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Abstract
Corrosion is one of the most common complications in some industries. Two main factors causing corrosion are tensile 
stress and a corrosive environment, both of which require careful control. The purpose of this research is to achieve an 
optimal method of increasing corrosion resistance and also reducing tensile residual stress in API X60 gas pipelines. In the 
present study, residual stress has been examined in samples which have undergone either shot blast or heat treatment 
operations or both of them. In this research, 4 samples have been studied including: shot blasted, firstly heat treated 
then shot blasted, firstly shot blasted then heat treated and heat-treated using API-X60 steel pipe to indicate the best 
method of resistance to corrosion and stress. To investigate these properties, residual stress of these components has 
been examined by using the Contour Method and corrosion resistance has been studied through the Cyclic Polarization 
Resistance method. The results showed that the best corrosion resistance happen by the heat-treated sample (almost 
twice as much as the other methods) and also the most compressive residual stress observe in the firstly shot blasted 
and then heat-treated sample.

Keywords  Residual stress · Corrosion resistance · Shot blast · Heat treatment · Contour method · Cyclic polarization 
resistance

1  Introduction

Corrosion along with stress is one of the most common 
forms of corrosion in industry. The two main factors which 
cause this kind of corrosion are a corrosive environment 
and tensile stress. The removal of one of these two factors 
will eliminate stress corrosion [1]. In industry, to remove 
the first of these causes, an attempt is made to create a 
physical barrier in the form of a coating between the cor-
rosive environment and the devices. In order to reduce the 
impact and the amount of the other key factor, namely 
tensile stress, measures have to be taken. Therefore, any 
method that modifies these stresses will directly affect 
and increase the lifespan of devices and equipment. The 
methods which are currently being used to reduce these 
stresses are stress relief by using the ultrasonic method 

on welding lines and the shot peening and the shot blast 
method on all the external parts of the pipes in order to 
make compressive residual stress on the external surface 
[2]. Considering the importance of residual stress in rela-
tion to stress corrosion, it is obvious, that residual stress 
measuring methods are able to accurately calculate the 
degree of tensile strength and the effect of residual stress 
on stress corrosion [3]. Some studies have been carried out 
examining the impact of stress corrosion on steel used in 
API-5L pipes and its connection with residual stress. For 
example, in stress corrosion cracking testing in pipelines, 
the effect of surface roughness and flattening on residual 
stress has shown that as the roughness increases the level 
of stress corrosion resistance and crack concentration will 
decrease. Furthermore, findings have shown that flatten-
ing in examined samples has had no impact on resistance 
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to stress cracking [4]. Additional articles published in 
this field will be discussed below: Pan et al. [5] observed 
corrosion and stress in API X-60 pipelines in soil contain-
ing water and found when the strain rate was less than 
3.5 × 10−7, inter-granular corrosion would occur in soil and 
the possibility of Stress Corrosion Cracking (SCC) creation 
increased by 30%. A survey in 2007, discussed the role of 
residual stress in neutral environment is sub-divided into 
2 main parts; the creation of cavities and cracks and crack 
dormancy discovered in the first section that the increase 
of cavities caused by corrosion is due to tensile residual 
stress. The second part found that with a reduction of ten-
sile stress as a result of the cyclical process caused active 
cracks to become hidden and reduced their growth rate 
[6, 7]. Lin and Cheng [8] in 2008 published an article which 
states compressive and tensile stress have same impact 
on preventing steel developing holes or dissolving. Ten-
sile stress will increase steel dissolution more than com-
pressive stress so high local impedance will increase pro-
duction of carbonate products. Another study by them 
demonstrated that a heat treatment process will change 
the steel structure and as a result will change the sensitiv-
ity to SCC [9]. In particular, quenched steel with a bainite 
microstructure is very sensitive to SCC in acidic soil while 
steel with a ferrite matrix has low sensitivity to SCC. In their 
further study they revealed that elastic stress has no effect 
on electrochemical stability of a steel sample on a micro-
scopic scale [10].

