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ABSTRACT

This study investigates the effect of thermal exposure on the mechanical properties of 0.17%
carbon High Strength Low Alloy (HSLA) steel, with annealing using Carbon Equivalent (CE) value.
Steel samples were thermally subjected at temperatures ranging from 840°C to 990°C in 30°C
increments, with soaking times of 30, 60, 90, and 120 minutes. samples were machine and
evaluated for fatigue performance alongside other mechanical tests. Microstructural analysis was
conducted using quantitative metallography with the point count method, while fractured surfaces
were examined via scanning electron microscopy (SEM). Statistical analysis was performed using
ANOVA and optimization techniques. The results reveal that increasing annealing temperature
significantly enhances fatigue life, with samples annealed at 990°C exhibiting the highest fatigue
cycles: 3.9 x 103 cycles at 321.31 MPa and 1.3 x 103 cycles at 1606.57 MPa. Samples annealed
at 960°C showed comparable performance, while the control samples demonstrated the lowest
fatigue resistance. Fatigue behavior, modeled using Basquin’s equation, indicated that fatigue life
is primarily influenced by the fatigue strength exponent (b), which decreases with increasing
annealing temperature. In terms of hardness and impact properties, the sample annealed at
840°C recorded the highest hardness (129.4 BHN) but the lowest absorbed impact energy (58.75
J). Conversely, annealing at 990°C resulted in the lowest hardness (118.6 BHN) and the highest
impact energy absorption (66.65 J). ANOVA confirmed the statistical significance of the variations
in mechanical properties across the annealing conditions at a 95% confidence level. Consequently,
this work demonstrates that controlled annealing significantly enhances the fatigue and impact
performance of HSLA steel by optimizing its microstructure, thereby enhancing its suitability for
demanding engineering and construction applications.
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INTRODUCTION

Most engineering properties of metals and alloys are related to their atomic structure, crystal
structure and microstructure. Mechanical properties are structure sensitive in nature and their
magnitude depends largely on size, shape and distribution of various micro constituents. The
mechanical properties of metals and its alloy can be changed by varying the relative proportions of
micro constituents. This change in the mechanical properties can be achieved by exposure to
thermal modifications. This is a process that constitute of heating a metal or alloy to a specific
predetermined temperature, holding at this temperature for a required time and finally cooling
from this temperature. All of these take place in the solid state.

Heat treatment originated as an ancient art in man’s attempt to improve material performances in
practical applications. It has a capability to considerably extend the service performance of
materials. Metals and alloys develop requisite properties by heat treatment which plays a critical
roles in achieving appropriate microstructure that imparts the desired characteristics in a given
material. The goal is to achieve the desired microstructure in order to attain specific and defined
properties which may be in its mechanical, physical, electrical or magnetic. Heat treatment
changes the microstructures of metals, affecting mechanical properties like strength, ductility,
resilience, hardness, and fatigue ( Sreeteja ,2017). Annealing causes atoms tendency to move in
the crystalline structure, as well as the number of dislocation motion decrease, resulting in
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ductility and hardness changes. Annealing improves ductility, removes residual stresses caused by
cold working or machine, and improves machinability. (Wang et al., 1997).

High strength low alloy (HSLA) steels is a type of alloy steels that offer improved mechanical
properties such as high strength and yield strength making them suitable for application requiring
load bearing capability ( Emordi et al, 2018). They have the ability of withstanding impact and
deformation without fracture. This has endeared to the automotive industry for making different
components including chassis, frames, and body panels where weight and light weight are
needed. They also find wide application in the construction industry for the construction of
bridges, and other infrastructural projects where strength and durability are needed. The oil and
gas industry is not left out as it is used in production of pipe lines, and other equipment due to
their strength and resistance to corrosion (ASM international 2001). It makes an impact to the
preference for rigidity and weight loss in the Auto parts manufacturing. That's due to its excellent
attributes of ability to be formed. Such steel alloys are useful in the manufacture of vehicle
suspension mechanisms, support elements, horizontal beams, bending parts, and chassis are
examples of such sections. (Kadkhodpour et a/. 2011).

