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‘In theory, theory and practice are the same

In practice, they are not’

Albert Einstein
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ABSTRACT

This thesis is focused on the calibration of the Acoustic Emission (AE) technique to detect
and identify damage mechanisms in tool steels. The AE measurement procedure has been
calibrated for two mechanical tests: fracture test (three-point bending test) and indentation test

(spherical indentation).

Fracture tests cause cracks due to tensile stress. The damage begins with the nucleation of
cracks (cracking carbides and local plastic deformation) and afterwards, the cracks spread
through the metallic matrix following the broken carbides. This research proposes a filtering
process to detect each stage of fracture: the cracking of carbides (nucleation), the stage where the

crack passes through to the steel matrix and final catastrophic failure.

Spherical indentation tests enable the creation of a more complex distribution of stresses in an
affected part of the specimen. Applying low level loads, an elastic field was created in the
specimen under the ball indenter. Nevertheless, AE activity was detected in this elastic field, and
these signals were related to the breaking of carbides located in the zone of maximum shear
stress. An important feature of this test is that the cracking of carbides takes place without plastic

deformation, and therefore the damage signals were clearly identified with carbide breakage.

\%
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In both tests, carbide breakage was confirmed by means of AE as the cause of nucleation of
cracks in tool steels. AE made it possible to identify the carbide breakage and the propagation of
cracks through the metallic matrix and predict the final fracture of the specimen in bending tests.
This thesis proposes a new acquisition and filtering configuration in fracture tests to eliminate
spurious signals due to contact damage between the specimen and machine supports, as a
methodology for identifying different damage mechanisms in small-sized specimens based on
certain AE waveform features. From the standpoint of research into materials, coupling the
proposed AE setup in each test significantly improves the tests, since it permits the evolution of
the damage to be identified during the loading cycle. The laboratory results obtained endorse the

possible use of AE in preventive maintenance in the tool-shaping industry.
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GLOSSARY OF SYMBOLS

AE
AET
AHSS

AFi;(k)

AR
AR;

AT

CLSM

CM

CNTS

Dmax

Radius of contact between ball indenter and specimen in spherical indentation test
Amplitude

Acoustic emission

Acoustic emission technique

Advanced high strength steels

Average amplitude in the frequency domain of the signal, where i where i is related
with the time segment, j with the origin of the source and k defines the frequency
segment.

Aspect ratio

Amplitude ratio i, is the ratio of AT, to ATs;

Average amplitude in the time domain of signals, where i where i is related with the
time segment and j with the origin of the source.

Confocal laser scanning microscope

Confocal microscope

Counts

Duration

Maximum diameter
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Dmin Minimum diameter

DDT Duration discrimination time
DT Destructive testing

E Young’s modulus

ECD Equivalent diameter

En Energy

f Frequency

Feq Alpha iron or ferrite
FesC Iron carbide or cementite

FHCDT First hit discrimination time

Hij Refers to a classification of the signals, where i is related with the time segment and j
with the origin of the source.

HRC Hardness Rockwell C

HV1 Hardness Vickers

k Define the frequency segment of a signal

Kic Fracture toughness of carbides

LEFM  Linear elastic fracture mechanism

NDT Non-destructive testing

oM Optical microscope

p Indentation stress

Po Mean contact pressure

P, Indentation stress that generate plastic deformation
P Load

Pc Critical load
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P, Load at yield point

PM Powder metallurgy

ro Radius of circular cracks in spherical indentation test
R Indenter ball radius

ReT Rearm time

RMS  Root mean square

RT Rise Time
S1 Sensor 1
S2 Sensor 2
S3 Sensor 3

SBR; Spectral Bands Ratio i, is the ratio of AF;;(1) to AF;;(2) for i=1
SF Shape factor

t Time

Thr Threshold

TS Time segment i

wt% Weight percent

£ Strain

0 Applied normal stress

" Bending strength

o"¢ Carbide tensile fracture stress
T Applied shear stress

¢ Carbide shear fracture stress
v Poisson’s ratio

1] Sphericity
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Chapter 1: Introduction and overview

1.1. Introduction

Tool steels are widely used in the manufacture of tools for punching, cutting, shaping,
stamping, cold extruding, etc. These are repeatedly subjected to high stress during service. These
steels must exhibit very high strength, hardness and wear resistance. These properties are
antagonistic with high fracture resistance or toughness. Thus, tool steels are very sensitive to
fracture if stresses during service or manufacture exceed those which the microstructure can

support.

Hardness

Tool steels are, in general, high carbon content steels that are hardened by heat treatment
consisting of quenching and tempering. Higher steel hardness is obtained by quenching in the
martensite phase, which is a supersaturated solution of alpha-iron (Fe,). They are usually alloyed
with other elements to improve their mechanical properties. In the quenching treatment the

alloyed elements form carbides [1-3].
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Carbides are very hard substances embedded in the mass of the steel in form of precipitations.
The presence of carbides in the steel structure is ensured when the content of dissolved carbon in
austenite increases above the required solubility limit for subsequently forming enough
martensite during the hardening treatment. The supersaturated carbon solution diffuses to form
other carbides during tempering. By adding alloying elements such as chromium, molybdenum,
vanadium, tungsten, titanium, etc., the iron carbide (FesC) is transformed into other harder

carbides. The level of hardness depends on the nature of the carbides present.

Wear resistance

Another important feature of tools is the period of time during which their working parts are
maintained in good condition. Therefore, it is crucial to delay the progressive wear of tools in
service. Wear resistance is a difficult phenomenon to analyze given the large number of

influencing factors, for example:

— the amount of carbides present in the steel structure,

— hardness after quenching and tempering,

— the type of friction (dry or wet) between the tool and the material being worked,
— the frictional coefficient between both materials,

— the distribution, hardness, shape and volume of carbides.

Toughness

Toughness means the ability of the material to absorb energy and undergo plastic deformation
without fracturing. This energy, in the case of tools, has to be compensated more elastically than
plastically, to prevent permanent deformations. This accuracy means that heavy-duty tools have

a higher yield point if they have to work under important loads.
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The toughness depends on the structure and chemical composition of the steel. A high carbon
content and a large amount of carbides implies high hardness and wear resistance, but

significantly reduces toughness after heat treatment.

1.1.1. Fracture mechanisms of cold-work tool steels

Material fracture is the separation of the solid into two or more parts. Tool steels are very
sensitive to fracture if the stresses exceed those which the microstructure can endure. The

fracture process can be divided into three stages:

1) crack formation (nucleation),
ii) crack growth (propagation) and

iii) final fracture.

The fracture can be ductile or fragile. Both are produced when the stress exceeds the
maximum resistance of the material, but the damage mechanisms occurring prior to the fracture

are different. Normally, the fractured surfaces show a combined ductile and brittle fracture.

A ductile fracture is characterized by generalized plastic deformation preceding the final
fracture. The cracks advance slowly while the applied stress is increased (established cracks).
Some of the energy from stress concentrations at the crack tips is dissipated by plastic
deformation before the crack propagates. Due to that, this fracture presents great energy
absorption. By contrast, brittle fracture is characterized by rapid crack propagation without any

appreciable plastic flow previous to fracture and the energy absorption is very scant.

A ductile fracture is a strain-controlled fracture that occurs due to the deformation-induced

nucleation and growth of micro-voids around the hard particles. The ductile fracture resistance of
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tool steels tends to be low due to the high hardness of the martensitic matrix obtained during the
heat treatment and the large density of carbides, as is stated above, are very hard and brittle
particles built into the tool steel microstructure. Operating loads within the recommended limits
and below the proportional tensile or shear strength of properly process tool steels do not initiate
ductile fracture. However, factors such as overloads, stress concentrations, surface flaws or the
non-uniform distributions of coarse carbides may significantly reduce the resistance of a tool

steel and this type of fracture can appear.

