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Fracture behavior of carbon steel 1018 operating in low-temperature environments is investigated. Specifically,
fully-reversed bending experimental tests are performed to examine the efficacy of applying the concept of
Fracture Fatigue Entropy (FFE) for predicting fatigue life at different environmental temperatures. A large
cooling chamber was constructed that houses the entire bending test rig and maintains the environmental
temperature at the desired value down to —10 °C. It is shown that under conditions tested, fatigue life improves

at lower operating temperatures. Results also reveal that FFE remains nearly constant and can be used for reliable
prediction of fatigue life. lllustrative examples are provided to show the utility of the approach for prediction

purposes.

1. Introduction

Metal fatigue presents a major concern for safety and maintenance
practices in industry [1-3]. Of particular interest in both the design and
health monitoring of components is a reliable prediction of fatigue life
under specific working conditions. While rich volumes of research data
are available in the open literature, a general method capable of pre-
dicting how environmental temperature affects fatigue life is lacking
[4]1.

A notable early work (1957) on low-temperature fatigue is by
McCammon and Rosenberg [5], who performed cyclic ten-
sion—-compression experiments at temperatures between —269 °C to
20 °C and calculated fatigue life for copper, silver, gold, aluminum,
magnesium, zinc and iron. They showed that, except in the case of iron
and zine, the fatigue characteristics of these materials improved
considerably at low temperatures. Stephens et al. [6] in 1979 presented
a review of the impact of low-temperature environments on the fatigue
life of different types of steel, such as carbon steel, cast steel, ete. They
showed that at low temperatures, the fatigue resistance of unnotched
and notched specimens improved, and fatigue life in high-cycle fatigue
tests increased; however, this change was found to be more pronounced
in unnotched specimens. At low-cycle fatigue tests different behaviors
were observed for various steels. Low ductility and low fracture tough-
ness are two important factors in lower temperatures.

Verkin et al. [7] in 1983 published a review article on the influence
of low-temperature environments on the fatigue life of mertals and al-
loys. They attempted to analyze the effect of low temperatures on the
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rate of crack growth via linear fracture mechanics and introduced
Equation (1) to describe the crack propagation rate in high-strength
steels for temperatures between 20 °C and —100 °C.

dl (410 + aln(AK))

e 1
exp — (1

dN

where U, is the initiation energy, AK is the difference between the
initial threshold and critical stresses, A and a are material constants, R is
the universal gas constant and T is temperature. They observed that
crack nucleation at low temperatures takes longer to develop since the
planar slip of dislocations increases; however, once formed, the crack
growth rate is faster than at room temperature.

Vogt et al. [8], in 1991, investigated the effect of low temperature
and nitrogen alloying for 316L-type austenitic stainless steel. The results
revealed that adding nitrogen to the specimen increases fatigue resis-
tance at both 27 °C and —196 °C. Low-cycle fatigue tests also exhibited
an increase in planar slip of dislocations, confirming the increase in
fatigue life at lower temperatures for such materials. Kang et al. [9] in
2009 experimentally investigated the impact of low temperatures on the
static and fatigue behavior of welded SM490A steel. The results of the
study showed that, down to —40 °C, the static strength of the material
increased and the fatigue life improved. However, the improvement was
found to be significantly dependent on welding the material.

In 2013 Fassina et al. [10] conducted tests on X65 micro-alloyed and
F22 low alloy steels embrittled with hydrogen at various temperatures
and frequencies. The results show that although reference [7] suggests
that temperature and crack propagation have opposite relations for
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high-strength steels, hydrogen embrittlement can change this behavior.
This means that an increase in temperature between roon temperature
and the minimum of —100 °C increases the crack growth rate. Jung et al.
[11] in 2014 investigated how low temperatures could affect the fatigue
crack propagation in X80 steel. A drastic reduction in crack propagation
rate was found in lower temperatures. Liao et al. [12] experimentally
investigated the crack propagation rate and its dependency on low
ambient temperature influences the rate for Q345gD steel, typically
used in bridge constructions in China. Their results showed that the
crack growth rate in the base material decreased by reducing the tem-
perature to —60 °C; however, the opposite was found for the butt welds.
They attributed this behavior to the lower ductile-to-brittle transition
temperature in the base material, where the weld metal exhibited the
opposite trend. Zhang et al. [13] used Q420 steel to study modifications
caused by lower environmental temperatures on fatigue strength. Their
experimental data also revealed that the life improves with a decrease in
temperature in such material.

