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Abstract
An experimental study is performed in this research to investigate the changes in mechanical properties of mild steel during the welding and
tempering heat treatment cycle. Four experimental cases were considered; i) as-received, ii) heat-treated, iii) welded, and iv) post-weld heat
treated. Both the heat-treated and post-weld heat-treated cases followed the identical tempering process. Charpy and tensile tests were done to
investigate the tested specimens’ impact energy and fracture strength. A total of 16 tensile tests and 16 Charpy tests were conducted. Fracture
surface studies were performed to determine the types of fracture on samples of all four cases. The results of the Charpy test according to the
toughness of samples were: heat-treated > as-received > post-weld heat-treated > welded. Similarly, the tensile test results according to tensile
strength were: heat-treated > as-received > post-weld heat-treated > welded. The hardness of samples was predicted from tensile strength, using
the correlation of hardness and tensile strength of mild steel. The predicted hardness at four cases of samples was: heat-treated > as received >
post-weld heat-treated > welded. It was observed that the strength of welded samples is less as compared to the as-received case and there was
an increase in the strength of samples after being heat-treated and post-weld heat treated.
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1. Introduction

The construction of different parts of the turbine requires dif-
ferent types of materials like stainless steel, carbon steel, High
Strength Micro Alloy (HSMA), heat-treated steel, low carbon steel,
etc. As mild steel displays good weldability and machinability, the
parts of the turbine can bemade of mild steel material. Most of the
Nepalese hydropower runs in sediment-laden rivers where various
types of degradations like oxidation effects, cavitation, crack for-
mations, erosion, and wear are seen in turbine components during
the regular operation of hydropower [1]. Maintenance of turbine
components is done periodically for the efficient operation of hy-
dropower. Material removal, welding, surface finishing, heat treat-
ment, and othermachining process are commonly usedmethods in
the regularmaintenance of turbines. Thewelding of different com-
ponents of a turbine introduces defects like tensile residual stress,
stress concentration, and other defects in the materials.

Many studies have been conducted to study the damage to hy-
draulic turbine components and their maintenance [1-5]. The case
study of Kali Gandaki “A” (Fig. 1) done by Balendra Chhetry and Ku-
mar Rana was focused on the effect of sand /silt abrasion and ero-
sion on the turbine and its components. The repairing of turbine
components was followed by welding, machining, HVOF coating,
and heat-treating (for stress relieving) [1]. During the welding pro-
cess, the weld metal is melted affecting adjacent base metal to cre-
ate heat-affected zone (HAZ). Such local heating and cooling causes
thermal expansion and contraction of the weld joint resulting into
tensile residual stresses [2,6,7,8]. A study reported by Bayraktar et
al. [4] investigated the mechanisms of grain growth in the welding
joints of interstitial free steels. Examinations of the welded joints
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near the fusion line revealed the existence of significantly large
grains aligned in the direction of heat flow. In the context of weld-
ing low-carbon steels, previous research [9,10] has emphasized the
importance of the grain coarsened zone (GCZ) and heat-affected
zone (HAZ) due to their susceptibility to embrittlement.

The tempering process of a welded joint involves heating the
joint to a specific temperature and maintaining it at that tem-
perature for a certain duration, followed by controlled cooling.
This heat treatment process induces various mechanisms that con-
tribute to the improvement of mechanical properties. The under-
lying mechanisms of the tempering process on a welded joint for
the enhancement of mechanical properties studied previously has
reported; reduction of residual stress [2,11], grain growth control
[4], precipitation hardening [8], microstructural stability [6,7] and
toughening [10] as the major reasons for the improvement in me-
chanical properties. The residual stress and other defects raised
due to welding can be recovered by post-weld heat treatment
(PWHT). Based on the study conducted on repair of Khimti Hy-
dropower’s Pelton turbine byPanthee et al. [5], itwas reported that
welding repair only did not exhibit satisfactory post repair opera-
tional lifespan. The study suggested that proper implementation
of preheating, weld speed, and post-weld heat treatment is cru-
cial to ensure successful repair of turbine. To remove residual ten-
sile stress resulting from the welding process post-weld heat treat-
ment is necessary, which also facilitates the diffusion of hydrogen
present in the weld zone at higher temperatures, thereby reduc-
ing the risk of corrosion cracking and hydrogen-induced cracking.
It is important to ensure an adequate soaking time during heat
treatment and precise control of the cooling rate to achieve the de-
sired mechanical properties at room temperature. The minimum
required soaking time in PWHT was calculated using eq. 1.
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Figure 1: Damaged turbine components of unit 3, Kali Gandaki "A" Hydropower [1].

