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Abstract. Different steel alloys of tool steel and alloy steel were heat treated with different heat treatment 
processes such as hardening, gas carburizing, and gas nitriding. The electrochemical behavior, especially corrosion 
characteristics, of the different steel grades were evaluated using different electrochemical techniques in 0.1 M 
sodium chloride solutions at different values of solution pH. Potentiodynamic scans indicated similar corrosion 
behavior between the different heat treatment processes. However, the nitriding process added extra corrosion 
resistance to certain steel alloys which included strong nitride forming elements. Also, the electrochemical 
impedance spectroscopy and salt spray tests confirmed the same and indicated an increase in corrosion resistance 
after the nitriding process. 

Introduction 

Heat treatment is a combination of heating and 
cooling operations, timed and applied to a metal or 
alloy in a way that will produce the desired 
mechanical properties. Steel can be heat treated to 
produce a great variety of microstructures and 
properties (Avner, 1974; Prabhudev, 1993; Thelning, 
1984; Krauss, 1990). The aim of this study was to 
evaluate the effect of different heat treatment 
processes, nitriding, carburizing and hardening, on 
the corrosion characteristics of different steel alloys. 
Nitriding is a case hardening process in which the 
chemical composition of the surface is changed by 
the addition of nitrogen. The effectiveness of the 
process depends on the formation of nitrides in steel 
by the reaction of nitrogen with the strong nitride­
forming elements such as aluminum, chromium, 
vanadium and molybdenum (Townsend, 2000). The 
nitrided case consists of two distinct zones, outer and 
inner layers. The outer layer consists of nitrides of 
different elements including iron, while the inner 
layer consists of nitrides precipitates due to solubility 
limits. The thickness of the two layers depends on 
process time, temperature and atomic nitrogen 
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concentration near the surface (Dingremont et al., 
1995; Borges et al., 1997). Carburizing, also a case 
hardening, is used to increase the hardness and wear 
resistance of components, which are required to 
possess fairly good impact strength and resistance. 
Carburization process is performed by adding carbon 
to the surface of steel at relatively higher temperature 
(austenite temperature). In general, the carburized 
outer layer of steel is hypereutectoid steel while the 
core is hypoeutectoid steel. Gas nitriding and 
carburizing are well known processes in steel 
industry and more details can be found m 
(Prabhudev, 1993; Thelning, 1984). 

The effect of heat treatment on corrosion 
characteristics has been studied for several years. 
Eight-year atmospheric corrosion tests of 
(UNSKI2040) weathering steel were conducted in 
industrial, marine and rural environments for two 
types of heat treatment processes; quenching-and­
tempering and normalizing. The results of these tests 
indicated that the heat treatment had no effect on the 
corrosion resistance (Ailor, 1971). Duplex treatments 
consisting of plasma nitriding and ion plating with 
titanium nitride were investigated by cyclic 
polarization scan in sodium chloride solution and by 
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Table 1. Chemical composition ofthe investigated steels 

Group 

A 

B 

C 

Designation 

AISII035 

En36 

AISI4140 

C 

0.32-0.38 

0.12-0.18 

0.38-0.43 

Cr 

0.6-1.1 

0.8-1.1 

subjecting samples to salt spray. These treatment 
improved the corrosion resistance of construction 
steel (X45NiCrM04) and hot working steel 
(X38CrMoV5-1), but for stainless steel samples the 
duplex treatment led to a loss in corrosion resistance 
(Standard Practice for Preparing, Cleaning and 
Evaluating Corrosion Test Specimens, Standard 
Method G-88, Annual ASTM Standards). It has been 
reported that for sintered steel samples, which were 
nitrocarburized at different temperatures and times, 
the thickness of the compound layer increased with 
the nitrocarburizing temperature and time, thus 
improving the corrosion resistance that was measured 
using potentiodynamic polarization approach (Totik, 
2006). The presence of the nitride layer increases the 
corrosion resistance of the material, not only as a 
consequence of its nature and thickness, but also due 
to the nitrides layer formed around some of the open 
pores. Different specific grades of steel have been 
studied for different surface coatings such as 
phosphating. It was found that heat treatment and the 
type of cooling media directly affect the corrosion 
resistance of the substrates (Totik, 2006; Oh, Joo and 
Kim, 2005). It was found that heat treatment can alter 
and modifY the localized properties using Kelvin 
probe to measure the Volta potential of the surface 
(Atlk, Yunker and Menc, 2003). 

Nevertheless, there are no final conclusions about 
the effect of heat treatment on the corrosion 
resistance of steel due to the large range of process 
parameters and the large number of steel alloys. The 
purpose of this study was to investigate the influence 
of various heat treatments processes on the corrosion 
resistance of three different types of steel, AISI 1035, 
En36 and AISI 4140 by different electrochemical 
methods and salt spray testing. 