While a host of empirical results are available on the effect of tem-
perature on fatigue life, they are largely limited to specific operating
conditions and lack generalization. Recent efforts in applying the prin-
ciples of irreversible thermodynamics show that it is possible to develop
a general framework for treating mechanical fatigue [14]. In particular,
research shows that the concept of Fracture Fatigue Entropy (FFE)
introduced by Naderi et al. [15] provides a general fatigue degradation
index applicable to different loading and operating conditions. FFE is the
cumulative entropy generated during the fatigue process beyond which
fracture occurs. Extensive research shows that the FFE does not depend
on the geometry or the type of loading, tension-compression, torsion, or
bending and can be viewed as a material property. The efficacy of FFE
has been experimentally validated by Jang and Khonsari [16]. Jirandehi
and Khonsari [17] presented a microstructure-sensitive model for the
evaluation of dissipated energy for Al 7075-T6 and LCS 1018. The data
generated using an FEM showed good agreement with measured FFE
using an IR camera. Teng et al. [18] experimentally validated FFE for
SAE 1045 and showed that the FFE is an independent parameter from
loading amplitudes. In 2016 Ontiveros et al. [19] also investigated the
validity of FFE for predicting crack initiation of AA7075-T651 notched
specimens. Results were obtained using hysteresis loops and measuring
surface temperature evolution. Idris et al. [20] used entropy generation
during a fatigue process to investigate the crack propagation rate. The
FFE concept has also been employed to predict life and S-N curves for
carbon fiber reinforced polymer by Huang et al. [21], who should that
FFE is independent of stress amplitudes for such polymers. In 2021 Wei
et al. [22] used FFE to study the fatigue behavior of Q460 welded joints
for high-cycle fatigue and showed that the results for predicting fatigue
limit are consistent with the traditional staircase method. A recent work
by Huang et al. [23] extends the applications of FFE to life evaluation for
carbon-based composite materials. The results suggest FFE on logarith-
mic scale experiences no difference under various loading stresses.

The first investigation on the effect of environmental temperature on
FFE was conducted by Haghshenas and Khonsari [24]. They built an
environmentally-controlled heating chamber and performed fully-
reversed bending tests on carbon steel 1018 specimens from 20 °C to
200 °C. They showed that under the conditions tested, the fatigue life
decreased as the environmental temperature increased. However, the
average FFE remained relatively constant. More recently, Jirandehi
et al. [4] presented experimental and computation results for FFE of
additively manufactured C-1815 copper alloy specimens up to 426 °C in
tension—compression mode and reported that the average FFE remains
constant.

This paper investigates the applicability of FFE in low environmental
temperatures. The outline of this paper is as follows. The background
formulation of FFE, the governing equations, and the concept of internal
friction as a non-damaging parameter are presented in Section 2. The
third section describes the material specifications and preparation
techniques. Section 4 is devoted to the testing machine, test
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environment, sensors and experimental procedure, and Section 5 dis-
cusses the results of the room and low-temperature fatigue tests. Section
6 presents the applications of FFE for life prediction with experimental
verification. The summary and concluding remarks are covered in Sec-
tion 7.