Lots of researchers have investigated on the heat treatments' effects and soaking times on the
Steel characteristics ( Zhuang, 2015; Offor et al., 2010; Kerscher et al., 2010; Sherman, 2016;
Roselita, 2014; Senthil, 2016; Gaurav et al., 2018; Somer, 2007). Most of these researches
conducted so far both on high strength low alloy, Plain Carbon and Stainless Steel have paid little
or no attention to annealing at higher temperature and increased soaking time as a way to
positively affect the mechanical properties of high strength low alloy Steels. This paper
investigates the effect of heat treatment (annealing) and its significance on the mechanical
properties of high strength low alloy(HSLA) steels

Review of Related Literature

According to the findings of the linked literature study, various researchers have investigated the
effect of annealing temperature/soaking time on steels, with the majority of these researchers
focusing on stainless steels in order to determine their impact on mechanical behavior. To the best
of my knowledge, no research has been conducted on the influence of annealing temperature and
time on fatigue and some mechanical properties of 0.17 percent C of High Strength Low Alloy
steels. Although significant research has been done on the effect of fatigue on steel, little is known
about the HEAT TREATMENT (ANNEALING) AND ITS SIGNIFICANCE ON THE MECHANICAL
PROPERTIES OF HIGH STRENGTH LOW ALLOY (HSLA) STEELS.

MATERIALS AND METHODS

Materials were locally sourced (20 mm diameter rod of 0.17 percent HSLA Steel) It was then
subjected to preliminary machining to remove its ribs, after which they were cut to desired
sample specification according to the American Society for Testing and Materials (ASTM), 1990,
and wire brushed before carrying out the heat treatment is carried out at 840°C-990°C with the as
received not being heat treated. Thereafter subjected to mechanical testing

Table 1: Indicates the chemical constituents of the steel under consideration.

Element C Si S P Cr Mo Ni Al
Weight 0.1728 0.301 | 0.0352 | 0.033 | 0.2559 <0.0100 | 0.1218 <0.0100
(%) 6 4

Element Cu Ti Nb W Co B Fe

Weight 0.2560 <0.01 | <0.015 | <0.05 | <0.200 0.0047 97.304

(%) 00 0 00
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The materials used for the work was a 20 mm diameter rod of 0.17 percent Carbon high After
machining, the samples were grouped for the different predetermined temperature and then
normalizing was firstly done so as to remove internal stress incurred during machining. Before the
annealing was done the Carbon equivalent was calculated to tell the starting temperature from the
Iron Carbon phase diagram.

Cr+Mo+V Mn+5i Ni+Cu
CE=C+ 5 + & + 15 (1)
From the chemical composition in Table 1 above we have Cr = 0.2559, Mo = 0.0100, V = 0.0100,
Mn = 1.2089, Si = 0.3016, Ni = 0.1218, Cu = 0.2560 and C=0.17

Substituting these figures in equation 1 above, we have
0.255940.010040.0100  1.2089+40.3016  0.121840.2560

CE=0.17 + 5 + 6 + 15

CE = 0.17 + 0.05518 + 0.25175 + 0.02513 = 0.50206 hence CE is 0.5. Hence, from the Iron
Carbon phase diagram, the ideal starting point for annealing is 840°C. Following the ascertainment
of the temperature for which the annealing operation was carried out, the samples were subjected
to different annealing temperatures starting from 840°C to 990°C at 30°C interval and then soaked
for 30 minutes to allow the heat get to the core of the samples. Mechanical testing (hardness and
impact) were carried out and thereafter, the micro-structural analysis was done.

Hardness Testing

To determine the hardness, the Brinell hardness test was used. The brinell hardness test was
performed on cut samples using a Monsato Tensometer in accordance with ASTM/A29M-15
(model W). Prior to the exam, A 10 mm hardened steel ball indenter was placed in a suitable
holder, and a 10 mm hardened steel ball indenter was placed in a suitable holder and pushed into
a prepared surface of the specimen; the surface would have been ground to 600 microns. A load
of 750 kg was applied to the specimen on the machine and allowed for 15 minutes. The diameter
of the ball's impression was determined using a Brinell Microscope, and the resulting Brinell
hardness number was calculated. The Brinell Hardness Number (BHN) was got and used to plot
the graph shown in Figures.

Testing for Impact

All specimens were subjected to impact testing in accordance with ASTM/A29M-15. The section
thickness of these test specimens was measured. The experiments were carried out on a
Hounsfield Impact Testing Machine using the Izod Impact Testing process. From 28 to 75 mm in
length, the sample was notched at a 45° angle. The amount of impact energy consumed by the
specimen was measured in Joules using the machine's calibrated scale. Impact testing for all the
specimens was done based on ASTM/A29M-15. Section thickness was determined using these test
specimens.