There are many methods such as slitting [11–13], incre-
mental hole-drilling [14, 15], ring core method [16] and 
cross cutting methods [17, 18] in order to measure the 
residual stress, and among them contour method is one of 
those methods which measures residual stress by surface 
contour. Furthermore, lots of studies have been carried 
out related to residual stress using the contour method. 
Prime et al. [19] investigated cross-sectional mapping of 
residual stress by measuring the surface contour after a cut 
and they found that the contour method is a new power-
ful method for residual stress measurement. Also, in fur-
ther research the new method is verified with a numerical 
simulation, then experimentally validated on a steel beam 
with a known residual stress profile. In most studies, the 
effectiveness of the contour method has been compared 
with other methods of measuring residual stress and 
results have shown that in addition to the high precision of 
this method making a continuous surface contour can be 
an effective factor in investigating the residual stress using 
this method [20]. The contour method is mostly used for 
measuring residual stress in line with the thickness of the 
components around the welding point [21] because a total 
map can be formed of the residual stress of the desired 
surface [22]. Furthermore, the robotized hammer peen-
ing process has been measured using the contour method 

and this method has been utilized to measure the residual 
stress in pipelines. Brown [23] published a comparison of 
two independent measurements of residual stress, neu-
tron diffraction and the contour method, in an electron-
beam welded uranium cylinder and demonstrated that 
high tensile hoop stresses (∼ 300 MPa) were found in the 
center of the weld close to the outside diameter. Balancing 
hoop compression was observed in the far-field stress pro-
file. Also, a tensile axial stress (85 MPa) was observed near 
the outer diameter. The result showed that the contour 
method and neutron diffraction method work in tandem 
well. In 2013, Hoseinzadeh and Bouchard [24] published 
an article in which the contour method is applied in an 
innovative manner to measure the distribution of hoop 
residual stress in a large martensitic–ferritic steel pipe con-
taining a multi-pass girth weld. First, a novel one-step wire 
electro-discharge machining cut is performed to divide 
the pipe lengthways into 2 halves. So the deformation of 
the cut halves is then measured and analyzed using a Coor-
dinate Measuring Machine device in a way that simultane-
ously maps the hoop stress exerted across the wall thick-
ness on both sides of the pipe and automatically accounts 
for through-thickness hoop bending effects and how that 
might vary along the pipe. Finally, the contour method 
results are combined with X-ray diffraction residual stress 
measurements using the principle of superimposition to 
determine the distribution of the axial and radial residual 
stresses in the pipe. It is thereby demonstrated how the 
distribution of 3 direct components of the residual stress 
tensor in a welded pipe can be readily determined using 
a “hybrid” contour measurement approach. Another study 
using contour method has investigated the impact of pre-
cipitation hardening, heat treatment and cold compres-
sion to relieve stress on the distribution of residual stress 
of AA7075. This investigation has indicated that the level 
of the residual stress decreases even though the distribu-
tion of it remains unchanged when annealing is applied. In 
addition it has been shown that the precipitation harden-
ing process increases the level of residual stresses signifi-
cantly, whilst not only does stress relieving by cold com-
pression reduce the amount of the level of stresses but the 
distribution is also changed [25]. Nazari et al. [26] noticed 
that as microstructure parameters play a significant role 
on the level of residual stresses existing in a metal. There-
fore, they conducted a survey to determine the impact of 
the constrained groove pressing (CGP) process on sheets 
of copper with 3 mm. To measure the residual stresses, 
contour method was used in this study. The authors note 
that the CGP process is able to reduce the residual stresses, 
grain size, crystallites size and lattice stain. All these char-
acteristics can be reduced even more by conducting more 
CGP passes. Jafari et al. [27] investigated on residual stress 
distribution of dissimilar Al-7075-T6 and Al-6061-T6 in the 
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friction stir welding process strengthened with SiO2 nan-
oparticles. In this study the effects of welding and rota-
tion speed on the quality of welding samples in terms of 
cavities and cracks were investigated. Besides the impact 
of SiO2 nanoparticles on the yield and ultimate tensile 
strength of the samples were studied. The results show 
that the level of residual stresses, which were measured 
by the contour method, in the center of the cut sample is 
tensile while, on the edge, it is compressive. In addition, 
it is shown that added SiO2 nanoparticles can boost the 
ultimate tensile strength while it reduces the yield and 
residual stresses.