2. Theory
2.1. Fracture fatigue entropy

The first law of thermodynamics states that the rate of change in the
internal energy of a control volume is equal to the rate of work done
through the control volume added to the rate of heat transfer associated
with that control volume. This law can be applied to a control volume
containing any type of structure undergoing time-dependent cyclic
stress or strain. As the material inside the control volume experiences
plastic and inelastic deformation due to work done via external actua-
tion, internal heat generation causes the material to experience self-
heating.

ngdVJrkaZTdef h(Tme)dAff 0, (T — T2 )dA
v ¥ Ags

Ag

or
= pC,—dV (2)
-[V Ly ot
where Eg is the generated energy due to plastic strain, and the
thermal conductivity, heat transfer coefficient, emissivity and Stefan-
Boltzmann coefficients are denoted as k, h, ¢, and o, , respectively,
and A, stands for gage surface area. Assuming that E; is the mechanical
energy into the control volume and considering a uniform gage section
equation (3) can be written [25].
FT hP
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where T, is the ambient temperature and P is the perimeter.
Considering the temperatures in Kelvin, the temperature difference is
generally negligible compared to ambient temperature. Letting ¢ =
T —T,, and E, to be w,, and linearizing the radiation term using Taylor
series, Equation (4) will be obtained.
%_mzmw :é% 4

" 3
where «a is the diffusivity, and m? = %ﬂ. The second order

differential equation can be solved considering homogenous and equi-
librium solution. The final derivative for # is shown in equation (5). The
interested reader may refer to reference [25] for complete derivation.

2
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Where L is the boundary length of the control volume and C, is
defined in equation (6). Time derivative of € at t = 0 will result in
equation (Eqn 7).
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The second law of thermodynamics in terms of Clasius-Duhem
inequality is stated below.
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: q\ ps
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where p is the mass density, 7 is the rate of entropy per unit mass, q is
the heat flux vector, T denotes the absolute temperature and s represents
an energy source per unit mass [26].
W, J, VT E
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where J, is the conductive heat flux. The entropy due non-
recoverable energy stored in the material can be neglected [27].

Therefore, % can be assumed negligible.

As seen in Equation (12), entropy generation depends on two factors:
the dissipated energy due to plastic deformation and heat conduction.
Naderi et al. [15] showed that the entropy generation related to heat
conduction is insignificant and can be neglected. Thus Equation (12)
simplifies to.

=" (13)

By integrating the above equation over the time in which the fatigue
process takes place, the accumulated produced entropy can be
predicted.

f
W,
= —Ldt 14
1 AT (14)

FFE can be determined by integrating Equation (14) to , the time at
fracture occurs, with Ny as the associated number of cycles to failure.

i
FFE:q:/’ﬂdf:%x& (15)
o T T f

where f is the actuation frequency.

Equation (15) implies thart if the FFE of a material is known, one can
predict the fatigue life Ny This requires one to evaluate W, and T.
Therefore, accumulated entropy generation through the process can be
acquired by the following relation.

FFE =

’—)C;R” x Y (16)

i
where R, is the rate of temperature variations at the beginning of the
operation. See Fig. 1.
Thus, FFE can be evaluated by measuring the temperature rise at the
beginning of the experiment. An alternative approach for determining
Ry is to halt the experiment after reaching a steady state (Phase II) and

T Initial drastic
change in
temperature
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then measuring the rate at which the specimen cools [28]. It can be
shown that the rate at which the specimen temperature drops is pre-
cisely the same as Ry [25].

2.2. The role of internal friction

Fatigue process is governed by irreversible thermodynamics in which
energy dissipation due to plastic deformation progressively degrades the
material until fracture. An important factor in cyclic fatigue is the so-
called internal friction or anelastic energy [26], which arises when the
stress or strain imparted into the structure is less than the fatigue limit
(or endurance limit), and consequently the medium experiences
anelastic deformation. It is worth mentioning that internal friction is
studied in the context of fatigue.