Soaktime=0.2 hour/cm × max. thickness in cm+2 hour (1)

The duration of the soaking period for heat treatment is influ-
enced by factors such as the chemical composition of the material,
thermal history of the component, initial microstructure, Maxi-
mum size and weight of the section. In cases where the part has
varying cross-sections, the soaking period is determined by the
largest cross-sectional area [11].

Olabi and Hashmi [12] had conducted detailed study on PWHT
for low carbon steel. The study had considered different PWHT pa-
rameters such as soaking time, temperature and cooling rate. The
heating rates of PWHTwere 400°C/hr, 100°C/hr and 50°C/hr, soak-
ing temperatures were 450°C, 550°C and 650°C, holding times were
2hr, 0.5hr and 10hr, and cooling rates were 40°C/hr, 10°C/hr and
125°C/hr. For the removal of residual stresses in welded compo-
nent, the PWHT temperature of 650 °C was found to be effective.
It was observed that there is no significant effect on the heating
rate as compared to holding time, holding temperature, and cool-
ing rate. Prolonged heating timewith slower cooling rates were re-
ported to exhibit better properties and result after PWHT process
[12]. The range of notch toughness at different tempering temper-
atures is illustrated in Fig. 2. The notch toughness gradually in-
creases with higher tempering temperatures and a higher value
for lower carbon content.

In the context of Nepal, Mild steel has wide use in micro-
hydropower and other fields and technology. The effect of weld-
ing process and heat treatment process has been studied in mild
steel for other applications [13,14]. The experimental study aims
to investigate the changes in the strength of mild steel when sub-
jected to the welding and heat-treatment process. There are dif-
ferent types of heat treatment processes like annealing, normaliz-
ing, case hardening, hardening, tempering, etc. Among those pro-
cesses, tempering is done. More concern is given to post-weld heat
treatment of mild steel as different turbine components mainte-
nance includes welding and heat treatment processes in Nepalese
hydropower. The strength of mild steel can be determined by dif-
ferent destructive tests like a tensile test, Charpy test, hardness
test, fatigue test, etc. Different parameters of mechanical prop-
erties of mild steel can be obtained from those destructive tests.
Fractography study and examination of the fractured surface and
its characteristics can aid in identification of the underlying causes
of material failure. Different failure modes result in distinct char-
acteristics on the fracture surface which supports to identify the
root cause of the failure. For engineering materials, generally, two
types of mechanisms are seen in materials: ductile fracture and
brittle fracture. Ductile fracture involves huge plastic deformation
and brittle fracture exhibits the failure of material without or with
very less plastic deformation [15,16]. The crack in brittle fractures
spread rapidly and catastrophically without any warning once ini-
tiated. Brittle fracture is characterized by very less to no plastic

Figure 2: Range of notch toughness at room temperature after various
tempering temperatures [0.40 and 0.50% C] [17].

Figure 3: Frontal SEM overview of the entire sample for OCT investigation
(left), OCT image obtained with MS/SS-OCT system (right) [18].

deformation and failure occurs below the yield strength of the ma-
terial. Brittle fracture can normally be identified by the smooth-
ness of the fractured surface.

An experimental investigationwas conducted byHutiu et al. [18]
involving variety of metals, including low carbon steels, stainless
steels, graphite cast irons, high-quality rolled steel and antifriction
alloy. Optical CoherenceTomography (OCT) andScanning Electron
Microscopy (SEM) analysis were performed on the tensile tested
specimen to assess the occurrence of ductile and brittle fractures
in the studiedmetals as shown in Fig. 3. The SEManalysis served as
a means of validating the findings obtained from the OCT images.
The results revealed that the fracture surfaces of the low carbon
samples exhibited cup and cone features, which were indicative of
the ductile mode of fracture.

