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A multianalysis thermography-based approach for fatigue
and damage investigations of ASTM A182 F6NM steel at two
stress ratios
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and Management, Politecnico di Bari, Abstract

Viale Japigia 182, 70126 Bari, Italy Infrared thermography allows an alternative energy-based approach for study-
ing the fatigue behaviour of materials to better understand damage phenom-
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In this work, analysis of the thermographic sequences of ASTM A 182 grade
F6NM steel obtained during fatigue testing provided four thermal indexes that
were used to investigate the thermoelastic and plastic behaviour of material.
Fatigue tests at two opportunely chosen loading ratios (R = —0.1, R = 0.5) were
performed to investigate the relation between the material behaviour and each
index at a specific loading ratio. Finally, estimation of the fatigue strength by
means of suitable analysis procedures allowed for an investigation of the dam-

age behaviour of materials under specific loading conditions.

KEYWORDS
damage mechanisms, fatigue limit, martensitic steel, stress ratio influence, thermal methods,

thermoelastic phase analysis (TPA)

1 | INTRODUCTION various techniques and methods have been developed to

rapidly and consistently study the various damage phe-
The fatigue behaviour of materials and components is a nomena and fatigue behaviours of materials. In this
critical point regarding mechanical characterisation regard, InfraRed Testing (IRT), which is able to provide
because of the time-consuming tests required and pro- considerable information on what occurs to the compo-
cessing of standard procedures, eg, Staircase." Therefore, nent during the application of a load, can be used to

Nomenclature: b, Parameter related to the linear temperature increase; c,, Specific heat at a constant pressure [J/kg*K]; E, Young's modulus [MPa];
E,, Mechanical work executed by the material during the plastic phenomena [J/m? cycles]; Eq, Energy per cycle dissipated as heat in the material [J/
m? cycles]; f, Mechanical loading frequency [Hz]; N, Generic loading cycle; Q, Heat exchanged by convection, conduction, and radiation per cycle [J/
m? cycles]; R, Stress ratio (Omin/Cmax); Sq» Thermal signal variations correlated to dissipative processes [signal units]; Sp, Uncalibrated total temperature
variations [signal units]; Sy, Thermoelastic signal variations [signal units]; T},, Initial temperature offset [°C]; T>,, Periodic temperature variation two
times per loading cycle [°C]; Ty,., Thermoelastic temperature variations [°C]; Ty, Total temperature [°C]; ¢, Mechanical phase shift between the strain
and stress generating hysteresis loops [degree]; ¢, Thermoelastic phase shift [degree]; ¢4, Phase shift between the first and second-order temperature
components [degree]; p, Material density [kg/m3]; g5, Generic component of the stress tensor; ¢;, Generic component of the strain tensor; w = 2nf,
Pulsation of the system [rad/s]; AT, Total temperature variations in a cycle [°C]; AU, Internal energy variations [J/cycles]

Fatigue Fract Eng Mater Struct. 2018;1-17. wileyonlinelibrary.com/journal/ffe © 2018 Wiley Publishing Ltd. 1
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observe many aspects of various physical processes that
occur during damage to and failure of materials. The
use of thermographic techniques for material characteri-
zation allow for contactless investigations and must be
considered to be examples of non-stimulated thermogra-
phy since the analytic procedures consist of observing
the natural evolution of the structural behaviour of the
component without any external heat sources.’

In the literature, a number of researchers have assessed
fatigue behaviour by detecting the temperature changes of
a material; a number of approaches have been developed.>
° Direct temperature measurements have been studied by
Luong.” The method proposed was based on the linearity
of two data series representing the thermal behaviour in
both the absence and presence of intrinsic dissipations.
The choice of these two data series sometimes results in
non-easy evaluations due to the nonlinearity of the data
or difficulties in assessing the two behaviours.

In this regard, De Finis’ based his procedure on the
acquisition of a threshold to assess significant tempera-
ture variations.

Other approaches are based on energy dissipation
measurements.® !

Morabito et al® filtered thermoelastic heat sources to
assess dissipative heat sources using the numerical
models of the heat diffusion equation. However, this
approach requires high a computation capacity and
long-lasting simulations if the three-dimensional heat dif-
fusion behaviour needs to be investigated. Meneghetti’
proposed a model for deriving the heat loss per cycle from
surface temperature measurements to determine the
energy dissipated per cycle.

As reported in a previous work,” temperature is
affected by different factors (environmental temperature,
heat exchanges etc.). Hence, accurate smoothing proce-
dures are required to filter out disturbing heat sources.
Moreover, in the presence of low-dissipating materials,
such as brittle materials, the heat contribution of the
body is very low. Hence, the filtering procedure is essen-
tial for data analysis.

Another approach is Thermoelastic Stress Analysis
(TSA),"*?' which is based on an evaluation of the
thermoelastic effect'>'*'®2! under adiabatic conditions.
The potentiality of TSA is such that even if the adiabatic
conditions are lost, TSA provides the thermoelastic phase
shift, a useful tool for localizing and quantifying the dam-
age behaviour of material.'"* The thermoelastic approach
is included in a wider approach and involves the analysis
of the thermal signal in the frequency domain'®**2° to
extract the components related to reversible and irrevers-
ible temperature variations.

In this approach, however, different assumptions are
made regarding temperature variations, but no mention

is made about their origin. The intrinsic energy produc-
tion due to fatigue mechanisms is not taken into account.

