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ABSTRACT

This paper presents the evaluation of fatigue crack growth rate for iron-carbon metals based
on degradation-entropy generation theorem. The different microstructural phases present in
tempered Fe-C steels can influence the fatigue strength. The relationships between entropy
and crack propagation are intimately related within the degradation coefficient that could be
arrived from consideration of the degradation-entropy generation theorem. To ensure validity,
temperature evolution is measured through a fatigue crack growth test induced upon a
tempered Fe-C steels material till it fails. Finally, the results of the present model are
compared to measured Paris-regime crack growth data, thus arriving at a conclusion that the
surface temperature of a specimen under fatigue crack growth test can be used to determine
the rate of crack growth by intensity of the degradation coefficient.
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1. INTRODUCTION

Generally, fatigue is the process of crack initiation, propagation and final fracture. The period
of cycles for crack propagation starting from initial size until a certain critical size can be
defined as fatigue life of the material. Fracture mechanics has made an excellent contribution
towards the improvement of fatigue crack propagation prediction since Paris and Erdogan[1]
first formulated the empirical relation amongst the crack growth rate, da/dN and the stress
intensity factor range, AK within the stable crack propagation region (Region II). From
engineering material point of view, it has been found by other researchers [2-3] that fatigue
crack growth (FCG) could be significantly influenced by microstructure contents. As an
example, the second hard phase (martensite or bainite) distributed in the soft ferrite matrix can
effectively influence FCG through the study of different tempered Fe-C steels.

As stated by the second law of thermodynamics, every dissipative process is followed by an
increase in entropy e.g. plasticity, twinning, phase transformation, grain boundary motion [4-5]
etc. Entropy production has also been applied as means of measuring component degradation
e.g. wear and friction [6] and also damage accumulation due to fatigue. An experimental
method to calculate entropy generated during low cycle fatigue for metals was proposed [7] in
addition to its theoretical formulation [8]. Furthermore, the crack layer theory has been
developed to examine the evolution of damage as well as having the active zone of crack
layer under fatigue loading histories along with a crack layer constitutive relationship is
obtained [9].

The degradation or aging of a given technique is intimately related to the entropy production
that accumulates progressively eventually and degrades the device until its final breakdown.
The relationship between degradation and entropy generation created by an accompanying
irreversible processes occurring within a system was founded [10]. The driving motivation
regarding the creation of the Degradation—Entropy Generation (DEG) theorem is often
described as the fundamental understanding that entropy monotonically increases and free
energy monotonically decreases for every natural processes understanding that an
entropy-generating irreversible process accompanies all aging phenomena. Following the
strategy of entropy increase, manufactured organized components turns into their natural

conditions through degradation which reduces the integrity of material properties and being
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finally non-functional [11]. However, within the framework of fracture mechanics, the
entropy generated from crack propagation is an aspect which has not been thoroughly
investigated.

In the present study, the effort is made to show that the fatigue degradation and entropy
generation are intimately related so that their relationship should be considered for evaluation
of FCG rate based on the degradation-entropy generation theorem, and making fundamental
improvement in the research relating to FCG rate without the need to go for traditional
techniques that are based on empirical models. The FCG rate was estimated directly from
evaluation of the fatigue degradation and entropy generation. The concept of
degradation-entropy generation theorem is found to be a reliable way to evaluate the FCG

rate.

2. THEORY-DEGRADATION ENTROPY GENERATION THEOREM

The concept of degradation forces has been introduced, [10] according to thermodynamic

forces to define degradation parameter w = w{ p; (( ]k )} as follows:

dw ow Op, |0¢"
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with ij being the degradation forces. It is to be noted that the degradation of a given system
is dependent upon the equivalent dissipative processes p;, as does the entropy generation.

Given that thermodynamic flow J;‘ is probably the common parameter in Equation (1), a

degradation coefficient might be known as:
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where B, in Equation (2) describes how entropy generation and degradation interact with the

dissipative processes p; .