After examination of the previous studies it is clear 
that, the effect of heat treatment and shot blast on resid-
ual stress and its connection with corrosion resistance 
on API-X60 pipelines has not been investigated. Given 
the importance of the contour measurement method for 
residual stress and cyclic polarization for corrosion resist-
ance measurement these have been used and studied in 
this research.

In this article, the research methodology, including ten-
sile test, residual stress measurement and corrosion test 
are expressed first. Secondly, the results are depicted and 
explained and then they are discussed.

2 � Research methodology

In this research, 4 rings of API X60 carbon steel pipe, 20″ in 
size, with a length of 4 cm and a thickness of 1.1 mm were 
examined to study the effects of shot blast, heat treating 
stress relief and also the effect of a combination of both 
processes on corrosion resistance and residual stress. The 
heat-treating stress relief process of samples lasted 3 h at 
595 °C and they were kept at this temperature for 30 min 
and then after turning off the oven during the following 
3 h they gradually returned to normal atmospheric tem-
perature. As previously mentioned, the samples prepara-
tion was as follows:

A first sample was shot blasted, the second sample was 
firstly heat treated and then shot blasted, the third sam-
ple was shot blasted and then heat treated and the last 
sample was just heat treated. After preparing the samples 

for modeling and evaluation of residual stress by using 
the contour method, a tensile-test was conducted on the 
samples and the mechanical properties determined [28].

2.1 � Tensile test across the ring circumference

The tensile test calculating the measurement of matter 
tensile strength and applying its results in a simulated 
residual stress calculation is one the main contributions of 
this research project. In the case of tensile test across the 
circumference, all the samples had been prepared accord-
ing to the ASTM A370:14 standard in the form of parts with 
a width of 35 mm, a thickness of 11.9 mm and a length of 
50 mm and at 25° C temperature before being examined 
using the tensile test device [29]. The results of the tensile 
test are shown in Table 1.

2.2 � The residual stress measurement using 
the contour method

The residual stress measurement using the contour 
method measures deformations created by the cut and 
residual stress relief and modeling of these deformations 
through the finite element method soft wares in the form 
of 2D maps and determines stresses perpendicular to the 
cutting plane. The contour method is used for complex 
residual stress fields with spatial variation and there is no 
limitation on the size and shape of components in this 
method. In the contour method each component should 
be fixed carefully in each cut and the potential parame-
ters in the final cut are very important because each small 
displacement error in the cutting process will change the 
results and also in the final cut each component should 
have the best flat surface until the modelling results are 
within acceptable guidelines. In the present study, this was 
also taken into consideration until the results had the low-
est possible margin of error. In this research, a Charmlies 
Robofil 400 wire cutting EDM machine was used and also 
the components were fixed using special clamps to pre-
vent any movement and error that might cause a scratch 
on the cutting surface. The residual stress measurement 
of samples was executed by the technique developed by 
Brown et al. [23]. In this method, first of all, 2 cuts at an 

Table 1   The results of the 
tensile stress across the 
circumference

Sample characteristics Cross section area 
reduction (%)

Elongation (%) Yield stress 
(MPa)

Tensile 
stress 
(MPa)

Shot blasted 56.1 35.9 497 590
Firstly heat treated then shot blasted 50.9 35.4 463 598
Firstly shot blasted then heat treated 50.7 34.1 509 606
Heat treated 48.4 34.3 471 597
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angle of 120° from each other were executed in the form 
of a wire cut parallel on the ring axis. Then the first cut was 
made on each component and the spring back was meas-
ured. After the first cut, the spring back displacements of 
the cut samples were measured to model and evaluate 
the residual stress and their rate were recorded in Table 2.

Then, the second cut was made on four rings to sepa-
rate a 120° part from each ring. In the final cut, the wire cut 
was parallel to the axis of the ring and then after the third 
cut using surface roughness, residual stress in the cross-
section was calculated. Furthermore, the cutting param-
eters to achieve the optimum surface roughness were 

evaluated to obtain the potential parameters for a final 
cut. A cut with wire stretches of 95 N/m and progressive 
speed of 0.225 mm/min had the most suitable roughness 
of the cutting surface and therefore, all of the final cuts 
were made by these parameters.