It is worth highlighting that the development of irre-
versible processes in a material is also promoted by spe-
cific loading conditions. For example, the influence of
the stress ratio®” is directly related to the strain retarda-
tion with respect to the imposed stress. The specific value
of the stress ratio, in fact, determines the morphology of
the hysteresis loop and, aside from the quantity of heat
produced, is correlated to damage. The R-ratio is of great
importance in fatigue testing®®>’ and refers to crack for-
mation/propagation at different fatigue regimes (LCF,
VHCF etc.) and fracture toughness®“° since it is a com-
mon opinion that the fatigue strength is reduced as the
R-ratio increases.>***** However, even if the stress ratio
is an imposed input parameter that affects the macro-
scopic behaviour of the material, several studies*'*> dem-
onstrate how, in the presence of dissipative mechanisms
(crack nucleation/initiation/propagation), the stress
amplitude conditions locally differ from the imposed con-
ditions due to the incoming plasticization effects.

In the work of Htoo,* it is observed that at the notch
root, the accumulation of deformation involves a signal
inversion of the stress ratio (ie, R < 0). This phenomenon is
completely governed by plastic phenomena, which also blur
any other effects, such as the presence of residual stresses.**

An interesting aspect of this topic is that the energy
variations produced by irreversible processes determine
a second-order temperature effect®* or thermoelastic
phase shift.*! Hence, it is possible to draw some consider-
ations about the heat dissipated in the material by
assessing the temperature signal during the test.

In particular, the aims of the present paper are:

« to study the physical causes of thermal signal
variations

« to compare the thermal signal variation at two differ-
ent loading ratios

« to determine the fatigue behaviour of the steel ASTM
A 182 F6NM under two loading conditions: R = —0.1
and R = 0.5, which were chosen to represent two
completely different hysteresis loops by adopting four
thermographic indexes

Previous works provide indexes to describe the behaviour
of the composites.*® However, the use of all of the quan-
tities to assess the behaviour of metallic materials at two
different loading ratios has not previously been proposed.

Additionally, in previous works,** the physical
aspect of the energy variations that govern the temperature
variations was not highlighted, while in this paper, the aim
is to explain what produces the heat variations and to cor-
relate these heat changes to temperature changes.
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The adopted indexes are:

« the phase shift of the thermoelastic signal
(thermoelastic phase analysis—TPA approach'®*');
“@,” the angle between the temperature signal and
stress invariant, which is 0° (or 180°), under adiabatic
conditions (the absence of heat exchange between the
sample and environment).'®'” The factors producing
heat diffusions in the lattice determine the loss of adi-
abatic conditions. These factors are the heat produced
by the dumping®?’ of the lattice (negligible at low
stress amplitudes), high internal stress gradients
related to the imposed load,* and local variation of
the stress above the yield strength of the material
(plastic conditions).'*

- the amplitude of the second-order temperature signal,
“Sq,” related to the heat dissipated in the material in
the presence of damage*>*

« the total temperature signal variations, “AS,,” which
is strictly related to the mean temperature increase,”
* a well-known thermal index for fatigue life
evaluations

« the thermoelastic signal “Sy,.~ variations correlated
with the first stress invariant'® at the same frequency
of the mechanical one

]

The benefit of using such an approach is that each index
can provide a different point of view on fatigue behaviour
as each index is related to a specific process. In fact, two
different stress ratios (one involving large stress ampli-
tudes and another very close to the yield strength) were
chosen for experimental evaluation to shed light on the
physical processes that produce dissipative energy varia-
tions, which in turn, produce temperature variations.

2 | THEORY

In the absence of material phase transitions, the response
of a material to a mechanical cyclic excitation in the pres-

hysteresis loop due to phenomena producing energy dis-
sipations.*”** Considering a cyclic test, in load control,
these phenomena determine the retardation of the strain
with respect to the imposed stress,'* here indicated as “3”
in Figure 1A.

To assess and quantify the energy of the internal fric-
tion viscoelasticity and micro-plasticity, one can refer to
the dumping phenomena.””*> A common procedure
involves the study of the area under a generic hysteresis
loop.

In Figure 1B, a hysteresis loop is depicted at the most
general loading ratio to which all cases can be referred
(R = —1) in the presence of non-adiabatic deformation
process. The figure also reports the completely elastic
behaviour of the materials, which is represented by the
line k-h. The model of Figure 1B, however, disregards
some aspects related to kinematic and isotropic
hardening.*’

Under these conditions, the study of the material
behaviour is described by the simple relation between
the stress and strain, and the energy of dissipative pro-
cesses can somehow be quantified by calculating the area
of the loop (4,), which is, in turn, related to the phase
shift between the strain and stress, “¥.”

An important observation results from an analysis of
Figure 1B. As the plastic deformations increase two
times per loading cycle (one in the loading regime and
the second in the unloading regime), the energy
involved in this process will always be increasing or
almost constant since it is correlated to fatigue heat
productions.™

Following this, it is possible to state that “2f,” where
“f” is the mechanical frequency of the test, is the funda-
mental frequency of plastic deformations and then of dis-
sipative phenomena.****

By focusing our attention on the energy involved in
the process, the dissipative phenomena (eg, viscous** or
plastic phenomena®®) that occur in the lattice in a fixed
finite continuous volume of an isotropic and homogenous
material “V,,” can be described using the first principle of

FIGURE 1 Phase shift between strain
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W, = §Gijd£‘ij @)

where the supplied mechanical energy “W,” is obtained
by integrating the constitutive relation of the material
(&,04)-

Equation 1 can be further detailed by separating the
different energy contributions present during the fatigue
processes”:

