8Bc-processed sample. The
uniaxial tensile ductility by means of uniform elongation
and elongation to failure of the 8Bc- and 8C-processed
samples was very close to each other and somehow
higher than those of the 8A-processed sample. Even
though the lowest strength was obtained in the 8C-
processed sample using the uniaxial tensile test, its FEI

value was the highest in the case of biaxial deformation.
In addition, the highest EI value was measured in the
8C-processed sample, though the 8Bc-processed sample
has similar elongation values. Moreover, the 8A-pro-
cessed sample shows the lowest EI and FEI even though
the uniaxial tensile properties are comparable to those of
the 8C- and 8Bc-processed samples. Therefore, it can be
stated that it is not possible to find a direct correlation
between the results from the uniaxial tensile tests and
biaxial Erichsen test.

Surface appearance is important after the forming of
sheet metals, considering their applications. The SEM
micrographs (Figures 7 and 8) clearly showed that the
surface quality improved with fine grain formation. The
orange peel effect (grainy surface) generally occurs in
CG materials due to the deformation incompatibilities
in the neighboring grains as a result of difference in the
crystallographic orientation of the grains.[47,48] Such
deformation incompatibilities are clearly seen in
Figure 5(c) and (d), where micro-shear bands with
different orientations formed at the free surface of each
coarse grain oriented in different directions compared to

the adjacent ones. Consequently, the grains stand out in
relief on the surface. Surface roughening of the CG
sample can be seen throughout the free surface of the
sample in Figure 5(b). This figure also represents the
failure mode of the sample, which is circumferentially
caused by cracks that propagated through the grain
interiors. This may indicate that crack initiation took
place as a result of micro-void formation (Figure 5(e)).
In contrast to the CG samples, the formation of a UFG
microstructure reduced the orange peel effect and
roughening on the dome surface of the UFG samples
considerably. This positive effect was most pronounced
after processing along routes 8Bc and 8C. The individ-
ual grains in the UFG microstructure are too small to
detect the surface relief which reflected improved surface
quality.
These results showed that the UFG microstructure

decreased the formability of CG microstructure depend-
ing on the applied strain paths. This may be the problem
of using UFG materials for further processing to obtain
final products or semi-products. However, the results
also indicate that the formability of UFG microstruc-
tures having mostly equiaxed grains can be improved
further by secondary processing before shaping. For
instance, appropriate heat treatment should allow for an
optimization between strength and ductility or form-
ability.

V. CONCLUSIONS

In this study, the effects of UFG microstructures
produced following different ECAE routes on the
biaxial stretch formability of IF-steels were investigated.
The main results and conclusions of this study can be
summarized as follows:

1. Ultrafine-grained microstructures having grain sizes
in the range of 240 to 510 nm were obtained from
the coarse-grained (d: �30 lm) IF-steel with ECAE
following different strain paths. Such grain refine-
ment along with high density of dislocations leads
to a significant increase in the tensile strength val-
ues in the expense of ductility under uniaxial load-
ing condition, regardless of the processing routes.

2. The CG samples demonstrated high formability and
deformed uniformly under biaxial loading condi-
tions due to its high strain-hardening capacity. The
grain refinement by multi-pass ECAE processing
has a strong effect on the formability of IF-steel
depending on the applied strain paths that lead to
different grain sizes and grain morphology. Heavily
elongated microstructure formed after the 8A pro-
cessing caused early fracture of the sample and
yielded the lowest EI and FEI values due to the high
cracking tendency as a result of the stress concen-
trations at the elongated grain boundaries. Con-
trary to the 8A-processed sample, the samples
previously processed by routes 8C and 8Bc could be
considerably deformed under biaxial loading and into
the dome shape as in the case of the CG one due to
the equiaxed grain morphology having relatively
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low cracking tendency. Also, a much higher punch
force was needed for stretching high strength UFG
IF-steels compared to those for the CG one.

3. The stretching under biaxial tensile loading caused
the formation of three main deformation regions
in the 8Bc- and 8C-processed UFG samples. In
region-A, no considerable thinning and cracks were
observed due to the frictional force in-between the
punch and sample surface on the central region of
the dome surface. In region-B, many localized
deformation bands with micro-cracks occurred dur-
ing stretching. No considerable amount of deforma-
tion took place in region-C.

4. It is not possible to establish a direct correlation
between the strength and ductility values obtained
in uniaxial tensile test and the EI and FEI values
obtained in the biaxial Erichsen test.

5. The surface quality of the stretched samples was
improved by grain refinement via ECAE, and non-
uniform grain flow leading to the so-called orange
peel effect on the dome free surface of the CG
sample was considerably reduced after UFG for-
mation.

6. The UFG microstructures can be substantially
deformed even under the biaxial stretching process
if a microstructure with mostly equiaxed grain mor-
phology can be obtained using ECAE following
suitable strain paths, even though the same micro-
structures can lead to very low ductility under
uniaxial loading conditions.
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