Experiments 

Sample preparation 
Steel specimens, 10 mm diameter and 10 cm long 

cylinders, were used for the electrochemical and the 
salt spray tests. After heat treatment, all samples were 
cleaned with iso-propanol and acetone solutions to 

Chemical composition % 

Ni Mo Mn Si 

0.6-0.9 

3-3.75 0.3-0.6 0.1-0.35 

0.15-0.25 0.75-1.1 0.15-0.3 

remove oils. Then the samples were washed with 
distilled water and then etched with diluted HCI 
solution to remove scale products and finally the 
samples were washed with distilled water again. 
Table 1, shows the three main groups of steel that 
were used is this study. Group A was mainly plain 
carbon steel. The most significant alloying elements 
in group B were Ni (3-3.75%) and Cr (0.6-1.1%). 
Group C was AISI 4140 that is a chromium­
molybdenum, medium carbon steel and used as guide 
pins for plastic injection molds after nitriding. 

Testing methods 
• Electrochemical tests: Each steel grade with 

different heat treatment processes, hardening, 
carburizing and nitriding was subjected to several 
electrochemical tests. Three main electrochemical 
tests were conducted for each sample. First, the 
open circuit potential was monitored over a period 
of 30 minutes in the different test solutions (see 
below). Then, potentiodynamic scans were 
collected in which the sample was biased 
cathodically at -O.5V, then the potential was 
scanned at a rate of 1 mY/sec until an anodic 
potential of + 1.5 V vs. open circuit potential was 
reached. This test was designed to determine the 
overall corrosion profile for a metal-electrolyte 
system over the potential range. The third 
electrochemical test was the electrochemical 
impedance spectroscopy (EIS) measurements. EIS 
tests were designed to indicate the differences in 
corrosion rates and also to observe any layer 
formation on top of the surface that might increase 
the corrosion resistance (Back, Nazarov and 
Thierry, 2005). The initial and final frequencies for 
the EIS tests were 100,000 and 0.01 Hz, 
respectively, while the AC voltage amplitude was 
10m V around the open circuit potential. The test 
solution used for the electrochemical experiments 
was 0.1 molar sodium chloride at different pH 
levels (4 and 9 using either HCI or NaOH to adjust 
the solution pH). 

• Salt spray test: Salt spray tests were performed to 
evaluate the performance of heat treated steel for 
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outdoor exposure. The temperature of the salt 
spray chamber was set at 50°C, the spray solution 
was 5% NaCl and the test period was 30 days. 
The samples weight were measured before 
exposure after 15 days, and at the end of the test. 
At the end of the test, the corrosion products were 
removed mechanically by a bristle brush to 
remove loosely attached corrosion products, and 
then were cleaned electrochemically using 5% 
w/w H2S04 solution plus a corrosion inhibitor at 
65°C. The applied cathode current density was 
200 mA/cm2 for 3 minutes (Standard Practice for 
Preparing, Cleaning and Evaluating Corrosion 
Test Specimens, Standard Method G-88, Annual 
ASTM Standards). This cleaning procedure was 
sufficient to remove all corrosion products and 
leave the underneath metal without attack. 

Results and Discussion 

The main results of the electrochemical behavior 
of hardened, nitrided and carburized samples 
compared with untreated samples will be discussed. It 
was found that the behavior of carburized and 
hardened samples was very similar to the untreated 
steel as observed by the open circuit potential values 
and polarization measurements as shown in Figs. 1 to 
6. The open circuit potential of the hardened and 
untreated samples were stable and reached steady 
state after 20 minutes. The values of the open circuit 
were around -0.65 V (vs. SCE), while the open circuit 
potential of the nitrided samples, especially groups B 
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and C, decreased from the initial value (-0.25 V vs. 
SCE) to about -0.5 V vs. SCE after 20 minutes 
immersion. 

The results of potentiodynamic scans for all 
samples are shown in Figs. 1 to 6 at different pH 
values (in 0.1 M NaCl). At pH 4 and 9, heat treatment 
had a small effect on samples from group A as 
indicated by the potentiodynamic scans. The 
corrosion rates of groups A, Band C were calculated 
by Tafel extrapolation and are listed in Table 2 for the 
different pH. In the table, both corrosion currents and 
the resulting calculated corrosion rates are listed. 