2. Materials and methods

2.1. Materials

The chemical composition of the ASTM A36 mild steel sample
used in this study is presented in Table 1 below. Mild steel has
a relatively high melting point of between 1450°C to 1520°C. The
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Table 1: Chemical composition of ASTM A36 Mild steel.

Elements Wt.%
Mn 0.1
Si 0.28
P 0.04
S 0.1
C 0.29
Fe 98.14
Cu 0.2

Table 2: Four cases of experiment.

Case 1 Destructive test of the originally received sample
Case 2 Destructive test of the welded sample
Case 3 Destructive test of the tempered original sample
Case 4 Destructive test of the welded sample after

post-weld heat treatment

elevated melting temperature of mild steel results in increased
ductility when heated, making it well-suited for forging, cutting,
drilling, and easy fabrication through welding. A general-purpose
mild steel block used and available for structural application was
used in this work to manufacture test specimens for investigating
mechanical properties.

2.2. Experimental design

The investigation of changes in the strength of welded and
post-weld heat-treated mild steel samples was followed by four
cases. The four cases considered to investigate the changes in the
strength ofmild steel samples are listed in Table 2. The destructive
test done to determine the strength of mild steel samples in differ-
ent cases are the tensile and Charpy tests. Each case uses 8 samples
for the experiment [4-Tensile test, 4-Charpy test]. The total num-
ber of samples used for the experiment is 32.

The whole experiment was carried out based on the facilities
available at Kathmandu University. A muffle furnace with a PID
controller of the FY400 series has been used for heating purposes.
A fracture study was done to determine the type of fracture of sam-
ples. The fracture surface of every sample was examined using a
Stereo zoommicroscope of the RSM-9 series model. UTMmachine
(Model: UTN 10, serial No.:5/90-1307) has been used for the ten-
sile test. A Charpy test machine of capacity 300J has been used for
the Charpy test and the Hardness of the material is predicted us-
ing the tensile strength of samples. E.J Pavlina and C.J Van Tyne
[19] reported existence of correlation between yield strength, ten-
sile strength and hardness for steel. A linear relationship was re-
ported between the yield strength, tensile strength, and hardness
for steels with yield strengths ranging from 325 MPa to 1700 MPa,
and tensile strengths ranging from 450 to 2350 MPa. The predic-
tion of hardness has been done using a correlation between tensile
strength and the hardness of thematerial. The least-squares linear
regression (eq. 2) gives the correlation for tensile strength [20].

TS = C3 ×RH3 + C2 ×RH2 + C1 ×RH + C0 (2)

Where, TS: Tensile strength; RH : Rockwell Hardness;
C3, C2,C1 and C0 are the coefficient whose value for scale B (for
mild steel) are: 0.0006, -0.1216, 9.3502 and -191.89 respectively.

Although the obtained values of hardness do not reflect the ex-
act value of hardness of mild steel, it provides linear changes in
values of hardness concerning tensile strength.

2.3. Experimental specimens

Sample machining was done to attain a standard size of the sam-
ple for the destructive test. The mild steel rod was machined into
the shape of a tensile test specimen and Charpy test specimen in
consideration to the ASTM standard E8 for tensile and ASTM stan-
dard E23 for Charpy test. The designed samples with dimensions
are given in Fig. 4.

For the welded specimens, the original mild steel samples as
shown in Fig. 4 were cut and groves were created as shown in Fig.
5 which were then filled by using arc welding, finally, the welded
filled specimens weremachined to their standard size. The Charpy
test samples were cut in a V-shaped middle with a 10mm length of
cut at the upper surface and 2 mm clearance at the lower part of
the sample (Fig. 5a)). The tensile test samples were cut 10 mm
against the middle of the gauge part (Fig. 5b)). Shielded metal
arc welding (SMAW) with E60 electrode process was used to fill
those welding grooves in the test samples. Manual two pass weld-
ing was performed to completely fill the grooves. The welded sam-
ples were surface-finished and brought back to the orientation for
the destructive test. To determine the mechanical properties of
weld filled part (weld material) along with weld joints in both heat-
treated and untreated cases, weld filling was done on the sample,
instead of only weld joining in this experiment.

Sample cut for weld filling (All dimensions are in mm.)

