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a b s t r a c t

Iron-based biodegradable metals have been shown to present high potential in cardiac, vascular, ortho-
paedic and dental in adults, as well as paediatric, applications. These require suitable mechanical prop-
erties, adequate biocompatibility while guaranteeing a low toxicity of degradation products. For example,
in cardiac applications, stents need to be made by homogeneous and isotropic materials in order to pre-
vent sudden failures which would impair the deployment site. Besides, the presence of precipitates and
pores, chemical inhomogeneity or other anisotropic microstructural defects may trigger stress concentra-
tion phenomena responsible for the early collapse of the device. Metal manufacturing processes play a
fundamental role towards the final microstructure and mechanical properties of the materials. The pres-
ent work assesses the effect of mode of rolling on the micro-texture evolution, mechanical properties and
biodegradation behaviour of polycrystalline pure iron. Results indicated that cross-rolled samples recrys-
tallized with lower rates than the straight-rolled ones due to a reduction in dislocation density content
and an increase in intensity of {100} crystallographic plane which stores less energy of deformation
responsible for primary recrystallization. The degradation resulted to be more uniform for cross-rolled
samples, while the corrosion rates of cross-rolled and straight-rolled samples did not show relevant dif-
ferences in simulated body solution. Finally, this work shows that an adequate compromise between bio-
degradation rate, strength and ductility could be achieved by modulating the deformation mode during
cold rolling.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

High-purity polycrystalline iron (Fe) has generated extensive
research, since its first experimental use as a biodegradable mate-
rial for cardiovascular applications in 2001 [1]. This application
demands a degradation rate matching the healing rate of the
injured tissue, in addition to appropriate mechanical properties
(such as ductility, yield and tensile strengths), adequate

biocompatibility and low toxicity of the degraded compounds all
along the implantation time [2].

The above desirable properties of a biodegradable cardiovascu-
lar stent have led to the re-assessment and improvement of some
of the known properties of pure Fe. Recently, several metal pro-
cessing steps have been used to adjust the mechanical, degradation
and biocompatibility behaviour of pure Fe. These include selective
alloying [3,4], electrodeposition/electroforming [5] and thermo-
mechanical processing [6]. A thermo-mechanical treatment con-
sists of a series of plastic deformation stages and heat treatments;
it is aimed at obtaining semi-finished products with the desired
shape and microstructure [7]. Plastic deformation, particularly cold
working has a major impact on the final microstructure of the
semi-finished product, affecting grain size, shape and microtex-
ture. Cold working can significantly increase dislocation density,
in turn affecting strain energy and residual stresses [8]. As-cold
worked materials have higher tensile strength and hardness at
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the expense of ductility [9]. These properties can be restored by a
subsequent heat treatment called annealing; however, the residual
stresses may not be totally eliminated. In the case of severe plastic
deformation, the amount of stored energy can induce recrystalliza-
tion phenomena at lower temperatures [10].

Straight cold rolling, or uni-directional rolling (UD), introduces
substantial microstructural heterogeneities or anisotropic proper-
ties [11]. All have implications for the physical, mechanical and
degradation properties of metals. Cross-rolling, or bi-directional
rolling (BD), is a process in which the rolling direction between
two following passes is perpendicular. This process is used to
reduce the directional effects of straight rolling [12] and to induce
a more homogeneous final structure [13]. Bi-directional rolling sig-
nificantly symmetrizes the rolling textures, modifies residual stres-
ses and plastic strain anisotropy [12,14].

Cross-rolling is of prime interest in many metal working opera-
tions because it affects the formability of metals [15], which
enables the formation and control of preferred crystallographic
texture. Formability of metal sheets is influenced by specific crystal
orientations; low carbon steel sheets with high (111) and low
(100) textures show high plastic strain ratios and exhibit adequate
deep drawing properties [16]. Adequate formability is mandatory
for successful cold forming of metals into products of extreme
small thicknesses. The complex geometry of coronary artery stent
dictates fabrication from materials that display consistent, predict-
able and uniform non-directional properties and characteristics.
They also need to be produced from materials with a proper form-
ability by tube drawing process during stent manufacturing.

Past investigations on cold working of pure Fe with subsequent
annealing have been found to impact the grain size evolution [17],
corrosion rate in acidic media [18,19] and mechanical properties
[20]. Nevertheless, the effect of BD on microstructural changes,
mechanical properties and degradation behaviours of pure Fe
was not thoroughly addressed in previous studies particularly in
relation to crystallographic texture [12] and recrystallization
behaviour [21].