W, =AU+Q=Q+E, +Eq @)

where “AU” is the internal energy per cycle variation due
to the microstructural rearrangements of the persistent
slip bands and to all phenomena related to the irrevers-
ible dislocation movements in the lattice. A portion of
this energy does not remain under mechanical form but
is converted into hear. In particular, this energy contrib-
utes to the irreversible heat source development in the
material and furthermore affects the temperature growth.
The term “Q” represents the heat exchanges (radiation,
conduction, convection). The term “E,” refers to the
mechanical work introduced in the material system dur-
ing the plastic phenomena that are a portion of the inter-
nal energy “AU.” “E;” is the energy per cycle and per unit
volume dissipated as heat. E; includes the irreversible dis-
sipative phenomena related to the viscos-plastic
behaviour.
Under the hypothesis:

« most of the dissipated energy is converted to heat
« adiabatic conditions (Q = 0) are present
« energy dissipated as heat in the material increases lin-
early from points “a” to “b” and “c” to “d” of the dia-
gram®* shown in Figure 1B
The heat dissipated energy “E;” in a unit volume of mate-
rial can be assumed as described by a 2-fold increase in a
loading cycle for a fixed stress level, as modelled by De
Finis et al.”® These energy contributions can be deter-
mined by the temperature assessment performed during
the test. Of course, the temperature will change due to
heat generation and the loss of adiabatic conditions,
which vary its evolution over time compared with a
purely elastic behaviour.

The temperature variations of the material associated
with “E;” will hereafter be indicated as “T,;” while the
total temperature variation in one cycle will be referred
to as “ATy.”

In this way, the energy dissipated per cycle and in a
unit of volume of material “E4” is:

Eq = pcyATy. 3)

The total temperature variation includes all of the tem-
perature variations related to both irreversible and revers-
ible heat dissipations.

In the case of uniaxial stress with sinusoidal loading,
the reversible temperature variations can be expressed
as follows:

T = Tepe Sin(27 ft + 7 + ) @)

where “T” are the temperature variations at the mechan-
ical exciting frequency “f,” “Ty,.” is the amplitude of the
thermoelastic signal, and “¢” is the phase angle between
the temperature and loading signal.*! The symbol “z” has
been included according to the classic theory of
thermoelastic stress analysis,'* where the temperature
and first stress invariant have opposite signs. Figure 2
depicts the relation between these two quantities under
adiabatic conditions (Figure 2A) or not (Figure 2B).

As reported in Figure 2A, the temperature variations
and stress in a sample undergoing cyclic loading condi-
tions are generally out-of-phase of a fixed quantity. Apart
from this phase shift, the temperature can be delayed by
“@.” “p” depends on several factors. For instance, under
linear elastic and adiabatic conditions, its value is zero,
but it can change in the presence of phenomena leading
to the loss of adiabatic conditions. In Figure 2A, for the
finite volume material in the gage length, no heat
exchange occurs, so ¢ = 0. In Figure 2B, on the other
hand, the same volume experiences a dissipative process,
which produces a loss of adiabatic conditions. In fact, a
phase shift ¢ # 0 occurs and is summed to 7.

In general, the dissipative phenomena may produce
heat in the form of two distinct contributions:

« heat produced under hysteresis conditions (viscoelas-
tic regime)?’

« heat produced under static hysteresis conditions (plas-
tic deformations regime)>'

In these cases, “p” varies.

Two opposite cases are useful to explain how different
processes contribute to temperature retardation with
respect to stress 3.

Under adiabatic conditions, in the case of a perfect
linear elastic behaviour, the stress and strain should be
in-phase, and “T,” the thermoelastic temperature varia-
tions, is not-in-phase with “z” (a positive sign of the first
stress invariant of Equation 4), '*'”'® as shown in
Figures 2 and 3A.

In Figure 3A, the energy variations related to
thermoelastic temperature variations are shown as zeros
in a cycle; hence, no temperature increase or accumula-
tion in the material occur.
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FIGURE 3 Graphical representation of
phase shifts between stress—strain and
temperature: (A) elastic conditions and (B)
viscos-plastic behaviour

Under a viscos-plastic regime, the movements of
atoms and local plasticity produce a retardation of the
material response to the external excitation, which deter-
mines the phase shift between stress and strain, “¥,” as
stated previously* (Figure 3B).

Under these conditions, Equation 2 is valid and the
intrinsic frictions (reversible and irreversible atoms'
movement) that occur in the crystal lattice produce heat.

NV

O\

(A) (B)

The heating produced in the lattice leads to a temper-
ature increase and conduction heat exchange so that
there is temperature retardation with respect to the
imposed stress and the phase shift “¢” assumes a value
different from zero.

The quantities “p” and “Y¥” are strictly related, but
here, the aim is to understand the variations of “p,” not

to determine each one.
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It is important to highlight that the assessment of “p
also depends on external factors that could affect its mea-
surement, such as a non-perfect homogeneity of the coat-
ing, surface scratches, and electronic noise of hardware
equipment.

In the following sections, the materials and methods
are described, and results are obtained in terms of dissi-
pated heat energy, and the phase signal at two different
stress ratios is also discussed.

3 | MATERIAL AND SETUP

The material tested is the low carbon chromium nickel
steel ASTM A182 grade F6NM, which is mostly exploited
in the gas and oil field due to its high mechanical
strength properties and corrosion resistance. The metal-
lurgy of this material is complex: it has a low carbon con-
tent associated with the addition of nominally 4% nickel,
which allows for the formation of martensitic lath after
tempering, resulting in the improvement of its mechani-
cal properties.’’ The weight percent compositions of
ASTM A 182 F6NM>* are reported in Table 1.

