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ABSTRACT

EFFECT OF TEMPERATURE ON FATIGUE PROPERTIES OF
DIN 35 NiCrMoV 12 5 STEEL

Onem, Orkun Umur
M.Sc., Department of Metallurgical and Materials Engineering

Supervisor: Assoc. Prof. Dr. Riza Giirbiiz

July 2003, 73 pages

DIN 35NiCrMoV125 (equivalent to AISI 4340), which is a high
strength low alloy steel (HSLA), is mainly used at military applications in the
production of gun barrels. The main aim of this study was to determine the
low cycle fatigue (LCF) behaviour and the influence of temperature on low
cycle fatigue failure properties of that steel.

Three different temperatures (room temperature, 250°C and 400°C)
were used in the experiments in order to analyze the effect of temperature.
For each temperature, five strain amplitudes (in the range of 0.2% offset
yield point to 2% strain) were applied and the duplicates of each
experiment were performed to obtain more accurate results. Strain
amplitudes and the corresponding stresses were calculated from tension

tests performed at each temperature. Strain amplitude versus fatigue life (e-



N) curves for three different temperatures predicted that fatigue life at a
given strain increases with increasing temperature. The transition lives of
those three curves were observed at 1 % strain amplitude and no significant
effect of temperature on transition lives was observed. For stress based
analysis, stress versus fatigue life (S-N) curves were drawn. These curves
pointed that fatigue strength at a given number of cycle decreases with
increasing temperature.

Fractographic analyses of the fracture surfaces were performed to
examine the effects of load and temperature on the specimens. It was
observed that the number of crack initiation sites increases with increasing

strain.

Keywords: DIN 35NiCrMoV125 Steel, AISI 4340 Steel, Low Cycle Fatigue,
e-N, S-N, Temperature, Fractograpy.
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DIN 35 NiCrMoV 12 5 GELIGINDE SICAKLIGIN
YORULMA OZELLIGi UZERINE ETKISI

Onem, Orkun Umur
Yuksek Lisans, Metalurji ve Malzeme Muhendisligi Bolumu

Tez Yoneticisi: Assoc. Prof. Dr. Riza Giirbiiz

Temmuz 2003, 73 sayfa

Dusuk alasimli, ylksek dayanimh DIN 35NiCrMoV125 celikleri
(yaklasik karsihgi AISI 4340) savunma sanayiinde genel olarak namiu
yapiminda kullaniir. Bu c¢alismanin asil amaci, namlu celiklerinde,
sicakhigin malzemenin duasik c¢evrimli yorulma o&zellikleri Uzerine etkisini
incelemektir.

Sicakhgin yorulma davranisi Uzerine olan etkisini agiklayabilmek igin
oda sicakhgt, 250°C ve 400°C olmak iizere Uc sicaklik secildi. Her sicaklik
icin, malzemenin %0.2 offset akma dayanci ve %2 gerinim araliinda, bes
yuk kullanildi ve sonuglarin guvenilirligi agisindan her deney kosulu iki kez
tekrar edildi. Kullanilan gerilim genlikleri her sicaklikta yapilan ¢ekme
deneylerinin sonuclarina gore belirlendi. Gerinim genligi — yorulma émru (e-

N) egrileri karsilastinldiginda belirli bir gerinim genligindeki yorulma



Omrundn sicaklikla arttigr gorldu. Her Gg egrinin icin gegis dmrinun %0.1
gerinim genligine kargilik geldi ve sicakligin gecis dmrine 6nemli derecede
etki etmedigi gdézlemlendi. Gerilim degerlerine dayanilarak yapilan ¢alisma
icin gerilim — yorulma émru (S-N) grafiklerinden yararlanildi. Sicaklk arttikga
yorulma dayancinin azaldigi goruldd.

Kirlma yulzeylerinde yuk ve sicakliktan dolayl olugan degisimleri
inceleyebilmek igin fraktografi metodu kullanildi. Uygulanan yik arttikga

yuzeyde olugan catlak sayisinin da arttigi gorulda.

Anahtar Kelimeler: DIN 35NiCrMoV125 Celigi, AISI 4340 Celigi, Dusuk
Cevrimli Yorulma, e-N, S-N, Sicaklik, Fraktografi.
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CHAPTER1

INTRODUCTION

Purely static loading is rarely observed in modern engineering
components or structures. By far, the majority of structures involve parts
subjected to fluctuating or cyclic loads. For this reason, design analysts
must address themselves to the implications of repeated loads, fluctuating
loads, and rapidly applied loads. Such loading induces fluctuating or cyclic
stresses that often result in failure of the structure by fatigue. Indeed, it is
often said that from 80% to 95% of all structural failures occur through a
fatigue mechanism.

It is next to impossible to detect any progressive changes in material
behavior during the fatigue process, and therefore failures often occur
without warning. Also, periods of rest with the fatigue stress removed do not
lead to any measurable healing or recovery of the material. Thus, the
damage done during the fatigue process is cumulative, and generally
unrecoverable.

Steel is one of the most important materials in engineering and
structural applications because of its high toughness, high strength and
other outstanding mechanical properties compared with other materials.
The material that will be observed in this report is DIN 35 NiCrMoV 12 5
steel which has a similar composition with AISI 4340 steel. So, literature
survey is done over these two steels. DIN 35 NiCrMoV 12 5 steel is used

mainly in the production of gun barrels used by Turkish Army Forces. This



is a heat treatable, high strength low alloy steel (HSLA) containing nickel,
chromium, molybdenum and vanadium as the main alloying elements. It is
known for its high toughness and capability of developing high strength in
the heat treated condition while retaining good fatigue strength. Typical
applications, beside gun barrel production, are for structural use, such as
aircraft landing gear, power transmission gears and shafts and other
structural parts. This ultra high strength low alloy steel, especially, is
preferred in weapon and aerospace industries and in these fields the
reliability is mandatory in service conditions. Since high toughness is
required in those fields, AISI 4340 should be purified with some special
refining processes with care. Although very good microstructure properties
are gained with these processes, AISI 4340 may suddenly fail under
different kinds of service conditions, temperatures and cyclic loads.

Fatigue is an important failure criterion for a gun barrel. During the
firing process of a gun barrel, heat checks, also known as crack initiation
sites, are formed. These are small, sometimes invisible to the naked eye,
cracks in the surface of the bore. The formation of those small crack
initiation sites may also start to occur after firing approximately 300
rounds. A gun barrel, manufactured from a high strength steel alloy for
U.S. Army, was failed catastrophically and broke into 29 pieces (Fig. 1.1).
As mentioned above, crack initiation was believed to have occured on the
inner bore of the gun tube from a thermally induced cracking known as
heat checking [1].

Once the heat checks or cracks are formed, a random network of
cracks penetrate below the inner surface of the bore. These cracks
continue to grow slowly under the influence of stresses in the gun barrel
and they come in contact with the hot combustion gases occur during the
firing process. Heat checks will then connect together to form longitudinal
and circumferential cracks. Those cracks are then propagate until failure
occurs. If one round is assumed as one cycle, the propagation of these

cracks reflect fatigue crack propagation property.



Figure 1.1 Fractured Gun Tube [1]

In addition, the hot combustion gases occur during the firing
process increases the temperature of the gun barrel. This increase in
temperature may also effect the life of component in terms of corrosion,
temper embrittlement etc.

Fatigue is encountered in several ways. One source is vibration as
a consequence of rotation, or of fluid motion, and failure may result after a
large number of cycles. Another source of fatigue is a consequence of
start and stop operation, and is identified generally as thermal or low cycle
fatigue. Here, strain is the controlling variable.

High temperature introduces a number of complications. Included

are:



a. Gaseous or liquid environments introduce surface reactions
which interact strongly with fatigue cracks to accelerate crack initiation,
growth and failure.

b. Long hold-time period between cycles introduce creep effects
which interact with fatigue, often by changing the mode of crack
propagation from the more ductile transgranular mode to the more brittle
intergranular type.

c. The material may change its properties with long times at
temperature due to aging and phase instability effects or to creep
damaging mechanisms.

d. Thermal cycling introduces complications regarding predictions
of stresses and strains and uncertainty regarding the interaction of
temperature cycling and strain cycling.

In the light of those reasons, it can be concluded that the failure of a
gun barrel will not exeed 10° cycles. Since 10° cycles is assumed to be the
limit between high cycle fatigue and low cycle fatigue, this report is based
on the low cycle properties rather than high cycle fatigue. As a result, the
fatigue term in elevated temperatures for DIN 35 NiCrMoV 12 5 steel

should be considered as an important phenomena.