A brittle fracture is a stress-controlled fracture that occurs with little or no plastic
deformation. Frequently, the stresses that cause a brittle fracture are well below those expected
to form ultimate tensile strengths. A brittle fracture may be initiated by cleavage cracks in the
hard particles or in their boundaries, which in turn lead to unstable cleavage crack propagation in

matrix structures with low toughness (Figure 1.1).
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Figure 1.1. Schematic representation of a tool steel fracture: (a) schema of the material composition
(carbides embedded in the metallic matrix), (b) cleavage of a carbide, (c) and (d) cracks of more carbides,
(e) propagation of a crack in the metallic matrix following the cracked carbides and (f) final fracture of

the specimen.
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Moreover, polycrystalline metal fractures may be transgranular or intergranular (Figure 1.2),

depending on whether the crack propagates through the grains or follows their boundaries [4].

(a) (b) 0\
age3e 302020

N

CH A
CH S &

S

Figure 1.2. Schematic representation of: (a) an intergranular crack and (b) a transgranular crack.

Intergranular fractures are related to the size of the grains, with phosphorous segregation on
the austenitic crystals boundaries and precipitation of cementite in the grain boundaries. Thus, in
the heat treatment it is desirable to obtain a fine grain austenitic matrix and a homogeneous
dispersion of carbides. In tool steels, and other high carbon steels, the most common mechanism
of brittle fracture is intergranular cracking along the austenitic grain boundaries initiated in the

broken carbide or in its decohesion (Figure 1.2(a)).

Therefore, the fracture resistance of these materials is related to the size of the dispersed
particles in the martensitic matrix. Two types of particles which influence the fracture are:
carbides and inclusions (nonmetallic elements that are introduced into the steelmaking process).
Their large size, high densities or non-homogeneous distribution contribute to premature failure
of the tools. The size and shape of these particles also play an important role in resistance, for
example, elongated particles or flattened shapes introduce anisotropy into the properties of steel

[5,6]. Likewise, irregular shapes can act as stress concentrators.
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1.1.2. Conventional methods for the failure mechanisms study

To improve the mechanical performance of materials and components a study of fracture

mechanics is important. With this aim, several mechanical tests can be performed. These tests

are classified into Destructive Tests (DT)) and Non-Destructive Tests (NDT), depending on

whether the specimen is modified or not during the test, respectively. Normally, both are

required in combination for the study of a material.

Some of the most common NDT are listed below with their limitations [7]:

Visual inspection, microscopy and surface analysis. It can be relatively easy to apply if the
expected defect is on the previously polished surface of the specimen. But it is more difficult
when the flaw is inside the specimen, and this must be cut so that the flaw appears on the
new free surface.

Liquid penetrants: This technique reveals discontinuities open to the surfaces of solid and
nonporous materials. Indications of a wide variety of discontinuity sizes can be found
regardless of the configuration of the test object and regardless of the discontinuity
orientation. The liquid penetrants seep into various types of minute surface openings by
capillary action. The cavities of interest may be very small and often invisible to the naked
eye.

Electromagnetic methods based on the electromagnetic properties of a material. These
techniques are widely used for identification or differentiation purposes in a wide variety of
physical, structural and metallurgical conditions in electrically-conductive ferromagnetic
and non-ferromagnetic metals.

Radiographic Testing. This is based on the test object’s attenuation of penetrating radiation

— either electromagnetic radiation with a very short wavelength or particulate radiation (X-
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rays, gamma rays and neutrons). Different portions of an object absorb different amounts of
penetrating radiation due to differences in density and variations in the thickness of the test
object with differences in absorption characteristics caused by variation in composition. This
variation in the attenuation of the penetrating radiation can be monitored by detecting the
nonattenuated radiation that passes through the object. It is a very costly inspection method.
— Ultrasonic testing. In this technique ultrasonic wave beams are introduced into a material for
the detection of surface and subsurface discontinuities. These waves travel through the
material with some energy loss (attenuation) and are reflected and refracted at the interfaces.

The echoes are then analyzed to define and locate discontinuities.

All these methods can be combined with destructive testing to inspect the damage occurring
in the material. Depending on the mechanical test and inspection method, two situations can

arise:

a) The specimen must be modified to inspect and evaluate the damage. In this case, only the
final flaw can be evaluated but not its evolution.

b) The specimen can be inspected without being destroyed (for example, for surface flaws or
using techniques that allow the interior of the material to be inspected). In this case, it is
possible to load the specimen, stop the test, evaluate the damage generated and re-load it
again to repeat the strategy as often as necessary to ascertain the evolution of the flaws during

the test. Obviously, it is a long and arduous process.

Another NDT method which is not as common is the Acoustic Emission (AE) method. It is
based on the detection of stress waves produced by sudden internal changes in stressed materials.
The sudden movement generates waves that radiate out into the test object and can be detected

on the surface of the specimen. This technique is ideally applied during a controlled loading test
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since the increasing flaws are the source of the stress waves; thus it is possible to identify the

flaws in the sites where they are produced.

1.1.3. Acoustic Emission

1.1.3.1. Overview

In many technical articles or commercial presentations, AE is described as a new technique.
In actual fact, very few technologies can be advertised as “new”, and most of them have been
known and used since ancient times in a primeval state. The novelty probably lies in the increase
in present knowledge, the way in which these technique are applied or the areas in which they
are actually used. This is the case of AE, which is apparently a new emerging technique within
NDT. But it has been used and known since the earliest civilizations which used it as a
forecasting tool. It is logical, since many natural phenomena are audible; for example, water in
freezing, earthquakes or a broken branch, etc. Probably, one of the first practical uses of AE was
made by pottery makers to assess the structural stability of ceramic pieces, paying attention to

the sounds emitted during the cooling process in the even.

The first documented observation of AE in metal was during twinning of pure tin as early as
2600 b.C. The first text documenting this phenomenon was written by the Arabian philosopher
and alchemist Abu Musa Yabir al-Sufi Hayyan (721-815 a.C.); his latinized name was Gerber.
His publication describes that tin (Jupiter) emits a loud noise, and he also described iron (Mars)

as “sounding much” during forging [8].

Historic texts exhibit many references and observations of this phenomenon, but the first
modern technigque studies date from 1950, when the German engineer Joseph Kaiser presented

his thesis at Munich University [9]. He studied the sounds produced in metallic materials



Introduction and Overview

submitted to tension. In his thesis, he presented the work now known as “Kaiser Effect” [10], a
fundamental principle in the study of damage to materials. Since then, different works, studies
and publications have been written due to the large number of applications and situations
permitting the use of this technique. Between 1960 and 1980, despite equipment limitations,
several pioneer researchers such as Dunegan [11], Pollock, Wadley, Scruby, Birchon, Schofield,
Beattlie, Proctor, Harris and Ono issued considerable scientific production in order to make
progress in this field [12]. Some of them, who are currently still active, are members of working
groups on AE and specialized journal editors. The works that they have written are currently
being revised due improved equipment which permits the forwarding and validation of the

previous theories.

But it is from the late 1990s that AE was reborn through the emergence of a number of
interesting research studies in this field from different areas. The growing interest in AE is due,
in part, to the significant advances that have taken place in microelectronics and computer-
assisted analysis techniques in recent years. Powerful storage technologies and the analysis of

big data are necessary.

There are several lines of research related to AE with important scientific production. On
reviewing the technical publications of recent years, interest is distributed into the following

areas:

— Development of sensors, equipment and acquisition systems.

— Research and application of AE in the study of materials (metals, polymers, composites,
ceramics, construction materials, biomaterials, etc.)