TABLE 1 Chemical composition (wt%)

C Cr Ni Mo S P Si Mn
0.05 11.5-14.00 3.5-55 0.5-1.0 0.03 0.03 0.6 0.5-1.0
185
180 -
g g
= =
§-175 _i;
E 170 —E
B £
@ 165 E
160 7
155 ' . . .
0 2 4 6 8 10 12 14 16
Sample number
(A)
900
= 0 Bl Plastic omax region
[
= 700 10.2% Proof Stress
% 600
& s
@ 400
i
5 200
=
& 10
E o
® 75 100 125 150
-100 Ao/2 [MPa]
(©)

The material 0.2% proof stress is 617 MPa, the ultimate
tensile strength is 755 MPa, and the total elongation is
approximately 18%, as listed in the technical guide chart.”*

The material used in this study was fatigue tested
using different procedures. All of the fatigue tests were
performed using a servo-hydraulic MTS model 370 load-
ing frame with a capacity of 100 kN.

First, a standard test procedure, the Staircase,’ was
used as a reference test method. Fifteen samples were
tested using increasing/decreasing loads according to the
failure or success of the sample at two loading ratios,
R=0.5and R = —0.1. The test frequency was 39 Hz for both
tests, and the loading sequences are reported in Figure 4A,
B. The values in terms of the fatigue limit and standard
deviation calculated according to the reference' were
169.29 MPa (st.dev 444 MPa) for R 0.5 and
250.00 MPa (st.dev =4.52 MPa) for R = —0.1, respectively.

Together with the Staircase campaign, Self-Heating
Tests® were performed. In this way, “heat sources” were
intrinsically produced in the material as the mean stress
increased. To set up the loading sequence, which is the
sequence of loading blocks (stress semi-amplitudes) imposed
on the sample, the yield strength is a good indicator.

Each sequence of loading is composed of 15/20 blocks
(the number of cycles is approximately 20 000 per block),
each of which is characterised by a constant mean stress,
a frequency (17 Hz), and a loading ratio in the manner
described by De Finis.”

310

300
|
280 | \\
270 +
260 +
250 +
240 |
230 |
0 2 4 6 8 10 12 14 16
Sample number
(B)

200 <

1))

FIGURE 4 Staircase steps, (A) R = 0.5 and (B) R = —0.1; (C) self-heating load configurations at R = 0.5 and R = —0.1; (D) geometry and

dimensions of samples
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Two different loading configurations were adopted to
characterise three samples per loading ratio as reported in
Figure 4C. The black edges of the area under the loading
configurations in Figure 4C represent the imposed maxi-
mum and minimum stresses with respect to the applied
stress semi-amplitudes. In Figure 4C, the 0.2% proof stress
line is reported, which divides the elastic and plastic regions
of loading. At R = 0.5, the loading sequence includes more
load levels in the plastic regime than that at R = —0.1. This
condition affects the specific behaviour of the material.

The samples were sized according to the Standard
ASTM E 466-96.>> The relevant dimensions and geometry
characteristics are presented in Figure 4D.

The adopted infrared detector Flir X6540 sc
(640 x 512 pixels matrix NETD <20 mK) was equipped
with a cooled sensor. Three thermal sequences acquired
at a frame rate of 100 Hz (1000 frames acquired) for each
loading block were acquired after 1000-8000-18 000/
20 000 cycles. To increase the efficiency of the measure-
ments, the emissivity of the material surface was
increased by applying a thin layer of matte black coating.

4 | METHODS

4.1 | Thermographic signal processing

In Section 2, it is shown that to estimate heat dissipation,
it is necessary to detect the surface temperature of the
specimen during the test. The temperature variations of
the material associated with “E; ” will be hereafter be
indicated as “Ty,” and the total temperature variation in
one cycle will be referred to as “AT,” (Figure 5). In fact,
since the linear increase of energy is found to double

TS5

T4

Temperature changes

T 3| due to plastic phenomena

T2

-

-
s

per cycle, in the material, the temperature variation due
to the irreversible processes of fatigue damage will occur
at twice the mechanical loading frequency.*

Figure 5 shows the temperature variations due to the
heat dissipated during a loading cycle in the event that
Q = 0. The trend of “T;” can be decomposed in:

« an offset temperature “T;,.” The temperature of the
body when the cycle starts is supposed to be constant
in a loading cycle (this assumption is valid for the
duration of the loading step)

« a linear temperature increase over the number of
cycles.® Its slope is “b”

« a periodic temperature variation (period (1/2)N) with
an amplitude “T,,”

The relation between “AT;” and “T,,” depicted in
Figure 5 is described by Equation 5:

y = arctg(Ta,/(N/4)) = arctg(AT4/N), (5)

then:

4Ty, = ATy. (6)

By assuming that the thermal signal component is a tri-
angular function pulsating at w, = 20 = 227xf), by
expanding it as the sum of cosine function terms, “T5,”
can then be obtained and expanded as

T(t) = Tow/2 AY (1/(2n + 1)*)] cos(2n 1)wot),  (7)

with

o

ATd

Total Temperature Variation [°C]

o

N/4 Ni2

Loading cycle

Variation [°C]
e e I
N W B O

-

-

v
v

Offset temperature Tin

3N/4 N

-
o
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oo +
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-
&

Second order effect
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]
- N W

T2w
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FIGURE 5 Total temperature components and geometric relations between ATy and T,, [Colour figure can be viewed

wileyonlinelibrary.com]
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A = 4T,, /97, ®)
Excluding high order components, for n = I:
T(t) = [Taw/2]A cos(2wt). )

Equation 9 shows that it is possible to obtain “AT;” by
measuring the thermal signal component that occurs at
twice the mechanical frequency, “T,,.” In fact,

ATy = 4T, = 4(97%/4)A = 9°A. (10)

By simply assessing the slope “b” or amplitude “T,,,” the
term “E,” is fully determined.