CHAPTER 2

THEORY

2.1. The History of Fatigue

For centuries, it has been known that a piece wood or metal can be
made to break by repeatedly bending it back and forth with a large
amplitude. However, it came as something of a surprise when it was
discovered that repeated loading produced fracture even when the stress
amplitude was apparently well below the elastic limit of the material. The
first fatigue investigations seemed to have been reported by a German
mining engineer, W. A. S. Albert, who in 1829, performed some repeated
loading tests on iron chain. Some of the earliest fatigue failures in service,
occurred in the axles of stage coaches. When railway systems began to
develop rapidly in the middle of the nineteenth century, fatigue failures of
railway axles became a widespread problem that began to draw attention
to cyclic loading effects. This was the first time that many similar
components had been subjected to millions of cycles at stress levels well
below the monotonic tensile yield stress. As is often the case with
unexplained service failures, attempts were made to reproduce the failures
in the laboratory. Between 1852 and 1870, the German railway engineer
August Wohler setup and conducted the first systematic fatigue
investigation. From this point of view, he may be regarded as the
grandfather of modern fatigue thinking. He conducted tests on full-scale

railway axles and also on small scale bending, torsion, and axial cyclic



loading specimens for different materials. Some of Wohler's data for Krupp
axle steel were plotted in terms of nominal stress amplitude versus cycles
to failure. This presentation of fatigue life has become very well known as
the S-N diagram. Each curve on such a diagram is still referred to as a
Wohler line [2].

At about the same time, other engineers began to concern
themselves with the problems associated with fluctuating loads in bridges,
marine equipment, and power generation machines. By 1900, over 80
papers had been published on the subject of fatigue failures. During the
first part of the twentieth century, more effort was placed on understanding
the mechanisms of the fatigue process rather than just observing its
results. This activity finally led, in the late 1950s and early 1960s, to the
development of two approaches to fatigue life estimation. One method,
known as the Manson-Coffin local strain approach, attempts to describe
and predict crack initiation whilst another is based on linear elastic fracture
mechanics, LEFM, and was developed to explain crack growth. Most
recently, Miller and his colleagues at Sheffield University, England, have
been working on ways of finding a unified theory of metal fatigue,
describing crack growth on a microscopic, macroscopic, and structural
level.

From this vast wealth of knowledge, one thing has become clear;
modern design analysts and engineers will not create more fatigue
resistant components and structures by indulging in more experimentation,
although the need for more research is ever present. From a practical
point of view, a more profitable approach is the implementation and

efficient use of the knowledge which is available today.

2.2. Basic Factors of Fatigue Failure
Fatigue failure is a progressive, localised and permanent damage
which appears in those parts under fluctuating stresses and strains. Above

certain stress levels, fatigue gives rise to cracks or fractures after a



sufficient number of cycles have ellapsed. It can be considered as a
combination of cyclic stress, tensile stress and strains and, if any of those
factors is absent, fatigue failure will not initiate or propagate. Many fatigue
cracks are initiated and grow from structural defects, so that the theoretical
fatigue life is reduced.

There are three common ways in which stresses may be applied:

axial, torsional, and flexural [3].

Figure 2.1 Axial, Torsional and Flexural Stresses [3]

There are also three stress cycles with which loads may be applied
to the sample. The simplest being the reversed stress cycle . This is
merely a sine wave where the maximum stress and minimum stress differ
by a negative sign. An example of this type of stress cycle would be in an
axle, where every half turn or half period as in the case of the sine wave,
the stress on a point would be reversed. The most common type of cycle
found in engineering applications is where the maximum stress (6max) and
minimum stress (6n,in) are asymmetric (the curve is a sine wave) not equal
and opposite. This type of stress cycle is called repeated stress cycle. A
final type of cycle mode is where stress and frequency vary randomly. An

example of this would be automobile shocks, where the frequency



magnitude of imperfections in the road will produce varying minimum and

maximum stresses.

2.3. Fatigue Life

Fatigue life can be defined as the number of stress cycles required
to cause failure; being a function of many variables; stress level, cyclic
wave form, metallurgical condition of the material, manufacturing
processes etc. This wide range of variables makes analytical prediction of
fatigue failure difficult. Many repeated tests on similar components in
service has been shown as the only available procedure. Laboratory tests,

however, are essential in understanding fatigue behavior.

2.3.1. Factors Affecting Fatigue Life

e Mean stress (lower fatigue life with increasing [Imean).
e Surface defects (scratches, sharp transitions and edges). Solution:

0 polish to remove machining flaws
e Add residual compressive stress (e.g., by shot peening.)
e Case harden, by carburizing, nitriding (exposing to appropriate gas at
high temperature)
e Thermal cycling causes expansion and contraction, hence thermal
stress, if component is restrained. Solution:

0 eliminate restraint by design

0 use materials with low thermal expansion coefficients.
e Corrosion fatigue. Chemical reactions induced pits which act as stress
raisers. Corrosion also enhances crack propagation. Solution:

0 decrease corrosiveness of medium, if possible.

0 add protective surface coating.

0 add residual compressive stresses.



2.3.1.1. Effects of Material Condition on Fatigue

Localised plastic deformation is responsible for crack propagation,
and microstructure of the material can affect crack growth, either inhibiting
or modifying it. Some metal conditions which affect fatigue are:

Alloying: The influence of chemical composition on fatigue is
approximately proportional to its influence on tensile strength.

Second phases: These affect crack propagation due to the strain
caused by the presence of the second phase, the stress concentration of
the second phase (shape, distribution) and the nature of the bond.

Work hardening: Work-hardenend alloys show lower crack
propagation rates and small deformation increases during fatigue. Fatigue
strength can be increased by cold working.

Heat Treatment: Fatigue strength is generally increased by any

heat treatment that increases tensile strength.

2.3.1.2. Effects of Manufacturing Practices on Fatigue

Manufacturing practices influence fatigue performance by affecting
the intrinsic fatigue strength of material near the surface, by introducing or
removing residual stress in the surface layers, and by introducing or
removing irregularities on the surface that act as stress raisers.

Machining: Heavy cuts, residual marks, etc can promote fatigue
failure.

Drilling: The fatigue strength of components can be reduced
merely by the presence of a drilled hole.

Griding: Proper griding practice produces a smooth surface that is
essentially free of induced residual stresses or sites for the nucleation of
fatigue cracks. However, abusive griding is a common cause of reduced
fatigue strength

Surface compression: Compressive residual stress increase
fatigue life. This can be obtained by shot peening, producing visible marks

on the surface, such as dimples.



Plating: Electroplating can impair the fatigue strength by virtue of
hydrogen embrittlement.

Cleaning: Some alkaline solutions are not satisfactory because
they attack the surface.

Welding Practices: Can have an effect on the fatigue strength of a
metal at and below the surface.

Identification marks: High stresses may be introduced into

components by identification marks (date, part number, etc).

2.4. The S-N Curve

A very useful way to visualize time to failure for a specific material is
with the S-N curve. The "S-N" means stress versus cycles to failure, which
when plotted uses the stress amplitude, 6, plotted on the vertical axis and
the logarithm of the number of cycles to failure [4]. An important
characteristic to this plot as seen in Fig. 2.2 is the fatigue limit.

The significance of the fatigue limit is that if the material is loaded
below this stress, then it will not fail, regardless of the number of times it is
loaded. Material such as aluminum, copper and magnesium do not show a

fatigue limit, therefore they will fail at any stress and number of cycles.

Fatigue Life

!

I

Y |

ag [
Fatigne ~~ 7~

Stre I

Fatigue Strength :

Limit |

I

Cyecles to failure log (N) Cyecles to failure log (N)

Figure 2.2 Typical S-N Curves [4]
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Other important terms are fatigue strength and fatigue life. The
stress at which failure occurs for a given number of cycles is the fatigue
strength. The number of cycles required for a material to fail at a certain

stress is fatigue life.

2.5. Gun Barrel Fatigue Process

a. Heat checks
(1) Also known as crack initiations.
(2) Small (sometimes invisible to the naked eye) cracks in the surface of
the bore.
(3) Can reach an approximate depth of .005" to .025".
(4) May also start to occur after firing approximately 300 rounds.

b. Slow crack growth
(1) Once the heat checks/cracks are formed, these cracks continue to
grow slowly under the influence of stress in the gun barrel wall arising from
the pressure versus time history during firing.
(2) At this stage the heat check/crack will appear in a checking pattern and
will be deeper than .025".
(3) Heat checks/cracks will then connect together to form longitudinal and
circumferential cracks.
(4) Longitudinal cracks which are long and continuous and reach a length
of approximately 2.5" to 3" will result in the condemning of the gun barrel.
(5) Circumferential cracks which extend approximately one of third the
inside circumference of the gun barrel are justification for condemning the
gun barrel.

c. Fast crack fracture
(1) When the crack grows at a very rapid rate (which can reach 5000 ft per
sec) a condition known as fast fracture is reached. This condition

produces catastrophic failure of the gun barrel structure

11



d. Gas washes
(1) Also known as flame washes
(2) Generally occur near the origin of the bore
(3) Steel in the barrel physically melts away.
(4) Caused by hot high velocity gases
e. Gas pockets
(1) Concentrated area of gas washes
(2) Melting of the gun barrel interior surface causing imperfections
(3) Gas pockets which obtain a depth of .100" constitute criteria for

regunning.