Fatigue Test

The fatigue test was performed using the Avery Dennison fatigue monitoring unit it was conducted
in the material testing laboratory/workshop of Obafemi Awolowo University Ile-Ife Osun State
Nigeria. All specimens were subjected to fatigue testing in accordance with  ASTM
standard E606/E606M-12 the sample is fractured to failure by the application of a known value
of reversed stresses which could be equal or un-equal in magnitude in both directions (positive
and negative). The aim here is to evaluate the actual load of the material in question before
failure. The number of failure cycles was registered by the motor's revolution counter. When the
specimen splits, cut out switches connected to the computer automatically stop the machine.
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Determination of Test Loads and the Bending Angles
It is therefore necessary that the testing load and the bending angle be calculated. From the 7505
fatigue testing manual the formulae below is used;

_ Mmax
Stress” ~ ~w 3.10
Where
M is bending moment read from the machine in Kg/cm
md?
W is the section modulus =32 3.11
Conversion of Kg?/ncn;nsgo Nm is done by multiplying by 9.81 and dividing by 100 that is for
x5,

70KgfCm we have ~ 100 6.867Nm
How to calculate bending stress of the fatigue specimen

__ End?
M~ a1 3.12
G'B_S.:wzm
T a3 3.13
Where

0p=Bending stress

M=Bending moment only along the axes of the specimen to be bent into an angle

L= specimen’s full length

D= Specimen’s diameter

E= young modulus of the specimen depending on the specimen ( Steel or Aluminium)

For steel, E=70% 103N/m

Calculation of bending moment for 840° C at 120 minutes soaking time
End3
M s2n
Where E =70x103 N/m
d= 5x 103
L= 45.3 x103
Substituting into Equation3.13 we have
_ 70x3.14x5°
M 32x45x1073
ﬂ'B_S.i‘sz
Tas 3.13
For 95=Bending stress we have
a 5.192mn

Op= 53y 103

3.0 Results and Discussions

Results of Annealing Temperatures on Impact and Hardness

The graphs below (Figure 1to Figure 4) present the hardness and impact results obtained from the
annealed steel samples at different soaking times (30minutes, 60minutes, 90 minutes and
120minutes) with the control for comparison.
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Figure 1 Effect of Annealing Temperatures on Hardness and Impact for 30 minutes
Soaking Time

Figure 1 illustrates the influence of annealing temperature on impact and hardness after soaking
for 30 minutes. The graph shows that as the temperature rises, the impact increases from 58.75]
at 840°C to 66.65] at 990°C, while the hardness steadily decreases from 129.4(BHN) at 840°C to
118.6(BHN) at 990° C, the annealing temperature with the lowest hardness.
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Figure 2 Effect of Annealing Temperatures on Hardness and Impact for 60 minutes
Soaking Time
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Figure 2 explains the result of annealing temperature on impact and hardness over a 60-minute
soaking time; the graph shows that as the annealing temperature increases, the impact increases
from 61.69 ] at 840°C to 66.49 J at 990°C; the hardness peaks at 840 °C with 111.3 BHN and
gradually decreases from 111.3(BHN) to 93.36(BHN) at 990°C where we saw the least hardness.
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Figure 3 Effect of Annealing Temperatures on Hardness and Impact for 90 Minutes
Soaking Time

Figure 3 depicts the impact and hardness effects of annealing temperature over a 90-minute
soaking period. The graph shows that as the temperature rises, the impact increases from 62.79]
at 840°C to 66.63] at 990°C, where the impact is highest, while the hardness steadily decreases
from 99.8 (BHN) at 840°C to 92.6(BHN) at 990° C annealing temperature, where the hardness is
lowest.
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Figure 4 Effect of Annealing Temperatures on Hardness and Impact for 120 minutes
Soaking Time

Figure 4 portrays the influence of annealing temperature on impact and hardness after soaking for
120 minutes. The graph shows that as the temperature rises, the impact increases from 64.37] at
840°C to 66.63] at 990°C, where the impact is highest, while the hardness steadily decreases from
99.8 (BHN) at 840°C to 92.6(BHN) at 990° C annealing temperature, where the hardness is lowest.

Plate 1 Microstructure of Specimen held at 840°C for 30 Minutes

Plate depicts the microstructure of a heat-treated (annealed) sample obtained after 30 minutes of
keeping time at 840°C annealing temperature. The micrograph reveals uniform distribution of
ferrite. From the point count calculations, the ratio percentage of ferrite to cementite is 44:56.
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Plate 4.1b
Microstructure of Specimen held at 870°C for 30 Minutes

Plate 4.1b displays the microstructure of a heat-treated (annealed) sample obtained at an
annealing temperature of 870°C and a holding time of 30 minutes. The micrograph shows that as
the annealing temperature increases, cementite non- uniformly distributes in the microstructure of
the heat treated specimen. The results obtained from the point count calculations; the percentage
ferrite to cementite is 42: 58 %