In general, to obtain the temperature, an output sig-
nal acquired by an infrared thermal camera has to be
transduced by a suitable calibration to obtain absolute
temperature values. Since the focus of this paper is to
assess the variations of temperature components and
not the absolute temperature, one can operate directly
on signal. In this way, the analysis is more rapid, so the
temperature signal evolution can be described by

S(t) = So + ASft + Sine sin(wt + 7 + @) an
+ A cos(2wt + @ )

where “S” is the uncalibrated thermal signal, and “S,,”
“Sthes” “Sq,” and “@” are the four indexes considered in
this work to study the fatigue behaviour of a material;
“@q” is the phase signal of the temperature component
at twice the loading frequency. These indexes are related
to the mean temperature increase, amplitude of the
thermoelastic signal, dissipative sources, and phase of sig-
nal “S” at the frequency “f.”

All of the thermographic sequences acquired were
processed in the IRTA® software, which performs a fre-
quency-domain analysis of the signal to extract the

SCENARIO OF A SINGLE TEST

3000 SU

o

3000 SU Ultimate stress level

FLIR X6540SC j

Initial stress level

20008U

different signal components in terms of four images (data
matrix), as shown in Figure 6.

In a few steps, the thermographic indexes were assessed
from a single data analysis related to the temperature signal
and are expressed in signal units, as shown in Figure 6.

4.2 | Processing of phase data

The algorithm developed in a Matlab® framework proc-
essed the phase data to obtain “Ag,” as represented in
Figure 7.The phase matrixes were primarily smoothed
using a double-dimension Gaussian kernel. The analysis
subsequently required a matrix windowing of the sce-
nario, from [@/ynv 10 [@]mms to focus the investigation
only on the gauge length of the specimen.

After filtering, since the phase data of the first
loading steps®" are scattered due to the low value of the
signal to noise ratio, further processing was required to
reduce such an effect. By supposing that the first three
loading levels were definitely an elastic regime,
where the phase variations were zero, Ap = 0°, a single
mean phase matrix, [@,, [, Was used in place of the
first three steps,

For R = —0.1, [¢,,] represents the mean matrix value
of loading levels 175-190-205 MPa, while at R = 0.5, are
85-100-115 MPa. Each value of the matrix is considered
to be a non-damaged phase value, and then, all subse-
quent matrixes can be referred to as this “undamaged
condition” by the calculation reported in Equation 12.

[Acpj} = {cpj}—[cpm] J=4 e Niast (12)

where “Ny,~ is the last loading level. Consequently, the
graphics in Figure 7 start at 220 MPa for data at
R = —0.1 and at 130 for the data at R = 0.5.

From the [Ag;] matrixes, the percentile values 9™
and 2™ were extracted, and the difference between

R=constant
f= constant

t

J= Z (Smeasured (i) — smodeuedui)) :
i=1

aJ
8(So, Sine Sa P)

=0 ': sDrsrhcnSdr(p

Sinodetted(t;) = So + ASft + Sy sin(wt + m+ @) + Acos(Zwt + @g4)

FIGURE 6 From the thermographic
signal to the thermal and phase
parameters, this figure shows how the
IRTA runs [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 7 Phase data processing procedure: from the 2D map to the phase index

percentiles was calculated to take into account the phase
variations. In this way, for a single loading block, the
phase parameter used for fatigue limit estimations had a
fixed value (A@_gg»_j).

The choice of the 98™ and 2" percentiles was made to
avoid possible data outliers in the analysis and, at the
same time, to refer to values very close to the maximum
(or minimum) value of the specific index.

The results for the phase data are presented in
Figure 8A for R = —0.1 and Figure 8B for R = 0.5 for
three samples.

In Figure 8A,B, the test seemed to be very reproduc-
ible since the data scatter was low.

It has been observed that the higher the stress ratio,
the higher the phase values: at R = 0.5, the phase interval
ranged between 1.2° and 2°, while at R = —0.1 the phase
variation was approximately 0.3° and 0.6°.

A possible explanation can be due to the stress ampli-
tude effect. At smaller stress amplitudes (higher “R”), the

06

hysteresis loop was flattened, and the related plastic phe-
nomena prevailed on viscous phenomena.>* On the con-
trary, when the stress amplitude was wider, the viscous
phenomena were predominant. In this regard, the phase
signal seemed to be a sensitive parameter for describing
dissipative phenomena related to plastic stress regime.
The material behaves with lower internal dumping,®
which can explain the different ranges of the variation
of “Ap  ggoperc” at different loading ratios.

The procedure continues with the fatigue limit evalu-
ation, as is explained in the following sections.

4.3 | Processing of thermal parameter
data

Specific processing procedures of thermal parameters
were applied since each parameter represents a specific
thermal signal variation.
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Specifically, for “S,,” heat influence from the environ-
ment and the heating from the loading machine grips
have to be filtered out, as discussed in De Finis.” Further-
more, the value of the 98™ percentile was extracted from
the matrix, the index AS og.

