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a b s t r a c t

Martensitic stainless steels are widely used for their good mechanical properties and moderate corrosion
resistance. However, the need for superior properties in specific applications (e.g. steam generators, mixer
blades, etc.) led to wide researches on the performance improvement of these steels. Heat treatment
was recommended as one of the best ways to this regard hence the effects of astenitizing temperature
vailable online 31 December 2010
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and time, and tempering temperature on the microstructure, mechanical and corrosion properties of
AISI420 have been studied. In the current work the experimental results showed that the austeitizing
temperature significantly affects mechanical properties. The increase of tempering temperature led to
precipitation of M7C3 and secondary hardening in the range of 400–500 ◦C. SEM micrographs of the
fracture surfaces showed a mixed fracture mechanism (brittle and ductile) at 200 ◦C and 700 ◦C and
brittle mechanism at 500 ◦C. The Polarization curves were not significantly affected by the increment of

e.
orrosion austenitizing temperatur

. Introduction

Martensitic stainless steels (MMSs) are commonly used for man-
facturing components with excellent mechanical properties and
oderate corrosion resistance, so that they can work under high

nd low temperatures. Unlike other stainless steels, their prop-
rties could be changed by heat treatment; hence these steels
sually are used for a wide range of applications like steam gen-
rators, pressure vessels, mixer blades, cutting tools and offshore
latforms for oil extraction [1–3]. In the annealed condition (as
eceived), MSSs have a microstructure containing spheroidized car-
ides in a ferritic matrix [4]. Since the material is metallurgically
omplex, meticulous control of heat treatment is necessary for for-
ation of a fully martensitic structure without forming �-ferrite

nd retained austenite. Depending on the composition and pro-
essing history, martensitic stainless steel consists of martensite,
ndissolved carbides and �-ferrite. Therefore, for the given compo-
ition of the steel, the strength and corrosion resistance completely

epend on the amount of carbon and other alloying elements in the
ustenite. In general, in the medium carbon martensitic stainless
teels containing more than 0.2 wt.%, carbon totally dissolves in the
atrix [5]. However, grain coarsening, decarburization and reten-
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tion of austenite should be avoided. Furthermore, the presence of
residual stress could obviously deteriorate the mechanical and cor-
rosion properties. Applying an appropriate tempering temperature
can relieve the stress and causes decomposition of new carbides.
Thus, it is well known that the properties in martensitic stain-
less steels are strongly influenced by austenitizing and tempering
treatment [6,7]. The aim of the present research is to analyze the
effect of austenitizing and tempering on mechanical properties and
electrochemical corrosion resistance based on the microstructure
changes.

2. Experimental

The experimental steel was produced in a vacuum induction furnace. Molten
steel was cast as cylindrical ingots. The chemical composition of the steel is given
in Table 1.

The ingot was refined by the electroslag refining process. The refined ingots were
hot forged between 900 and 1000 ◦C, annealed at 700 ◦C followed by air cooling.
Blocks of suitable size were cut along longitudinal direction for the heat treatment
experiments. Samples were austenitized at 980, 1015 and 1050 ◦C for 30, 60 and
120 min. All samples were tempered at 200 ◦C for 1 h. To determine the second
hardening temperature range, tempering treatment was conducted in the range
of 200–700 ◦C. Hardness measured on the samples for all heat treatment condition
using Rockwell C scale. Room temperature tensile test and room temperature charpy

V-notch impact test were carried out according to DIN-EN 10001-2 and DIN-EN
10045 standard respectively. For metallographic test, samples were polished and
prepared in villela’s reagent. Fracture surface of the impact test specimens were
examined using scanning electron microscopy. EDS analysis was utilized to identify
carbides decomposed at different tempering temperature. Finally, the influence of
heat treatment parameters on the electrochemical behavior was evaluated.

dx.doi.org/10.1016/j.jallcom.2010.12.174
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Fig. 1. Microstructure of the heat treated AISI 420, (a) 1050 ◦C, (b) 1015 ◦C, (c) 980 ◦C and (d) SEM micrograph at 980 ◦C.

Fig. 2. EDS analysis of specimens tempered at (a) 200 ◦C, (b) 500 ◦C and (c) 700 ◦C.



A.N. Isfahany et al. / Journal of Alloys and Compounds 509 (2011) 3931–3936 3933

Table 1
Chemical composition of AISI 420 martensitic stainless steel (wt.%).

%W %V %Al %Cu %Ni %Mo %Cr %S %P %Mn %Si %C

0.04 0.02 0.012 0.11 0.2 0.06 12.98 0.004 0.019 0.46 0.32 0.22
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Fig. 3. Effect of austenitizing time and temperature on hardness.
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these factors led to the highest hardnesses in the specimens austen-
◦

ig. 4. Stress–strain curves at three austenitizing temperature (soaking time:
0 min).