Grain
boundary

» Cementite

Ferrite

Plate 4.1c Microstructure of Specimen held at 900°C for 30 Minutes

Plate 4.1c shows the result of the microstructure of the heat-treated (annealed) sample got at
900°C annealing temperature and 30 minutes hb@GMmMme. The micrograph shows that as the
annealing temperature increases, ferrite and cementite are seen to be of almost equal proportion
in the microstructure. The point count calculations gave a 50:50 percentage ratio of ferrite and
cementite.
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Plate 4.1d Micrstructure of Specimen held at 930°C for 30 Minutes

In Plate 4.1d, you can see the microstructure of the sample which was heat treated at 930°C for
30 minutes. The micrograph shows that as the annealing temperature increases, cementite is seen
to dominate while ferrite is randomly scattered in the microstructure. From the point count
calculations; the percentage ratio of ferrite to cementite is 40: 60.

Cementite

Grain
boundary

Ferrite

Plate 4.1e depicts the microstructure of a heat-treated (annealed) sample collected at an
annealing temperature of 960°C and a holding time of 30 minutes. The micrograph shows that as
the annealing temperature rises, the grain size changes, cementite increases, and ferrite is
randomly distributed in the microstructure. The grain boundaries, however, are not visible.
According to the point count calculations, the percentage ratio of ferrite to cementite is 50:50.
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Plate 4.1f depicts the microstructure of a heat-treated (annealed) sample collected at an annealing
temperature of 990°C and a holding time of 30 minutes. The micrograph shows that as the
annealing temperature increases, the grain size appears to be bigger than that of 960°C cementite
is seen to be more while ferrite is randomly scattered in the microstructure. However, the grain
boundaries are not seen to be visible. Results from the point count calculation show a 47% of
ferrite and 53% of cementite.
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Plate 4.2a Microstructure of Speci
Plate 4.2a reveals the microstructure of the heat-treated (annealed) sample obtained at 840°C
annealing temperature at 60 minutes holding time. The micrograph shows, ferrite has been non-
uniformly distributed in the microstructure with cementite dominating. It could also be observed
that the grains are changed while the grain boundaries appear not visible. The point count
calculation shows that the percentage of ferrite to lcalaentite is 40: 60.
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Plate 4.2b Microstructure of Specimen held at 870°C for 60 Minutes Ferrite

Plate 4.2b depicts the result of the microstructure of the heat-treated (annealed) sample got at
870°C annealing temperature at 60 minutes holding time. The micrograph reveals that as the
annealing temperature increases, cementite is seen to non- uniformly distributed in the
microstructure with ferrite dominating. It could also be observed that the grains are changed while
the grain boundaries appeared visible. The point count calculation gave 80:20 ratio of ferrite to
cementite.
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Plate 4.2c reveals the microstructure of a heat-treated (annealed) sample obtained at 900°C
annealing temperature and 60 minutes holding time. The micrograph shows that as the annealing
temperature increases, ferrite is seen to be pp, distributed in the microstructure and
dominating while cementite is seen to be sparingly distributed in the microstructure. It could also
be observed that the grains are changed while the grain boundaries appear not visible. From the
point count calculations, the percentage of ferrite to cementite is 65:35.
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Plate 4.2d Microstructure of Specimen held at 930°C for 60 Minutes

Plate 4.2d depicts the microstructure of a heat-treated (annealed) sample got at 930°C annealing
temperature and 60 minutes holding time. The micrograph shows that as the annealing
temperature increases, ferrite is seen to be non- uniformly distributed in the microstructure while
cementite is seen to have dominated. It could also be observed that the grains are changed while
the grain boundaries appear not visible. The point count calculations show that the percentage of
ferrlte to cementlte is 30 70
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Plate 4.2e Microstructure of Specimen held a oC for 60 Minutes
Ferrite

The microstructure of the heat-treated (annealed) sample obtained at 960°C annealing
temperature and 60 minutes holding time is shown in Plate 4.2e the micrograph reveals that as
the annealing temperature increases, ferrite is seen to be uniformly distributed in the
microstructure while cementite is seen to mordﬂ@ﬂﬁntage It could be observed also that the
grains are changed while the grain boundaries appear not visible. The point count calculation
results gave the percentage ratio of ferrite to cementite as 43:57.
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Plate 4.2f Microstructure of Specimen held at 99 inutes Ferrite
The microstructure of the heat-treated (annealed) sample obtained at 990°C annealing
temperature and 60 minutes holding time is shown in Plate 4.2f. The micrograph reveals that as
the annealing temperature increases, ferrite is seen to be uniformly distributed in the
microstructure while cementite is seen to more in percentage. It could be observed also that the
grains are changed than those of 960°C while the grain boundaries appear not visible. Results
from the point count shows that the ratio of ferrite to cementite is 48:52.
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Plate 4.3a Microstructure of Specimen held at 840°C for 90 Minutes Ferrite