2.4. Tempering heat treatment process

The heat treatment cycle used for tempering in this study is pre-
sented in Fig. 6. The tempering heat treatment cycle is for both
initially machined samples (case 3) as well as welded samples (case
4). The tempering temperature of 450◦C was considered based on
Fig. 2, to obtain approximately maximum toughness and stress re-
lief with minimum loss in other strengths. The total time of the
heat treatment cycle was considered based onworking hours a day.
The PID program was set based on the heating rate and holding
time mentioned in Fig. 6. Holding time was calculated using eq.
1. The samples were left in the furnace to cool naturally inside it.
On observing the time and temperature of cooling the samples, the
samples were cooled approximately at a cooling rate of 20◦C/hr.

2.5. Study of fracture surface

No preprocessing was required for the fractography study of
fractured samples. The fracture surface was examined using
Stereo-Zoom microscope with magnification from 7X to 45X. The
samples were placed one by one on the stage plate. The top light
was provided on the fracture surface of the sample. The position,
magnification, and focus knob were adjusted to observe the frac-
ture surface. The inspection was done on fractured samples af-
ter the destructive test with different magnifications (14X to 45X).
Photographs of fractured parts and fracture surfaces for the record
were taken using a mobile camera.

2.6. Computation of variations in the results

The destructive test done on samples showed some variation in
results between each sample, although the procedure andmaterial
are the same. Standard deviation was calculated to measure the
extent of results variation and account for all forms of random er-
ror, such as machine variability, material variability, and the antic-
ipated variations inherent in adhering to the standard test proce-
dure. Computation of mean and standard deviation has been done
using eq. 3 and 4 [21].

y =

∑n
i=1 yi

n
(3)
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(a) Tensile test sample (b) Charpy test sample.

Figure 4: Designed samples. All dimensions are in mm.

(a) Tensile test sample (b) Charpy test sample.

Figure 5: Sample cut for weld filling. All dimensions are in mm.

Figure 6: Tempering heat treatment cycle.

Table 3: Mechanical properties of test specimens.

Cases Toughness
(J)

Tensile strength
(MPa)

Hardness
(RHB)

As received 129 875.18 172.153
Welded 89 494.75 149.633
Heat-treated 165 943.28 175.33
Post weld heat
treated

110.5 654.67 160.355

s =

√∑n
i=1 (yi − y)2

n− 1
(4)

3. Results and discussion

3.1. Destructive testing result
The measurement results of the destructive test in different

cases are presented in Table 3 and plotted in Fig. 7.
The data extracted from the tensile test are not the accurate

value of mechanical properties, as the UTM machine was not in
good condition to provide the exact result of tensile strength.
The breaking strength observed in the test is considered tensile
strength. However, the data extracted using the available UTMma-
chine can provide a comparative study to determine the effect of
all four cases on the mechanical properties of the mild steel sam-
ple. The hardness is calculated based on the correlation between
tensile strength and hardness in eq. 2.

The welded mild steel samples exhibit low toughness, tensile
strength, and hardness as compared to other cases samples. How-

Figure 7: Column chart Mechanical properties of mild steel in four cases.

ever, those mechanical properties are improved in post-weld heat-
treated samples than in welded samples. The heat-treated samples
show high strength as compared to other cases. The tempering
process increased the strength of the mild steel sample. Fig. 7
shows the graphical representation of the comparison of mechan-
ical properties of mild steel samples in four cases. The error bar
in each column is based on the standard deviation calculated us-
ing eq. 4. The variation and range of results are determined using
standard deviation. As received samples do not show more varia-
tions in results, as compared to samples of other cases. Although
the samples were subjected to a particular tempering process, dif-
ferent machining and surface finishing process was done on the
samples. This machining process affects the strength of the mate-
rial. The dimension of the samples was not precisely identical, es-
pecially the notch of the Charpy test sample. The exact dimension
of the prepared samples was not ensured with the designed dimen-
sion. Some tolerance was seen in the sample dimension, as it was
prepared manually. Also, the improper and un-identical welding
on welded samples resulted in variations in the resultant strength
of the samples.