— Search for new applications and the adequacy of their techniques: biomedical engineering,

medical diagnosis of certain conditions, etc.
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— Large structures: bridges, railway structures, pressure vessels, etc.
— Study of AE waves.

— Application of AE as a preventive maintenance tool in machines or in their elements.

1.1.3.2. The AE technology

The term ‘acoustic emission’ is used to define both a physical phenomenon and an NDT
technology. AE is commonly defined as transient elastic waves produced by a sudden
redistribution of stress within in a material [13]. When a structure is subjected to an extreme
external stimulus (change in pressure, load, temperature, etc.), internal modifications take place
(such as the growth of cracks, local plastic deformation, corrosion, phase transformations, etc.).
These sources (events) release energy in the form of stress waves into the material, which then

propagates as an elastic wave through the material.

For instance, if a pencil is slightly submitted to bending until fracture, the fracture of wood
fibers can be perfectly heard. The noise is caused by the stress waves that propagate through
wood and air. In this case, the waves are generated at frequencies within the audible range. There
are some even less audible acoustic emission examples, such as wood fracture, ice cracking,
tearing of paper, etc. Normally, AE signals are inaudible. Rapid stress-releasing events generate
a spectrum of stress waves starting at 0 Hz which usually fall off at several MHz. The most

interesting sources released energy of between 1 kHz and 1 MHz [14].

AE or AET (Acoustic Emission Technique) such as NDT is based in this phenomenon. In this
test, waves generated by an AE source are detected by means of the appropriate sensors attached

to the surface that convert the surface movements into electrical signals. With the right

10
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equipment and setup, motions with the accuracy of picometers (10 -12 pm) can be detected.

Figure 1.3 shows a schematic principle of the technique.
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Figure 1.3. Schematic principle of AE wave detection: 1. Stimulus; 2. Growing discontinuity (AE

source); 3. Structure or specimen; 4. AE waves; 5. AE transducer; 6. Pre-amplifier; 7. Output signal.

The three major uses of the AE technique are: i) source location, ii) characterizing of
materials (mechanical performance and damage evaluation) and iii) health monitoring of

structures and machines [15-18].

AE can be related to an irreversible release of energy and it can also be generated from

sources not involving material failure, including friction, cavitations and impact.

Other NDT (radiography, ultrasounds, eddy currents, etc.) detect geometrical discontinuities,
introducing some form of energy into the studied structure. In contrast, in AE the self-generating
flaws emit stress waves that can be detected at a certain distance by the appropriate sensors, and
the characteristics of the acquired signals are useful evaluating the damage that is occurring

within the material.

11
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1.1.3.3. Characteristics of the AE technology

The principal characteristics of the AET are as follows:

— It is a “passive’ technique; the flaw itself generates the AE wave that can be detected. One of
the most advantages of AE is this point, since it permits the test to be executed with
minimum effects on the service of the studied part, since no energy is introduced into the
system.

— It detects distant AE sources; the maximum distance depends on the material properties.

— It is sensible to the growth of flaws and changes in the material structure, instead of the
presence of geometric flaws.

— It is non-invasive.

— It can be applied during service.

— It permits the location of growing discontinuity.

And the main limitations of the technique are:

— As the flaw itself generates the AE signals, their intensity cannot be controlled and the test is
unrepeatable.

— Stable discontinuities do not generate AE signals, and so they are undetected by AET.

— Some materials do not emit AE when the previous load applied is exceeded; this is an
important phenomenon known as the Kaiser Effect [9-10].

— This method is very sensitive to process noises; before attempting an AE test it is essential to

eliminate the unwanted signals.

12
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1.2. Research objectives

The main objective of this thesis is to calibrate the methodology for detecting initiation and
propagation damage and cracks in tool steel specimens by means of AE. For the purpose of
adapting the AE technique to the study of mechanical behavior in tool steels, the cracks in the
specimens are induced by two loading conditions using: i) fracture (three-point bending) tests
and ii) spherical indentation tests. Both are normal mechanical tests for the study of fragile
materials. AE must be useful in detecting initial damage in the specimen and the critical damage
stage that provokes its fracture. This main objective is based on some partial objectives referred

in the following paragraphs.

An obstacle for the successful and regular use of the AE method in mechanical tests is noise
discrimination. The working conditions of the test machines produce AE signals that are not
related to the degradation of the specimen but they are detected by the AE equipment. Unwanted
noise, which is associated with the moving parts of the machines and the hydraulic loading
system of the test machines, must be systematically distinguished from sounds associated with

specimen damage.

A second difficulty that must be resolved in this thesis is related to the small dimensions of
the specimens. The mechanical tests are performed with very small specimens due to the high
resistance of the studied materials, where the location AE techniques and the discrimination of
the signals are confused due to the quasi-instant quantity of wave reflections that are added to the
signal. The thesis proposes a methodology for acquiring and analyzing the signals that

minimizes the effects of the waveform distortions.

13
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The results reported in this research will provide a technical basis for the effectiveness of the
AE method as a complementary diagnosis method during the laboratory testing of these tool

steels which will allow the tests results to be fine-tuned.

1.3. Justification

The use of Advanced High Strength Steels (AHSS) in structural automotive components has
been increased over the past few years to satisfy the more stringent regulations regarding low
CO; emissions and high safety performance in vehicles. The high fracture strength of AHSS
(from 600 to around 1500 MPa) makes it possible to manufacture lightweight parts with high
crash-resistance. Conversely, the high yield stress of AHSS is a main inconvenience during cold
forming and cutting processes, since the high loads which are required cause accelerated wear
and the premature fracture of the tools [19]. Thus, the development of new tool materials that
combine high wear resistance and fracture toughness is required to fully exploit the potential of
AHSS. Within this framework, a proper tool steel microstructural design is needed, taking into
account the influence of the micro constituents on the fracture event. The size, shape and
distribution of the primary alloy carbides embedded in the matrix, as well as their chemical
composition and mechanical properties are studied in order to optimize the mechanical response
of tool steels [20]. Furthermore, tool failure during the industrial process is expensive due to the
high cost of tools and the unproductive time needed to replace them. Thus, AET is a technique

which could be used in preventive maintenance of these tools.

AE is a powerful tool for the study of materials, and is specially useful due to its extreme

sensitivity to small changes within the material and its “in-service” information. Nonetheless, the

14
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technique has not been widely used in the study of tool steels. It is therefore necessary to address

the applicability of the technique in these materials.

This research presents an experimental application of the AE method for identifying fracture

mechanisms in tool steels during fracture and contact tests.

Bending tests permit the application of a controlled load to the specimen in order to damage
it. During the test the specimen is submitted to tensile stress. Applying different loads, damage
severity in the specimen can be controlled. The three-point bending test is useful because the
maximum tensile stress is produced on one of the surfaces of the specimen. It permits the
observation of the side with the most damage in the microscopy, and it is not necessary to cut the
specimen to observe the broken carbides, possible plasticity or incipient cracks. This test makes
it possible to correlate the AE signals obtained with the observed damage in the specimen for

different load levels.

With the spherical indentation test, an elastic field is generated in the specimen. It is thus
possible to crack some carbides without propagating cracks within the material. This enables the

isolation of the carbide crack from other mechanisms.

1.4. Thesis overview

The remainder of this thesis is organized into six chapters which are briefly described in the

following lines:

15
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Chapter one is an introduction to the thesis. It contains general information about tool steels
damage mechanisms and their detection. The objectives and justification of this thesis are
also presented.

Chapter two is related to steel characterization by means of the three-point bending test.
This chapter is subdivided in three parts: i) identification of initial damage in specimens
with a typical AE setup, ii) experimental procedure for eliminating background noise and
problems due to reflections and iii) the results of identifying the damage mechanism,
including the identification of nucleation and crack growth by the steel matrix, and
demonstration of the order in which they occur and the stress level that takes place.