The “Sy.” matrixes (of generic loading block) were
also divided pixel by pixel according to the relative stress
amplitude (4c), and subsequently, the 98™ percentile
values were extracted from the “Sy,.” matrixes, “Sy,, os.”
The temperature changes related to dissipations “S;”
were processed by considering the smoothing and sizing
of the matrix to determine “Sy og,” which is a thermal
parameter related to damage.

All of the operations performed on thermal signal
parameters refer to a reduced matrix provided by the
windowing of the matrix scenario.

In Figure 9, the output is represented in terms of the
“Ste 08~ curves at R = —0.1 (Figure 9A) and R = 0.5
(Figure 9B). It is evident that the range of variation of
“Sie’ is the same.

A significant signal increase was obtained before the
yield strength for R = —0.1, as shown in Figure 9A, and
after reaching the yield value for R = 0.5, Figure 9B. In
fact, as already explained, the thermoelastic signal
depended on the stress semi-amplitude. Hence, in the
case of R = —0.1, at higher stress values, the signal
became nonlinear.
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FIGURE 10 S, og results at (A) R = —0.1 and (B) R = 0.5

In Figure 10, the results of “S; ¢5” data are presented,
and a different range of variation was detected at two
loading ratios even if the behaviour of the whole curves
was similar, which means that the tests were perfectly
reproducible.

The temperature signal of the intrinsic heat dissipated
depended on both plastic and viscous phenomena. When
R < 0, the higher stress amplitude indicated a wide hys-
teresis loop area, so that viscous phenomena were able
to justify “S;” values higher than R > 0.

At R = 0.5, the energy of plastic phenomena are rela-
tively small, as is the hysteresis loop, with respect to those
at R = —0.1. “S;” has small values.

Generally, temperature is a global parameter and is
affected by several disturbing heat sources.>>’ By observing
the graphsin Figure 11, it is possible to note that the range of
the data variation at the two loading ratios is the same. Even
if the smoothing procedures are the same for both loading
ratios, the noisy characteristic of the curves is more evident
atR=—0.1 (Figure 11A) than at R = 0.5 (Figure 11B). More-
over, even for the “AS, ¢¢” data, there is not a clear separa-
tion in behaviour, specifically at R = —0.1.

However, for all of the curves shown in Figures 9, 10,
and 11, the initial sloped trend is more accentuated for
temperature signal data at a lower stress ratio (R < 0).
This characteristic could be due to the viscous effect pro-
duced by the wider stress amplitudes and hysteresis area.
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FIGURE 11 AS; o5 results at (A) R = —0.1 and (B) R = 0.5

4.4 | Influence of the loading ratio on the
phase and thermal parameters

In this section, an attempt to explain the influence of the
loading ratio on fatigue behaviour is provided by consid-
ering the thermal and phase parameter results.

“ASy 987 and “Sy, o¢” did not show any remarkable
difference within the tests at two loading ratios, while
the results of “S; o¢” and “Ag_og »,” exhibited a difference
depending on the loading ratio that is adopted.

The effect of the stress ratio has also been studied in
Fracture Mechanics.**%>7 In the work of Kamat,** the
influence of the stress ratio on the crack closure effect
has been demonstrated (crack growth rate “da/dN”) for
a DISPAL aluminium alloy. Other studies™ have
highlighted some differences in the “actual loading ratio”
at the crack tip and at a distance from it. However, a
higher R means a lower stress amplitude and lower frac-
ture toughness.”® The influence of “R” on fatigue testing
was studied on Ti-Al-V alloys for engine turbine blade
applications®* and in a VHCF regime by discussing the
relation between “R” and the failure modes. The result
was that a high stress ratio played an important role in
promoting subsurface micro-cracks.

In an energetic approach,” the author addressed the
energy stored in the material, which depended on the dis-
location arrangement as well as the energy reduction due
to clustering and cell formations. The focus of that work
was that the quantity of energy stored in the material
increased as the loading ratio “R” decreased.

This phenomenon opened a wide discussion on the
relation between stress ratio and energy involved in the
fatigue process, which is represented by the energy of
the hysteresis loop. It is likely that the stress ratio can
influence the energy contribution within the material
since the stress amplitude promotes the type of hysteresis
in the material. By considering the Goodman diagram,>*
the higher the stress ratio (lower stress amplitudes), the
tighter the hysteresis loop.

It follows that the energy associated with the damage
processes that occur in the material is lower than in the

3500
+51AS0_98
2800 -  ®S2AS0_98
=53 AS0_98
52100 2
o,
41400 /
700
04
80 100 120 140 160 180 200
Aci2 [MPal
(B)

case of a material undergoing fatigue testing at lower
stress ratios (higher stress amplitudes); moreover, the
energy associated with the damage processes depends
on the specific dissipative process activated in the
material.*

Under the hysteresis regime, in which both compo-
nents exist, one can predominate over others depending
on the stress ratio. In particular, at a stress ratio close to
one, the test runs very close to the mechanical static prop-
erties of materials, such as the yield strength; the plastic
phenomena may be more probable than other viscous
phenomena.*® The latter occur at lower stress ratios,
where the hysteresis loop is wider and the intrinsic fric-
tions are at grain scale.

The “Ap 45,” data are higher at R = 0.5 than at
R = —0.1, possibly due to the dominating plastic effects
on the hysteresis loop. It seems that the phase data are
more influenced by the plasticity than the dumping
properties.

At lower stress ratios, the viscous phenomena are
enhanced®® due to the wider characteristic of the hystere-
sis loop. The “S, o¢” results, on the contrary, exhibit
higher values at R = —0.1 than at R = 0.5. A possible
explanation for this phenomenon can be attributed to
the size of the hysteresis loop, which determines the
major energy dissipated during fatigue processes in the
material.