2.6. Effect Of Temperature On Fatigue Failure

For most metals, failure by fatigue can occur at any temperature
below the melting point and the characteristic features of fatigue fractures,
usually with little or no deformation, are apparent over the whole
temperature range. The results of the fatigue tests show a similar stress-
endurance relation at all temperatures, although at high temperatures
there is seldom a fatigue limit and the downward slope of the curve is
usually steeper than at air temperature. At high temperatures, the limiting
factor in design is usually static strength, but resistance to fatigue is an
important consideration in engine design, particularly when static and
alternating stresses are combined. In addition, many service failures occur
by thermal fatigue resulting from repeated thermal expansion and
contraction [5].

The fatigue behaviour of a carbon steel is that they show a fatigue
limit at room temperature but this disappears at high temperatures. The
relation of the fatigue strength to the temperature is unusual, the fatigue
strength increasing to a maximum value at a temperature of about 350°C-
400°C. It is suggested that both the presence of a fatigue limit and a peak

in the fatigue strength-temperature curve may be attributed to strain aging.
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During low cycle fatigue operations, above 350°C — 400°C surface
oxide cracks are formed. They act as oxide filled wedges and penetrate
transgranularly [12].

2.6.1. The Stress-Endurance Curve At Different Temperatures

At high temperatures the stress - endurance curve for steels does
not show a sharp limit, as it does at room temperature. Instead, the curve
has a continuous downward trend beyond 10® cycles (fig. 2.3). Fatigue
strengths at high temperatures must therefore be quoted, not as fatigue
limits, but as stress ranges that can be withstood for a certain number of

stress cycles without fracture [6].
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Figure 2.3 High Temperature S-N Curve for 0.17% C Steel at 400°C [6]
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It is interesting to consider the significance of the fatigue limit. It has
been suggested that the lack of a fatigue limit in steels at high
temperatures might be attributed to corrosion. In other words, that failure
occurs by corrosion fatigue in air.

The presence of a fatigue limit suggests that some strengthening
process is coming into play after about 10° cycles, which more than
counter-balances the damaging process. Thus, the fatigue strength of
those materials with a fatigue limit can be increased by understressing
(cyclic stressing at or below the fatigue limit) and by rest periods, while
others cannot. This strengthening process is unlikely to be work-
hardening, since many metals which show considerable capacity for work-
hardening, e.g. copper, do not show a fatigue limit. The understressing
effect is governed by a strain-aging process and it seems possible that the

fatigue limit may also be attributed to strain aging.

2.6.2. The Fatigue Strength Of Steels At High Temperatures

And Comparison With Other Mechanical Properties

A comparison of fatigue strengths at high temperatures with other
mechanical properties shows that, as at room temperature, the fatigue
strength is quite closely related to the tensile strength, unless the
temperature is so high that the tensile strength is appreciably affected by
creep.

Carbon steels show an unusual fatigue behaviour at high
temperature. From a minimum value at about 100°C, the fatigue strength
increases with increase in temperature by as much as 40% to a maximum
value at about 350°C-400°C, then, with further increase in temperature,
decreases rapidly [5]. Above 400°C the creep strength falls off much more
rapidly than the fatigue strength and much more attention has therefore
been paid to creep strengths than to high temperature fatigue strengths.
Alloy steels for use at high temperatures have been developed primarily to

withstand creep. In general, those steels with high creep strengths also
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have high fatigue strengths at high temperatures. For this purpose, it is
found that the most effective alloying element is molybdenum, and further
improvement is achievedby small additions of chromium or vanadium.
Alloys of this type retain appreciable fatigue strength up to 600°C.

The strengths of quenched and tempered alloy steels decrease
rapidly as the service temperature approaches the tempering temperature.
For service above 400°C to 450°C, it is usually found that steels in the
normalized or normalized and tempered conditions have a superior creep
resistance, although at lower temperatures they are inferior to quenched

and tempered steels.
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Figure 2.4 High Temperature Mechanical Properties for 0.17% C
Steel at 400°C [6]

The static tensile strength also shows an increase with increase in
temperature, but of smaller magnitude, with a maximum strength at about
200°C-250°C (fig. 2.4). This behaviour is attributed to the strengthening



effect of strain aging. The fatigue behaviour is also influenced by the strain
ageing process, the peak occurring at a higher temperature because of
the higher rate of strain imposed in the fatigue tests. Cast iron behaves in
a similar manner, but the effect is smaller or absent in alloy steels. At room
temperature, a rough working rule gives the fatigue strength of steels
equal to half the tensile strength. As the fatigue behaviour differs from the
tensile behaviour with increasing temperature, this rule does not hold at
high temperatures. Thus, for the 17%C steel the ratio is 0.44 at room
temperature falls to 0.33 at 200°C and rises to 0.6 at 400°C.

2.6.3. Effect Of Testing Frequency

At room temperature the frequency has little effect on the fatigue
strength of most metals (except at very high frequencies), although a
reduction in frequency may reduce slightly the number of cycles to failure
at a given stress range.

The effect usually becomes greater with increase in the
temperature, so that failure tends towards dependence on the total time of
application of the stress range instead of on the number of cycles. This
behaviour probably arises because at low temperatures deformation
occurs almost immediately a stress is applied, whereas at high
temperatures deformation continues under stress.

Some recent experiments on a 0.17%C steel showed that at
temperatures between 400°C and 500°C the fatigue strength depended on
the time to failure and was approximately independent of the speed [6].
This behaviour can be markedly influenced by metallurgical changes in the
material.

The metallurgical change in this instance is strain ageing. At the
lower frequency there is more time during the course of a stress cycle for
ageing to occur, so that the maximum benefit is obtained at a lower

temperature.
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2.6.4. Effect Of Metallographic Structure

At moderate temperatures a fine grain-size gives a higher creep
resistance than a coarse grain-size, but this is reversed at high
temperatures, because the grain boundaries becomes weaker than the
grains. At moderate temperatures the fractured surfaces are appeared to
be transgranular, whereas at high temperatures they are intergranular.
The fatigue strength is also influenced in a similar manner, but the change
from transgranular to intergranular fracture occurs at higher temperatures.
Consequently, there is a range of temperature, which is often one that is

important practically, when a coarse grain-size produces higher creep
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strength, but lower fatigue strength. It is possible that better fatigue
strengths would be achieved by under-ageing treatments [5].

The high-temperature fatigue strengths of castings are nearly
always lower than those of forged alloys of similar composition. In this
respect the fatigue behaviour differs from creep, for the creep stregth of
castings is often superior to forgings when the temperature is very high.
One of the reasons for this is that the grain size is often greater in cast
materials and if care is taken to produce fine-grained castings the fatigue
strengths are improved.

The size of dislocation cells is dependent on test temperature,
decreasing up to a certain limit and then increasing. This decrease in cell
size indicates an increase in total dislocation density. As cell size
decreases, rapid dislocation multiplication and rapid locking of mobile
dislocations occur.

Fatigue life changes with grain size and temperature as shown in
figure 2.6 [7].
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Figure 2.6 Effect of Grain Size at Ferrovac Iron [7]
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Fatigue life (Ny) can be expressed in terms of grain size (D) at
constant temperature by the relation:

N; = aDP (2.1)

where a and b are constants.

The parameters a and b which determine the dependency of fatigue
life on grain size and temperature may be considered also as parameters
describing the dependency of crack propagation rate on these variables.
These parameters are highly dependent on the fracture mechanism and
its interaction with grain boundaries. Dynamic strain ageing induces
changes in cyclic deformation characteristics and the fracture mechanism.
The interaction of the fracture process with grain boundaries determines
the degree of fatigue life dependency on grain size. Grain boundaries act
as obstacles to this fracture process. Consequently, an increase in grain
size decreases resistance to the fracture process, resulting in a higher
crack growth rate and decreased life.

Thus, the fatigue life dependency on grain size and temperature

can be explained in terms of the dynamic strain ageing potential.

2.6.5. Effect Of Plastic Deformation During Fatigue

Recent experiments done on mild steels show that at room
temperature the material at the beginning of the test is deforming
elastically, but an increasing plastic strain per cycle develops during the
test. This shows that fatigue stressing causes a work softening and not a
work hardening.

