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ABSTRACT
This work presents the investigation of the effect of heat treatment options on fatigue strength of  
high carbon steel for various engineering applications. The investigation commenced with the  
preparation of work samples which were subjected to annealing, normalizing, and hardening  
(quenching) operations prior to fatigue testing. The experimental results show that the annealed  
specimen had the largest number of cycles to failure, indicating a high fatigue resistance and  
also recorded the high tensile strength of 1968 MPa followed by the normalized work piece  
samples having 1033 MPa. The microstructure of the heat treated samples and the as-received  
(untreated samples) were examined.   The results obtained also show that the annealed specimen  
(with optimum fatigue resistance) shows a large grains size of pearlite which was distributed  
across the entire surface of the microstructure, implying that the size and distribution of the  
specimens grains structure affect the resistance of  high carbon steel to fatigue life.
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INTRODUCTION
Most machine element failures involve load conditions that fluctuate with time. Fluctuating loads 
induce fluctuating (cyclic) stresses that often result in failure by means of cumulative damage, 
hence dynamic loading effect are important since materials physical properties are a function of 
loading  speed.  Fatigue  is  the  response  to  such  cyclic  loading;it  is  the  weakening  of 
a material caused by repeatedly applied loads, the progressive and localized structural damage 
that occurs when a material is subjected to cyclic loading. It occurs typically at stress levels that 
are  insufficient  to  cause  catastrophic  failure  under  monotonic  loading(Lakhtin,1977)  Fatigue 
failures as we now know them to be are not at all rare but is the single largest cause of failures in 
metals, estimated to be 90% of all metallic failures (Hamrock etal, 1999).
The process of fatigue consists of three stages: 1. Crack initiation, 2. Progressive crack growth 
across the part, and 3. sudden fracture of the remaining cross section. There are three commonly 
recognized forms of fatigue (Singh, 2008) 

1. High cycle fatigue (HCF) 

2. Low cycle fatigue (LCF) and 

3. Thermal mechanical fatigue (TMF) 



The principal distinction between high cycle fatigue (HCF) and low cycle fatigue (LCF) is the 
region  of  the  stress  strain  curve  where  the  repetitive  application  of  load  (and  resultant 
deformation or strain) is taking place (Lindberg, 1977). HCF is characterized by low amplitude 
high frequency elastic strains. In HCF, the initiation of crack often takes place inside the material  
and  the  defects  are  typically  non-metallic  inclusions  such  as  sulphides,  oxides,  nitrides  etc 
Lindberg, 177). LCF is characterized by high amplitude low frequency plastic strains. In the case 
of Thermal mechanical fatigue (TMF) (present in turbine blades, vanes and other hot section 
components) large temperature changes result in significant thermal expansion and contraction 
and  therefore  significant  strain  excursions  (Singh,  2008,  Linberg,  1977).  These  strains  are 
reinforced or countered by mechanical strains associated with centrifugal loads as engine speed 
changes. The combination of these events causes material degradation due to TMF.

In engine  components  where  HCF is  a  concern,  turbo machinery designers  observe what  is 
referred to  as  a  material's  fatigue strength (Akay etal,  2009).  This  is  determined by running 
multiple specimen tests at a number of different stresses. The objective is to identify the highest 
stress that will produce a fatigue life beyond ten million cycles (Akay etal, 2009, Honeycombe,  
and Badeshi,  2000).This  stress  is  known as  the material's  endurance  limit.  Gas  turbines  are 
designed  so  that  the  stresses  in  engine  components  do  not  exceed  this  value  including  an 
additional  factor  of  safety.  Because  of  increasing  demands  imposed  on  high-performance 
materials and the disastrous and costly results of component failures, the need for fracture and 
fatigue research has gained significance importance (Akay etal, 2009, Rajan and Sharma, 1989).

The aim of the present work is to examine the effect of heat treatment on fatigue strength of high 
carbon steel.

EXPERIMENTAL PROCEDURES
MATERIALS AND EQUIPMENT
The A1S11065 or Ck65 high carbon steel experimental material used in this study shown in 
Fig.1 was obtained from steel trader in Lagos, Nigeria.  Equipment used in this research are, 
electrical resistance furnace, Grinding and Polishing machine, Optical microscope, and Avery 
Denison fatigue testing machine, (Rotating beam fatigue testing machine).

Fig1: Schematic view of the specimen used for the fatigue test
a = 30 mm radius
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b = 12 mm

c = 15 mm

d = 40 mm

e = 1×450

The sample specimen was high carbon steel AISI1065 or Ck65. The chemical composition of the 
work piece is given in Table.1.

             Table.1: Chemical composition of as-received work piece

C Si Mn P Ni Cr Cu Mo Fe
0.51 1.44 0.68 0.02 0.01 0.26 0.07 0.02 Balance

The work piece  was  prepared  according to  the  Avery Denison fatigue  testing  machine.  The 
dimensional specification of the work piece is as shown in the Fig.1. 

Fig .2: Photograph view of the specimen used for the fatigue test

Most carbon Steels are primarily heat treated to create matrix microstructures and associated 
mechanical properties not readily obtained in the as-cast condition (Akay etal, 2009). As cast 
grounded substance microstructures usually consist of ferrite or pearlite or combinations of both, 



depending on substance size and alloy composition. The aim of this research is to carry out heat 
treatment  options  on high  carbon steel  at  different  temperatures  according to  heat  treatment 
process and methodology (Lakhtin, 1977,Akay etal, 2009).
 Effect of heat treatment on mechanical properties
The effect of the heat treatment on mechanical properties of heat treated workpiece studied in the 
work is shown in Table 2. It can be seen that the annealed workpiece recorded the highest tensile 
strength of 1968 Mpa, followed by the normalized workpiece having 1033 Mpa. The hardened 
workpiece recorded tensile strength values of 608 Mpa. Furthermore, hardness Vickers values of 
390 was recorded for the normalized workpiece.  This is followed by hardened and annealed 
work pieces having HV 357 and HV 295 respectively.