Plate 4.3a depicts the microstructure of a heat-treated (annealed) sample obtained at an
annealing temperature of 840°C and a holding time of 90 minutes. It could be observed that as
the temperature increases, the micrograph r e grains; cementite is seen to be
uniformly distributed and dominating in the microstructure ite is seen to be non-
uniformly distributed in the microstructure. It could be observed also that the gfai iikes
are becoming visible. The point count calculation gav&@@#ﬁwtage of 44:56 ratios of ferrite to
Cementite.
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Plate 4.3b Microstructure of Specimen held at 870°C for 90 Minutes

Plate 4.3b depicts the microstructure of a heat-treated (annealed) sample obtained at an
annealing temperature of 870°C and a holding time of 90 minutes. As the temperature rises, the
micrograph exposes coarse grains; cementite and ferrite are seen to be evenly dispersed in the
microstructure, and grain boundaries are visible. The point count calculation revealed an equal
number of ferrite to cementite ratio.
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Plate 4.3c Microstructure of Specimen held at 900°C for 90 Minutes

Plate 4.3c depicts the microstructure of 790 reated (annealed) sample obtained at an
annealing temperature of 900°C and a holding time of 90 minutes. It could be observed that as
the temperature increases, the micrograph reveals less coarse grains hence more grain
boundaries; cementite is seen to be uniformly distributed and dominating in the microstructure
while ferrite is seen to be non-uniformly distributed in the microstructure. It could be observed
also that the grains boundaries were invisible. Results from the point count shows that ferrite is
48% in the microstructure while cementite is 52%.
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Plate 4.3d Microstructure of Specimen held at 930°C for 90 Minutes

Plate 4.3d displays the microstructure of a heat-treated (annealed) sample obtained at a
temperature of 930°C and a holding time of 90 minutes. Ferrite is seen to be non-uniformly
distributed in the microstructure. It could be observed also that the grains boundaries were
invisible. Results from the point count shows that ferrite is 42% in the microstructure while
cementite is 58%.
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Plate 4.3e displays the microstructure of a heat-treated (annealed) FEPM le obtained at a
temperature of 960°C and a holding time of 90 minutes: entite Is seen to be uniformly
distributed and dominating in the microstructure while ferrite is seen to
the microstructure. It could be observed also that the grains boundaries were invisi
from the point count shows that ferrite is 49% in the microstructure while cementite is 51%
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Plate 4.3f Microstructure of Specimen held at 990°C for 90 Minutes

Plate 4.3f displays the microstructure of a heat-treated (annealed) sample obtained at a
temperature of 990°C and a holding time of 90 minutes. Cementite is seen to be uniformly
distributed and dominating in the microstructure while ferrite is seen to be uniformly distributed in
the microstructure. It could be observed also that the grains boundaries were invisible. Results
from the point count shows that ferrite is 46% in the microstructure while cementite is 54%.
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Plate 4.4a Microstructure of Specimen held at 840°C for 120 Minutes

Plate 4.4a displays the microstructure of a heat-treated (annealed) sample collected at an
annealing temperature of 840°C and a holding time of 120 minutes. It could be observed that as
the temperature increases, ferrite significantly increased and dominated in the microstructure. The
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micrograph shows the grain boundaries as being visible. From the point count calculation the
percentage the percentage of ferrite to cementite ratio is 54:46.
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Plate 4.4b Microstructure of Specimen held at 870°C for 120 Minutes

Plate 4.4b depicts the microstructure of a heat-treated (annealed) sample obtained at an
annealing temperature of 870°C and a holding tirfd@@{H20 minutes. At this temperature,
cementite increased in percentage as the grains became coarser, resulting in less grains and grain
boundaries; ferrite often dispersed in a non-uniform manner in the microstructure. The grain
boundaries are not apparent in the micrograph. According to the point count, ferrite makes up
43% of the microstructure, while cementite makes up 57%.
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Plate 4.4c Microstructure of Specimen held at 900°C for 120 Minutes
The microstructure of the heat-treated (annealed) sample obtained at 900°C annealing
temperature and 120 minutes holding time is shown ir}l%ﬂﬁc. The microstructure of cementite
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increased as the temperature increased, while the grains were coarser than at 870°C, resulting in
less grains and grain boundaries; ferrite also distributed evenly in the microstructure. The grain
boundaries are invisible in the micrograph. The proportion of ferrite to cementite ratio is 51:49,
according to the point count estimate. The microstructure of the heat-treated (annealed) sample
obtained at 900°C annealing temperature and 120 minutes holding time is shown in Plate 4.4c.
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Plate 4.4d Microstructure of Specimen held at 930°C for 120 Minutes