At 400°C-500°C the mild steel shows less plastic deformation
during fatigue than at room temperature [6].

The results at 400°C indicate a progressive work-hardening until no
measurable plastic strain occurs and this condition is followed by fracture
(fig. 2.7). This shows that mild steel shows less crackless plasticity at high

temperatures than at room temperatures.
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Figure 2.7 Effect of Plastic Deformation at Mild Steels [6]

2.7. Fatigue Crack Propagation

Failure problems which result from fatigue generaly follow three
phases:

Phase | - Initiation: Fatigue failure leads to crack nucleation and
crack propagation. This initial phase never extends over more than five
grains around the origin. Sometimes phase | may not be discernible,
depending on material, environment, etc.

Phase Il - Propagation: Progressive cyclic growth of a crack until
the remaining uncracked cross section becomes too weak to sustain the

loads imposed.

Phase Ill - Fracture: Remaining cross section suddenly fractures
as a result of the loads imposed.
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The fatigue life N, is the total number of cycles to failure, therefore
can be taken as the sum of the number of cycles for crack initiation N; and
crack propagation Np:

N¢ = Ni+ Np (2.2)

The contribution of the final phase to the total fatigue life is
insignificant since it occurs so rapidly. Cracks associated with fatigue
failure almost always initiate or nucleate on the surface of a component at
some point of stress concentration. Crack nucleation sites include surface
scratches, sharp fillets, and keyways [4].

Once a stable crack has nucleated, it then initially propagates very
slowly and, this is sometimes called stage | propagation. This stage may

constitute a large or small fraction of the total fatigue life depending on
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stress level and the nature of the test specimen; high stress and the
presence of notches favor a short-lived phase I.

Eventually, a second propagation stage (phase Il) takes over,
wherein the crack extension rate increases dramatically. Furthermore, at
this point there is also a change in propagation direction to one that is
roughly perpendicular to the applied tensile stress. During this stage of
propagation, crack growth proceeds by a repetitive plastic blunting and
sharpening process at the crack tip.

The region of a fracture surface that formed during phase Il
propagation may be characterized by two types of markings termed
beachmarks and striations (fig. 2.9).

Both of these features indicate the position of the crack tip at some
point in time and appear as concentric ridges that expand away from crack
initiation sites, frequently in a circular or semicircular pattern. Beachmarks
are of macroscopic dimensions, and may be observed with an unaided
eye (fig. 2.10).

Clamshel
marking

Figure 2.9 Beachmarks or “Clamshell Pattern” [4]
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On the other hand, fatigue striations are microscopic in size and
subject to observation with the electron microscope either with TEM or
SEM.

Figure 2.10 Example of the Striations Found in Fatigue Fracture [4]

Striation width depends on, and increases with, increasing stress
range. It must be emphasized that although both beachmarks and
striations are fatigue fracture surface features having similar appearances,
they are nevertheless different, both in origin and size. There may be
literally thousands of striations within a single beachmark.

Beachmarks and striations will not appear on that region over which
the rapid failure occurs. Rather, the rapid failure may be either ductile or

brittle, failure.

2.7.1. Influence Of Temperature On Fatigue Crack Propagation

The basic process of fatigue failure in metals at ambient
temperature is the relatively rapid nucleation of small surface cracks
followed by the steady slow growth of one or more of these cracks until

material seperation occurs, or the crack achieves a critical size for fast
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fracture [8]. At elevated temperatures, although this process persists as
the dominant one, secondary effects are observed which can particularly
influence the rate of crack growth. Such effects include the weakening of
grain boundaries, the development of internal grain boundary cracks or
cavities, and an enhanced rate of oxidation of freshly exposed fracture
surfaces. The relative weakness of grain boundaries induces a change of
crack path from predominantly transgranular to intergranular at high

temperatures and low rates of straining.

2.7.2. Fatigue Crack Propagation Rate

Under the influence of cyclic stresses, cracks will inevitably form
and grow; this process, if unabated, can ultimately lead to failure.The rate
at which a crack grows has considerable importance in determining the life
of a material. The propagation of a crack occurs during the second step of
fatigue failure. As a crack begins to propagate, the size of the crack also
begins to grow. The rate at which the crack continues to grow depends on
the stress level applied. [3] The rate at which a crack grows can be seen
mathematically in equation 2.3 by:

(2.3)

7 = ABKT

The variables A and m are properties of the material, da is the
change in crack length, and dN is the change in the number of cycles. K is

the change in the stress intensity factor or by equation 2.4:

AK = K, — Ky = Yhowfma (2.4)

Rearrangement and integration of Eq. 1 gives us the relation of the
number of cycles of failure, N, to the size of the initial flaw length, a,, and

the critical crack length, ac, and Eq. 2:

1 Tda

, 2
N, = f.:ﬂﬂf: 2.5
o iﬂ(F&JJ_) Ax"F (A", V™ (2:5)
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2.8. High Cycle versus Low Cycle Fatigue

Over the years, fatigue failure investigations have led to the
observation that the fatigue process actually embraces two domains of
cyclic stressing or straining that are distinctly different in character. In each
of these domains, failure occurs by apparently different physical
mechanisms: one where significant plastic straining occurs and the other
where stresses and strains are largely confined to the elastic region. The
first domain involves some large cycles, relatively short lives and is usually
referred to as low-cycle fatigue. The other domain is associated with low
loads and long lives and is commonly referred to as high-cycle fatigue.
Low-cycle fatigue is typically associated with fatigue lives between about
10 to 100,000 cycles and high-cycle fatigue with lives greater than
100,000 cycles.

In the high-cycle fatigue domain, measures such as shot peening
and other surface hardening treatments or the use of higher strength
materials are beneficial. For low-cycle fatigue, where ductility and

resistance to plastic flow are important, these measures are inappropriate.

2.8.1. Low Cycle (Cyclic Strain-Controlled) Fatigue

2.8.1.1. Cycle-Dependent Material Response

Cycle-dependent material response under stress and strain control
are shown in Figs. 2.11 and 2.12, respectively, which reflect changes in
the shape of the hysteresis loop [1].

It is seen that, in both cases, the material response changes with
continued cycling until cyclic stability is reached. That is, the material
becomes either more or less resistant to the applied stress and strains.
Therefore, the material is said to cyclically strain harden or strain soften.
Referring to Fig. 2.13 for the case of stress control, where the fatigue test
is conducted in a stress range between P’ and S’, the width of the
hysteresis loop TQ (the plastic strain range) contracts when cyclic

hardening occurs and expands during cyclic softening.
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Figure 2.12 Cycle-dependent material response under strain control [1]

Cyclic softening under stress control is a particularly severe
condition because the constant stress range produces a continually
increasing strain range response, leading to early fracture (Fig. 2.11).
Under cyclic strain conditions within limits of strains X and Y, hysteresis
loop expands above P and below S for cyclic hardening and shrinks below
P and above S for cyclic softening.

Manson et al. observed that the propensity for cyclic hardening or
softening depends on the ratio of monotonic ultimate strength to 0.2%
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offset yield stength. When cui/cys > 1.4, the material will harden, but when
out/oys < 1.2, softening will occur. For ratios between 1.2 and 1.4,
forecasting becomes difficult, though a large change in properties is not
expected. Also if n > 0.20, the material is likely to strain harden, and
softening will occur if n < 0.10. Therefore, inintially hard and strong
materials will generally cyclically strain soften, and initially soft materials

will harden.

Figure 2.13 Hysteresis Loop [1]

The answer to the question of which material cyclically harden or
soften appears to be realated to the nature and stability of the dislocation
substructure of that material. For an initially soft material, the dislocation
density is low. As a result of plastic strain cycling, the dislocation density

increases rapidly, contributing to significant strain hardening. At some
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point, the newly generated dislocations assume a stable configuration for
that material and for the magnitude of cyclic strain imposed during the test.
When a material is hard initially, subsequent strain cycling causes a
rearrangement of dislocations into a new configuration that offers less
resistance to deformation — that is, the material starin softens.

Dislocation mobility that strongly affects dislocation substructure
stability depends on the material’s stacking fault energy (SFE). When SFE
is high, dislocation mobility is great because of enhanced cross-slip;
conversely, cross-slip is restricted in low SFE materials. As a result, some
materials cyclically harden or soften more completely than others.

If cyclic straining causes coarsening of a preexistent cell structure,
then softening will occur. If the cell structure gets finer, then cyclic straining

results in a hardening process.

2.8.1.2. Strain Life Curves

It is convenient to begin the analysis by considering the elastic and
plastic strain components separately. The elastic component is often
described in terms of a relation between the true stress amplitude and

number of load reversals [9,10].