By assuming that the crack growth occurs at a steady rate, the crack length, w = a can be

defined as the degradation parameter. Thus, degradation can be denoted as a = a{Wp (N )}
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where W, is the plastic energy generation at the crack tip and the plastic energy is dissipated

as entropy generation i.e. dW, =Td,S . Therefore, the entropy generation can be described as:

,_dS_aSpaN v,

3)
dt op ON ot T dN
and the rate of degradation, D = dw/dt can be obtained using the chain rule as:
p_aw_(wop\o¢ ., (4)
dt dp 04 ) ot

where X =(1/T)(de / dN ) and T is the surface temperature. Since the degradation

parameter w = a, we use Equation (4) and obtain:

D=%=YJ=BXJ=B%% (5)
The degradation coefficient B in Equation (5) measures how entropy generation and crack
propagation interact on the level of dissipative plastic deformation process.
Methods are developed to assess the energy dissipation in the plastic zone ahead of the crack

tip, W,. Here, we use a correlation presented by [12]:

aw )
L= At (AKz) (6)
dN uo,

where A is a dimensionless constant, t the specimen thickness, AK the stress intensity factor, p
the shear modulus and o, the yield stress. Substituting Equation (6) into Equation (5) yields:

AK)'
d_a:d_azgﬂqzc(AK)“ (7)
dN  fdt T po,

Equation (7) represents the Paris-Erdogan law of crack propagation with constant C defined

as:

At
T ,uaf,

C=8B ®)

Equation (8) signifies the intimate relation between the constant C in Paris-Erdogan law and

degradation coefficient B, which is in turn related to entropy generation.
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3. METHODOLOGY

3.1. Material and Processing

A low carbon steel sample was used in the present study. This steel was selected because the
temperature ranges between Eutectoid temperatures, minimum temperature of austenite, A
and lower-bound temperature for austenite, A in iron-carbon phase diagram are the largest
than other types of carbon steel samples. A tempered Fe-C steel is produced by subjecting low
carbon steel samples to inter-critical annealing from a temperature above A; but below Aj;
between the two phases (ferrite + austenite) region for a specific duration, and followed by
water quenching. The chemical compositions of this steel are shown in Table 1. Two
successive heat treatment processes were carried out in order to obtain tempered Fe-C
material. In the first process, the as-received specimens were annealed at 760 °C for 90 min,
followed by water quenching (inter-critically annealed). This would lead to the formation of
the martensitephase. The second process includes a tempering at temperature of 400 °C,
holding for 2 hours and cooling at room temperature to form tempered martensite. This
tempering temperature was chosen because traditionally, low carbon steel is tempered after
heat treatment between 200 °C and 600 °C [13-15].

Table 1. Chemical composition of the steel, wt %

Elements C Mn Si P S Al Fe

wt % 0.192 1.61 0384 0.0162 0.0085 0.0314 974

3.2. Tensile and Fatigue Crack Growth (FCG) Rate Tests

The tensile specimens were prepared in accordance to ASTM ES8 [16] in sub-size dimensions
with gauge length of 25 mm as shown in Fig. 1. Tensile tests were conducted according to
ASTM ES8 [16] procedures at room temperature using the ZwickRoell universal testing
machine with a cross-head speed of 1.8 mm/min (which corresponds to strain rate of 0.001
s-1) to investigate the mechanical properties for the as-received and tempered Fe-C steel

samples.
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Fig.1.Tensile testing specimen (all dimensions are in mm)
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The compact tension (CT) specimens were prepared in accordance to ASTM E647 [17] with
dimensions of width, W = 50 mm and thickness, B = 12 mm as shown in Fig. 2. The
specimens were machined using wire cut EDM (electric discharge machining). A sharp notch,
4 mm wide was machined by EDM in order to reduce residual compressive stresses that

might be evident as a consequence of the milling process [ 18]
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Fig.2.Specimen geometry used for FCG testing (all dimensions are in mm)
FCG tests were conducted according to ASTM E647 [17] procedures using a servo-hydraulic
universal test with a 100 kN capacity load cell. The testing facility was controlled by a
computer. All the experiments were performed in an ambient surrounding under a sinusoidal
waveform loading frequency of 10 Hz and with a chosen load ratio of R = 0.1. The tests were
started with a fatigue pre-cracking process to initiate a crack from the sharp notch of each CT
specimen. The importance of the fatigue pre-cracking process is to provide a sharpened

fatigue crack of adequate size and straightness. The fatigue pre-cracking was generated by
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applying a value of Ky,.x set to 32 (MPa.m1/2) with sinusoidal cyclic loading with a load ratio,
R =0.1 at a frequency of 10 Hz until a crack of the desired length appeared. For the present
work, a pre-crack length of 0.10B (1.2 mm) was made. After the pre-cracking process, all the
specimens were subjected to FCG test under constant amplitude loading conditions until the
specimens fractured. The experimental setup for FCG test is shown in Fig. 3. The fatigue
crack length of the specimens was measured by using the compliance method by employing a

clip gauge at the notch mouth [19].