Plate 4.4d captures the microstructure of a heat-treated (annealed) sample obtained at an
annealing temperature of 930°C and a holding time of 120 minutes. The microstructure of
cementite increased as the temperature increased, while the grains were less coarse than those of
900°C, resulting in more grains and grain boundaries; ferrite was also evenly distributed in the
microstructure, with cementite prevailing. The grain boundaries are invisible in the micrograph.
The ro ortlon of ferrlte to cementlte rat|o is 47:53, according to the point count estimate.
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Plate 4. 4eM|crostructure of SpeC|men held at 960°C for 120 Minutes

Plate 4.4e displays the microstructure of a heat-treated (annealed) sample obtained at an
annealing temperature of 960°C and a holding time of 120 minutes. It was noticed that as the
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temperature rose, cementite increased and dominated in the microstructure, while the grains were
changed more than at 930°C, resulting in more grains and grain boundaries; ferrite was observed
to be very few in the microstructure. The grain boundaries are invisible in the micrograph.
According to the point count estimate, the ferrite to cementite ratio is 43:57.
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Plate 4.4fMicrostructure of Specimen held at 990°C foF 120" Minttes > Cementite
Plate 4.4f depicts the microstructure of a heat-treated (annealed) sample obtained at an annealing
temperature of 990°C and a holding time of 120 minutes. As the temperature increased, cementite
significantly increased and dominated in the microstructure, while the grains were seen to be
changed, resulting in more grains and grain boundaries; ferrite was seen to be non- uniformly
distributed in the microstructure. The grain boundaries are invisible in the micrograph. According

to point count calculations, the ferrite to cementite ratio is 42: 58.
. o~ gl Ll RN

Ferrite

Grain
boundary

Plate 4.4g As Received

Plate 4.4g depicts the microstructure of the as-received sample; cementite increased and
dominated the microstructure, while the grains were less coarse, resulting in more grains and
grain boundaries; ferrite was found to be distributed unevenly in the microstructure. In the
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micrograph, the grain boundaries are not clear. The calculation of point counts shows that the
ferrite to cementlte rat|o in the mlcrostructure is equally distributed, suggesting a 50:50 ratio.

Plate 4.7 SEM of 870°C at 90 minutes

Plate 4.7: Plate 4.6.reveals the SEM images of the fractured surfaces of broken fatigue samples
at 870° C annealing temperature and 90 minutes soaking time. The fractured surfaces shows
essentially some fibrous characterized by some cleavage facets can be seen on the surface.

Plate 4.8 SEM of 870°C at 60 mlnutes

Plate 4.8 reveals the SEM images of the fractured surfaces of broken fatigue samples at 870°C
annealing temperature and 60 minutes soaking time the fractured surface at 870°C for 60 minutes
showed annealed sample that exhibits a predominantly ductile surface which is different from
honey comb morphology in 840°C but some micro voids can be seen.
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Plate 4.9 SEM of 990°C at 120 minutes

Plate 4.9 reveals the SEM images of the fractured surfaces of broken fatigue samples at
9900 C annealing temperature and 120 minutes soaking time. It shows that there were
some micro dimples with ductile character region. There is detail of intergranular faceted
fracture in (b) but in (c) we have more fine — faceted cleavage and detail of a deep crack
probably due to the high temperature and longer time in the furnace. It was also
observed that in 990°C for 120 minutes (b). There is also a crack propagation area with
fatigue striations at 990°C for 120 minutes

Plate 4.10 shows the fractured fatigue sample of the as-received, this sample was not
subjected to any heat treatment procedures. The phase still retains the ferrite and pearlite
phases, however since fatigue work was done on the sample and they were all fractured
.There were wide distributions of micro voids resembling microstructure and crack facets
at the fractured tips making it brittle compared with the ones that were subjected to heat
treatment mechanism. They are not faceted like the annealed ones, and do not have
sharp edges and corners. They are less ductile compared with the ones that were

annealed.