AEP = AET - & (26)
E

AceE = 64 = o7 (2Ny)° (2.7)
2

where Ae, = elastic strain amplitude

é = modulus of elasticity
O3 = stress amplitude
of = fatigue strength coefficient, defined by the stress intercept
at one load reversal (2N; = 1)
N¢ = cycles to failure

b = fatigue strength exponent
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Increased fatigue life is expected with a decreasing fatigue strength
exponent b and an increasing fatigue strength coefficient oy.
The plastic component of strain is best described by the Manson-

Coffin relation:
Aep=er (2Ny)° (2.8)
2

where Aep = plastic strain amplitude
2
e = fatigue ductility coefficient, defined by the strain intercept at
one load reversal (2N¢= 1)
2N; = total strain reversals to failure

c = fatigue ductility exponent, a material property.

Improved fatigue life is expected with a decreasing fatigue ductility
exponent ¢ and an increasing fatigue ductiliy coeficient 5.

Manson et al. argued that the fatigue resistance of a material
subjected to a given strain range could be estimated by superposition of
the elastic and plastic strain components. Therefore, by combining Egs. 2-

6, 2-7, and 2-8, the total strain amplitude may be given by:

Aer=Ace +Acp=of (2N)°+ Aer (2N)° (2.9)
2 2 2 E

The total strain life curve would approach the plastic strain life curve
at large strain amplitudes and approach the elastic strain life curve at low
total strain amplitudes. This is shown in Fig. 2.14 for a high-strength steel

alloy.
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Figure 2.14 Strain-Life Curve [1]

2.8.1.3. Effect of Surface Treatment on Low Cycle Fatigue

For reasonably ductile metals in the low cycle fatigue region, the
large amount of cyclic plastic strain which imposed during the fatigue test
eliminates initial residual stress and greatly reduces the influence of small
scratches and other stress raisers. Furthermore, at short lives where the
slope of the strain-life curve is large, scatter results in small variation in
life. When longer lives are expected and when metals have low ductility,
the same care should be taken to obtain a smooth surface which is as free

of residual stresses as is generally taken with long-life fatigue samples [9].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1. Material

The material used in this study is DIN 35 NiCrMoV 12 5 gun barrel
steel which has a similar composition with AISI/SAE 4340 steel. It was
manufactured by ASIL CELIK — Bursa for Turkish Army Forces in order to
be used as gun barrel production.

The microstructure of this steel is homogenous and consists of
completely tempered martensite which is the result of conventional
qguenching and tempering (Figure 3.1).

It is a high strength low alloy steel (HSLA) processed with vacuum
degassing technology. The chemical composition of the alloy in weight
percentages is given in Table 3.1.

The tensile properties and fracture toughness values of AISI 4340
high strength low alloy steel are given in Tables 3.2 and 3.3 respectively.
The hardness of the tested material is 33-35 Rockwell and UTS is found

as 126 kg/mm?. Tempering temperature is 540 — 550°C.
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Table 3.1 Weight Percentages of Testing Material

35 NiCrMoV 12 5

Element Weight Percentage (%)
C 0,3-0,4
Si 0,15-0,35
Mn 04-0,7
P max. 0,015
S max. 0,015
Cr 1,1-14
Mo 0,35-0,6
Ni 25-35
\% 0,08 -0,2
Al max. 0,015
Fe Balance

Table 3.2 Material Properties of AlSI| 4340 Steel [10]

Tempering | Tensile Yield Elongation | Reduction | Hardness
Temperature | Strength | Strength (%) in Area (Bhn)

(’C) (Mpa) (Mpa) (%)

216 1875 1675 10 38 520
327 1725 1585 10 40 486
438 1470 1365 10 44 430
549 1172 1075 13 51 360
660 965 855 19 60 280

Table 3.3 Fracture Toughness Value of Testing Material

Tempering Temperature (°C)

Fracture Toughness (N.mm

=312
)

540 - 550

4700 - 5100
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(a) L-R direction (b) R-L direction
Figure 3.1 Microstructure of As-Recieved DIN 35NiCrMoV125 Steel (50X)

3.2, Testing Specimen

All specimens were prepared according to ASTM E 606 — 92 [10].
The shape of the specimens is hour — glass type in order to obtain stress
concentration in the middle of the specimen (the minimum diameter) (Fig.
3.2). At all tests, crack initiation and fracture occured at the mid point of
the specimens. Also, for each temperature, a tension test is done [11]. The

results of tension tests are used to determine the maximum loads.

éA‘IO mm & 4,5 mm

40 mm

Figure 3.2 Dimensions of Testing Specimen
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3.3. Fatigue Life Testing
All tests were performed on a closed — loop, servo — controlled
hydraulically activated MTS 810 testing machine which has a 10 tons

capacity. Specimens are machined along L direction. The orientation of
the specimen is shown in figure 3.3.

Figure 3.3 Orientation of Specimen

where;
L = Longitidunal
R = Radial

C = Circumferential
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All tests were carried out at a frequency of 2 Hz. The type of the

wave is haver sine (Fig. 3.4).
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Figure 3.4 Haver Sine Wave

Three temperatures were used at this report (RT, 250°C, 400°C).
The temperatures were chosen by considering the service life of that steel.
Variables are chosen as temperature and load. Stress ratio, R, for all tests
was 0,06. In low cycle testing, strain amplitudes between 0,2%-2% is used
[9]. Maximum loads were determined from the tension tests that carried
out for each temperature (tables 3.4, 3.6, 3.8). The maximum - minimum
stresses and stress amplitudes applied for each temperature are listed in
tables 3.5, 3.7, and 3.9. Duplicates of each experiment are done in order

to obtain more accurate results.

Table 3.4 Room Temperature Strain and Load Values

Room Temperature Strain and Load Values

[0) 0,
do=4,5 (mm) | 0,2%strain | 0,75%strain 1 /‘? 1,5%strain 2 A’
strain strain
Load (kg) 1875 1915 1925 1950 1975
Stress(MPa) 1155 1181 1189 1204 1216
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Table 3.5 Room Temperature Spax, Smin and S, Values

Stress Max. (MPa) | Stress Min. (MPa) | Stress Amp. (MPa)
1216 72,96 571,52
1204 72,24 565,88
1189 71,34 558,83
1181 70,86 555,07
1155 69,30 542,85

Table 3.6 250°C Strain and Load Values

250°C Strain and Load Values

do=4,5(mm) | 0,2%strain | 0,75%strain | 1%strain | 1,5%strain | 2%strain
Load (kg) 1660 1715 1735 1760 1780
Stress(MPa) 1023 1056 1068 1086 1097

Table 3.7 250°C Spax, Smin and S, Values

Stress Max. (MPa) | Stress Min. (MPa) | Stress Amp. (MPa)
1097 65,82 515,59
1086 65,16 510,42
1068 64,08 501,96
1056 63,36 496,32
1023 61,38 480,81

Table 3.8 400°C Strain and Load Values

400°C Strain and Load Values

do=4,5(mm) | 0,2%strain | 0,75%strain | 1%strain | 1,5%strain | 2%strain
Load (kg) 1450 1525 1540 1555 1570
Stress(MPa) 894 941,5 950,5 958 961

36




Table 3.9 400°C Spax, Smin and S, Values

Stress Max. (MPa) | Stress Min. (MPa) | Stress Amp. (MPa)
961 57,66 451,67
958 57,48 450,26
950,5 57,03 446,74
941,5 56,49 442,51
894 53,64 420,18

The furnace model is Satec Systems SF-15 Furnace. This furnace
is of split construction hinged in the rear. The heating element provides
three heat zones, and is wound for maximum continuous operation to
1200°C.

The three in I.D. of the furnace core permits either bar or sheet
samples tobe used. Quick disconnect latches with heat resistant handles
keep furnace sections locked together during tests, and facilitate pening
and closing the furnace. Closures at top and bottom of furnace fit snugly
around pull-bars and reduce heat loss at these points. Max power required
is 115 volts, single phase, 30 amperes, 60hz a.c. The heating range of the
furnace is 0°C to 1200°C and it has a tolerance of +5°C at every 600°C

and +1 for every additional 100°C.
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Figure 3.5 Furnace Attached to MTS Testing Machine
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For temperature measurement during the tests, a thermocouple is
used. The position of the thermocouple is seen in the figure 3.6.

Thermocouple were attached to the system by metallic wires and teflon

bands.
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Figure 3.6 Position of Thermocouple
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MTS testing machine, cylindrical extension of the furnace and the

temperature controlling device are shown in figure 3.7.