In this research project a brass wire with the speed of 
4 m/min and a diameter of 0.25 mm was selected. The cut-
ting process is shown in Table 2 (Fig. 1). 

After a cut because of stress residual relief, displace-
ments will be made in the 2 cut surfaces and by measur-
ing these displacements and modelling them, the rate of 
residual stress can be obtained. In the contour method, 
the measurement of the cut surfaces must be made with 
high precision on 2 cut surfaces and the points should 
be determined with utmost accuracy. For this purpose, 
in this research project, a contour graph-contact angle 
measurement surface device supplied by Talyrsurf (series 
2) was used to measure the surfaces on an xy plane, in 
line with the z-axis to an accuracy of within 1 µm. To 
prevent an error in determining the measured parallel 
and similar lines in the 2 cut surfaces, the measurement 
was done with extreme accuracy. These measurements 

Table 2   Spring release measures of each sample in millimeters

Type of 
operation

Shot 
blasted

Firstly heat 
treated 
then shot 
blasted

Firstly shot 
blasted 
then heat 
treated

Heat treated

Spring back 
measure 
(mm)

11.7 4.7 4.7 5.25

Fig. 1   Sequences of cutting
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were performed continuously every 2 mm of each cut 
surface length and in line with the cut surface width. 
After the constant data measurement, points cloud is 
produced every 0.5 mm for data averaging on 2 simi-
lar surfaces. Then, after the averaging of the extracted 
results from the similar surfaces, and the removal of 
unrealistic results by using MATLAB software, the dis-
placements were converted into a surface function. In 
this research project, the best degree for the Z function 
in all surfaces in relation to the X and Y variables was 3 
and 2 respectively and the results were obtained in the 
form of a surface function.

For modelling by the contour method, the residual 
stress caused by the spring back and deformations in the 
cut surface are calculated accurately and then by using 
the superposition principle. The results are collected and 
total residual stress can be obtained. In this research pro-
ject a software suite for finite element analysis called 
ABAQUS was used. For modelling regarding the spring 
back, displacement and releasing rates in the reverse 
direction were used as a model in the software and the 
amount of required force in connection with the cut ring 
return in the form of primary position considered as a 
generator of surface stress, and residual stress was cal-
culated accordingly. Upon the replacement of the cut-
ting surface after the final cut and also after converting 
into a surface function in the software (Fig. 2) a mod-
elled bisected ring in the cut surface was made using 
boundary condition tools and the stress rate caused by 
the replacement was calculated. As we already men-
tioned above, the total residual stress was computed by 
using the superposition principle along with the stresses 
caused by the spring back and surface deformations.

2.3 � Corrosion testing

To evaluate the effects of performed procedures on resist-
ance to corrosion, a cyclic polarization test was used. In 
this test some samples 5 cm in length, 3/5 mm in width 
and 0.5 cm thickness were used. The sample surfaces were 
sandpapered smooth, then put into sodium chloride neu-
tral solution at a temperature of 25 °C into which CO2 gas 
had already been injected to simulate the existence of CO2 
gas in the form of a solution in soil moisture and also to 
cause sweat corrosion in the pipelines. This test was made 
using a Potentiostat/Galvanostat electrochemical instru-
ment (Model: Vertex) manufactured by Ivim Co. Ltd. and 
used a three electrode cell including a reference electrode 
of silver/silver chloride, an auxiliary electrode of stainless 
steel and a working electrode (sample) and potential scan-
ning rate of 5 Mv was used.

3 � Results

3.1 � Residual stress using contour method

The results of stimulation and Finite Element method can 
be divided into 3 categories: residual stress as a result of 
spring back, residual stress as a result of displacement of 
a surface cut and total residual stress (Spring back + dis-
placement of a surface cut). The contour of obtained resid-
ual stresses from spring back is shown in Fig. 3.

As it can be seen, released stresses in heat treated 
samples generally show similar results, however in shot 
blasted samples the stress range is three times as much 
as the other samples. Stress contours as a result of cutting 
surface displacement are shown in Fig. 4.