5 | RESULTS

5.1 | Fatigue limit estimation
5.1.1 | Phase parameter A¢_os_,

The assessment of the fatigue limit by analysing the
phase data involves a specific data analysis algorithm.
The calculations assume that the fatigue limit is “the
point of the series, from which the signal prevails over
the noise”. Following this, a slope analysis was performed
to determine the point of the slope change, which is the
first positive value of the series (4¢ threshold is 0°).
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The method has already been successfully adopted on
phase data of composite materials in the work of
Palumbo.*®

For the sake of simplicity, the results are shown quan-
titatively in Table 1 and graphically in Figure 12.

In Table 2, data series “Ap_o5,” at R = 0.5 and
R = —0.1 are reported for each sub-step, as are the mean
value and slope calculations for sample 1.

The criterion adopted was to consider as a fatigue
limit the first value above the 0° threshold, so that for
sample 1 at R = 0.5, it is 160 MPa, while for the test run-
ning at R = —0.1, it is 250 MPa.

Figure 12A,B reports a comparison of “Slope_Agp og.,”
at R = 0.5 and R = —0.1, respectively. At R > 0, there is
low scatter and good reproducibility between the curves,
while the results at R = —0.1 appear to be affected by
noise, especially at higher stress semi-amplitudes. How-
ever, the data that are significant for the evaluation of
the fatigue limit are those occurring at lower stress
amplitudes.
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5.1.2 | Thermal parameters: ASy, Sihes Sa

Thermal parameters were processed for evaluating the
fatigue limit using a method described in the work of
De Finis’ of the series “ASy o5,” “Sine o0s,” and “Sy og.”

The procedure is based on residual assessment
(ASO_98_residuals, Sthe_98_residuals: Sd_98_residuals) from the
series “ASy os,” “Sie 08, and “Sy og.” Finally, a threshold
is calculated to determine the fatigue limit.

The first points of the series “ASy og residuaiss
“Sthe_98_residualsa” and “Sd_98_residuals” that exhibit values
higher than the values of the threshold is the fatigue limit
estimation.

The global results are shown in Table 3 along with the
results of the reference tests that were carried out. The
assessed fatigue limit at R = 0.5 generally underestimates
the value obtained by the reference test method (particu-
larly for “AS,”). In fact, the error related to the applica-
tion of the threshold method on A4S, is 13%. However, a
more accurate evaluation can be achieved by reducing

s
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FIGURE 12 Phase data and slope results for each specimen at (A) R = 0.5 and (B) R = —0.1

TABLE 2 Data series of Ag_og _ ,, for fatigue limit estimation of sample 1

R =05

A¢_os> [°]
Ac/2 Sub- Sub- Sub- Slope
[MPa] stepl step2 step3 Mean A@_og >
85 2.58 2.63 2.55 2.59
100 1.7 1.67 1.62 1.66 —0.03881
115 141 141 1.46 143 —0.01362
130 1.27 1.26 1.23 1.25 —0.00629
140 1.27 1.27 1.29 1.28 —0.00022
150 1.24 1.26 1.25 1.25 —0.00146
160 1.22 1.27 1.26 1.25 0.00012
170 1.24 1.25 1.27 1.25 0.00089
175 1.27 1.26 1.26 1.26 0.00914
180 1.33 1.37 1.33 1.34 0.01195
185 1.34 1.42 1.39 1.38 0.07056
190 1.99 2.07 2.09 2.05

R=-0.1

A¢_os2 [°]
Ac/2 Sub- Sub- Sub- Slope
[MPa] stepl step2 step3 Mean A@_og >
175 0.31 0.32 0.33 0.32
190 0.29 0.29 0.32 0.3 —0.00086
205 0.28 0.29 0.31 0.29 —0.00052
220 0.27 0.28 0.3 0.28 —0.00050
235 0.27 0.27 0.29 0.28 —0.00061
250 0.26 0.26 0.28 0.27 0.00100
265 0.29 0.31 0.33 0.31 0.00254
280 0.35 0.33 0.35 0.34 0.00188
290 0.36 0.34 0.37 0.36 0.00106
300 0.36 0.35 0.38 0.36 0.00144
310 0.38 0.38 0.4 0.38 0.00197

320 0.4 0.39 0.43 0.4
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TABLE 3 Fatigue limit estimations using phase data and thermal parameters data at two loading ratios

a
Loading ratio R = 0.5
Values in MPa

Sample 1 2

Ap 160.00 170.00
ASy 140.00 150.00
Sthe 150.00 160.00
Sd 150.00 160.00

Staircase fatigue limit reference

b
Loading ratio R = —0.1
Values in MPa

Sample 1 2

Ag 250.00 250.00
ASy 265.00 250.00
Sthe 265.00 235.00
Sd 235.00 235.00

WILEY——2

Staircase fatigue limit reference

the “distance” between each loading block. “A¢” seems to
be the only value that provides a fatigue limit that is very
close to the Staircase reference. In fact, the percentage
error is only 0.63% in absolute value. However, all of
the values reported in Table 3a tend to be lower than
the reference value, so one can state that the procedure
provides almost conservative results.

The results for the tests running at R < 0 in Table 3b
are closer to those of the fatigue limit Staircase reference.
The percentage error in comparison to the Staircase refer-
ence is very low for all indexes. In particular, in this case,
“ASy” slightly overestimates the reference value, while
“Sq” provides an underestimation of the fatigue limit with
the same data scatter (standard deviation 8.66 MPa). Even
in this case, “Ap” is capable of accurately determining a
fatigue limit very close to the reference in the same way
as “Sye.” In fact, the percentage error is null in referring
to “Spe,” and the data dispersion is higher.