Taking into account the relevance of pure Fe as a base metal for
biodegradable stents, the aim of the present work was to assess the
effect of cross-rolling on the microtexture evolution, mechanical
and degradation behaviour. Its mechanical properties and corro-
sion rates after processing by uni-directional rolling or bi-direc-
tional rolling were studied and compared in this work.

2. Materials and methods

The material used in this work was an Armco� soft ingot iron
(>99.8% purity) in the form of 2 mm thick as-rolled sheets (Good
fellow Limited, Cambridge, United Kingdom). The chemical compo-
sition of the as-received material is given in Table 1.

The rolling reduction of 75% was carried out to achieve 0.5 mm
thickness, with thickness reduction limited to 0.2 mm per pass at a
rolling speed of 220 mm s�1 (Stanat, Rolling Mill; model TA-315) in
two different ways: uni-directionally rolling (UD) and bi-direction-
ally rolling (BD). In this latter case, the specimen was turned by 90�
between each successive pass. The as-received material properties
were investigated without further processing, to have a reference
material. Samples with square cross-sections of 10 � 10 mm2 were
cut from both UD and BD rolled strips and subsequently annealed

at two temperatures of 550 �C and 900 �C; the annealing process
was carried out in a tube furnace under a high purity argon atmo-
sphere. The heating rate was 6.5 �C per minute; the sample was
soaked for two hours at the annealing temperature and then air
quenched. Sample codes of the treated and untreated samples
are listed in Table 2.

2.1. Microstructure and texture evolution

The as-received, as-rolled and annealed samples were mechan-
ically ground and polished; an etching with 2% Nital solution for
optical metallography was performed after the polishing. An opti-
cal microscope (Nikon Epiphot 200, Japan) equipped with CLEMEX
Vision image analyser (Clemex, Longueuil, Canada) was used for
microstructural observation on the transverse direction (TD) of
the samples after etching.

2.1.1. XRD
The average texture and preferred crystallographic orientation

of the samples (on normal direction (ND)) were analysed using a
Siemens D5000 X-ray diffractometer, operated using Cu-Ka radia-
tion (k = 0.15406 nm) at an accelerating voltage of 40 kV and a cur-
rent of 30 mA. The scan rate was 0.05� s�1 in the range of 20–120�
at a step size of 0.02�.

A study of the texture index was performed following the pro-
cedure established in the literature [5] based on the following
formulas:

IexpðhklÞ ¼ Iexpðhk lÞ
Iexpð110Þ þ Iexpð200Þ þ Iexpð211Þ þ Iexpð220Þ ð1Þ

Iref ðhklÞ ¼ Iref ðhklÞ
Iref ð110Þ þ Iref ð200Þ þ Iref ð211Þ þ Iref ð220Þ ð2Þ

Mðhk lÞ ¼ IexpðhklÞ
Iref ðhklÞ ð3Þ

where M(hkl) is the texture index, Iexp(hk l) is relative intensity of
the (hk l) plane reflection for the experimental pattern and Iref(hk l)
is relative intensity of the (hk l) plane reflection for the reference
pattern of body-centred cubic (bcc) iron (JCPDS card No. 06-696).

2.1.2. EBSD
The specimens were hot mounted (on normal direction, ND) in

conductive Bakelite, suitable for electron microscopy, using a spec-
imen mounting press. They were then prepared for further metal-
lographic investigation using standard laboratory metal grinding
and polishing techniques, with 240–4000 SiC paper. A final mirror
finish was obtained using a Metprep Chemicloth with a water-
based colloidal silica suspension of mean particle diameter of
0.06 lm.

Degreasing of the surface was carried out by thorough acetone
and isopropyl alcohol cleaning. Electron backscatter diffraction
(EBSD) was performed using a Merlin Gemini scanning electron
microscope (SEM) equipped with an EBSD/EDX Ametek detector.
The total tilt between the EBSD detector and the sample surface
was set to 70� in order to project the electron diffraction pattern
onto the EBSD detector. The working distance was set to 15 mm
while the working voltage was set to 20 kV and the probe current

Table 1
Chemical composition of the as-received Armco iron (wt.%).

C Ni Cr Mn Cu Mo S Sn P Si Al Fe

0.006 0.037 0.032 0.041 0.017 0.002 0.014 0.014 0.019 0.008 0.010 Bal.
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