To compare these results, we need to evaluate them 
in similar ways so three criteria for assessment were used 
and are shown in Fig. 5. The comparative graphs mapping 
residual stress are shown based on these paths (Figs. 6, 
7, 8).   

According to Fig. 8, on this path the total residual stress 
which was calculated by using the superposition principle 
for shot blasted sample is a parabolic where at the begin-
ning of the graph the stress is compressive and nearly 
reaches a great range of 20 MPa, in the middle of the graph 
this stress is around 60 MPa and at the end of the path it 
reaches zero. This fact shows that tensile stress as a result 
of spring back has reduced the rate of compressive stress 
but this kind of stress distribution on the upper part of the 
sample is due to the shot blasting process and compres-
sive residual stress.

In the firstly heat treated then shot blasted sample, 
on the primary edge the stress was 105  MPa and the 
range of deformation in this sample was between − 120 

Fig. 2   Cutting surface contour before and after the surface 
smoothing
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and 40 MPa. But in this sample the stress first increased 
from − 105 to 40 MPa and then decreased to − 120 MPa. 
This lack of uniformity in the distribution of the stress in 
this sample could be down to how the sample was shot 

blasted as the shot blast in this test was manual and was 
done by an operator and any little error could cause this 
lack of stress distribution uniformity. As heat treatment 
in this sample was the last process, there was no time to 

Fig. 3   The contour of released residual stress as a result of spring back a modeled ring, b shot blasted, c firstly heat treated then shot 
blasted, d firstly shot blasted then heat treated and e heat treated (the results are in MPa units)
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recover this lack of uniformity by using the heat-treatment 
process. Although, in this sample compressive residual 
stress exists which is desirable.

The graph of total residual stress from the firstly heat 
treated then shot blasted sample on this path is a semi-
parabola on which the sample edge at the beginning 
of the stress path is around 35 MPa moving towards the 
center where it reaches up to − 170 MPa and at the end 
the stress path returns to − 5 MPa. The negative stresses 

created in the center of this sample exceeds that of other 
samples because of the compressive stress created by the 
shot blast process and the neutralization of tensile stresses 
due to the heat-treatment process. The graph shows the 
path of the residual stress of the heat treated sample to 
be identical to the firstly heat treated then shot blasted 
sample and it is a semi-parabola but with the difference 
on the edge of the sample where at the beginning of the 
path, the stress is about 40 MPa and at its center it reaches 
120 MPa before dropping to 35 MPa at the end of the path. 
Considering the elimination of the shot blasting in this 
sample the higher degree of tensile residual stress and 
lower degree of compressive residual stress in this sam-
ple, in comparison with the firstly heat treated then shot 
blasted sample, is totally to be expected. The sum total of 
all the stresses throughout the contour residual stress can 
show the reliability of the results (Fig. 9).

As shown in Fig. 9 the graph of total residual stress in 
this path of the surface cut for the shot blasted sample is 
also a parabola that at the edge of sample at the begin-
ning of the path is about 55 MPa and at the end of the 
path is 65 MPa while in the middle of the stress path will 
reach 112 MPa. The kind of stress distribution in this sam-
ple shows that the shot blast process will not help in the 
formation of tensile residual stress in the middle sector 

Fig. 4   The contour of released residual stress as a result of displacement of a spring surface a shot blasted, b firstly heat treated then shot 
blasted, c firstly shot blasted then heat treated and d heat treated (the results are in MPa units)

Fig. 5   Methods adopted to evaluate residual stress; a the upper 
horizontal path in violet. b The middle horizontal path in red. c The 
middle vertical path in black
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Fig. 6   The residual stress released as a result of spring back along the hoop direction; a The upper horizontal path. b The middle vertical 
path. c The middle horizontal path
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Fig. 7   The residual stress 
released as a result of displace-
ment of a spring surface; a The 
upper horizontal path. b The 
middle horizontal path. c The 
middle vertical path

Fig. 8   Total residual stress on 
the upper horizontal path
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of the sample and stresses in this path are in the form of 
tensile stress.