In general, intrinsic defects in materials during manufacturing will
turn into the shape of permanent dislocations in cyclic loadings that
promotes crack initiation that grows and eventually causes fracture.
Some of these substructural defects are in the form of half-planes in the
material’s lattice. The load imposed on the material during cyclic
loading creates enough activation energy for the half-planes to experi-
ence edge dislocation. This phenomenon happens when lines of atoms in
such half planes receive enough energy to travel from neighboring en-
ergy levels, or Peirels valleys, to the next energy level. At very low-stress
amplitudes, it is unlikely that all atoms receive enough energy to travel
to the next Peirels valley; instead, they form kink bands that contain
some of the atoms in half-planes traveling to the next Peirels valley and
the rest tend to oscillate in their initial energy level. These kink bands
return to their initial locations gradually and are considered to be non-
damaging (Fig. 2) [4,29]. Accordingly, a material undergoing stress at
levels below the fatigue limit will experience a very high number of
cycles before failure. In contrast, at high-stress levels, only a small
portion of half of the planes form kink bands due to a higher level of
energy introduced to the material structure. Therefore, it is important to
consider the share of energy dissipation that is not contributing to ma-
terial degradation. Moreover, as the material receives higher amounts of
energy at higher stress amplitudes, the number of local defects affected
becomes greater, which means a higher number of kink bands will be
formed. This will result in higher values of internal friction per cycle at
larger stress levels. Generally, the value for internal friction per cycle
due to anelastic deformation directly correlates with stress amplitude
[30,31]. Yet, the value for accumulated energy contributed by internal
friction for high-cycle tests is significantly larger than that of low-cycle
fatigue tests since the anelastic deformation is multiplied by a very large

Specimen Failure

Surface temperature

Steady state region of the
fatigue process, Tgg

Final temperature
increase before

- = ——— -

fracture
Environment temperature
Initial slope, Ry
1
i i »
Phase I : Phase II : Phase III
1 1 -
Time

Fig. 1. Evolution of temperature.
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Fig. 2. Material lattice with half-planes and the direction of Burgers vector that decides the oscillatory movement of atoms between neighboring Peirles valleys. Red
atoms represent the half-plane formations. ¥ is the energy level of each Hill barrier and valley and y denotes the length of half-plane in material lattice. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

number of cycles at high and very high-cycle fatigue tests.

Fig. 3 illustrates the impact of internal friction on generated energy
during fatigue process. The contribution of internal friction in dissipated
energy affects the value measured for the initial slope of temperature
variations. Thus, R, consists of two parts: one term associated with
plastic deformation, Rg, and the other to account for the role of internal

friction, RY, [26,32,33].

R =R+ R (17)

3. Material design, fabrication and preparation

Specimens are made of Carbon Steel 1018 designed for reversed
bending experiments with two circular arcs on both sides to establish
nominal stress alongside the test region. They were fabricated according
to the American Society for Testing and Material Special Technical
Publication 566 (ASTM STP 566) standards [34]. Specimens are pol-
ished longitudinally on both sides to a surface finish of 0.2 ym. Fig. 4
shows a schematic illustration of the dimensions of specimens. Table 1

Total generated energy
at a specific
stress/strain level

(pchz) /

Generated energy

Generated energy bc.:fo.re
exceeding fatigue limit

Fatigue Endurance
threshold

—

and 2 show the mechanical properties and composition of CS 1018, as
received by the supplier. Fig. 5 gives the stress—strain diagram for the
material tested for this research.

4. Working principle of the apparatus, sensors and experimental
procedure

4.1. Test apparatus

The test rig is a displacement-controlled, fully-reversed bending fa-
tigue machine (Fatigue Dynamics, Inc.). The operator sets the desired
frequency and actuation displacement and a counter keeps track of the

number of cycles to failure. Fig. 6 shows a schematic illustration of the
testing machine.

4.2. IR camera and thermal measurement instrumnents

An infrared (IR) camera (FLIR A600) with an image frequency of 50
Hz, and resolution of 640 x 480 pixels, and the capability to detect

Irreversible
generated energy
(pc,RE)

Reversible generated
r
energy (pr:_,,RBL

Imposed stress or strain

Fig. 3. Relationship between accumulated generated energy, microplastic deformation and internal friction.
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Fig. 4. Geometry and dimensions of CS 1018 specimen (all units are in mm).

temperature differences as small as 50 mK was used. The accuracy of this
camera is £2°C or £2% of the reading. The temperature range thar the
camera is capable of detecting is —20 C to 2000'C. A portable ther-
mometer ranging from —50'C to 150°C was used to read the initial
temperature inside the cooling chamber. A K-type thermocouple with a
range of —50'C to 700°C was placed inside the chamber to monitor the
temperature changes during the test. The design of the chamber is
described next.

