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KEYWORDSABSTRACT

Plastic deformation or hardening leads to disorder in the crystalline structures
of metals and alloys, and this deterioration may decrease their corrosion
resistance. This concerns notably iron-based alloys, steels or cast irons. In
this work it is wished to study such possible effect on simple binary carbon
steels for carbon ranging from 0 to 1.6 wt.%C, in the simplest conditions:
elaboration by casting, hardening by compression and corrosion in sulphuric
solution, before exploring later more complex steels and cast irons, other
modes of deformation and other aqueous solutions. In this first part these
are the obtained microstructures, the hardness and compression properties
which will be presented. A second part will be devoted to the corrosion
behaviour and the influence of hardening of these electrochemical properties.
 2016 Trade Science Inc. - INDIA

INTRODUCTION

The plastic deformation or hardening of metal-
lic alloy, during their shaping or their use, may sig-
nificantly modify their microstructures[1]. One can
easily characterize the microstructural consequences
of plastic deformation by metallographic observa-
tions: structure initially equiaxed become in a new
one presenting special orientations, phases geometri-
cally changed, elongated grains... A lot of works have
proved that plastic deformation may induce modifi-
cations of some alloy�s properties, mechanical[2,3]

or of other types such as the magnetic properties[4].
In the mechanical field the tensile, compression or
shear strength, hardness may be modified, as for not-
alloyed or highly alloyed steels, Cu alloys, Al al-
loys ... after cold-rolling or hot-rolling[5], extrusion[6]

or plastic torsion deformation[7]. These properties
may have lost their initial isotropic character, con-
sequently to the orientated character of these defor-
mations.

Some chemical properties may be also influ-
enced by hardening, notably the corrosion behaviour.
This is what was wished to be studied in this work.
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For that a series of carbon steels were elaborated
by casting. They were deformed by compression,
then characterized in corrosion in their as-cast state
and in the obtained hardened state. In this first part
of the study this is the mechanical behaviours in com-
pression of the steels which will be presented. The
corrosion results will be presented in a second part.

EXPERIMENTAL

Elaboration of the alloys

A series of five carbon steels were elaborated
by foundry. These Fe-xC alloys (x=0, 0.4, 0.8, 1.2
and 1.6 wt.%) were synthesized using a High Fre-
quency induction furnace (CELES), by melting to-
gether pure iron and graphite. Each charge (total
weight: about 40 g) was placed in the water-cooled
crucible of the furnace, before being isolated from
ambient air by a silica tube. In this chamber three
cycles {7 × 10-2 mbar � vacuum; incorporation of

600 mbars of pure Argon} were applied, before fi-
nally establishing an internal atmosphere of 300
mbars of pure Ar). Melting and chemical homogeni-
zation of the liquid were achieved by respecting an
isothermal stage of three minutes at 4 kilo Volts. By
progressively decreasing the injected power the melt
cooled and solidified to become a compact ingot.

Machining, metallography preparation and obser-
vations

The five obtained ingots were cut in order to
obtain different types of samples. Two about {7 mm
× 4 mm × 3 mm}-parallelepipeds were prepared

from each of these ingots. One of the two parts was
kept for metallographic characterization and the sec-
ond one was devoted compression runs.

The parts destined for metallography investiga-
tions were initially embedded in a cold resin mix-
ture (82% of CY230 resin and 18% of HY253 hard-
ener, liquid products from ESCIL®), then ground

with SiC papers from 120-grit up to 2400-grit. Af-
ter intermediate ultrasonic cleaning these embedded
samples were polished with textile disk enriched
with 1µm hard particles in order to obtain a mirror-

like surface.
After Nital etching (5 seconds of immersion in a

{ethanol-4%HNO
3
}, except for the ferritic one: 15

seconds), the metallography samples were observed
using an optical microscope: Olympus, model BX51,
equipped with a Toupcam camera driven by the
Toupview software.

Indentation and compression runs

The hardness of the five steels was estimated by
performing Vickers indentations under a 10kg-load.
This was done three times per sample in order to
obtain an average value and a standard deviation
one.