Chapter three explains the results obtained with a spherical indentation test to identify the
cracking of carbides due to shear stress.

Chapter four contains a discussion of the key findings in this study.

Chapter five presents suggestions for future research.
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Chapter 2: Characterization of tool steels by three-point bending test

2.1. Introduction

The interaction between the two main constituents of tool steel microstructures: the primary
carbides and the metallic matrix, determines their mechanical properties and hereby, the
performance of tools working in industrial applications. A proper comprehension of micro-
mechanical mechanism leading to damage in the microstructure prior to failure comprises the
identification, localization and quantification of the phenomena being involved in the process

when a certain load is applied.

Carbides play an important role determining the mechanical response of these steels since
they act as fracture initiation sites. Cracks nucleate form broken primary carbides and grow
through the metallic matrix until they attain the critical size for failure [1,2]. Thus, an increase of
carbides mechanical properties is expected to raise fracture and fatigue resistances of tool steels.
This is why Casellas et al. [3] used nanoindentation techniques to determine the mechanical
properties (i.e. hardness, Young’s Modulus and fracture toughness) of primary carbides
embedded in several tool steels. However, as shown by Picas et al. [4], the fracture strength of

carbides not only depends on their mechanical properties, but also on their shape, arrangement
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and presence of internal defects. Accurate data on the primary carbides fracture strength in tool
steels will bring valuable knowledge to light, concerning the global mechanical response of
tools. The onset stresses for crack nucleation and growth in tool steel microstructures are rather
unknown. To fill this gap of knowledge, this research has used the AE technique during fracture
tests (three-point bending tests) in order to cope with the difficulty to identify the applied stresses
related to the nucleation and growth of cracks. The three-point bending tests permits easily
visualize by microscopy the most stressed surface; this is an advantage over the tensile test

which has been more widely monitored by AE.

Fukaura et al. [5] and Yokoi et al. [6] are amongst the few authors who employed this
technique to determine the progression of internal damage in tool steels. Fukaura [5] applied AE
to determine the stress level at which carbides start to break in a tensile test. Their work showed
the relationship between the characteristic AE wave parameters and material damage evolution.
The main problem of their work was to relate the AE information with damage in the specimen;
since during tensile tests damage occurs inside the specimen. However, as these authors
indicated, the use of relatively low frequency sensors (375 kHz) might have had introduced some
limitations that could have been avoided by the bending test to their predominant frequency, and
correlated continuous low frequency signals to plastic deformation events, while sudden high
frequency signals to fracture events. Yokoi [6] determine that carbide cracking could
successfully be detected by AE; in his work, the signals started at a certain applied load and the
event rates continually increased until reaching the fracture stress. These authors stated that no
continuous AE signals existed but that numerous burst emission at close intervals were recorded
instead. Yamada and Wakayama [7] observed a rapid increase in cumulative AE energy prior to
the final fracture of cermets samples and attributed this phenomenon to the to the main crack

formation. They also distinguished two types of AE signals: one was a burst-type signal with
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high frequency and the other was a low frequency and continuous-type signal. The former was
considered to be emitted form micro-cracking while the latter was due to plastic deformation of

the binder phase.

The following sections of this chapter show the results obtained during three-point bending
tests monitored by AE. Each of the sections presents a point of view of the problem, showing the
results in sequential order as the research advanced. Section 2.2 shows the simplest monitored
procedure of bending test in order to identify the initial damage and its evolution. Section 2.3
proposes a new AE filtering process and procedure for monitoring the three-point bending tests
that permits to refine the results. Finally, section 2.4 present a classification of AE signals that

permits to identify different damage mechanism during the bending test.
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2.2. Analysis of fracture resistance of tool steels by means of AE

2.2.1. Introduction

Aimed to a better understanding the role of the microstructural constituents (primary carbides
and metallic matrix) in the fracture mechanisms of tool steels, this section is focused on the
application of AE in monotonic bending tests to determine the stress levels at which damage

appears.

2.2.2. Experimental procedure

2.2.2.1. Specimens

Two commercially available tool steels were selected: DIN 1.2379 (equivalent to AISI D2)
and a tool steel named as UNIVERSAL (developed by ROVALMA S.A.). The chemical
composition of both can be found in Table 2.2.1. The DIN 1.2379 tool steel shows a ledeburitic
microstructure with primary carbides formed during solidification by the eutectic reaction = y +
M-C3 [8]. In UNIVERSAL steel two types of primary carbides are present, one type is M;C3 but
shows higher VVanadium and Tungsten content than those found in DIN 1.2379, and the second
type is MC Vanadium rich and shows increased hardness and toughness values compared to the
other types. Properties of these carbides can be found in reference [3]. Carbides in DIN 1.2379
have elongated shapes and are dispersed in the matrix forming bands along the forging direction.
In the meanwhile, primary carbides of UNIVERSAL steel are more equiaxed and

homogeneously distributed in the matrix [1].
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Table 2.2.1. Chemical and mechanical properties of materials DIN1.2379 and UNIVERSAL

Steel C Cr Mo V W HRC
1.2379 15-16 11.0-12.0 0.6-0.8 09-1.0 - 60 - 62
UNIVERSAL 09-1.2 6.8-8.5 - 25-3.0 11-14 60 - 62

Prismatic specimens with dimensions 50x8x6 mm were extracted from forged billets, with the
longitudinal axis parallel to the forging direction. The obtained samples were heat treated by
quenching in oil and tempering up to a hardness of 60 - 61 HRC (heat treatments can be found

scheduled in [3]).

2.2.2.2. Monitored AE flexion fracture test.

A three point bending test was used to evaluate the mechanical behavior of specimens. The
surface exposed to tensile stress was grinded and polished, and the edges were rounded in order
to avoid stress concentration effects. Tests were carried out in a universal testing machine in air

at room temperature and the load rate was fixed at 1 mm/s.

Two small magnetic AE sensors were disposed alongside the specimens in order to detect the
AE signals. The sensors had a fixed resonance frequency of 700 kHz (VS700D, Vallen System
Gmbh). Two pre-amplifiers with a gain 34dB of the same brand were used (EAP4). Signals were
recorded and analysed using the Vallen System Gmbh AMSY5 analyser. During the

measurements, digital filters of 95-850 kHz were applied.
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Figure 2.2.1. Diagram of the experimental setup.

2.2.2.3. Test procedure.

For each type of tool steel, several bending tests were first carried out up to the end (breakage
of the specimen) in order to define the typical AE signal pattern in the fully run test. Later, the
tests were paused upon significant changes of the AE signals. However, a maximum load of 70%
of the material fracture strength was applied so as to prevent the sensors from being damaged as
a consequence of the sudden specimen break. DIN 1.2379 and UNIVERSAL characteristic
fracture strength values were determined by Picas et al. and can be found in [1]. At each halt, the
surface subjected to tensile loading was examined by means of Optical and Confocal Microscopy
(OM and CM) to identify the potential sources in the microstructure responsible for the detected

changes in AE signals.

24



Characterization of tool steels by three-point bending tests

2.2.3. Results and Discussion

The results obtained in the fully run tests are displayed in Figure 2.2.2 and 2.2.3 for DIN

1.2379 and UNIVERSAL respectively. They show the correlation between the applied stress and

the AE signal intensity as a function of time.
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Figure 2.2.2. Bending test results, steel DIN 1.239. Blue line: stress vs. time; red points: EA signals vs.
time.
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Figure 2.2.3. Bending test results, steel UNIVERSAL. Blue line: stress vs. time; red points: EA signals

vs. time.
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Both DIN 1.2379 and UNIVERSAL show a similar pattern with regard to the captured AE

signals. Three different zones can be distinguished:

First zone

During the first stage of the test, AE signals are almost inexistent. The reason is that the
material is under elastic deformation and neither the carbides nor the matrix show fracture or
plastic deformation. In other words, once the noise is filtered out, the absence of AE signals can

be associated with material linear behavior.