4.3. Cooling chamber

An insulted cooling chamber was designed and built to regulate the
temperature. Its walls are made of extruded polystyrene (XPS) foam
insulation (FOAMULAR 150) with a thickness of 12.7 mm. The entire
test rig was placed in the cooling chamber. The bottom part of the testing
table is also insulated using an insulating material. To reduce the tem-
perature inside the box, two compact medical freezers (EdgeStar
CMF151L-1) were used. The freezers are rated to reach a temperature as
low as —20°C. They are placed in two different positions concerning the
specimen to maintain a uniform temperature in the entire interior
environment. Two fans were placed inside the freezers for air circulation
to create a uniform temperature regime during the test. The chamber has
two small slots for the operator to access the control box for frequency
adjustments and for the IR camera to capture the specimen’s surface
temperature.

4.4. Stress measurenient sensors

A miniature load cell (FUTEK LCM300) load cell was threaded in line
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with the actuator to allow assessment of the stress imparted into the
specimen. To accommodate the load cell, the handle on which the load is
applied had to be redesigned. A nano-volt/micro-ochm meter (KEYSIGHT
344204) and its software (KEYSIGHT BenchVue) were utilized to reg-
ister and record the output voltage of the load cell. The load captured by
the loadcell is then processed to measure the stress imposed on the
specimen at the point at which fracture occurs. The bending stress
equation (Eq. (17)) is used to calculate the stress.
Mc

Cpending = N (18)

where M is the internal bending moment about the section’s axis, ¢ is
the perpendicular distance from the neutral axis to the farthest point of
the section, and I is the moment of inertia of the section area about the
neutral axis.

4.5. Ambient and low-temperature testing

For the ambient temperature testing, the freezers are turned off until
the chamber reaches room temperature. The temperature change inside
the chamber remained less than 0.3 °C for all tests. The same displace-
ment values as the low-temperature procedure were used for
comparison.

For low-temperature tests, the setup is modified to provide the
desired temperature by adjusting the power of the freezer. This research
aims to address fatigue behavior in low-temperature environments as
opposed to only locally manipulating the specimen’s temperature;
therefore, the entire testing rig is placed inside the cooling chamber.
Thus, the minimum environmental temperature was limited to —10 °C
to avoid damaging the machine’s control system. Four different actua-
tion levels have been used to capture the temperature rise on the

500
= CS 1018 stress strain curve |
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300 o strength, o,
E 3
= € Vield stress at 0.2%,
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f o
© 200 ff: Y
R do g
de ~
100 o _
; Strain at
I fracture
() I- L] Ll L L]
0 10 20 30 40 50

%

Fig. 5. Nominal stress-strain curve for tested CS 1018.

Table 1
Composition of CS 1018.
Carbon Manganese Silicon Phosphorus Sulfur Iron
CS 1018 0.13-0.20 % 0.30-0.90 % 0.15-0.30 % 0.04 % Max 0.50 % Max 98.06-99.42 %
Table 2
Mechanical properties of CS 1018.
Tensile strength Yield strength Modulus of elasticity Density Poisson’s ratio Hardness, Brinell

CS 1018 398 MPa 255 MPa 205 GPa

7.86 g/cm® 0.29 126
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IR Camera
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Adjustable
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Fig. 6. Schematic bending fatigue apparatus, cooling chamber, load sensors, and IR camera.

material’s surface. Note that all tests are fully reversed bending and that
the displacement setting stated in this paper corresponds to half of the
actuator traveling distance.

4.6. Internal friction

To measure the contribution of internal friction based on the envi-
ronmental temperature, high-cycle fatigue tests at lower stresses were
conducted at 20 °C and —10 °C. A total of 6 displacements were selected
to measure the endurance limit of the specimen.