The parallelepipeds especially prepared for the
compression tests were plastically deformed using
an Alliance RF/150 testing machine from MTS Sys-
tems. This one, equipped with a 150kN-cell for the
force measurement, was driven by the Testworks4
software. The tests were continued until reaching a
permanent deformation important enough to get a
really hardened version of the same steels. The prop-
erties which were issue from these compression runs
are the yield strength (transition from the elastic de-
formation to the plastic one) and the hardening pa-
rameters (k and n) involved in the Ludwig�s equa-

tion (eq. 1):
 = k × n (1)

They can be easily deduced of the straight line
resulting from the ln() versus ln() plotting since
the logarithm of k is its ordinate at the origin while n
is its slope (eq. 2).
ln() = ln(k) + n × ln() (2)

RESULTS AND DISCUSSION

Microstructures, hardness and densities of the
obtained steels

The as-cast microstructures of the obtained steels
are illustrated in Figure 1 by optical micrographs
taken after Nital etching.

The Fe-0.0C steel is clearly ferritic, with the
grain boundaries revealed by the rather long (15 sec-
onds) immersion in the Nital4 etchant. The Fe-0.4C
steel is ferrite-pearlitic with well visible pearlite
but also with a rather curious morphology of the fer-
rite grains (elongated/acicular, Widmanstätten
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shape). The Fe-0.8C steel is wholly pearlitic while
the Fe-1.2C and Fe-1.6C steels are essentially pearl-
itic with also pre-eutectoid cementite (Fe

3
C) present

in the old austenitic grain boundaries but also seem-
ingly crossing the pearlitic areas as Widmanstätten

needles. The cementite surface fraction is logically
higher in the 1.6C-containing steel than for the other
hyper-eutectoid steel.

Thanks to this increasing fraction of cementite
(very high hardness[8] compared to ferrite), eutec-
toid or pre-eutectoid + eutectoid, the hardness of
the steels increases with the carbon content as usu-
ally observed with the carbon steels, as illustrated

by Figure 2. Other physical property, one took ad-
vantage of the availability of the parallelepipeds for
metallography and prepared for the compression
tests, to use their measured dimensions and weight
to estimate the volume mass of the five steels. As
shown in Figure 3 one can see that the density re-
mains globally constant (about 7.4-7.5), indepen-
dently of the carbon content. The lack of accuracy of
the dimensional measurement, notably due to a not
perfectly regular shape of the parallelepipeds, leads
to a rather broad error range, which remains how-
ever not sufficient to explain for example why the
Fe-0.0C density is lower than the well-known value

Figure 1 : The microstructures of the five steels (optical micrographs after nital etching)

Figure 2 : 10-kg vickers hardness of the five steels, plotted versus the carbon content
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Figure 3 : 10-kg vickers hardness of the five steels, plotted versus the carbon content

TABLE 1: Values of the maximal stresses at which the
compression stress were interrupted

Figure 4 : The obtained compression curves

for pure Fe (pycnometric density of 7.86 g cm-3[9]).

Behaviour in compression
The compression tests (interrupted after various

straight lines not comparable, Young�s modulus not

measurable). Only the greatest deformations (plas-
tic deformation / hardening) may be really taken as

strains and maximal stresses, TABLE 1) led to the
strain-stress curves plotted in Figure 4. The less re-
sistant steel is unsurprisingly the ferritic Fe-0.0C
one and the best one is the carbon-richest hyper-
eutectoid steel. The curves obtained for the three
other steels are logically intermediate but curiously
rather close to one another. Since no extensometer
was used this is the platen displacement were not
accurately known and the smallest deformation are
to be not considered (elastic deformations) and the
apparent stiffness are logically scattered (elastic
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TABLE 2 : The yield strength versus the carbon content