Nonetheless, the detection of a few isolated AE signals could presumably be caused by the
fracture of some carbides or a material chip off due to polishing; even though no certainty can be

given at this point.

Second zone

In this zone appear the first AE signals. In the DIN 1.2379 they start at approximately 11 s
and in the UNIVERSAL at 27 s, which correspond to a stress level of 640 MPa and 1700 MPa
respectively. The signals increase gradually in intensity and abruptly in number. During this
stage, several broken carbides can be discerned in the steels microstructure. As shown in Figure
2.2.4 and 2.2.5 for DIN 1.2379 and UNIVERSAL respectively, the amount of broken carbides
increases considerably with the rising stress. In some cases a small area of plastic deformation

appears.
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Figure 2.2.4. Example of broken carbides observed by means of CM in the tensile stressed surface of

DIN 1.2379 specimens.
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Figure 2.2.5. Example of broken carbides observed by means of CM in the tensile stressed surface of

UNIVERSAL specimens.
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Third zone

The amounts of registered signals, as well as the cumulated energy, considerably increase.
The intensity does not increase but in opposition, the average value shows a slight decrease. At
these stress levels, a high number of carbides are found to be fractured, the plastically deformed
areas have spread and deepened and even small cracks are observed in the matrix, as shown in
Figure 2.2.6. At this point, the test has been stopped to prevent the sensors from damage due to
the sudden specimen breakdown. As shown by Picas et al. [1], the number of broken carbides
and matrix cracks is expected to keep growing up to coalesce the ones with each others, leading

to the final fracture.

2800 MPa

» Cracks in carbides

Plastic deformation
around carbides

=> Cracks in the matrix

Figure 2.2.6. Broken carbides, plastically deformed areas and small cracks in the matrix can be identified
by means of CM in the tensile stressed surface of specimens: a) DIN 1.2379 at 2100 MPa and b)
UNIVERSAL at 2800 MPa.

In this study, the stress level at which carbides are found to start breaking in DIN 1.2379 is
640 MPa, which is around the 20 % of the fracture strength determined for this material [1]. In
the case of UNIVERSAL, the signals that point out breakage of carbides appears from 1700
MPa, which corresponds to approximately the 45 % of the fracture strength of this material [1].
Such results can be explained by the lower fracture toughness of primary carbides in DIN

1.2379, as has been previously evaluated by Casellas et al. [3], and the elongated shape and
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arrangement in bands (in which local stresses can be higher) of carbides in DIN 1.2379, as has

been stated by Picas et al [1].

Some of the results presented here show agreement with those obtained by Yamada and
Wakayama [7] with Ti(C,N)-based cermets. Basically, two types of AE signals can be identified:
a high frequency burst-type signal and a lower frequency continuous type. The first type could
be attributed to the carbide micro-cracking processes while the continuous type could be related
to plastic deformation in the matrix. Although this theory is consistent with the results obtained

in this study, additional research is required to ascertain these correlations.

2.2.4. Conclusions

According to the experimental results obtained by means of coupling AE to bending tests, and
the microstructural observation of two different tool steels, the following conclusions can be

drawn:

— AE is an appropriate experimental tool to detect carbide cracking in tool steels microstructure.

— An experimental relationship has been established between the fracture of carbides and the
obtained AE signal. The stress levels at which carbides were broken were determined by AE
and experimentally confirmed by microstructural inspection.

— The tool steel with the highest broken carbide content induces the highest quantity of AE

signals with more temporal dispersion.
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2.3. Filtering of acoustic emission signals for the accurate identification of

fracture mechanisms in three-point bending tests

2.3.1. Introduction

In order to characterize the mechanical behavior of a material, monitoring the test with AE
becomes a tool for understanding what is happening to the material throughout the whole test.
However, acquired AE signals depend on several factors such as the type of mechanical test, the
material under consideration and its type of damaging mechanisms, surface roughness, etc.
Moreover, these signals are usually contaminated by background noise that can be classified
according to its origin: the one inherent to the measurement chain (including both mechanical
and electrical origin) and the one that appears as a consequence of the mechanical process being
evaluated. Any noise, despite its origin, impairs the correlation between the failure mechanism
and AE data. Therefore, the interpretation of the AE signals may produce an erroneous
evaluation of the real damage. As a result, it is essential to apply some kind of filter in the

acquisition and analysis of data, especially in the case of seeking the incipient origins of flaws.

Some methods have been proposed to extract the signals related to relevant sources of AE
based on: i) time domain features [1,2], ii) frequency domain features [2,3] or iii) localization of
the origin of the AE signal and relating this position with a possible real source of damage [4, 5].
In all cases, the filtering process uses characteristics of the waveform (Figure 2.3.1) as: duration
(D), amplitude (A), energy (En), rise time (RT), frequency (f), etc., or a combination of them. It is
accepted that damage signals are of higher amplitude and higher frequency than those relative to

noise, which, in general, present lower amplitude, more duration, higher rise time and more

absolute energy/signal strength than a crack or damage signal [5]. As a result, most of the usual
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filtering processes are based on these general features of the signals [1-3]. However, when AE is
attempted on a laboratory scale, on small specimens, the waveform is overly deformed due to the

reflections produced in the surfaces and the results of the filters are less effective than in big

structures.
Duration, D
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Counts, CNTS
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Figure 2.3.1. AE signal features.

Many research studies on damage mechanisms for fragile materials use the bending test to
identify the beginning of each damage mechanism [6-10] (for example, in tool steels, cracking of
carbides, decohesion between carbides and the metallic matrix, plastic deformation, growth of
cracks, etc.). The bending test generates damage in a small area of the stressed specimen’s
surface that can be controlled by microscopy, but it is difficult to detect the beginning of the
damage mechanism with precision. The use of this test in a stepwise loading mode and
comparing the AE signals with the observed damaged surface with a microscope facilitates the
relating of the signal’s features with the mechanism that generates them [10,11]. However, AE
signals caused by the deformation of the specimen at the upper and lower supports (background

noise due to the mechanical process) have the potential of masking the AE signals related to the
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damage mechanism; therefore preventing the detection of the applied stress at which the fracture

mechanism takes place.

The purpose is to develop a signal filtering process capable to discriminate between AE
signals emitted by natural damage mechanisms in specimens from others caused by the
interaction of the specimen with the supports necessary to carry out the mechanical test. This
enables to filter all AE signals not related to the damage mechanisms under investigation. The
novelty of this type of filtering is that it extracts information only from the first cycles of the
signals instead of from their whole length. The filtering process is applied to a three-point
bending test of a cold work tool steel DIN 1.2379 in order to determine the onset stresses for the

acting damaging mechanisms involved in the fracture process.

2.3.2. AE Sources in the three-point bending test

In three-point bending tests the most stressed area and in which damage and final failure takes

place is the centre of the specimen (Figure 2.3.2.).

zone | 1 zone III Pre-amplifier 2 |

I Gain: 34 dB

Pre-amplifier 3

Gain: 34 dN

Pre-amplifier 1
Gain: 34 dB

AE acquisition
equipment and <
visual software

Figure 2.3.2. Experimental setup of the three-point bending test: (a) Image of the mounted specimen and

(b) schematic setup.
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However, the AE signals emitted by natural damage generated in the microstructure as a
result of the mechanical test are affected by both the background noise due to the measurement

chain and the mechanical process.

The background noise related to the measurement chain in this kind of test can be reduced by
using general measures conventionally employed in AET. These measures include the careful
assembly of the acquisition system, which involves protecting the sensors, fixing the cables to
avoid that they move and selecting the correct threshold to limit the quantity of signals reaching
the sensors. Another common practice consists in applying a low frequency filter with the aim of

cutting out vibration and machine noises.