Figure 3.7 The Whole Setup

3.4. Fractography

Fractographic analysis was used for macro and micro inspection of
the fracture surfaces. To be able to observe the effect of the temperature
and the strain difference on the specimens from macro and micro
standpoint, both of the analysis were performed on the specimens chosen
among the ones tested at three different testing temperatures and two
different strains.
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Macro analysis of the surface, by which the crack initiation sites are
examined, was performed by a stereo optical microscope at a magnitude
of 20X.

Through the micro fractography, examination of the fracture
surfaces of all specimens for the typical indicators of fatigue fracture and
sudden failure regions such as striations, primary cracks and secondary
cracks, tear ridges and dimples, was possible. The study was done by
JEOL — JSM 6400 Scanning Eletron Microscope (SEM) at an operation
voltage of 20 kV.
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CHAPTER 4

RESULTS AND DISCUSSIONS

As mentioned before, 5 to 10 experiments are needed to define the
low cycle property of a material [9]. So, 5 different strain amplitudes were
chosen. Also, for more accurate results, the duplicates of each experiment
were done. Since the specimens are loaded at and above the yield
strength, a large scatter in the results of duplicate experiments is not
expected. 10 experiments at room temperature (RT), 10 experiments at
250°C and 10 experiments at 400°C, a total of 30 experiments, were seem
to be enough for obtaining reasonable data. At each temperature, 5
different stress amplitudes were used. These stress amplitudes are the
corresponding values of five chosen strain amplitudes. The strain
amplitudes that were used are 2%, 1.5%, 1%, 0.75% and 0.2%.
Corresponding values of these strain amplitudes were calculated from
stress — strain diagrams obtained from the tension tests done at each
temperature. Stress — strain diagrams for RT, 250°C and 400°C can be
seen at figure 4.1. For all experiments stress ratio was 0.06 and frequency

of testing was 2 cycles/sec.
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4.1. Tension and Fatigue Test Results for RT, 250°C and 400°C
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Figure 4.1 Engineering Stress (o) versus Engineering Strain (e) diagrams
for RT, 250°C and 400°C
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Table 4.1 Room Temperature Mechanical Properties

Testing Temperature

Room Temperature

Yield Strength (MPa) 1155

UTS (MPa) 1239

Percent Elongation (%) 13.02
Reduction In Area (%) 45

Table 4.2 250°C Mechanical Properties

Testing Temperature (°C) 250°C
Yield Strength (MPa) 1023
UTS (MPa) 1102
Percent Elongation (%) 10.15
Reduction In Area (%) 47

Table 4.3 400°C Mechanical Properties

Testing Temperature (°C) 400°C
Yield Strength (MPa) 894
UTS (MPa) 981
Percent Elongation (%) 10.41
Reduction In Area (%) 70
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Table 4.4 Room Temperature Fatigue Experiments

Room Temperature Fatigue Experiments

Minimum | Maximum Stress Total
Experiment | Stress Stress Amplitude | Cycle

No. (MPa) (MPa) (MPa) (Ny)
1 72,96 1216 571,52 4400
2 72,96 1216 571,52 5500
3 72,24 1204 565,88 5970
4 72,24 1204 565,88 7980
5 71,34 1189 558,83 10390
6 71,34 1189 558,83 10650
7 70,86 1181 555,07 12470
8 70,86 1181 555,07 19120
9 69,30 1155 542,85 31380
10 69,30 1155 542,85 36280

Table 4.5 250°C Fatigue Experiments
250°C Fatigue Experiments

Minimum | Maximum Stress Total
Experiment | Stress Stress Amplitude | Cycle

No. (MPa) (MPa) (MPa) (Ny)
1 65,82 1097 515,59 6050
2 65,82 1097 515,59 7600
3 65,16 1086 510,42 8060
4 65,16 1086 510,42 8550
5 64,08 1068 501,96 10400
6 64,08 1068 501,96 11630
7 63,36 1056 496,32 13950
8 63,36 1056 496,32 14940
9 61,38 1023 480,81 37860
10 61,38 1023 480,81 41500

45




Table 4.6 400°C Fatigue Experiments

400°C Fatigue Experiments

Minimum | Maximum Stress Total
Experiment | Stress Stress Amplitude | Cycle

No. (MPa) (MPa) (MPa) (N¢)
1 57,66 961 451,67 7500
2 57,66 961 451,67 9000
3 57,48 958 450,26 11000
4 57,48 958 450,26 13250
5 57,03 950,5 446,74 14750
6 57,03 950,5 446,74 16250
7 56,49 941,5 442 51 25000
8 56,49 941,5 442 51 27500
9 53,64 894 420,18 53750
10 53,64 894 420,18 55660

4.2. Fatigue Strength and Fatigue Ductility Curves
According to equations 2.7, 2.8 and 2.9, the low cycle fatigue (strain
— life) curves have two components; one is elastic and the other is plastic.

The elastic component of these curves is defined as:

Gy = Gf’(ZNf)b

This elastic component is defined as fatigue strength property curve
and of value is the y — axis intercept of that curve.
Plastic component of strain — life curves is called as fatigue ductility

curve which has the equation:

Acp=ef (2N
2

where €¢ is the y — axis intercept of that curve.
The combination of these equations gives the whole strain — life

curve equation:
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€1=Ace +Acp=of (2Ny)° + Aer (2Ny)°
2 2 2 E

The breakpoint of the strain — life curve, which is the transition point
from elastic range to plastic range, corresponds to 1 % strain.

The values of fatigue strength coefficient, of, and fatigue strength
exponent, b, are calculated by using the fatigue strength property curves
(figure 4.2) and the equation 2.7. The values of fatigue ductility coefficient,
ef, and fatigue ductility exponent, c, are calculated by using the fatigue
ductility property curves (figure 4.3) and the equation 2.8.

As there is no parameter in these equations which contains
temperature as a variable, the effect of temperature to the shape of these

curves is not expected.

Fatigue Strength Properties
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Figure 4.2 Fatigue Strength Properties
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Fatigue Strength Coefficientrr = of = 1446 MPa
Fatigue Strength Exponentgr =b =-0.026
Fatigue Strength Coefficient,soc = of = 1472 MPa
Fatigue Strength Exponent;soc = b =- 0.0433
Fatigue Strength Coefficientsoc = of = 1397 MPa
Fatigue Strength Exponentsooc = b = - 0.052

Strain Amplitude, %

Fatigue Ductility Properties
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Figure 4.3 Fatigue Ductility Properties

Fatigue Ductility Coefficientrr = ef = 0.1191
Fatigue Ductility Exponentgr=c =-0.919
Fatigue Ductility Coefficientysoc = ef = 0.1771
Fatigue Ductility Exponent;soc = ¢ = - 1.448
Fatigue Ductility Coefficientsooc = € = 0.1478

Fatigue Ductility Exponentsooc =c =-1.311

48




4.3. Elastic to Plastic Transition Life

In Figure 2.15, the point where the plastic and elastic life lines
intersect is called the transition life. The transition life represents the point
at which a stable hysteresis loop has equal elastic and plastic
components. At lives less than the transition, plastic events dominate
elastic ones and at lives longer than the transition elastic events dominate
plastic ones. From this point of view, therefore, the transition life
represents a very convenient and important way of delineating between
the low- and high-cycle fatigue regimes.

This distinction is important because the solutions which may be
proposed to a particular fatigue problem depend entirely on the dominant
loading regime. Problems of high-cycle fatigue are usually tackled through
the selection of stronger, higher UTS materials, or through the application
of compressive surface stresses through shot peening or nitriding. These
solutions would be largely ineffective for the treatment of a low-cycle
fatigue problem. Indeed, the selection of a material with a higher UTS, and
presumably a lower ductility, could well make the situation worse.

The experimental transition life results for the three temperatures
can be determined from the figures 4.4, 4.5 and 4.6. From these figures, it
can be seen that at 0.1 % strain amplitude the slope of all curves change.
The number of cycles that corresponds to that point is the transition life.
For RT 250°C and 400°C, the experimental transition lives can be seen at
table 4.7.

Table 4.7 Comparison of Experimental Transition Lives

Experimental Data
RT 10390 — 10650 cycles
250°C 11630 — 13750 cycles
400°C 14750 — 16250 cycles
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RT - Transition Life
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Figure 4.5 Transition Life at 250°C
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400°C - Transition Life
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Figure 4.6 Transition Life at 400°C

4.4. Strain Amplitude versus Fatigue Life (e-N) Curves
Strain amplitude versus fatigue life curves are obtained by
coinciding fatigue strength property and fatigue ductility property curves for

each temperature.