. Result and discussion
.1. Microscopic evaluation

The optical and SEM micrographs of the AISI 420 austenitized at
ifferent temperature are shown in Fig. 1(a)–(d).
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Fig. 6. (a) Hardness, (b) impact energy
Fig. 5. Impact energy versus austenitizing time and temperature.

The microstructure of AISI 420 martensitic stainless steel in the
annealed condition includes ferrite and M23C6 [4]. Depending on
the austenitizing temperature, the amount of carbides in the matrix
would be variable. After quenching, the lath martensite is the most
common phase in the microstructure. In addition, fine carbides are
visible especially at lower temperature. However, the amount of
carbide decreased with the increment of austenitizing temperature
from 980 to 1050 ◦C. Austenitizing time had a low effect on the
microstructure. Fig. 2(a)–(c) shows the result of EDS analysis for
specimens that were tempered at 200, 500 and 700 ◦C respectively.
EDS results together with the results reported by Calliari et al. [8]
on similar stainless steel showed that the identified carbides at 200,
500 and 700 ◦C could be M23C6, M7C3 and M23C6, respectively.

3.2. Austenitizing

Fig. 3 shows the effect of austenitizing time and temperature on
hardness. In general, the high hardness is due to the homogonous
distribution of lath martensite in the microstructure.

Variation of hardness can be attributed to the combination of
two factors. First, the increase of the alloying elements such as
chromium and carbon in the austenite with the increase of tem-
perature and second, the presence of retained Austenite within lath
martensite which usually increases with austenitizing temperature
and time and has a detrimental effect on hardness. Combination of
itized at 1050 C. Tensile properties of heat treated specimens are
shown in Fig. 4.

Maximum strength was acquired for the specimen austenitized
at 1050 ◦C. The increase of the austenitizing temperature increases
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Fig. 7. Effect of tempering temperature on the tensile and yield strength.

he carbide dissolution in the matrix. Garcia de Andres et al. [9]
howed that in the same stainless steel the increase of austenitiz-
ng temperature decreased carbides from 9.9% to 6.6%. The strength
ncrement is resulted from the dissolution of M23C6 carbide in the

atrix which increases the carbon supersaturation and lattice dis-
ortion of the martensite [10] together with the amount of twin
oundaries and dislocations in the microstructure [11]. Garcia de
ndres et al. [6] demonstrated that upon austenitizing in the range
f 1000–1050 ◦C, grain growth remains to some extent constant due
o the presence of the undissolved carbides in the austenite grain
oundaries during heating. In this range of temperature, there was
moderate austenite grain growth and tensile strength was not

reatly changed.
In Fig. 5 the impact energy as a function of austenitizing tem-

erature for different times is shown. Impact energy increased with
he increase of the austenitizing temperature. Three main reasons
or improvement of the impact energy could be mentioned:

Increment of retained austenite within the lath martensite that
absorbs the fracture energy [12].
Reduction of carbide volume fraction and their homogenous dis-
tribution.
Reduction of phosphorous in the grain boundaries. Among the
various impurity atoms (tin, phosphorous, manganese, silicon)
phosphorous has been found to be particularly detrimental to
impact energy in 13% chromium martensitic stainless steel [1].
This detrimental impurity can be solved in the matrix, with
increasing austenitizing temperature.
.3. Tempering

The optimum strength and hardness were observed when
ustenitizing at 1050 ◦C for 60 min. This cycle was selected for
he next tests. In Fig. 6(a), the hardness values of the specimens

Fig. 8. SEM micrographs: austenitizing at 1050 ◦C for 60 min
Fig. 9. Comparison between 980 ◦C and 1050 ◦C potensiostatic curves in AISI 420.

quenched and tempered at various temperatures are shown. As
seen, hardness was almost constant for tempering temperatures
ranging from 200 to 400 ◦C

Increasing hardness during tempering in the range of
400–500 ◦C can be attributed to the secondary hardening phe-
nomenon. This is generally associated with the formation of M7C3
carbides within the martensite lath (Fig. 2). It can be also seen
in Fig. 6(b) that hardness decreased when tempering at tempera-
tures in the range of 500–700 ◦C. This Softening occurred when the
M7C3 carbides started to coarsen and partially transform to M23C6
carbides illustrated in Fig. 2(c). The impact strength (Fig. 6(b))
decreased when tempering temperature increased from 200 to
500 ◦C so that the least impact strength observed at 500 ◦C. The
highest impact energy at 200 ◦C could be attributed to the pres-
ence of retained austenite within the lath martensite absorbing
fracture energy [12], and also to the lowest amount of carbide vol-
ume fraction and some detrimental elements such as phosphorous
in the grain boundaries [1]. Therefore reduction of impact energy
with increasing tempering temperature to 500 ◦C, could have been
resulted from reducing the retained austenite volume fraction,
increasing carbide particle and also reprecipitation of phospho-
rous at grain boundaries [1]. Impact strength increased again at
700 ◦C, because martensite tempered and a recovery took place
in it. Impact strength at 200 and 700 ◦C is almost the same. The
impact strength should have significantly improved with the tem-
pering at 700 ◦C, but the presence of coarse carbide restricted the