Mechanical process background noise is mainly due to the high contact pressure at the
specimen surface directly in contact with the supports of the bending fixture. These zones in the
specimen can be severely damaged during the test, and they also generate AE signals. This
spurious noise can be eliminated with a lineal location processor. In figure 2.2.2, the signals
produced in zone Il or Il correspond mainly to this type of noise. The main problem occurs in
the zone of interest (zone ), where the generated AE signals have two next damage origins: i)
the contact pressure between the upper central support and the specimen (noise signals) and ii)
the stress state induced in bending (signals of interest). The elimination of this kind of spurious

signal has been attempted by different AE filtering processes, such as:

a) To raise the threshold before or during the test. This procedure is not valid if the
measurement deals with the nucleation of incipient cracks in the microstructure, because the
energy released is very low [12] and valid AE signals could be excluded.

b) To study the relationship between the duration and amplitude of the signals. Swangson filters

define some combinations of values to identify noise signals [11,13]. It is a filter strongly
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dependent on the threshold and the waveform. In small specimens, the distorted waveforms
make these filters unsuitable.

c) The use of master-slave or guard technique. Master sensors are mounted near the source of
interest and enclosed by others called slaves or guard sensors. If any signal arrives first to a
guard sensor, it is rejected [14]. This is useful only if the source of the signals is isolated.

d) Some studies are based on frequency domain features in order to determine the damage
severity or to identify different damage mechanisms [10,15], but they are not used to filter
background noise (except low frequencies or noises with clear frequency predominance). In
the case of small specimens, multiple reflections produce change of modes that distort the

characteristics of the frequency domain.

2.3.3. De-noise filtering process

Although during the test, possible sources of background noise were identified and isolation
mechanisms were applied (as detailed in Method section 2.3.4), the raw data acquired still
contain noise signals. The de-noise process developed in this thesis deals with the elimination of
the AE signals which are emitted by: i) residual environmental noise (measurement chain noises)
and ii) AE signals related with the contact between supports and the specimen (mechanical
process noise). As mentioned before, the waveforms in small laboratory specimens are quickly

distorted, especially if they are made of a metallic material with low attenuation (Figure 2.3.3).
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Figure 2.3.3. Measured signal waveform with time segment definition.

Therefore, the use of parameters related to AE wave shapes could be confusing to classify
signals. Taking into account the small size of the specimens used in this study (as shown in
section 2.3.4.2), only the very first cycles of the waveform carry information about the source
(the rest of cycles must be discarded as they are affected by boundary reflections). This initial
segment of waves is defined as TS; (Figure 2.3.3) and its features were analyzed to identify the
main characteristics of signals originated in zones Il or Il (Figure 2.3.2), corresponding to
damage due to supports and specimen surfaces. Then, the signals originated in the central area of
the specimen (zone I) with similar characteristics to those of zones Il and 111 were eliminated.
This filter leaves AE signals exclusively related to micro-structural damage generated as a result
of the applied load during the bending test. Figure 2.3.4 presents a schematic diagram of the

filtering applied in this work and the algorithm is summarized as follows:

e Time segment definition: Each signal is divided into three time segments (Figure 2.3.3): i)

Signal segment 1, TS;, ii) signal segment 2, TS,, with a length of three times TS;, with the
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aim to include the peak amplitude of the signal, and iii) signal segment 3, TSs, including

the full length of the signal excluding pre-trigger. TS, and TS5 are used to clearly identify

burst from continuous signal types. Continuous signal types are related to background

noise and plasticity mechanism [16].

Origin of hits: Using linear location algorithms, the hits are classified according to their

origin in the range of zones I, Il and Il (Figure 2.3.2). The location in the x-zone is an

event builder constructed with an x-sensor defined as normal and others defined as guard

sensors. The velocity of propagation and the distances between sensors are detailed in

Method section 2.3.4.

Initial classification of the signals: according to the time segment definition and signal

origin, the signals are defined as Hij where i = 1...3 refers to the time segment and j =

1...3 refers to the origin of the signal.

Time domain features: the average amplitude of each time segment (AT;;) for all signals is

obtained by the Root Mean Square (RMS) method.

FFT features:

1) Two frequency segments (k) were defined between 95 — 450 kHz (k = 1) and 450 — 850
kHz (k = 2); in accordance with the sensor response.

i) AF;ij(k): average amplitude in the frequency domain of the signal.

Definition of decision variables:

1) Amplitude Ratio (AR;) defined as the ratio of AT, to ATsj; to identify burst type signals
from continuous ones.

i) Spectral Bands Ratio (SBR;): is the ratio of AF;;(1) to AF;;(2) for i=1. This indicator
allows the clustering of signals according to the energy distribution in the frequency

segments previously defined.
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e Criteria for discrimination of the measurement chain for background noise: to reject signals
which present a continuous waveform. In this particular case, after observation, the
threshold of AR; > 6 dB gives good results.

e Classifying damage mechanism: Identify appropriate features capable of clustering signals.

For this study: the correlation between SBR; and ATy;.

NO Measurement of
chain background
noise

AF;j (k)
SBR; (H i ): A0
' AFLJ- (2)

Mechanical
process
background noise

SBR; = SBR,
AT1V1 = AT1'2

Genuine Hits

Figure 2.3.4. Block diagram of the analysis of acquired data.

2.3.4. Method

The filtering process is applied to the acquisition data obtained in a monotonic three-point
bending test. To correlate and identify AE signals with specimen damage a Confocal Microscope

(CM) is used to inspect the microstructure of the samples.
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2.3.4.1. Experimental procedure

The three-point bending test is carried out in a universal testing machine with a constant span
length of 40 mm using an articulated fixture to minimize torsion effects. The displacement rate
applied was 0.1 mm/min and the test took place at room temperature. The set-up is schematized

in Figure 2.3.2.

2.3.4.2. Specimens

Cold work tool steel DIN 1.2379 specimens were used. They had a prismatic shape (length =
50 mm, width = 8 mm and thickness = 6 mm) with the forging direction oriented parallel to the
long axis of specimens. Samples were mechanically ground and their corners were rounded to
avoid stress concentration and remove any defect introduced during sample preparation. The face
subject to tensile stress during the bending test was carefully polished to a mirror finish using

colloidal silica particles measuring approximately 40 nm.

The goal of the three-point bending test coupled to AE analysis in this tool steel is to obtain
accurate data regarding damaging mechanisms at the initial stage of fracture. Picas et al. [17]
reported that breakage of primary carbides determines the onset for crack nucleation and
propagation in tool steels under monotonic conditions. Thus, AE signals emitted by carbide
failures were sought. In order to verify that the breakage of carbides generates different signals
with respect to those caused by contact pressure at upper and lower supports, the three-point
bending test was also performed with a spring steel DIN 55Cr3 . This is a martensitic steel with
no large primary carbides embedded as in DIN 1.2379, that is why no AE activity was expected
related to their breakage. The chemical composition and hardness of 1.2379 and 55Cr3 are

summarized in Table 2.3.1.
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Table 2.3.1. Chemical and mechanical properties of tested materials: 1.2379 and 55Cr3.