Plate 4. 10 SEM of As-Received
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Plates 4.1a-4.1f display the microstructure of annealed steel as shown by an optical
microscope after 30 minutes of soaking time at a magnification of X640 for the following:
(4.1a) microstructure evolution at 840°C, (4.1b) microstructure evolution at 870°C, (4.1¢)
microstructure evolution at 900°C, (4.1d) microstructure evolution at 930°C, (4.1le)
microstructure evolution at 960°C, and (4.1f) microstructure evolution at 990°C The
microstructure evolution of the annealed sample is depicted in Plates 4.1a-4.1f, while
Table 4.1 provides a quantitative estimate of the formed microstructures. Table 4.1
reveals that at 840°C, the percent Ferrite was 44, while at 870°C, the percent cementite
was 56. (4.1b). at 900°C, the percent ferrite appears to have decreased to 42 percent,
while the percent cementite appears to have increased to 58 percent. 4.1c) both ferrite
and cementite had the same proportion of 50. In Plate 4.1d, ferrite is seen to decrease in
percentage and has 40% appearance versus cementite, which has 60% at 960°C.
According to the point count method, the percent ferrite and cementite in (4.1e) were
equal. At 990°C (4.1f), the percentage of ferrite was seen to have decreased to 47
percent in appearance, while cementite was 53 percent in the microstructure; this agrees
with Rajan et al (2012)'s work, which states that cementite is present in steels that must
have been cooled slowly because cementite formation is diffusion regulated. Plate 4.2a-
Plate 4.2f shows the microstructure of annealed steel by optical microscope at 60 minutes
soaking time at magnification of X640 for the following: (4.2a) microstructure evolution at
840°C, (4.2b) microstructure evolution at 870°C. (4.2c); microstructure evolution at 900°C,
(4.2d) microstructure evolution at 930°C, (4.2e) microstructure evolution at 960°C and
(4.2f) microstructure evolution at 990°C. In The microstructure evolution of the annealed
sample is depicted in Plate.4.2a-4.2f, and the quantitative estimate of the formed
microstructures is presented in Table 4.2. Table 4.2 shows that at 840°C, the percent
Ferrite was 40%, while at 870°C, the percent Cementite was 60%. (4.2b). at 900°C, the
percent ferrite appears to have increased significantly to 80 percent, while the percent
cementite appears to have decreased to 20%. At (4.2c), ferrite is seen to have decreased
by 15%, taking it to 65 percent in the microstructure, while cementite was 35%. Plate
4.2d shows that as the temperature is raised to 930°C, the percentage of ferrite decreases
to 30% and the percentage of cementite increases to 70%. At 960°C (4.2e), the percent
ferrite has increased to 35 percent, compared to 65 percent for using the cementite point
count process. At 990°C (4.2f), the percentage of ferrite was seen to have increased
further to 48 percent in appearance while cementite was 52 percent in the microstructure;
this agrees with Rajan et al (2012) who attests to the fact that cementite is present in
every steel which must have been cooled slowly because cementite formation is diffusion
controlled.

Plates 4.3a-4.3f display the microstructure of annealed steel under an optical microscope
after 60 minutes of soaking at a magnification of X640 for the following: (4.3a)
microstructure evolution at 840°C, (4.3b) microstructure evolution at 870°C (4.3c)
Microstructure evolution at 900°C (4.3d) microstructure evolution at 930°C, (4.3e)
microstructure evolution at 960°C, and (4.3f) microstructure evolution at 990°C,
respectively. The microstructure evolution of the annealed sample is depicted in
Plate.4.3a-4.3f, and the quantitative estimate of the formed microstructures is provided in
Table 4.3. Table 4.3 shows that at 840°C, the percent Ferrite was 44 percent, while the
percent Cementite was 56 percent. At 870°C (4.3b), the percent ferrite has increased and
both tend to have the same percentage of 50%. At 900°C (4.3c), ferrite is seen to have
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decreased to 48 percent in the microstructure, while cementite is 52 percent. Plate 4.3d
indicates that as the temperature increased to 930°C, the percentage of ferrite decreased
to 42 percent and the percentage of cementite increased to 58 percent. At 960°C (4.3e),
the percent ferrite has increased to 49 percent, compared to 51 percent for cementite
using the point count process. At 990°C (4.3f), the percentage of ferrite was seen to have
decreased to 46 percent in appearance while cementite was 54 percent in the
microstructure; this agrees with Rajan et al (2012) who attests to the fact that cementite
is present in any steel which must have been cooled slowly because cementite formation
is diffusion regulated.