accurate enough to be analysed. In contrast, the force
being continuously accurately measured by the
150kN-cell, the stress can be also considered as
accurate enough, despite the slight increase of the
perpendicular section of the sample during the com-
pression progress. One important property is the
yield strength the value of which is the ordinate of
the point of separation between the elastic straight
line and the hardening concave curve. This point was
more or less visible in the five curves strain-stress
curves but its determination was attempted in all
cases, this leading to the approximate values of yield
strength displayed in TABLE 2. The lowest value
was logically obtained for the ferritic alloy and the
highest one for the carbon-richest hypereutectoid
steel. If the values corresponding to the three steels
with the medium carbon content values (0.4 to 1.2
wt.%) well increase with the carbon content they
are very close to one another (around 285MPa, far
from the 100MPa of the ferritic steel and the 700MPa
of the carbon-richest alloy).

The plastic deformation parts of the compres-
sion curves were analyzed to extract the values of
the hardening coefficients. The ln() versus ln()
plots show that they globally well respect the
Ludwig�s law (Figure 5). The obtained values of

the pre-exponential constant k and of the exponent n
are given in TABLE 3. No clear relationship be-
tween the carbon content/cementite fraction and the
k and n values obviously appears.

The compression runs were interrupted not at
the same time for the five alloys (stresses which
were applied at this moment given in TABLE 1).
After test the permanent deformations, longitudinal
(vertical, direction of force application, negative)

and lateral (two horizontal deformations, positive),
were measured and their values are given in TABLE
4. Even if this was not targeted the absolute value of
the longitudinal deformation decreases when the car-
bon content of the steel increases (from -7% to -3%
from 0 wt.%C to 1.6 wt.C). The new dimensions of
the samples after compression were used again to
value their densities. Their values are plotted to-
gether with the initial ones in Figure 6: it seems that
the density generally tends increasing because of
compression in the plastic domain.

General commentaries

The carbon carbon steels synthesized for this
study, except the Fe-0.0C one, present microstruc-
tures which are not really classical for such very
simple binary composition. Indeed, the ferrite grains
in the ferrite-pearlitic steel are not blocky as usu-
ally found, but acicular, as needles grown from the
old austenitic grain boundaries. The pre-eutectoid
cementite also presents this Widmanstätten morphol-

ogy in the hypereutectoid steels. This may be due to
the fast solid state cooling following the rapid so-
lidification, in contact with the water-cooled cop-
per crucible of the high frequency induction furnace.
Maybe these steels merited post-foundry
austenitization heat-treatment finished by a slower
cooling. The hardness issued from Vickers macro-
indentation nevertheless remain globally conform to
the values commonly observed for carbon steels of
the same compositions. The compression tests car-
ried out to bring these steels a hardened state showed
that these ones present various levels of mechanical
properties, more or less logical (e.g. yield strength)

TABLE 3: The {ln()=f[ln()]}-plot of the plastic defor-
mation part of the compression curves and the obtained
values of the hardening constants k and n involved in the
Ludwig�s equation
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Figure 5 : The {ln()=f[ln()]}-plot of the plastic deformation part of the compression curves and the obtained
values of the hardening constants k and n involved in the Ludwig�s equation

or very scattered without relationship with the car-
bon content then the cementite fraction (e.g. harden-
ing parameters k and n). Because of strength differ-
ence issued from the different carbon content it was
not possible to achieve the same permanent defor-

mation for the five samples, the stiffest carbon-rich
steels being less plastically deformed than the low
carbon ones. This will be to be taken into account
when the electrochemical measurements devoted to
characterize their behaviors in corrosion will be
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TABLE 4 : The permanent deformations obtained longi-
tudinally and laterally

Figure 6 : Evolution of the volume mass of the five steels
with the carbon content and with the deformed state

carried out[10].

CONCLUSIONS

After the elaboration of the five binary steels
with increasing contents in carbon and the harden-
ing of samples issued from the obtained ingots, the
present work will be carried on to characterize the

effect of the hardening on the corrosion behaviour
of these five nuances of carbon steel. The rate of
permanent deformation which was not the same for
all steels will not allow the comparison between
deformed steels with different carbon content. But
the comparisons between steels in their as-cast states
will be possible.
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