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Abstract

This paper aims to illustrate the use of infrared thermography as a
nondestructive, in real time and noncontact technique (a) to observe the physical
processes of damage and fatigue on metallic specimens subjected to rotating bending
loadings, (b) to detect the occurrence of energy dissipation and (c) to evaluate the
limit of endurance of the tested materials. In addition, this infrared thermographic
technique describes the location and process of the material damage.

1 Introduction

Engineering structures are frequently subjected to cyclically varying loads or
deformations and also to some form of multiaxial stressing. In addition, many
components have design details which involve severe stress concentrations. At these
highly stressed locations, the stress (or strain) on many occasions will exceed well
above the conventional elastic limit. Conditions of this type are extremely common
and are often the cause of premature failure in pieces of equipment intended for
longlife applications. The phenomenon of progressive deterioration of the strength
due to the action of repeated load cycles is usually referred to as "fatigue”.

In recent years, fracture mechanics has become the primary approach to
controlling brittle fracture and fatigue failures in structures. Experimental methods,
which have been used to obtain the fatigue characteristics of materials, usually
correlate the fatigue life of a smooth specimen under uniaxial stress conditions with
either plastic strain or stress amplitude. Multiaxial fatigue assessment is then
carried out with the help of an appropriate rule or criterion that reduces the
complex multiaxial loading to an "equivalent" uniaxial loading. In these approaches,
the relationship between the cyclic stress, plastic strain and the fatigue damage
process is usually overlooked [1].

Since the fatigue damage is generally caused by the cyclic plastic strain, the
plastic strain energy plays an important role in the damage process. Fatigue cracks
generally initiate from surface defects or discontinuities and are thus predominantly
influenced by the surface stress system. The significance of the energy approach is
in its ability to unify microscopic and macroscopic testing data, and subsequently to
suggest multiaxial design criteria. Therefore, the idea of relating fatigue life to the
intrinsic dissipation detected by infrared thermography seems to be highly relevant.

This paper emphasizes the application of infrared thermography to damage
process detection and fatigue limit evaluation of metallic materials and components.
Subsequently the infrared thermographic technique can be used for nondestructive
testing and integrity control on steel structures.
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2 Fatigue and endurance of materials

When subjected to cyclically varying loads, metals break at stresses that are much
lower than the ordinary fracture stress measured under static conditions. This loss
of strength under alternating load conditions is called fatigue. In typical fatigue
behaviour the fracture stress (i.e., the peak stress amplitude) decreases with the
number of load reversals according to a curve whose general shape is the Wohler
curve, an S-N (stress vs. number of cycles) or endurance curve. In cyclic loading, a
material can safely support a given peak stress amplitude for only a specified
number of cycles, given by the endurance curve, before it breaks. In some cases, the
endurance curve may level off for a limiting stress amplitude called the fatigue
endurance limit, below which the solid can support the load indefinitely without
danger of fracture.

The most common method of obtaining fatigue endurance data is the rotating-
beam test. The rotating specimen is loaded in bending so that the peak-stress
alternations are experienced only at the outer edge of the cross-section,

The local nature of the phenomenon of fatigue failure makes it necessary to trace
carefully the path which the applied loads take within the structure, because a
fatigue crack can start in one small region of high alternating stress and can lead to
complete failure even though the rest of the structure is very strong. The loads must
be traced through the structure to the subcomponents, and the stress distribution
within the subcomponent must be analyzed to find the critical regions of high
stress.

The plastic strain energy per cycle AW is the area of the hysteresis loop and the
total plastic strain energy Wgf = LAW. The phenomenon of the fatigue damage is
primarily controlled by the stress and plastic strain or the irrecoverable plastic
strain energy per cycle [2]. Each material has a capacity to absorb a certain amount
of energy and when this limit is attained, "fatigue failure" results. The fatigue
failure is sometimes defined in terms of a crack length for the load-controlled tests,
and a drop in the peak stress for the strain-controlled tests.

In total strain-controlled experiments, it has been observed that the plastic strain
energy per cycle AW does not vary appreciably with cycles. However, when a
specimen is subjected to cyclic loading with fully reversed loads, the strain varies
depending upon the pretest history of the material. Thus the plastic strain energy
per cycle will also vary during the life. For a material which cyclically softens, the
plastic strain and the corresponding energy per cycle will increase, whereas for the
hardening material they will decrease. During the transient state when hardening or
softening occurs, the plastic strain energy and mean value of strain per cycle may
change considerably, before an apparent steady state is achieved.