5.2 | Damage analysis: Parameter maps

In this section, the capability of “p,” “Sy.,” and “S,;” for
damage analysis of a material is shown. Graphical analy-
sis is a useful tool for localising and determining the
region of dissipative phenomena and failures.

For the first sample of each loading ratio, “p,” “Sy.,”
and “S;” maps are presented to observe the onset of dam-
age in the material and to provide a possible explanation
for referring to the specific damage mechanism associated

3 Avg Std. dev. %error
175.00 168.33 7.64 —0.63%
150.00 146.67 5.77 +13.00%
150.00 153.33 5.77 + 9.49%
140.00 150.00 10.00 +11.45%
169.40 4.38
3 Avg Std. dev. J%error
250.00 250.00 0.00 0.00%
250.00 255.00 8.66 +2.00%
250.00 250.00 15.00 0.00%
250.00 240.00 8.66 —4.00%
250.00 4.77

with the loading ratio regime. Figures 13, 14 depict the
maps for three stress semi-amplitude levels, before, after,
and at the estimated fatigue limit: 140/165/180 MPa (test
at R = 0.5) and 220/250/300 MPa (tests at R = —0.1),
respectively.

In Figure 13A,B,C, respectively, the “p,” “Sy,.,” and
“Sq” maps exhibit the onset of the damage process in cor-
respondence with the stress level of the estimated fatigue
limit (approximately at 165 MPa). The region of interest
as well as the dimension seems to be similar. To better
observe these processes, a profile contouring operation
(two levels) was performed with Matlab® software. This
analysis sheds light on the effective dimension of the
damaged regions. In particular, the areas detected in
phase maps and “Sy,.” coincide with less than the sign,
which is opposite, while “S;” seems to include the regions
represented by “@” and “Sy..” However, the results
slightly depend on the number of the contouring level
chosen.

In Figure 13D, for the specific loading level above the
fatigue limit (180 MPa), whole profiles were
superimposed into a single map (called ALL), demon-
strating that the areas belong to the same region all of
the parameters provide single information on the dam-
age. The potential of the technique clearly involves the
joint use of the maps to detect the onset of the dissipative
mechanism.

Nevertheless, by comparing three images, it is possi-
ble, even qualitatively, to detect the region of damage at

G«
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FIGURE 13 Damage analysis of sample 1 tested at R = 0.5 (A) phase, (B) Sq, (C) Sine, and (D) contouring of all of the parameter maps
[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 14 Damage analysis of sample 1, tested at R = —0.1, (A) phase; (B) Sy; (C) Syne [Colour figure can be viewed at wileyonlinelibrary.
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the early stages. The specimen failed in the zone in the  are detectable in the matrix. A global phase signal increase
black squared region. is recorded from below to above-fatigue-limit stress blocks.

At R <0, in Figure 14A, no predominant effect of dam- In Figure 14B, “S;” exhibits a global increasing signal
age is present, but widespread positive/negative clusters from 220 to 300 MPa. In effect, high maximum values of
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the signal are evident at the stress level above the fatigue
limit (300 MPa). This effect affects the downward part of
the “S4” map and is characterised by large clusters. In the
phase and “S;” maps, attention can be focused on the zone
enclosed by a black line, which is the region of failure
where the dissipative phenomena seem to be concentrated.

The “Sy,.” signal at R = —0.1 in Figure 14C presents a
signal increase in the central part of the gauge length. A
localised process is detected at the bottom right side of
the matrix, starting at 250 MPa. Even for three parame-
ters evaluated at R = —0.1, it is possible to correlate the
zone of the dissipative phenomena with the proximity of
a crack process.

As represented by the maps in Figures 13, 14, the dis-
sipative phenomena are different depending on the load-
ing ratio. At R = 0.5, the contrast between damaged/
undamaged zones is higher than at R = —0.1. In particu-
lar, at R = 0.5, the onset of a crack is easily detectable in
Figure 13A-D, and the plastic component is predominant.

On the contrary, at R = —0.1, where the viscous com-
ponent prevails (Figure 14), the dissipative phenomena
are widespread in the gauge length. “S;,.” seems to be
more accurate for detecting the onset of a crack with
respect to the phase maps. “S;” maps at R = —0.1 present
a viscos-plastic zone, mostly in the area represented by
the black box. The fact that there is no localised damage
could be due to the viscous behaviour, which prevails
over the plastic one.

6 | CONCLUSIONS

In this paper, six samples of ASTM A182 F6NM martens-
itic steel were fatigue tested using the well-known “self-
heating” procedure with the aims of:

« comparing the thermal signal variation at two
completely different loading ratios (R = —0.1 and
R =0.5)

« providing a mechanical characterisation of the
material

The analysis in the frequency domain of the thermal
signal provided different parameters (A ASO, Sthe, Sd),
which represent both the thermoelastic and dissipative
effects.

The goals of the present research were to provide:

« a more in-depth understanding of proposed indexes,
where “A¢@” seems to be more influenced by plastic
than the viscos-plastic behaviour, while “Sd” is related
to the energy of intrinsic dissipations in the material
and “Sthe” allows the detection of crack initiation

« the possibility of reducing the time of an experimental
campaign. When the threshold is assessed, theoreti-
cally, it is not mandatory to run the test until sample
failure.

« online characterisation of the damage

« a fatigue limit estimation that was in good agreement
with the Staircase method at two different loading
ratios.
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