In the firstly heat treated then shot blasted sample, at 
the beginning of the path the stress reached up to 25 MPa. 
The range of deformations in this sample is between 8 and 
170 MPa. But in this sample at first the stress has increased 
from 25 to 170 MPa and then has decreased to 8 MPa. This 
lack of uniformity in the distribution in this path could 
be because of how the sample was shot blasted and any 
minor error could cause this lack of stress distribution 
uniformity. In this sample shot blasting was also the last 
process and there was sufficient time to rectify the lack of 
uniformity using the heat treatment process. As you can 
also see in this sample residual stress in the middle of the 
cutting thickness was in the form of tensile stress.

The diagram of residual stress which is showing the 
result of firstly heat treated then shot blasted sample, in 
this path is a semi-parabola. At the beginning of the path 
the stress was around 110 MPa which as it moved towards 
the center reached 45 MPa and at the end it had extended 
to 170 MPa. The stresses which were created through this 
sample in the center were lower than in the shot blasted 

sample and at the edges also tensile stress was more than 
in the shot blasted sample which given the neutrality of 
the sum total of residual stresses is to be expected.

In this path the residual stress from the heat treated 
sample was also similar to the firstly heat treated then shot 
blasted sample and was a semi-parabola but at the edge of 
the sample and at the beginning of the path stress totaled 
around 125 MPa which as it moved towards the center 
reached − 30 MPa and at the end it had reached 110 MPa. 
In this path the most compressive residual stress belongs 
to this sample which can be the result of reducing existing 
energy in the sample through the heat treated process.

The neutrality of the sum total of residual stresses was 
performed in total contour. In general, in this path the 
total residual stress and residual stress obtained through 
the surface cut movements are not noticeably different 
because the created stress by spring back in this path is 
insignificant and can be ignored. Figure 10 shows total 
residual stress along sample thickness.

As it can be seen in Fig. 10, the graph of total residual 
stress on the vertical path in the center of the cutting 
surface is similar in all samples in that the beginning 

Fig. 9   Total residual stress on 
the middle horizontal pass

Fig. 10   Total residual stress on 
the middle vertical path
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and ending points of the parabola are in negative coor-
dinate system. The middle of the path is in positive part 
except for the heat-treated sample where the whole of 
the parabola is in the negative part of the coordinate 
system. As it is shown in Fig. 10 compressive residual 
stress in the firstly shot blasted then heat-treated 
sample has the most negative stress and the firstly 
heat treated then shot blasted sample has the lowest 
amount of negative stress. The surface residual stress 
in the two remaining samples have a similar amount. 
In the middle of the path compressive residual stress of 
heat-treated sample is more than other samples while 
the other samples demonstrate tensile residual stress. 
Stress in the inner surface of the ring in this path have 
the most compressive amount in the firstly shot blasted 
then heat treated sample and the firstly heat treated 
then shot blasted sample has the lowest amount and 
when compared with the two previous graphs it shows 
that the tensile residual stress of those samples where 
the heat treating process was performed last the com-
pressive stresses were transferred to the corners of the 
cross section. In the center and outer surface most of 
the stresses are compressive which could be the result 
of stress distribution and released tensile stress during 
the manufacturing process. Generally, whenever the 
level of outer contact of the ring receives more com-
pressive residual stress then in terms of reduction in 
susceptibility to corrosion there is a marked improve-
ment. In the firstly shot blasted then heat-treated sam-
ple the amount of compressive residual stress on the 
surface is more than on the heat-treated sample. In 
the shot blasted sample, it can be observed that there 
were some compressive residual stresses on the surface 
where its horizontal distribution was identical but on 
the middle of cross section there was tensile stress and 
once again on the inner surface it became compressive, 
which considering the effect of shot blasting and the 
ring structure was to be expected.

In the firstly heat treated then shot blasted sample it 
could be observed that it was sensitive to shot blasting 
and the stress distribution on its surface was not asym-
metric and this result could be detected as far as the 
middle of the cross section but stress distribution in the 
central vertical line as in the other samples is a parabola 
where at the end of the two points of the parabola there 
was compressive stress but the amount of compressive 
stress was less than in other samples because after heat 
treating process that residual stresses of sample in the 
center of surface were compressive and after shot blast-
ing process they transferred to the sample edges and 
in the center of surface compressive residual stress was 
less and some places it became tensile stress.