                       Table 2: Mechanical properties of the work piece after the heat treatments

Heat 
treatment

Tensile  strength 
(Mpa)

Hardness Vickers
300g

Control 867 210
Annealed 1968 295
Normalized 1033 390

Hardened 608 357

 Fatigue Test 
This test was carried out under Avery Denison fatigue machine, (Rotating beam fatigue testing 
machine). The schematic diagram of a typical fatigue testing machine set-up is shown in Fig 3. 
The Avery Denison fatigue testing machine used for this work is shown in Fig.3.

Fig.3: A typical fatigue testing machine set-up
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Fig. 4: Avery Denison fatigue testing machine used for the experiment

Procedure for Fatigue Test
Avery Denison fatigue testing machine (Rotating Bending Machine, RBM) is generally used to 
test the fatigue properties at zero mean stress. A standard specimen is clamped in two three-point 
bearing at the ends. One end point is fixed and the other end is loaded at free end point (Fig.4).  
The region of rotating beam between built-in ends is subjected to pure bending with a constant 
load at its free end. While under the influence of this constant load, the specimen is rotated by 
drive spindles around the longitudinal axis and subjected to the machine at a frequency of 100Hz 
(stress ratio, R= -1).

Microstructural Analysis 
After the completion of the testing processes, the work piece is subjected to micro structural 
study by Optical Microscopy (Fig 5). The work piece was cut to 10 mm and polished using 
different grades of emery cloth for microstructure study.



Fig 5: Optical Microscope used for the study

RESULTS AND DISCUSSIONS
Fatigue test results
Three samples each were prepared for the controlled, annealed, normalized, and silica quenched 
samples.  The  details  of  the  result  investigated  under  fatigue  test  was  categorized  under  the 
sample diameter, cross-sectional area,  and moment about a point on the sample, the samples 
were subjected to and the cycle to failure of all the samples tested were recorded and tabulated 
from Table.2. 

Microstructures of the workpiece for the various heat treatments
Figure 6. Shows the micrograph of as-received (control) workpiece. It can be observed (Fig. 7) 
that a uniform distribution of ferrite which are the brightly coloured parts and pearlite (a mixture 
of  ferrite  and  cementite)  which  are  the  dark  or  black  spots  and  congested  along  the  grain 
boundaries  is  also  slightly dispersed  over  the  ferrite.  The  grain  sizes  are  moderate  and  the 
boundaries appear smooth, apart from the pearlitic presence.

Fig. 6: Micrograph of control (as-received) workpiece (x600)

The micrograph of the annealed specimen (Fig. 7) shows a large grain size of pearlite which was 
distributed across the microstructure. Unlike the untreated specimen, the pearlite phase which 
was congested along the grain boundaries is now distributed across the entire surface of the 
microstructure.  The  size  of  the  grains  makes  it  easy  for  dislocation  to  glide  during  fatigue 
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loading, hence the high fatigue resistance. Annealed materials are usually ductile and stress free 
due to these stated characteristics. In addition, when a crack or void forms in a pearlitic matrix, it 
will tend to run along the length of a pearlite lamella. Examining this type of fracture under the 
SEM reveals that the base of the samples contain fractured pearlite lamella (Avener, 2008)

Fig 7: Micrograph of annealed workpiece (x600)

As compared to the annealed workpiece (Fig. 7), the micrograph of the normalized workpiece 
(Fig. 8.) shows a relatively smaller grain size and a balanced distribution of ferrite and pearlite 
with uniform fine grain and quite similar to that of the control workpiece (Fig. 7.), but it appears 
relatively brighter than annealed and control workpiece (Figs. 6 and 7) 
In addition, the silica quenched workpiece (Fig. 10) shows a fine and relatively smaller ferrite 
and pearlite distribution and has a relatively lower amount of pearlite concentration as observed 
in the control workpiece (Fig. 6) and annealed workpiece (Fig. 7). It can be observed that the 
grain boundaries in the silica quenched workpiece (Fig. 9) appear thin and congested.



Fig. 8 Micrograph of normalized workpiece (x600)

Fig. 9: Micrograph of silica quenched specimen (x600)

CONCLUSIONS
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 Based on the results of the rotating bending fatigue tests carried out to evaluate the effect of heat 
treatment on fatigue strength of high carbon steel: The following conclusions are drawn:

1. Annealed specimen gave the largest and coarse grain size and structure, while the 
smallest  was  given  by  normalizing  which  is  the  fastest.  In  other  words,  it  is 
established that slow rate of cooling is proportional to grain sizes and structures

2. It  was  observed that  the  annealed  specimen has  the  highest  number  of  cycles  to 
failure,  indicating  a  high  fatigue  resistance  followed  by  the  specimen  that  was 
normalized then quenched.

3. The microstructure of the specimens corroborate with the obtained properties. The 
fatigue behaviour of the specimen was attributed to grain size and its distribution. 

4. In  applications  where  fatigue  strength  is  of  important  consideration,  annealed 
specimen which shows a better fatigue resistance is recommended.
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