5. Results and discussion

Fig. 7 shows the measured stress amplitudes as a function of the
displacement. Nonlinearity sets in when the displacement exceeds
approximately 3 mm. The diagram shows for actuation values below 3
mm, the behavior is linear and elastic. This can be an indication that the
actuation level is close to the endurance limit. S-N curves that include
high cycle fatigue tests confirm this supposition. Fig. 8 presents the
evolution of surface temperature at 6.35 mm displacement at 4 different

400

I. Measured stress for CS 1018 for bending I

2
1
®

Linear Behavior:

Nonlinear Behavior

End of elastic region (near measured ay)

Measured Stress (MPa)
§
1

8
L

0 3 6 9 12 15

Displacement (mm)

Fig. 7. Measured stress levels for different displacements with load cell.

environmental temperatures (20 °C, —6 °C, —8 °C, and —10 °C). It
should be noted that the camera has the capability of capturing images
of the entire surface of specimens. The images are then post-processed to
get the maximum temperature from a given line at which the fracture
occurs. The results show that the three-phase temperature evolution
holds in all cases tested. As can be seen, the steady-state temperature is
directly affected by the initial temperature rise, and the slope in which
the temperature is increasing is smaller at lower temperatures, resulting
in longer fatigue life (see Fig. 9).

In general, two factors alter the fracture behavior of metals at low
temperatures. Typically, yield and tensile strength are improved at
lower temperatures compared to those at ambient temperature. This
suggests an increased ability to endure a wider range of stress without
plastic deformation due to lower mobility of dislocations. The second
reason for the improvement in fatigue life is that at moderately lower
temperatures, the crack propagation rate slows down, particularly at a
small stress concentration, AK, due to reduced cyclic plasticity at the
crack tip [35].

Table 3 summarizes the specimen’s fatigue life in 4 tested environ-
mental temperatures. The percentage of improvement in fatigue life

L, i} 11
87 1
l \ Final phase
! Initial increase in Phase Il where most of the before
67 4 ! temperature

=——=-'—-’.="=='-£'

Steady state temperature, Tgg

1
. 1
fatigue process takes place ! fracture
i
47

27

Surface Temperature, °C

= Surface temperature trend at 20 ° C
= Surface temperature trend at -6 ° C
— Surface temperature trend at -8 ° C

4 = Surface temperature trend at -10 °C
Ll L] L] L] Ll L] Ll
0 200 400 600 800 1000 1200
Time (s)

Fig. 8. Surface temperature as a function of time for 4 various temperatures for
6.35 mm displacement.



M.A. Amooie and M.M. Khonsari

o (MPa)
280 300 320 340

® T, at initial temperature 20 ° C
® T, at initial temperature -6 °C
@ T, at initial temperature -8 °C
® T, at initial temperature -10 °C ® L™

127 9

107 9

Proportionate
decrease in steady
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Steady State Temperature, °C

67 1
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environment
47 4 ' ¥ temperature at various
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T T T T T
5 6 7 8 9 10

5, mm

Fig. 9. Steady state temperature as a function of displacement for different
initial temperatures.

depends on the imposed actuation displacement and varies from 1.59 %
to 18.99 % compared to room temperature (20 °C). Under the conditions
tested, the greatest improvement in fatigue life at low temperatures
occurred at higher levels of imposed stress (displacement amplitudes).
Data for two different temperatures at one stress level for verification are
provided as well (see Table 4).

5.1. Internal friction

To determine the endurance limit, tests were carried out at very
small displacement amplitudes, at 20 “C and —10 °C. Referring to Fig. 3,
by measuring and plotting R} at various low-stress amplitudes, one
would expect a linear rise in temperature below the fatigue limit. Above
the fatigue limit, R} changes with increasing the stress amplitude.
Fig. 10 shows the variation of R} at 20 °C for various tested displacement
amplitudes. The fatigue limit and the fitted line and the internal friction
contribution are presented in this figure. The same procedure is repeated
at —10 °C and the results are presented in Fig. 11. As it can be seen, the
internal friction equation at —10 °C has a slightly bigger slope, which
means at larger displacement or stress amplitudes, the role of internal

Table 3
Life at various tested temperatures and improvement percentage compared to
room temperature.