Steel C Cr Mo V Mn HRC
1.2379 15-16 11.0-12.0 0.6-0.8 09-1.0 - 60 - 62
55Cr3 0.55 0.85 - - 0.85 43 - 45

2.3.4.3. AE Measurements

Figure 2.3.2(b) shows the AE acquisition set-up. The equipment was an AMSY-5 (Vallen
System, GmbH) equipped with four channels and connected to a computer with VisualAE
software (Vallen System, GmbH). The test was monitored using three small resonant-type
sensors firmly attached to the specimen. One sensor (S1) was mounted in the center of the tensile
face, and the other two (S2 and S3) were on the opposite side. All of them were aligned with the
three supports of the bending fixture. The sensors present a resonant frequency centered on 700
kHz, but their response is relatively flat until 450 kHz and between 550 to 800 kHz. To
guarantee enough acoustic transmission, silicone grease was introduced between the plate of the
sensor and the surface of specimen. The three (central and roller) supports were covered with a
PVC film with a thickness of 0.15 mm, to minimize the frictional noises with the specimen

during the test.

Some preliminary measurements of the background noise were conducted in order to
determine the threshold level. In this case, four sensors were attached to the specimen and the
upper anvil assembly. As AE activity was detected with amplitudes below 30 dB, the threshold

level was fixed at 34 dB.
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The propagation velocity through the specimen was determined using two simulated AE
events: a Hsu-Nielsen source (pencil lead break) and digital signals sent through the sensors.

Acquisition parameters and event builder parameters are summarized in Table 2.2.2.

Table 2.3.2. Acquisition and post-processing parameters.

Parameter Value
Sample rate 10 MHz
Threshold, Thr 34 dB
Rearm Time, ReT 0.0512 ms
Duration Discrimination Time, DDT 0.050 ms
1% Hit Discrimination Time, FHCDT 0.08 ms
Time segment 1, TS; 3.2 us
Time segment 2, TS, 10 ps
Time segment 3, TS; 50 ps

2.3.5. Results and discussion

Figure 2.3.5 shows the cross-plot correlation of SBR; versus ATy for the two steels during the
three-point bending test. Figure 2.2.5(a) plots the results of 1.2379 and it shows a clear common
area for hits in zones I, 1l and 111 (superimposed on the graph). Hits located in zones Il and 111
can only occur due to contacts with the rolling supports. Hence, hits located in zone | with
similar characteristics of SBR; versus ATy to those of zones Il and 11 are assumed to be generated
by the contact of the specimen with the upper central support. The signals with a different
relationship between SBR; and ATy are only located in zone | and correspond to the relevant

signals for the test (natural damage in the microstructure as a result of the applied stress). The
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sources of these hits are carbide breakage and crack nucleation and propagation from them. The

events located in zone Il and 111 with higher amplitude (80-85 dB) correspond to the movement

of the supports due to the displacement of the load device when the test was finished (encircled

in Figure 2.3.5(a)).
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Figure 2.3.5. SBR; vs AT, crossplot, classified for each zone, during the three-point bending test for

two steels: (a) DIN 1.2379 and (b) DIN 55Cr3.

The spring steel specimens were employed to check the results of the clustering process, as

shown in Figure 2.3.5(b). The located hits in each zone of the specimen have similar

characteristics in reference to the relationship between SBR; and ATij. In this case, the
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predominant source of AE was that generated by contact pressure between supports and
specimens surface. Nevertheless, a larger quantity of hits was located in zone | (Figure 2.3.5(b))
—central support was double force that the rolling supports and some damage occurred in the
center of the specimen that was related to plastic deformation taking place in the microstructure.
The similar results for both steels, with one common mechanism of damage, permit the
identification of the characteristics of the contact pressure damage signals. So, the relationship

SBR; - ATy becomes an indicator of damage in the supports during the bending test.
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Figure 2.3.6. (a) SBR; vs ATy crossplot with applied filter for DIN 1.2379 specimen (Green hits
originated in zone I, yellow in zone Il and red in zone 111 during the three-point bending test) and (b)
cumulative hits during the bending test comparing raw data without filtering (M-line) with filtered data
(®-line).

Having identified the characteristics of the signals corresponding to damage generated at
contacting points of the surface, signals measured in 1.2379 steel with identical features of

55Cr3 steel were removed (Figure 2.3.6) from the raw data. Figure 2.3.8(a) presents cumulative

hits that first arrived to S1 during the test and compares results for un-filtered (M-line) and
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filtered data (®-line) of a 1.2379 specimen. The filtering process eliminates an important

quantity of undesirable hits, in this case around of the 60% of the signals.

Figure 2.3.8(b) shows in more detail data plotted in Figure 2.3.8(a) and it can be observed that
the hits located in zone | according to the filtered data (®-line) begin later than with unfiltered
data (M-line). Results of micro-structural inspection of 1.2379 at zone | at a stress level below
800 MPa show no damage (see Figure 2.3.7(a)), while above 800 MPa carbides have already
broken (Figure 2.3.7(b)). Note that if the data is not filtered, the conclusion could be that carbide
cracking begins at around 650 MPa, while in reality it occurs at more than 800 MPa in this
specimen. This result points out the importance of extracting relevant signals to evaluate the
onset stresses for damage in the microstructure of a specimen. Comparable results were obtained
by Fukaura and Ono [18] testing a JIS SKD11, equivalent to a 1.2379, in a tensile test without

the problem of pressure contacts.

Figure 2.3.7. Microscope images of the maximum tensile surface (a) at 790 MPa without breakage of
carbides and (b) at 900 MPa applied stress.
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Figure 2.3.8. (a) Cumulative hits during the bending test comparing raw data without filtering (M-line)
with filtered data (®-line) and (b) amplified detail of figure (a).

The signals located in zones Il and 111 were also correlated with the micrographic images, as

shown in Figure 2.2.9 in case of 1.2379. It can be seen that damage generated due to contacts

with the rolling supports can be very different from specimen to specimen, and even in one

single specimen and if applied stresses are similar. In Figure 2.3.9(a) there is virtually no

damage, in Figure 2.3.9(b) the damage is visible and in Figure 2.3.9(c) the damage is severe

(presenting scratches, cracks and even some broken carbides). Such differences may probably be

explained due to relative movements of specimens and lower rolling supports during the test.
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Figure 2.3.9. Confocal images of the contact surface of some DIN 1.2379 specimens at rod contact

area: (a) practically non-existent damage in specimen P3, (b) specimen-P4 presents some damage (c) and
(d) specimen-P2 presents severe damage and low damage in each rod respectively.

Figure 2.3.10 shows the cumulative unfiltered hits that reach S2 and S3 first for two different
specimens. In both cases the cumulative number of hits increases exponentially during linear
load increase. At the beginning of the tests, with low loads, there is no damage to the specimen
and practically no hits are getting to sensors S2 or S3. When damage is generated in the surface
of the specimen in contact with rolling supports, some hits appear and grow continually until the
load is removed. Moreover, the total number of hits in these sensors is related to the severity of
the damage induced in the specimen. Specimen P3 presented low damage on the contact surface

(Figure 2.3.9(a)) and similar results were observed in both contact surfaces in zone Il and IlI.
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The number of hits related to contact damage is presented in cumulative form in Figure
2.3.10(a). S1 and S2 present equal behavior and a similar total number of hits. Instead, specimen
P2 presents two different behaviors at the contact area; at one area (in zone Il) severe contact
damage were observed (Figure 2.3.9(c)), while at the other roller support contact area there is
almost no damage (Figure 2.3.9(d)). The sensor mounted at the closest position to this damaged
surface was S2 with more than 400 hits (Figure 2.3.10(b)), while signals with first arrival to S3,
mounted near the non-damaged surface, only presented 60 hits. It allows stating that there is a

strong relationship between this cluster of signals and the observed contact damage.
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Figure 2.3.10. Cumulative hits originating in zones 1l and 111 and maximum stress during a three-point
bending test of DIN 1.2379 specimens: (a) specimen P3 (practically non-existent damage) and (b)

specimen P2 with different damage severity in the contact with lower rolling supports.