3 Heat production mechanism during fatigue process

Fatigue cracks in individual crystals are generally assumed [3] to develop within
glide bands. The reason for the start of a fatigue crack is the embrittlement of the
material within the glide bands due to gradual exhaustion, under reversed stressing,
of potential slip planes. A more specific mechanism [4] of fatigue-crack-initiation
within glide bands is the development of highly generated temperature and
associated thermal stress-gradients in the fronts of any active slip plane, resulting
from the conversion into heat of the work in slip of the applied forces. The concept
of temperature-flash [5] accounting for crack initiation under repeated stressing
provides a plausible explanation for the observed thermal softening in fatigue of
previously cold-worked metal. This is consistent with the assumption that under
repeated stressing, relatively high temperatures are developed within the glide
bands. The distribution and the character of glide bands under conditions of
relatively rapidly applied repeated stress-cycles differ significantly from that
produced by unidirectional stressing.
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The localization of slip under rapidly applied repeated stress cycles are explained
by the consideration of the transiently viscous response of newly formed slip-bands
[6] which appear to be the result of transient disorder within the slipped region.
Shear stresses in such bands are relieved almost immediately after their formation.
Slip under partly or totally reversed rapidly applied repeated stress cycles is thus
sharply concentrated within the regions of initial slip by the same process of quasi-
viscous stress relaxation along newly formed slip-band that causes outward
spreading of slip in undirectional stressing. The local temperature increase, on
individual slip planes or within a cluster of slip planes, is high enough to produce,
in the vicinity of the slip region, localized thermal stresses of the order of
magnitude of the tensile strength of the metal. The development of localized high
temperatures, in the course of sharply localized slip, might be considered a
plausible mechanism of fatigue crack initiation.

The question of when does a crack “"initiate" to become a "propagating” crack,
seems to be somewhat philosophical. This paper aims to introduce the infrared
thermographic technique which can quantitatively evaluate the occurrence of both
initiation and propagation, establish allowable stress levels and inspection
requirements so that fractures cannot occur. In addition, this technique describes
the failure location and process of the structure failure.

Infrared thermography has been successfully used as an experimental method for
detection of plastic deformation during crack propagation of a steel plate under
monotonic loading [7] or as a laboratory technique for investigating damage, fatigue
and creep mechanisms occurring in engineering materials [8].

This experimental tool is used to detect the onset of unstable crack propagation
and/or flaw coalescence due to the thermomechanical coupling, when increasing
irreversible microcracking is induced by vibratory loading.

3.1 Coupled thermo-visco-elastic-plastic analysis

Traditionally, thermomechanical coupling effects have been neglected in thermal
analyses. The inelastic deformation is generally assumed rate(time)-independent at
low homologous temperatures. The theory of plasticity is consequently formulated
in a rate(time)-independent fashion and phenomena such as loading rate sensitivity,
creep and relaxation are excluded. The temperature field and the deformation
induced by thermal dilation and mechanical loads were solved separately. However
this effect could become noticeable if the material is significantly loaded beyond its
reversible threshold.

The development of the thermo-visco-elastic-plasticity equations requires three
types of basic assumptions [9-10-11-12]:

a) The basic thermomechanical quantities describing thermodynamic processes : the
motion x, the second Piola-Kirchhoff stress tensor S, the body force per unit
mass b, the Helmholtz free energy %, the specific entropy s, the heat supply rg,
the absolute temperature T, the heat flux vector per unit area q, the inelastic
strain tensor E! and a set of internal state variables a(l) characterizing the
material.

b) The fundamental equations of mechanics postulating for the balance laws of
linear momentum, angular momentum, and energy, as well as the second law of
thermodynamics expressed in the variables given in a).

c) The constitutive assumptions describing the material response and abiding the
compatibility of the constitutive equations with the fundamental equations of
mechanics.

This leads the coupled thefmomechanical equation :

. 4 . .
pCy T=KV2T-(f:D:E®) T+S:El+r,
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where B denotes the coefficient of the thermal expansion matrix, Cy (J kg™ K71 :
Ioule per kilogramme per Kelvin degree) the specific heat at constant deformation,
D the fourth-order elasticity tensor, e the specific internal energy, K (W m~! K~1:
Watt per metre per Kelvin degree) the thermal conductivity and finally T the
abolute temperature. The volumetric heat capacity C = p C, of the material is the
energy required to raise the temperature of an unit volume by 1 °C (or Kelvin
degree).

This equation shows the varied potential applications and uses of the infrared
scanning technique in engineering problems.

3.2 Thermal conduction

The first term on the right hand side of the thermomechanical equation governs the
transference of heat by thermal conduction in which the heat passes through the
material to make the temperature uniform in the specimen. The second-order
tensorial nature of the thermal conductivity K may sometimes be used for the
detection of anisotropy of heavily loaded materials. Where an unsteady state exists,
the thermal behaviour is governed not only by its thermal conductivity but also by
its heat capacity. The ratio of these two properties is termed the thermal diffusivity
a = K/C (m2 s~1) which becomes the governing parameter in such a state. A high
value of the thermal diffusivity implies a capability for rapid and considerable
changes in temperature. It is important to bear in mind that two materials may have
very dissimilar thermal conductivities but, at the same time, they may have very
similar diffusivities.