Fig.3.Schematic diagram for FCG test; 1) Thermocouple-measure ambient temperature, 2)
Thermocouple-measure temperature of specimen surface, 3) clip gauge, 4) high-resolution
infrared (IR) thermal imager

3.3. Temperature Evolution under Cyclic Loadings

Two magnetic thermocouples were used to determine the temperature evolution in the test
samples. Magnetic thermocouples were employed to mitigate the delamination of a given
thermocouples starting at specimen surface while in the test. One thermocouple was employed
to record the surface temperature evolution of a given specimen near the crack growth
through the FCG test. The other thermocouple was placed close to the specimen to record the
ambient temperature making sure that any temperature changes that occur toward the
specimen surface would not be influenced by ambient temperature. A National Instrument
USB-9211 data acquisition device was used to collect thermocouple data. A high-speed,
high-resolution infrared (IR) thermal imager is applied to calibrate the thermocouples initially

of a given test, and also to capture the thermal image of the crack growth. The temperature



R. Idris et al. J Fundam Appl Sci. 2017, 9(5S), 526-541 533

was measured towards the crack tip. Resulting from the material’s reaction to the unexpected
movement, dislocations and defects associate with the surface intrusion and extrusion, the
surface temperature increases rapidly at the beginning of the test. An entropy accumulation
curve vs. the total number of loading cycles was plotted for the as-received and tempered
Fe-C steel specimens throughout the whole FCG test under CAL conditions as shown in
Figure 4. A close scrutiny of Figure 4 reveals that the temperature evolution undergoes three
distinct phases. Within the first stage, the surface temperature increases rapidly in the
beginning of the FCG test. In the second stage, the temperature levels off and become steady.
In the third stage, the temperature begins to rise abruptly, and failure of the sample ensues.
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Fig.4.Typical temperature evolution as a result of a constant applied loading cycle

4. RESULTS AND DISCUSSION

4.1. Tensile Properties

The variation of the mechanical properties for the as-received and tempered Fe-C steel
specimens are presented in Table 2. The engineering stress-strain curves for the as-received
and tempered Fe-C steel are given in Fig. 5. It was observed that the ductility values for
tempered Fe-C specimens were lower than as-received specimen. This artifact occurs due to
the existence of harder and less ductile ferrite matrix in the microstructure of the tempered
Fe-C steel samples. The higher ductility observed in the as-received samples is due to the
ferrite-pearlite structures being softer than the martensitic structures present in the tempered

Fe-C samples.
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It can be seen that the mechanical properties are changed significantly after heat treatment.
The yield strength (YS) and ultimate tensile strength (UTS) are increased by heat treated
process. The yield and ultimate tensile strength increase rapidly after heat treatment and the
growing trend of strength continues and reaches up to 495 MPa and 597 MPa respectively.
This indicates that the strength values of the investigated tempered Fe-C specimen are higher
than the strength of the as-received specimen, due to the presence of the harder second phase
in the tempered Fe-C specimens which is martensite [20]. However, it should be noted that
the strength of martensite formed in soft ferrite matrix may be different from the structure
formed when steel is transformation from austenite to 100% martensite [21].

Table 2. Mechanical properties of the specimens for all steels

Yield Strength, Ultimate Tensile Total
Specimen
YS, [MPa] Strength, UTS, [MPa] Elongation [%]
As-received 400 536 30.5
tempered Fe-C 495 597 13.2
TO0
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Fig.5.Engineering stress-strain curve for as-received and tempered Fe-C steels.

4.2. Entropy Generation
The entire FCG test was calculated in order to get the evolution of entropy generation and

then integrated over time from the beginning of the test until the time when fracture occurs as

shown below [7]:
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(W,
o =], (7J dt (9)

where T is the surface temperature and W, is the cyclic plastic energy per unit volume.

The results of the total entropy generation for the as-received and tempered Fe-C steel
undergoing loading cycles until failure are plotted in Fig. 6. The total entropy generation is set
to be zero at the start of the test, and it increases linearly until it reaches failure. The total
entropy generation for as-received steel and tempered Fe-C steel is 10.52 (MJ/m’.K) and
27.23 (MJ/m* K) respectively. The variation in value considering the total entropy generation
between as-received and tempered Fe-C steel is because of the difference in time for failure to
occur with different mechanism of FCG due to different microstructures. Other researchers
[22-23] have found that the total entropy generation for a given material is not dependent on
geometry, load and frequency but is constant at the time of failure. Hence, the entropy
generated up to failure can be viewed as a material property [23].