Displacement Stress Temperature Life Life improvement
(mm) level (°C) (Cycles) compared to room
(MPa) temperature (%)

6.35 293 20 24,700

6.35 293 -6 25,095 1.59

6.35 293 -8 25,125 1.72

6.35 293 —10 25,194 2.00

7.62 316 20 17,120

7.62 316 -6 18,125 5.87

7.62 316 -8 18,520 8.17

7.62 316 -10 18,670 9.05

8.89 329 20 10,600

8.89 329 -6 12,250 15.56

8.89 329 -8 12,400 16,98

8.89 329 -10 12,430 17.26

10.16 345 20 6664

10.16 345 -6 7880 18.24

10.16 345 -8 7896 18.48

10.16 345 -10 7930 18.99
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Table 4
Data for two different temperature tests.
Environment Stress Displacement Steady-state R °C
Temperature (°C) (MPa) (mm) temperature “\s
K)
20 320 8.255 379 4.31
—10 320 8.255 341 3.45
g,MPa
0 195 254 316 345 360
10 T T T T
T _pd, pi
4 R, value for CS 1018 at 20 °C

&

64 | Ry=(@27x102 x4l —00228) | S

== Portion of internal friction contribution
8 = == Portion of damage parameter
-+~ Endurance limit line a
Internal friction fitted line at 20 °C
&

)
/ :’P"‘\
&£
e Internal friction equation as a a4
function of displacement

x
s

Ry,

Fatigue Endurance
2 J

0« _M_-_.M%—.--A.--l.—.- =

L] Ll L] L L] L]
0 2 4 6 8 10 12
8L, mm

Fig. 10. Internal friction contribution in R} as a function of displacement at
293 K.

o, MPa
0 195 254 316 345 360
8 L] L] L
4 Rg value for CS 1018 at -10 °C
. Portion of internal friction contribution
- Portion of damage parameter
6 - ... Endurance limit line P
Internal friction fitted line at -10 °C
Q.%
[ R = 4zx102x51—0023) | S
&
)
pla 41 F
5 Internal friction equation as a &
R function of displacement
2= .
Fatigue Endurance
OdAd—aa A B B BB =
0 2 4 6 8 10 12

§l,mm

Fig. 11. Internal fiiction contribution in R}, as a function of displacement at
263 K.

friction in measure R} is more significant. However, the accumulated
dissipated energy due to internal friction for small stress amplitudes is
much more appreciable. Hence, internal friction plays a much more
prominent role in high-cycle fatigue. The difference in internal friction
contribution per cycle at ambient and low temperatures stems from the
change in enthalpy variation and activation energy needed for disloca-
tions to experience a transition from anelastic deformation to plastic
deformation since, at low temperatures, dislocation mobility is reduced.
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Fig. 12 shows variations in steady-state temperature compared to the
initial temperature. This figure shows the proportionality of change in
environmental temperature and steady-state temperature and the
connection with internal energy changes, as the AT for tested temper-
atures are close. Fig. 13 shows the energy generation caused by the in-
ternal friction per cycle at ambient and low temperatures. It shows that
the amount of dissipated energy by internal friction in low temperatures
is more significant than that of the ambient temperature and this dif-
ference increases with an increase in stress levels. It should be noted the
diagram shows the rate per cycle. In high-cycle tests, the role of internal
friction in energy dissipation becomes more pronounced.

5.2. Fracture fatigue entropy

Fig. 14 shows the FFE values calculated using equations (16) and
(17) after subtracting the contribution of internal friction. The FFE
changes within a smaller band and varies between 19.7 and 24.2. The
FFE range is calculated fo remain in the band of 23 + 2.25 MJ/m°K.

The S-N curves for CS 1018 at four tested temperatures, along with
the curve-fitted equations are presented in Fig. 15.