3.3 Thermoelasticity

The second term illustrates the thermoelastic effect. Within the elastic range and
when subjected to tensile or compressive stresses, a material experiences a
reversible conversion between mechanical and thermal energy causing it to change
temperature. Provided adiabatic conditions are maintained, the relationship between
the change in the sum of the principal stresses and the corresponding change in
temperature is linear and independent of loading frequency. It is the reversible
portion of the mechanical energy generated ; this thermoelastic coupling term may
be significant in cases of isentropic loading.

3.4 Intrinsic dissipation

The third term is the energy dissipation generated by viscosity and/or plasticity.
Internal energy dissipation was recognized by many scientists. The work done to the
system by plastic deformation is identified as the major contribution to the heat
effect. In thermo-elastic-plasticity, there exists a general acceptance that not all the
mechanical work produced by the plastic deformation can be converted to the
thermal energy in the solid. A larger portion of the work is believed to have been
spent in the change of material microscopic structure. The work done in plastic
deformation per unit volume can be evaluated by integrating the material
stress/strain curve. This internal dissipation term constitutes an important part of
the nonlinear coupled thermomechanical effect. The quantification of this intrinsic
dissipation for engineering materials is an extremely difficult task if infrared
thermography is not used. This chapter emphasizes the advantages of the infrared
thermographic technique for the detection of this thermomechanical effect.

3.5 Heat sources
The last term is related to the existence of sources or sinks of heat in the scanning

field. The surface heat patterns displayed on the scanned specimen may be
established either by external heating referred to in literature as "passive heating"
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where local differences in thermal conductivity cause variations on isothermal
patterns or by internally generated heat referred to as "active heating" where
isothermal patterns are established by the transformation of internal energy into
heat.

4 Infrared thermographic evaluation of fatigue limit

The material for the rotating bending tests was a XC55 steel, quite extensively used
in automobile construction. To minimize scatter, the 6.74 mm in diameter specimens
have been prepared from a single melt. The number of load cycles was 107
corresponding to the automobile fatigue damage. Cyclic fatigue tests were
performed on a 4-point loading rotating bending Schenck machine running at
approximately 100 Hz. A total of 18 specimens was step-tested, meaning that each
specimen was run for 107 cycles at 370 MPa, whereupon the stress was raised in
10 MPa step if there is nonfailure and the stress is lowered in case of failure, Using
standard methods of statistical analysis, the fatigue limit has been estimated equal
to 399 MPa with a standard deviation of 41 MPa.

Series of 5 rotating bending tests have been scanned by the infrared system at
different stress levels. The load duration was chosen 60 seconds corresponding to
6 000 load cycles and 3 000 load cycles at 30 seconds in duration. The software TIC
8000 allowed the data reduction of the thermal images which shows heat generation
after 3,000 and 6,000 load cycles (Fig. 1).

The fatigue damage mechanism is revealed by the change of intrinsic dissipation
regime. Experimental results have been summarized in Fig. 2 where it can be seen
how the fatigue limit is determined using a graphic procedure. The threshold of
critical thermal dissipation is roughly the same for the 3,000 cycles and 6,000 cycles
curves and it corresponds to the value deduced from standard procedure.

Jk/c 10 Mc T
5 —— 4
300 400 500 600 MPa
Fig. 1. - Data reduction using TIC e L
8000 AGA software for a steel
specimen subjected to 360 MPa after Fig. 2 - Graphic determination of the

3,000 and 6,000 load cycles. fatigue limit of a XC55 steel.
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5 Concluding remarks

Owing to the thermomechanical coupling, infrared thermography offers the
possibility of a nondestructive, noncontact and in real time test to observe the
physical process of metal degradation and to detect the occurrence of energy
dissipation. Thus it readily allows a measure of the material damage and permits to
_evaluate the limit of a progressive damaging process under load beyond which the
material is led to failure.

It is of particular interest that the method allows not only qualitative work such
as finding flaws, but also quantitative analysis of the effects of flaws on strength
and durability of structural components.

This useful and promising technique allows accurate illustration of the initiation
of a crack, the onset of its unstable propagation through the material and/or flaw
coalescence when increasing irreversible microcracking is generated by cyclic
loading. Particularly in case of fatigue testing, infrared thermography offers the
possibility of a nondestructive, noncontact technique of damage detection, making
evidence of the initiation of a crack and its propagation through the material.

Detecting a strong change of intrinsic dissipation regime, this method readily
allows an evaluation of the endurance limit, commonly determined by a very time-
consuming procedure.

The main interest of this energy approach is to unify microscopic and
macroscopic testing data. Subsequently it may suggest multiaxial design criteria,
highly relevant for full scale testing on engineering structures.
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