3.2 � Evaluating the results of corrosion examination

The rescored results from the corrosion test is demon-
strated first as a comparison table that have been deter-
mined according to corrosion parameters like corrosion 
potential, corrosion current density, corrosion rate, and 
then as a comparison graph of electrode potential against 
the current density and kinds of processes. As it is shown 
in Fig. 11 and Table 3, samples of a similar nature gave very 
similar corrosion potential results (corrosion potential is a 
required voltage for corrosion).

However, the samples in terms of corrosion resistance 
are different. The best corrosion resistance rate belongs to 
the heat-treated sample with a corrosion rate of 0.684 mm/
year and a current density of 59 μA/cm2 and the worst rate 
applies to the firstly heat treated then shot blasted sam-
ple with a corrosion rate of 1/253 mm/year and a current 
density of 108 μA/cm2. Furthermore, we can determine 
how the heat treating and shot blasting process makes 
these differences in corrosion resistance because the shot 
blasting process makes cavities it decreases the corrosion 
resistance but in the examined samples a similar smooth 
surface was discovered in all samples but shot blasting 

Fig. 11   Comparison graph of cyclic polarization test results

Table 3   The results of the cyclic polarization test

Sample Corrosion 
potential (v)

Corrosion current 
density (μA/cm2)

Corrosion 
rate (mm/
year)

Shot blasted − 0.710 101 1.171
Firstly heat 

treated then 
shot blasted

− 0.733 108 1.253

Firstly shot 
blasted then 
heat treated

− 0.722 97 1.125

Heat treated − 0.741 59 0.684
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process caused a fracture of metal crystallites and created 
more grain boundaries in the samples and this fact caused 
a growth in energy level and a reduction in the resistance 
level to corrosion [7]. Also, the heat treatment process by 
converting energy and increasing the crystallites, which 
caused the level of energy to decrease, increased the 
resistance to corrosion [1]. As a result, the heat-treated 
sample, by having a less grainy boundary and considering 
the fact that its residual stress consisted of more compres-
sive stress, increased its resistance to corrosion more than 
the other samples. After that, the firstly shot blasted then 
heat treated sample had the best resistance to corrosion 
because the greatest compressive stresses had occurred 
in this sample and there was a reduction in grain bounda-
ries as a result of decreasing the level of energy but the 
heat treating process did not neutralize the effect of the 
shot blasting completely and so its resistance to corro-
sion is lower than the heat treated sample. In the firstly 
heat treated then shot blasted sample according to the 
graphs of residual stress, tensile stress was more than in 
the other samples and, despite having the heat treating 
process since the shot blasting process was done after the 
heat treating process, its grain boundaries were greater 
than the firstly shot blasted then heat treated sample also, 
the shot blasted sample despite not having the heat treat-
ing process had more compressive stresses than the firstly 
heat treated then shot blasted sample and this fact caused 
its increased resistance to corrosion. According to the 
studies and graphs of residual stress and considering the 
results of corrosion it has been observed that compressive 
residual stress, which is made by the effect of shot blasting, 
did not increase the resistance to corrosion and increasing 
the level of the sample’s energy decreased the resistance 
to corrosion. Therefore, the best method to increase the 
resistance to corrosion was the heat-treatment process, 
but in case of any need for the shot blasting process for 
coating the pipe surface, it is better to carry out the heat-
treating process after the shot blasting process. Regardless 
of this issue, if in some special cases compressive residual 
stress is needed for pipeline productivity, according to the 
recorded graphs the best method is the firstly shot blasted 
then heat treated sample because in spite of having com-
pressive residual stress in the case of any error in the shot 
blasting by an operator, the created tensile stresses after 
the heat treating process will be neutralized and will cause 
the sample to have more compressive residual stresses.