4.4.1. Room Temperature e — N Curve

At room temperature, strain amplitude versus reversals to failure
curve shows a typical behaviour (fig. 4.7). The transition point can be seen
at the 1 % strain range. This is an expected behaviour since the transition
point from elastic range to plastic range is generally seen at 0.1 strain
amplitude. The total life of the material at the transition point is nearly
10390 - 10650 cycles. At 0.2 % strain, the material withstands 31380 —
36280 cycles which is the maximum value for room temperature
experiments. Minimum cycles to failure occured at 2 % strain at 4400 —
5500 cycles.
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4.4.2.250°C e — N Curve

The S — N curve for 250°C shows a slightly different property
compared with the room temperature curve (fig. 4.7). The slope of both the
fatigue ductility and fatigue strength lines decrease a little. The transition
life is seen at 1% strain range again, but a greater value is obtained
compared with the room temperature experiments (11630 — 13750
cycles). For all strain ranges of 0.2% to 2%, the material withstands
greater number of cycles. Maximum life is seen at the 0.2% strain range
(37860 — 41500 cycles), and minimum is seen at 2% strain range with the
value of 5380 to 6220 cycles.

Low Cycle Fatigue Properties
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Figure 4.7 Strain - Life Curves at Three Temperatures

4.4.3.400°C e — N Curve
Strain versus fatigue life curve obtained from 400°C experiments

shows a shift to right (increasing number of cycles to failure) compared
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with the room temperature and 250°C curves (fig. 4.7). For all strain
ranges, the material withstands greater number of cycles. The transition
life is seen at 1% strain range again, but a greater value is obtained
compared with other temperatures (14750 — 16250 cycles). Maximum life
is seen at the 0.2% strain range (53750 — 55660 cycles), and minimum is

seen at 2% strain range with the value of 7500 to 9000 cycles.

4.5. Stress versus Fatigue Life (S-N) Curves

Fatigue performance of a material is generally analyzed in two
different ways; one is fatigue life and the other is fatigue strength. The
number of cycles required for a material to fail at a certain stres or strain is
fatigue life. The stress at which failure occurs for a given number of cycles
is the fatigue strength. At the previous chapter, it was explained with
experimental results that at a given strain, fatigue life of the testing
material increases with increasing temperature. From the stress point of
view, the effect of temperature is observed in a different manner. The
fatigue strength and fatigue life of testing material at a given maximum
stress decreases with increasing temperature (fig. 4.8). The equations for
those three curves could be written in the Basquin equation form as
follows:

orT=1505.7 (N;)*0%3

6250c=1590.8 (N;) 00416

G400c=1339.2 (N;)0-03%

Those three equations have shown that, for a given stress value,
the number of cycles to failure decreases drastically with increasing
temperature.

From the figure, for example at 10* cycles, fatigue strength of the
material decreases from 1193 MPa to 962 MPa as the temperature
increased from RT to 400°C. The reason of the decrease in fatigue

strength with temperature could be related with the tensile properties of
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the material. Tension test results have shown that the yield stress and the

ultimate tensile strength values are lower at high temperatures.

S -N Curves at Three Temperatures
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Figure 4.8 Stress - Life Curves at Three Temperatures

4.6. Effect of Temperature on Fatigue Life Results

The fatigue life of DIN 35NiCrMoV12 5 steel increases with
increasing temperature up to a certain limit. As discussed in the previous
chapters, the peak of fatigue life is expected to be at the range of 400°C —
450°C. Above this limit, fatigue strength will decrease rapidly.

This decrease in fatigue strength has a few reasons. One reason is
the formation of surface oxide cracks above 400°C. The tips of newly
formed cracks starts to oxidize and the propagation of these cracks
become easier [12]. Secondly, this is the limit above which creep strength
falls off more rapidly than fatigue strength and because of this, the service

life of the material decrease profoundly. Another reason is the weakening
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of grain boundaries at high temperatures. As the grains weaken, the
transgranular type propagation of cracks changed into intergranular form.
Also, internal grain cracks and oxidation of fracture surfaces occur [5].
Lastly, for tempered steels, the approaching of service temperature to
tempering temperature has a great effect in the decrease of fatigue
strength. In this report, the temperatures used during experiments are
chosen as room temperature, 250°C and 400°C. The upper limit is
determined by taking service conditions into account. It can be seen from
the results listed in table 4.8 that at all strain ranges, the fatigue life of DIN
35 NiCrMoV 12 5 steel increases.

Containing molydenum, chromium and vanadium, all of which are
effective elements for an alloy to retain appreciable fatigue strength up to
a certain temperature [5], DIN 35NiCrMoV12 5 steel has a high fatigue
strength. The experiments show that, at constant strain, as the
temperature increases the fatigue life of this material also increases (fig
4.7). From the microscopic investigations it was observed that the
microstructure of the specimens after the experiments, even at high

temperatures, shows no significant change (fig.4.9).

Figure 4.9 Microstructure of Specimen After Fatigue Test at 400°C
and 0.2% Strain Amplitude (50X)
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The main reason of this behaviour is either the cyclic strain
hardening or relatively lower cyclic strain softening with increasing
temperature. As discussed in the previous chapters, fatigue stressing may
cause work — softening rather than work — hardening at room temperature.
But when the temperature is increased less plastic deformation, in other
words work — hardening, occurs. This decreased plastic deformation
makes the steel shows less crackless plasticity at high temperatures than
at room temperature. The effect of cyclic work hardening is greater at
lower strain ranges. As the strain range increases, the time for hardening
shortens and the effect of temperature becomes less. In other words,

fatigue resistance of material increases if the applied strain is decreased.

Table 4.8 Results of all Fatigue Experiments

25°C 250°C 400°C
. 4400 — 5500 6050 — 7600 7500 - 9000
2 % strain
cycles cycles cycles
o . 5970 — 7980 8060 — 8550 11000 - 13250
1.5 % strain
cycles cycles cycles
. 10390 — 10650 | 10400 -11630 | 14750 - 16250
1 % strain
cycles cycles cycles
. 12470 - 19120 | 13950 — 14940 | 27500 - 31250
0.75 % strain
cycles cycles cycles
o . 31380 — 36280 | 37860 —41500 | 53750 - 55660
0.2 % strain
cycles cycles cycles

In a recent study by R. Alain [18], a secondary cyclic hardening
stage appears between 250°C — 450°C. In that temperature range, the
material exhibits an improvement in the fatigue resistance. The
temperatures of 200°C — 400°C corresponds to the temperature range

where dynamic strain aging takes place. According to Kanazawa [19] and
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Zauter et al. [20], a cyclic hardening occurs with the appearance of strain
aging in the range of 200°C — 500°C.

If cyclic softening is considered for the testing material, cyclic
softening effects the total life in such a way that, the amount of softening
decreases as testing temperature increases. In the study of G. Bernhart ,
G. Moulinier, O. Brucelle and D. Delagnes [21], softening depends on the
temperature and the initial total strain amplitude. According to their study,
from the temperature range of 200°C — 550°C, the material (55NiCrMoV8)
exhibits a cyclic strain softening. But the amount of softening decreases
between the range of RT to 350°C. Such a behaviour also noticed in
martensitic 5% chromium tool steels [22]. The initial high dislocation
density which results from the quenching, decreases during cycling and
generates dislocation cell structures. Size of dislocation cells is another
reason of increasing fatigue life with temperature. During cyclic
deformation the cell size decreases up to a certain limit with increasing
temperature [7]. This decrease increases total dislocation density. As cell
size decrease, dislocation multiplication and rapid locking of mobile
dislocation occurs. Also, grain boundaries act as obstacles to cracks.

At the testing temperature of 400°C, the material withstands greater
strain amplitudes without cracking. But after the formation of surface
cracks, a higher crack propagation rate is expected. The reason for this
behaviour is a typical phenomenon called fatigue softening. In the study of
Ishii et al. [23]; during the fatigue process of materials hardened by solid
solution, martensitic transformation etc., gradual elimination of obstacles
such as precipitates and grain boundaries to motion of dislocations cause
fatigue softening.

Manson [1] observed that cyclic hardening or cyclic softening of a
material dependes on the monotonic mechanical properties. The ratio of

monotonic ultimate tensile strength to 0.2 % offset yield strength is the

determinative factor for hardening or softening. If Gurs / Obofiset yield =~ 1,4
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the material cyclically hardens and cyclic softening occurs if Gyrs / Ooffset

veld < 1,2. The ratios of ultimate tensile strengths to offset yield values of

DIN 35NiCrMoV12 5 steel are calculated by using the values of ultimate
tensile strengths and offset yield strengths for each temperature that are
given at the tables 4.1, 4.2 and 4.3 at page 44. The ratios for each
temperature are as follows:

outs / Oofiset yield ratio for RT is 1,07.

outs | Goffset yield ratio for 250°C is 1,08.

outs | Goftset yield ratio for 400°C is 1,1.