6. Application

This section is devoted to examining the application of FFE in pre-
dicting fatigue life in both ambient and lower temperatures. Two spec-
imens are mounted on the machine and the tests are conducted at two
different temperatures. Both specimens are undergoing the same
amount of stress set to 320 MPa (corresponding to 8.255 mm displace-
ment amplitude). The first test (Test a) is conducted at room tempera-
ture (20 °C) and Test b is done at a low temperature of —10 °C.
Parameters calculated based on the experimental data are summarized
below.

The data based on the S-N curve shows that the life for ambient and
low temperatures should be approximately 13,500 and 15,000 cycles,
respectively, using the equations § = 1120.40N; “1** for low temper-

ature and § = 961.91N; ¥ for ambient temperature.

The average FFE for ambient temperature is 23.2 MJ/m’K. Then
based on the internal friction equation given in Figs. 10 and 11, effective

R¢ can be calculared.

ag,MPa
0 195 254 316 345 360
120 b _ By v
® Surface temperature rise at 20 °C ®
@ Surface temperature rise at -10 °C 1
100 4 | — Fitted line for 20 °C
~— Fitted line for -10 °C Tiicieass in
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30 = @ difference for low and

= ambient temperatures

AT,°C
f=a)
S
L

(S 3

40 o Fatigue Endurance

Higher temperature
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Higher temperature
rise at low
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Fig. 12. Temperature rise below and above fatigue limit for both 293 K and
263 K.
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Fig. 13. Energy generation variation by internal friction for different dis-
placements at two temperatures.
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Fig. 14. Calculated FFEs for CS 1018 at 10 °C and 20 °C with consideration of
internal friction.

R = (2.27 x 10 * x 8l — 0.0228)
—R) = (2.27 % 10 * x 8.225 — 0.0228) =0.16 "C/s
RI=R!—R,=431-0.16=4.15"C/s

Now with having damaging slope (RZ), the FFE equation can be used
to get the life.

e AL
T f
FFExTxf 232x379x24
— = =~ 13,
M= R T 786 x 0486 x 415 31

The same procedure is carried out for —10 °C. First, the internal
friction contribution on the initial temperature slope is calculated and
deducted from the overall initial slope. Considering the damaging
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Fig. 15. S-N curves for CS 1018 at 4 various environmental temperatures.

element of the initial slope, the life can be calculated as follows using
FFE.

Rl = (242 x 10 ? x 8l — 0.023)
—R) = (242 x 10 * x 8.225 - 0.023) = 0.17C/s

RE=R!— R, =345-017=328C/s

E :pCpRS % Ny

FF
T I
FFEx T xf 232 x 341 x 24
N — _ ~ 15,153
TN T TR 186 %0486 %328

To validate the predictions, two tests were conducted with the same
amount of stress and displacement amplitude at two ambient and low
temperatures to validate the data calculated using FFE and S-N curves.
The life for ambient temperature is 13,660 and for low temperature is
15,970, which shows 2.62 % and 5.39 % error with those calculated
using FFE, respectively.

7. Conclusions

An experimental study was conducted on the fatigue life dependency
of CS 1018 on environmental temperatures varying from 20 °C to
—10 °C. Of particular interest is to determine the applicability of FFE for
various environmental conditions. Internal friction as a non-damaging
parameter in fatigue was taken into account and the effect of low tem-
peratures in changing this element has been investigated. The findings of
this research are summarized below.

e It was observed that life improves by reducing the environmental
temperatures ranging from 20 °C to —10 “°C for CS 1018. The life
improvement was shown to be a function of temperature and the
imposed stress level.
Dissipated energy during the fatigue process was measured for
different temperatures varying from 20 °C and —10 °C and it is
shown that CS 1018 experiences less energy dissipation per cycle at
lower temperatures. However, the accumulated dissipated energy is
larger at lower temperatures. Internal friction, as a non-damaging
parameter, is more significant at lower temperatures down to
—10 °C.
Fatigue endurance does not change significantly with a temperature
drop in the studied range.
e It is shown that FFE remains constant at low ambient environmental
temperatures down to —10 °C. For CS1018, FFE = 23 + 2.25 MJ/m>
K.
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e The S-N curve and FFE results, compared to experimental valida-
tions, showed good reliability for predicting life at various
temperatures.
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