4 � Discussion

To discuss the results, it is imperative to investigate the 
graphical results of each sample in comparison with oth-
ers as below:

In the shot blasted sample, Although the shot blasting 
process has initiated a slight compressive stress on the sur-
face of the sample (Fig. 8), owing to the lower compres-
sive stress level of the sample and the higher energy level 
due to smaller grain size, the sample has lower resistance 
to corrosion in comparison with the heat-treated sample 
and firstly shot blasted then heat-treated as it is depicted 
in the Fig. 11. However, by reducing the tensile stresses in 
comparison with the firstly heat treated then shot blasted 
sample it has created more resistance to corrosion [1, 4, 
6, 7].

Additionally, in the firstly heat treated then shot blasted 
sample the resistance to corrosion was lower than the 
other samples (Fig. 11) which can be contributed to hav-
ing the lowest compressive stress and even tensile stress in 
some zones of its surface among all samples (Fig. 8) which 
is considered to be the result of sensitivity to the shot blast 
process caused by heat treatment [1, 4, 6, 7].

The firstly shot blasted then heat-treated sample had 
the best resistance to corrosion among the three shot 
blasted samples because it had the most compressive 
stresses and also the energy level in this sample decreased 
as the heat-treating process was done after the shot blast-
ing process and then resistance to corrosion increased. 
However, in this sample the resistance to corrosion was 
half that of the heat-treated sample since heat-treated 
sample has the lowest energy level in its surface probably 
due to larger grains [1, 4, 6, 7].

The heat-treating process led to a doubling of its resist-
ance to corrosion in comparison with the other samples 
because it had a low energy level and also there were com-
pressive residual stresses in the surface cut. Consequently, 
this kind of process had more resistance to corrosion than 
the other samples [1, 4, 6, 7].

5 � Conclusion

Since it has been proven that higher stress and lower grain 
size can accelerate corrosion in metals, this article is to find 
the optimum procedure to increase the corrosion resist-
ance of API-X60 steel, used to produce gas transmission 
pipes. In this research the effect of heat treating and shot 
blasting processes on the distribution of residual stress 
and the amount of resistance to corrosion has been stud-
ied both separately and in combination. For this purpose, 
4 samples, a heat treated a shot blasted a firstly heat 
treated then shot blasted and finally a firstly shot blasted 
then heat-treated sample have been prepared and their 
residual stress measured using the contour method. Also, 
their resistance to corrosion has been evaluated using the 
cyclic polarization method.
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The conclusion is based on the processes performed 
on residual stress and resistance to corrosion of the 
samples:

•	 The shot blasting process decreased the resistance to 
corrosion. However, by reducing the tensile stresses 
in comparison with the firstly heat treated then shot 
blasted sample it has created more resistance to cor-
rosion.

•	 The firstly heat treated then shot blasted process 
reduced the resistance to corrosion compared to the 
other processes. Besides, this process led to having 
the lowest compressive stress and even tensile stress 
in some zones of its surface among all samples.

•	 The firstly shot blasted then heat-treated process had 
the best resistance to corrosion among the three shot 
blasted samples. Also, it has had the most compres-
sive. However, in this sample the resistance to corro-
sion was half that of the heat -treated sample.

•	 The heat-treating process doubled the resistance to 
corrosion in comparison with the other processes. In 
addition, there were compressive residual stresses in 
the surface cut of the sample. Consequently, this kind 
of process had more resistance to corrosion than the 
other samples.

All these findings have declared that by heating API-
X60 pipes after shot blasting it is possible to increase 
the resistance to corrosion in API-X60 pipes in case they 
lose their coating during operation which can add more 
lifetime to the pipes this can improve the safety of the 
gas transmission pipelines.

Although this paper is to evaluate the effect of heat 
treatment and shot basting on the resistance to corro-
sion of the API-X60 steel, the results of the cyclic polari-
zation tests are to compare these four samples and 
cannot be considered as ultimate and precise due to 
potential scanning rate of 5 Mv which has been chosen 
to reduce the cost and time of the test.

More investigation on improvement of corrosion char-
acteristics of API-X60 steel by considering the residual 
stress should be carried out our suggestions are:

•	 Compare using different heating procedures to find 
the optimum curve.

•	 Compare using different size of blasting.
•	 Evaluate the results of the contour methods by com-

paring it with other residual stress measurement 
methods.
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