From these results, it can be concluded that at all test temperatures
the material cyclically softens. But, as the temperature increases, the ratio
approaches to the limiting value of 1,2. These results contribute the idea of

relatively less amount of cyclic softening at higher temperatures.

4.6.1. Temperature — Fatigue Life Correlation by Fatigue
Damage Equations

The term ‘fatigue damage’ is often used to interpret the phenomena
of fatigue failure. In the propagation of a single crack, the depth of the
crack is regarded as fatigue damage [14].

The state of cracks was represented by the distribution of crack
density from the outer surface to the interior of the specimen. According to
Kunio, lwamoto and Kanazawa, the state of cracks may be regarded as
fatigue damage [15]. The following equations give a relationship between

fatigue life and temperature.

D = f(k,N) 4.1
k=C(T,z).U 4.2
U=Aep, Ac 4.3
CU,r)za.exp(_?Cl)er 4.4
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a=2,1*103*7 %%

b=1 C4 = 7600

k ={2,1%10% 7 “¥"*exp(-7600/T) +1}.U
k.N¢ = 4,2*10° / Ae,>*®

N; = 4,2*10°

4.5

4.6
4.7

Ac p1 '45*AG*{2, 1*1 03* r 0-37*exp(-7600/T) + 1} 4.8

where;

D = state of cracks

k = variable governing factors temp, rate etc.

T = reciprocal of strain rate

U = plastic strain energy per cycle

Table 4.9 Comparison of Exp. and Calc. Results by Damage Equations

Experimental Cycles

Calculated Cycles to

T=RT . .

to Failure Failure
2 % strain range 4400 - 5500 2097
1,5 % strain range 5970 - 7980 3209
1 % strain range 10390 - 10650 5878
0,75 % strain range 12470 - 19120 8998
0,2 % strain range 31380 - 36280 62808
T = 250°C Experimen_tal Cycles Calculatele Cycles to

to Failure Failure
2 % strain range 6050 - 7600 2348
1,5 % strain range 8060 - 8550 3585
1 % strain range 10400 - 11630 6559
0,75 % strain range 13950 - 14940 10076
0,2 % strain range 37860 - 41500 71510
T = 400°C Expertimen_tal Cycles Calculatefi Cycles to

o Failure Failure
2 % strain range 7500 - 9000 2721
1,5 % strain range 11000 - 13250 4186
1 % strain range 14750 - 16250 7665
0,75 % strain range 27500 - 31250 11952
0,2 % strain range 53750 - 55660 86078
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Although the calculated results show a similar manner with the
experimental values, there are big differences between them (table 4.9).
Calculated results support the experimental results in the way that an
increase in the temperature of environment also increases fatigue life. But,
by this equation the incresing behaviour continues and a peak in the
fatigue strength would not obtained. The difference between the
experimental and calculated results occur because of the variables (k, C+)
that contain some constants related with the material.

As a result, the correlation between temperature and fatigue life by
fatigue damage equations does not give accurate results. By these
equations, only the idea of increasing temperature increases fatigue life is

supported.

4.6.2. Temperature — Fatigue Life Correlation by Experimental
Results
The polynomial equations obtained from the experimental data

gives the best accomodation with the known fatigue life versus
temperature relationship (fig. 4.10).

Equations Obtained From Experimental Data:

1) 0,2% strain N;=0,192.T? - 26,8.T + 34380

2) 0,75% strain N; = 0,2814.T2 - 83,391.T + 17704

3) 1% strain N¢ = 0,0739.T%- 18,113.T + 10927
4) 1,5% strain N¢ = 0,0521.T% - 8,4296.T + 7153, 1
5) 2% strain N; = 0,0031.T? + 7,4778.T + 4761,1

The relationship between equations 2 - 4 and 3 - 5 shows that as
the strain range decreases to a value of one half, fatigue life increases to a
value of nearly twice (table 4.10). This behaviour is expected to continue
until 450°C — 500°C. Then, as discussed in the previous chapters, fatigue

life decreases rapidly with increasing temperature.
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Figure 4.10 Temperature versus Total Life

Table 4.10 Fatigue Lives Calculated by Polynomial Equations

calculated cycles to failure | 25°C 250°C 400°C
0,2% strain 33830 39680 54380
0,75% strain 15795 14444 29400
1% strain 10520 11018 15506
1,5% strain 6975 8302 12117
2% strain 4952 6824 8248

4.7. Fractographic Results

4.7.1. Macro Inspection

Figures 4.11, 4.12 and 4.13 show the macro structure of the

fractured surfaces of the specimens tested at RT, 250°C and 400°C

respectively. Since the strain range is at highest value (2 % strain), several

cracks are formed at the surface of the specimens (pointed in circles).

These cracks could not penetrate through deeper parts of the specimens,

after a small distance sudden failure occurred.
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Figure 4.11 Crack Initiation Sites (encircled regions) at RT and 2 % Strain
Amplitude

Figure 4.12 Crack Initiation Sites (encircled regions) at 250°C and 2 %
Strain Amplitude
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Figure 4.13 Crack Initiation Sites (encircled regions) at 400°C and 2 %
Strain Amplitude

For the minimum strain range used in this report (0.2 % strain), the
formation of cracks differs from higher strain ranges. At lower strains, only
a single crack is dominant (fig. 4.14, 4.15) and the fracture occurred by the
propagation of that crack (pointed in circles). Stable and unstable crack
growth regions and sudden failure region can easily be seen in these
figures.
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Figure 4.15 Crack Initiation Site at 400°C & 0.2 % Strain Amplitude
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4.7.2. Micro Inspection

During the micro analyses of the fractured surfaces, typical
indicators of fatigue failure such as dimples, tear ridges, stable and
unstable crack growths, primary and secondary cracks and fatigue
striations are observed.

Crack initiation sites can easily observed from figures 4.16 and
4.17. Point ‘@’ in fig. 4.16 shows the main crack initiation site. The
propagation path of that crack is along the arrow pointed with ‘b’. Tear
ridges are seen as white lines (point ‘c’). At fig. 4.17, stage | and stage Il
crack growth behaviours are observed. The region stated with ‘a’ is the
stage | area and point ‘b’ is the start of stage Il crack growth. Point ‘C’
shows the river — pattern like appearances forming along the crack growth

direction.

Figure 4.16 Crack Initiation at 250°C and 0.2 % Strain
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Figure 4.17 Crack Initiation at 400°C and 0.2 % Strain

At the following figure (fig. 4.18), the white patterns (pointed with ‘a’)
are called the tear ridges. This fatigue indicator shows the direction of the
propagation (crack growth direction is shown on the figure). The
penetration of tear ridges can be described as opposite of branching
(joining of small branches). Point ‘b’ shows a secondary crack which are

generally form perpendicular to the tear ridges.
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Figure 4.18 Tear Ridges and Secondary Crack at 250°C and 0.2 % Strain
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Figure 4.19 Striations and Secondary Cracks at 250°C and 2 % Strain
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Figure 4.19 shows tear ridge and secondary crack pointed by ‘a’
and ‘c’ respectively. The indicators marked with ‘b’ are fatigue striations
that occur at every single cycle. Crack growth direction is perpendicular to
both the secondary cracks and the striations. By using those striations, the
growth rate can be calculated. A closer view of striations can be seen at
fig. 4.20. The crack growth rate for point ‘a’ is nearly 1.3um/cycle at 250°C
at a strain range of 2 %. At 400°C the rate is about 2.5um/cycle (point ‘a’
on fig.4.21). In order to obtain an overall growth rate, the whole surface of
the crack propagation region must be considered and an average value of
the striation spacings must be calculated.

METU ZaKLu

Figure 4.20 Striations Formed at 250°C and 2 % Strain
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Figure 4.21 Striations Formed at 400°C and 2 % Strain

Dimples which have sponge-like structure are seen in the fast
fracture region. Figure 4.22 and 4.23 show typical examples of the fast
fracture region. For all temperatures and strain ranges, the formation of
dimples are similar. So temperature has no effect on the formation of
dimples.
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Figure 4.23 Dimples Formed at 400°C and 0.2 % Strain
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CHAPTER §

CONCLUSIONS

As temperature increases, fatigue life at a given strain
amplitude also increases thus, at 400°C, the maximum fatigue

life is reached.

Fatigue strength and fatigue life at a given stress amplitude
are inversely proportional with temperature. They, do decrease

with increasing temperature.
The effect of temperature on the transition life is negligable.

At low strain amplitudes, a single crack initiates and causes
failure. As the applied strain is increased, an increase in the
number of crack initiation sites is observed. The length of
those cracks is shorter compared with the single crack that

formed at lower strains.
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