A different total entropy generation can be expected with material with different properties at
the fracture point, such as aluminium 6061 and stainless steel 304 with the value of a total
entropy generation ranging approximately between 4 (MJ/m’.K) and 60 (MJ/m’.K)
respectively [22-23]. In this research, an interesting observation which can be made is that
there are differences within the value of entropy generation amongst as-received and heat
treated, tempered Fe-C steel because the mechanical properties of the steel was changed due

to different microstructures.
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Fig.6.Evolution of total entropy generation for as-received and tempered Fe-C steels



R. Idris et al. J Fundam Appl Sci. 2017, 9(5S), 526-541 536

4.3. Relationship between Degradation Rate Parameter and Entropy Generation

As mention before, the crack length was considered as the degradation parameter, w = a.
Based on Equation (2), B measures how entropy generation and degradation interact toward
the degree of dissipative process, p. Fig. 7 and 8 show the relation between rate of degradation
and rate of entropy generation as correlated with degradation coefficient, B for as-received
and tempered Fe-C steels. It is clearly show that the degradation rate which is in this case the

degradation parameter to be the crack length, da/dt has a linear relationship with the

components of entropy generation, 44 = Bo . It can be seen that the as-received steel has

lower degradation coefficient, B as compared to tempered Fe-C steel due to the subgrain
structure along the grain boundaries which resulting from martensitic lath structure during
tempering. It was observed that the steel tempered at high temperature, enhanced recovery
considering the subgrain structure along the grain boundaries would be the possible cause of
the premature failure and the resulting loss of rupture strength [24]. The interaction between
entropy generation and crack growth towards the degree of dissipative plastic deformation
process can be measured by the degradation coefficient, B. This degradation coefficient, B is
then used to determine the rate of fatigue crack propagation based on the degradation-entropy

generation theorem.
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Fig.7.Relationship between rate of degradation parameter and entropy generation for

as-received steel
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Fig.8.Relationship between rate of degradation parameter and entropy generation for
tempered Fe-C

4.4, Fatigue Crack Growth Rate Prediction

The crack growth rate model developed from degradation-entropy generation theorem using
Equation (7) is then compared with the experimental results for as-received and dual phase
material. Comparison of the da/dNvs AK response for experimental data with respect to the
present model given by Equation (7) is shown in Fig. 9 and Fig. 10 for the as-received steel
and the tempered Fe-C steel, respectively. The calculated Paris constant, C and m values of
experimental data and present model are given in Table 3. The results show encouraging
agreement amongst the present model and the measured crack growth data. The accuracy of
the present model with respect to the experimental data was determined by a statistical test of
the variance of given residuals i.e. Root Mean Square Error (RMSE). The results show the
value of RMSE for as-received steel is 1.5570E-06 m/cycle, while for tempered Fe-C steel is
5.1539E-07 m/cycle. This indicates that the present model well-predicts the experimental data
for which the measured crack growth data very nearly scales with AK*. In this case, the

K2 which is most nearest to AK* compared to the

tempered Fe-C steel has be found to be A
as-received steel which is AK>**'®. The predicted results are also in good agreement when
using the measured data at mid-range values of AK. Thus, although the predicted slope has
very small errors, the Paris regime data throughout the log—log plot looks well-reproduced by
the present model. It has to be noted that the model is sensitive to the different mechanism of

FCG resulting from different microstructures in material. The source of the minor errors could

stem from the solution of a complete coupled thermo-mechanical solution of the problem,
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which we have not done in the present work, and this will be investigated in our future works.

Table 3. Fitting parameters for the experimental data and present model

Experimental Data Present Model
Material
C m C m
As-received 4.9736E-12 3.2418 2.6026E-13 3.9961
Tempered Fe-C 3.2708E-13 3.8932 2.2210E-13 3.9960
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Fig.9.Comparison of the predicted crack growth rate using present model with experimental
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Fig.10.Comparison of the predicted cack growth rate using present model with experimental

data for tempered Fe-C steel
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5. CONCLUSION

This study presents a comprehension of the physical understanding of entropy generation in
tempered Fe-C steel during FCG. An expression for entropy generation in tempered Fe-C
steel during FCG in terms of temperature evolution is implemented by using the concept of
degradation-entropy generation theorem. Based on degradation-entropy generation theorem, a
FCG model is developed to predict the FCG rate. This theorem shows that entropy generation
and crack growth are intimately related through degradation coefficient, so that the empirical
Paris-Erdogan law of crack growth can easily be found out from consideration of the
degradation-entropy generation theorem. The results show that the present model are in good
agreement with the experimental results especially for tempered Fe-C steel. The present
model is sensitive to the different mechanisms of FCG as a consequence of different

microstructures.
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