Plates 4.4a-4.4g display the microstructure of annealed steel under an optical microscope
after 120 minutes of soaking time at a magnification of x640 for the following: (4.4a)
microstructure evolution at 840°C, (4.4b) microstructure evolution at 870°C, (4.4c)
microstructure evolution at 900°C, (4.4d) microstructure evolution at 930°C, (4.4e)
microstructure evolution at 960°C, and (4.4f) microstructure evolution at 990°C The
microstructure evolution of the annealed sample is depicted in Plates.4.4a-4.4f, while
Table 4.4 provides a quantitative estimate of the formed microstructures. Table 4.4
reveals that at 840°C, the percent Ferrite was 43 percent, while at 870°C, the percent
Cementite was 57 percent. (4.4b), the percent ferrite appears to have increased
significantly to 54 percent, while the percent cementite appears to have decreased to 46
percent at 900°C. At (4.4c), ferrite was reduced to 51 percent of the microstructure, while
cementite was 49 percent. Plate 4.4d indicates that as the temperature rises to 930°C, the
percentage of ferrite decreases to 47 percent and the percentage of cementite increases
to 53 percent. At 960°C temperature according to the point count process, the percent
ferrite has decreased further to 43 percent at (4.4e) compared to 57 percent for
cementite. After using the point count method at 990°C (4.4f), the percentage of ferrite
was found to be 42 percent in appearance and 58 percent cementite in the
microstructure. Plate 4.4g shows that the as-received has an equal percentage of ferrite
and cementite, which is 50%; according to Rajput, (2004), annealed steel has fine grain
size, allowing for more grain boundaries that serve as a hindrance to dislocation. When
this is achieved, the plastic deformation stage is difficult to initiate since its function is
dependent on dislocation movement, which increases dislocation density. The increase in
dislocation density makes travel along the planes extremely difficult, resulting in increased
intensity (Rajput, 2004). Rajan et al (2012), also attested to the fact that cementite is
present in any steel that must have been cooled slowly because cementite formation is
diffusion regulated.

4.15.4 Effect of Annealing Temperatures on Impact Toughness and Hardness

A close analysis of Figures 4.3a-4.3d shows that the yield strength, tensile strength, and
impact strength of the steel increased in value with increasing annealing temperature. On
the other hand, the value of hardness decreased over time. Mechanical properties of
steels are measurably influenced by grain size; at room temperature, for instance, effects,
yield strength, fatigue, tensile, and so on all increase as grain size decreases (Dieter et al,
1967). According to the findings, annealing substantially increased the fatigue strength of
the steel. Zhoo et al., 2018; Seeteja et al, 2017, Fadara et al, 2011, Nurudeen et al, 2012;
Jia et al.,, Al-Qaabah. et al, 2003; Yu, et al, 2005 discovered that annealing relieves
internal tension and improves ductility. One can also infer that annealing changed the

40| Page



ISSN: 4461 - 4780
Volume 15, Number 2, 2025
International Journal of Applied Science and Engineering

grain size of the steel and improved the fatigue properties of the steel, as Rajan et
al,2012 observed that fine grained steels have higher fatigue strength than coarse grain
steels because the finer the grain, the higher the yield strength and enhanced fatigue
strength.

CONCLUSIONS

This study investigated the influence of annealing temperatures and soaking times on the
fatigue characteristics of 0.17 percent C HSLA steel. The steel was annealed six times at
different temperatures and four different soaking times. To better highlight the effect of
annealing on the steel's fatigue characteristics. The following findings can be reached
from the investigations conducted in this study.

The optimal heat treatment parameters (temperature and holding time) for 0.17 percent
C annealing HSLA Steel were 990°C. and 110(using design expert) minutes soaking time
respectivelWhen compared to the As-received sample that had not been annealed, the
morphological microstructures revealed a mixture of ferrite and cementite. The impact
and hardness properties of the steel, as well as the Fatigue property, were discovered to
be affected by morphological microstructures. It was discovered that when the annealing
temperature increases, the impact increased while the hardness decreased.

The SEM fractograph exhibits a wide distribution of micro voids resembling microstructure
and crack facets at the broken tips. Annealing heat treatment was found to have influence
on the fatigue properties of the steel under investigation. The annealed samples were
found to have more number of cycles to failure when subjected to cyclic loading when
compared to the as-received sample. The annealed samples were found to have between
2900- 3800 cycles when compared to the as- received with 900 number of cycles before
failure. Using the Basquin parameter, the results show that fatigue life at a given stress
amplitude is dependent on the fatigue strength coefficient, 0. and the fatigue strength
exponent, b, with b being the most significant factor. The magnitude of b decreased as
the annealing temperature was increased.
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