3.2. Fracture study
Microscopic examinationwas carried out on the fracture surface

of samples after the destructive test (Fig. 8). The fracture surface
of each sample was examined to determine the type of fracture in
mild steel. Fig. 9 and Fig. 10 show the fracture surface of the mild
steel sample after Charpy and tensile tests respectively in all four
cases.
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Figure 8: Image of samples after the destructive test. (a) Charpy test sam-
ple (b) Tensile test sample.

(a) Original. (b) Welded.

(c) Heat-treated. (d) Welded and heat-treated.

Figure 9: Images of fracture surface after Charpy test.

In general, study of all the fracture surface showed relatively
ductile nature of fracture. However, slight difference in the frac-
ture study was observed for different cases of the specimens. Fig.
9 presents the fracture surface of the Charpy tested specimens.
Mostly transgranular nature of fracture could was observed in the
impact tested specimen illustrative of ductile nature of the frac-
ture process. In case of the welded specimen fracture surface (Fig.
9b), slightly brittle fracture surface was observed indicative of the
effect of the welding process. In case of heat treated specimens,
ductile fracture surfacewith someevident ofmicrovoids formation
(Fig. 9d) was observed.

The fracture surfaces of the tensile tested specimens are pre-
sented in Fig. 10. Some dimple ruptures along with the uneven
surface pattern were seen on the surface of the original sample. It
notifies that the fracture is ductile in originally prepared samples
of mild steel. The welded samples have smooth and shiny fracture
surfaces; this property shows the characteristics of brittleness or a
decrease in ductility of thematerial. This shiny surface is only seen
in welded parts of mild steel. However, the tensile sample in Fig.
10b is broken with some elongation in length and reduction in the
cross-section area. It displays ductile fracture of mild steel even
after weld filling with decreasing ductility of the sample. However,
the tensile sample in Fig. 10b is broken with some elongation in
length and reduction in the cross-section area. It displays ductile
fracture of mild steel even after weld filling with decreasing duc-
tility of the sample. The heat-treated sample has a more uneven
fracture surface than that of the original sample. The irregular

(a) Original. (b) Welded.

(c) Heat-treated. (d) Welded and heat-treated.

Figure 10: Images of fracture surface after tensile test.

surface formed at the fracture surface exhibits the ductile nature
of the fracture. So, heat-treated samples seem to be more ductile
than the original ones. Although the tensile test sample of all cases
shows the cup and cone profile of fracture. But the appearance of
the fibrous structure and bigger dimple rupture is seenmore in the
heated sample.

4. Conclusions
The order of samples according to their resultant toughness is

heat-treated (165J) > as received (129J) > post-weld heat-treated
(110J) > welded (89J). It is seen that; the toughness increases when
mild steel is tempered. The order of sample based on their re-
sultant tensile strength is heat-treated (943.28 MPa) > as-received
(876.18 MPa) > post-weld heat-treated (654.67 MPa) > welded
(494.75 MPa). Similarly, the hardness of samples is predicted from
tensile strength, using the correlation between hardness and ten-
sile strength ofmild steel. Welded and post-weld heat-treated sam-
ples show lower values for tensile strength. It happened as a result
of the specimen’s faulty weld filling, which caused porosity to ap-
pear on thewelded samples. Tensile test result indicated increased
in tensile strength along with the improvement in elongation for
the heat treated sample as compared to the welded sample. Such
improvement in properties is mainly due to graphitization of the
precipitated carbides which favors the formation of ferrite at the
tempering temperature of 450°C.

The strength of mild steel gets reduced when subjected to weld-
ing and other machining processes during the repair and main-
tenance of turbine components. The heat treatment after the
maintenance somehow increases the strength of turbine compo-
nents. The samples that were subjected to tempering in this ex-
periment exhibits superior mechanical properties as compared to
other cases in term of toughness, hardness, and tensile strength.
It concludes that maintenance of the turbine by welding process
should be followed by a tempering heat treatment process to re-
duce heat-affected zones and possible accumulation of residual
stresses. In addition, preheating steps should be applied under
certain circumstances to prevent hydrogen-induced cracking after
thewelding. The diffusion of hydrogen afterwelding increases dur-
ing the increased temperature of turbine components. It prevents
excessive loss in ductility of mild steel turbines in the welded and
heat-affected zone.
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