ductility, in spite of the presence of tempered martensite. Vari-
ations of tensile and yield strengths as a function of tempering
temperature are shown in Fig. 7. As seen, strength reduced when
tempering temperature increased from 200 ◦C to 400 ◦C. However,

and tempered at (a) 200 ◦C, (b) 500 ◦C and (c) 700 ◦C.
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Fig. 10. (a) SEM micrograph, (b) iron and chr

urther increasing in tempering temperature to 500 ◦C resulted in
n increased strength induced by a secondary strengthening phe-
omenon. As result, connection of micro cracks induced by tensile
tress is retarded.

.4. Fractography

SEM micrographs of the impact-test specimens fractured at
mbient temperature are illustrated in Fig. 8. As shown, there is
negligible plastic deformation in all specimens especially in the

pecimens tempered at 500 ◦C. However, there are some plastic
eformation places and micro-voids in specimens tempered at
00 ◦C and 700 ◦C. In fact, a mixture of ductile and brittle mech-
nisms is visible in these specimens. The fracture appearance
ppears mainly as the cleavage and river pattern or brittle features
ixing with a little fibrous ductile region. More fibrous ductile fea-

ures observed in specimens tempered at 700 ◦C. In addition, some
oids are present in the fracture surface probably formed at the
atrix/carbide interfaces.

.5. Corrosion characteristic

Polarization curves (Fig. 9) in specimens austenitized at 980
nd 1050 ◦C (tempered at 200 ◦C) showed a small difference in the

corr and passive current density (PCD). Nevertheless, difference in
CD is more noticeable than Icorr. This difference in electrochemi-
al behavior could be attributed to the dissolution of some alloying
lements in the matrix. As explained above, since the carbide disso-
ution has increased with increasing the austenitizing temperature,
he amount of some alloying elements such as chromium and car-
on increased in the matrix. Dissolved chromium has significant
ffect on the reduction of Icorr. Meanwhile, dissolution of carbides
n the matrix resulting in more homogenous microstructure is an
mportant factor in reduction of Icorr. In spite of that, specimens
ustenitized at 1050 ◦C showed higher PCD than those austenitized
t 980 ◦C which probably related to matrix carbon content. The
ffect of the matrix carbon content on PCD has been also confirmed
y horovitz [13] and candelaria [10]. Horovitz has reported that PCD

n stainless steels is usually increased with increasing matrix car-

on content. In addition, the extra dissolved carbon could increase
artensite lattice internal stresses having a deleterious effect on

CD [10].
EDS analysis (Fig. 10) of carbides in the microstructure resulted

rom heat treatment at 980 ◦C showed another fact. EDS analy-
percentage in various distance of carbides.

sis was carried out at different points over the line in this figure.
Fig. 10(b) represents chromium and iron content in the carbide, in
the matrix in center and at point 0.4 �m and 0.9 �m from the center
of the carbide. From this figure, it is clear that almost all carbides in
the matrix are undissolved carbides and precipitated carbides are in
minority. So, there is no chromium depletion in the matrix and pas-
sive layer easily formed on the surface. Therefore, due to the lowest
carbon content in the matrix and absence of chromium depletion
regions, passive layer can form easier in the 980 ◦C austenitized
specimen.

4. Conclusions

The effect of heat treatment parameters on the mechanical prop-
erties and electrochemical behavior was studied and the following
conclusions were drawn:

(1) The maximum hardness (about 50 RC), strength (about
1900 MPa) and impact toughness (about 30 J) are resulted from
austenitizing at1050 ◦C.

(2) Secondary hardening took place at tempering temperature in
the range of 400–500 ◦C due the formation of M7C3 within
martensite lathes. Softening occurred when the M7C3 carbides
start to coarsen and partially transform to M23C6 carbides.

(3) A good combination of mechanical properties can be achieved
by the austenitizing at 1050 ◦C and tempering at 200 ◦C for
60 min.

(4) Fractrographs of tempered specimens at 200 and 700 ◦C pre-
sented a mixture of ductile and brittle behavior. The fracture
appearance appeared mainly as the cleavage and river pattern
of brittle fracture mixing with a little fibrous ductile region.

(5) Icorr and PCD varied with austenitizing temperature. This varia-
tion could be attributed to the effect of some dissolved elements
such as chromium and carbon.
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