In the case of group B, the alloy exhibited better 
corrosion characteristics than alloy A. Also, nitrided 
samples indicated smaller corrosion rates and stronger 
passivation characteristics in alkaline solutions (PH 9). 
Group C also indicated small variations between the 
different heat treatment processes. However, at 
alkaline pH, Fig. 6, the nitrided surface had slightly 
better corrosion characteristics. In general, the results 
indicated that for groups B and C, the nitriding heat 
treatment process decreased the corrosion rates and 
improved the passivation behavior, especially in 
alkaline solutions when compared with other heat 
treatment processes. The reduction in corrosion rate 
might be attributed to the presence of nitriding alloying 
elements such as Cr, Ni and Mo, while this was not 
observed for group A. Nevertheless, the reduction in 
the corrosion rate due to the nitriding process was not 
significant as in the case of vanadium steel alloys 
(Borges, Rocha, Martnelli, Cabral, Klein and Franco, 
1997). 
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) 

Fig. 1. Potentiodynamic scan results for group A at pH 4. 
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Fig. 2. Potentiodynamic scan results for group B at pH 4. 
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Fig. 3. Potentiodynamic scan results for group C at pH 4. 
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Fig. 4. Potentiodynamic scan results for group A at pH 9. 
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Fig. 5. Potentiodynamic scan results for group B at pH 9. 
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Fig. 6. Potentiodynamic scan results for group C at pH 9. 

Table 2. Corrosion rates and current of steel samples by the different techniques 

-1 o 

-1 o 

Type of 
Corrosion Rate, bl' Potentiodl'namic Scan Test and Tafel Extrapolation 

# pH4 pH9 Heat Treatment 
/:!A/cm2 Mpy /:!Alcm2 mpy 

Al Untreated 1.06 0.49 5.65 2.58 

A2 Carburizing 7.14 3.26 10.9 4.98 

A3 Hardening 4.97 2.27 8.66 3.95 

A6 Nitriding 7.44 3.40 7.65 3.49 

Bl Untreated 8.82 4.03 1.79 0.81 

B2 Carburizing 6.19 2.83 17.7 8.09 

B3 Hardening 5.79 2.65 6.48 2.96 

B6 Nitriding 5.54 2.53 4.14 1.89 

Cl Untreated 6.10 2.78 25.2 11.52 

C2 Carburizing 19.2 8.75 7.7 3.52 

C3 Hardening 8.91 4.07 6.71 3.06 

C6 Nitriding 2.76 1.26 4.68 2.13 

65 

Salt Spray 
Result 

mpy 

53.69 

25.98 

40.92 

24.89 

23.55 

71.64 

57.96 

28.18 

50.29 

53.01 

51.77 

38.69 
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Fig. 7. Nyquist plot of raw and nitrided samples from group B. 
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Fig. 8. Nyquist plot for raw and nitrided samples from group C. 

Electrochemical impedance spectroscopy tests 
were perfonned to evaluate the corrosion resistance 
of the samples surface at the OCP. It was found that 
the behavior and shape of the spectra were similar for 
all types of heat-treated steel except in the case of 
nitrided steel. The spectra of nitrided steel exhibited 
two time constants, i.e. two semicircles, as shown in 
Fig. 7. This was observed only for group C and group 
B and was not observed for group A. This behavior 
may indicate the presence of a porous layer (i.e. the 
nitirded layer). The added resistance is small as 
indicated by the spectra indicating that the thickness 
of the nitrided layer is small, which was observed 

during the nirtiding process itself. Further studies are 
required to evaluate and characterize the thickness of 
the nitride layer by the EIS to understand its 
mechanism in improving the corrosion resistance. 

Salt spray tests were perfonned to characterize the 
alloys behavior in accelerated atmospheric corrosion 
conditions. The corrosion rates were calculated based 
on samples weight change over 30 days exposure 
period which are listed in Table 2. Nitrided samples 
from group B and group C had good corrosion 
resistance compared with other heat treatment 
processes. In general, the corrosion rate in the salt 
spray chamber was higher than the corrosion rate in 
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the electrolyte conditions due to the different nature 
of the two tests. During salt spray exposure, it was 
observed that the nitrided samples had more 
pronounced pitting corrosion while other samples 
suffered uniform corro"ion. This pitting behavior can 
be attributed to the presence of the nitrides layer 
which increases the passivation characteristics !'is 
indicated by the polarization data. 

Conclusions 

The following conclusions can be drawn from this 
study: 
1. In general, heat treatment processes have slight 

effect of the corrosion characteristics of steel 
types that were studied in this work. These 
processes include carburizing and hardening. 

2. Nitriding increases the corrosion resistance of 
steels studied in this work that contain nitride 
forming elements such as Ni, Cr and Mo. 
Nitriding of other types of steel had little effect on 
corrosion resistance. EIS indicated the presence of 
porous layer, which leads to better 
characterization of the "white layer". 

3. As indicated by the EIS, the presence of a 
protective white layer suggested that nitrided steel 
surface suffers from pitting corrosion more 
pronouncedly rather than uniform corrosion as in 
the case of untreated steel samples. 
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