2.3.6. Conclusions

The technique of acoustic emission measurements has been successfully applied to detect and
identify the fracture mechanisms in steels with high hardness levels (higher than 44 HRC, as a
tool steel and a spring steel) by means of three-point bending test. The main difficulty from the

AE measurements point of view is the coexistence of useful AE signals generated during the
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fracture events with spurious signals related to damage in the contact surfaces of the specimen
with upper central and lower supports that do not account for the specimen fracture process.
Specifically, it is found that the signal caused by the damage induced by the supports is stronger
at the beginning than that caused by the cracking of carbides and crack propagation, which is the
real fracture mechanism in the studied steels. The coexistence of both signals seriously hampers

the proper identification and evaluation of the fracture mechanisms.

Aimed at overcoming such uncertainty, a filtering protocol is proposed based on the first
segment of the waveform, which detects and filters the AE signal distortions caused by
reflections. Taking advantage of the characteristics of frequency features, the proposed filtering
analysis provides the main parameters only for the first segment of time. The analysis permits to
successfully identify the different origins of AE signals generated during the bending test that
are: background noises, damage at the contact area between the specimen and the supports and
the fracture process leading to specimen failure. The filtering process is applied to the analysis of
fracture mechanisms in a tool steel. It allows for an accurate determination of the stress level that
triggers carbide cracking, that is 800 MPa for the studied DIN 1.2379 steel. Such value was
experimentally confirmed by surface inspection of tested samples. The use of unfiltered signals
would erroneously set this carbide fracture stress level at 650 MPa, which represents an error of
close to 20%. It would give bad data to tool steel makers for the microstructural design of tool
steels and induce to misunderstandings to the tool user when trying to correlate the

micromechanical properties of the tool steel to the macroscopic behavior of industrial tools.
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2.4. Discrimination of different fracture phenomena by means of AE

2.4.1. Introduction

From the standpoint of section 2.3, this section is focused on the detection in real time of the
elastic wave signals generated during monotonic three point bending tests, and which can be
related to initiation and growth of cracks in the microstructure. In order to classify the different
signal spectrum characteristics generated by tool steels of different microstructural features, this
study deals with two tool steels with different size, geometry and distribution of primary carbides

in the metallic matrix.

2.4.2. Experimental procedure

2.4.2.1. Materials

Two different cold work tool steels were considered in this study. The first type is a
conventional ledeburitic high-carbon, high-chromium tool steel DIN 1.2379 (AISI D2). The
second is a special grade of cold work tool steel developed by ROVALMA S.A., named HWS,
which in comparison to the aforementioned 1.2379 has lower carbon and chromium content but
more vanadium. 1.2379 is obtained by ingot metallurgy routes while HWS is produced by
powder metallurgy (PM). The main alloying elements found in their chemical composition are

shown in Table 2.4.1.
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Table 2.4.1. Main allowing elements in the chemical composition of the studied steels (in wt%).

Steel C Cr Mo V W
1.2379 15-16 11.0-12.0 0.6-0.8 09-1.0 -
HWS 09-1.2 6.8-8.5 - 25-3.0 11-14

Prismatic samples were extracted from forged and annealed commercial bars parallel to the
forging direction. Heat treatment was applied to the samples of each material in order to get a
hardness level of 60 — 62 HRC, as summarized in Table 2. The bending strength, a7, of these
materials was reported by Picas et al. [1], and the fracture toughness, K,c, was determined as

specified in the ASTM E 399-90 standard. These values are also shown in Table 2.4.2.

Table 2.4.2. Heat treatment applied to the studied materials and obtained hardness, bending
strength (o) and fracture toughness (Kc).

Steel Austenitizing Tempering HRC o [MPa][1]  Kic[MPa-m"}

(quench in oil)

1.2379 1050 °C for 30 min 550 °C for 2 h (x2) 60 - 62 2847 + 96 28

HWS 1060 °C for 35 min 540 °C for 2 h (x3) 60 - 62 4382 + 111 21

2.4.2.2. Specimens

Samples dimensions were w =8 mm, h =6 mm and | =120 mm (Figure 2.4.1). Samples were
mechanically ground and their corners were rounded to avoid stress concentrations and to
remove any defects introduced during sample preparation. Faces subject to tensile stress during
three point bending tests were carefully polished to a mirror-like finish using colloidal silica

particles with approximately 40 nm sizes.
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Figure 2.4.1. Schema of the samples used in this study.

2.4.2.3. Microstructural inspection and fracture tests

Microstructural inspection of the samples was carried out using a Field Emission Scanning
Electron Microscope (FE-SEM). Fracture tests were performed by means of three point bending
tests with a constant span length of 40 mm in a universal testing machine, using an articulated
fixture to minimize torsion effects. The applied displacement rate was 0.01 mm/min. 5 samples
of each material were monitored until final fracture, while 3 samples were analyzed by means of
stepwise loading, as illustrated schematically in Figure 2.4.2(a). After each load step, the surface
subjected to tensile loading (Figure 2.4.2(b)) was examined by means of Confocal Microscopy
(CM) in order to relate each type of AE characteristic signal pattern to the generated damage in

the microstructure.
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Figure 2.4.2. (a) Stepwise loading to final fracture of the sample, o". (b) Schema of the micrographically

inspected zone of samples.

2.4.2.4. AE monitoring

Waveforms of the AE signals emitted during the test were detected and recorded with a
Vallen System. Three miniature AE sensors were attached to the specimen opposite to each pin
of the bending fixture (S1, S2 and S3 in Figure 2.4.3). The diameter of the sensor face was 3
mm. Sensor S1 acted as signal sensor in the middle of the tensile face, while S2 and S3 acted as
guard sensors to avoid frictional noises. The sensors arrangement permits a linear localization,
using the delta-t between S2 and S3 to locate the source, but only when S1 was the first hit. The
sensors were resonant type (VS700D) with a frequency range between 100 — 800 kHz and a peak
frequency on 600 — 800 kHz (flat range). Three 34 dB pre-amplifiers (AEP4) and a four channel
systems (AMSY-5) were used (Figure 2.4.3). Signal frequency filtering was carried out by the
pre-amplifiers and the AMSY-5 board. The filter was a band-pass type and it was set in the range
of 95 - 850 kHz. The acquisition threshold was fixed at 34 dB and signals with zero duration
and/or zero rise time were removed. A very short signal acquisition time (4 us) was chosen in
order to avoid capturing noise caused by wave rebounding due to surface walls and concatenated

hits.

54



Characterization of tool steels by three-point bending test

AE signal
N i AE signal
52 b i Analyzer and
. Event Detector
. i L i i +
I — Lo LS A o
%olishface % L Data Storage
S1 ! P b | Post-Processor
4 i ’ > Do /\ P > i
Span, 40 mm ! P Lo ; D
Pre- Filters  Amplifiers

Amplifiers
(34 dB)

Figure 2.4.3. Experimental set-up for the AE monitored bending test.

2.4.2.5. AE noise signals

The three channels detected signals from very small events in the sample as the load increased
during the test. AE sources were linearly localized with respect to the center of the sample (x
axis in Figure 2.4.1 and Figure 2.4.3) by their different capturing times in the sensors. The
acquired signals came from three main sources: (a) friction, (b) damage in those zones of the
specimen directly subjected to the contact pressures exerted by the bending fixture pins and (c)
damage at the center of the tensile face of the specimen as a result of the stresses applied.
Sources (a) and (b) were removed during analysis as they were related to noise phenomena
following the procedure described in section 2.3.3. Only (c) signals were taken into account,
directly reflecting the evolution of damage in the microstructure. The area of interest comprised
the interval from x = -15 mm to x = 15 mm (Figure 2.4.3). Any AE signal not located in this

interval was filtered out using linear location. Recording exclusively events located in this
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interval, the delta-t between S2 and S3 was used to locate the source but only when S1 was the

first hit.

2.4.2.6. Analysis of AE waveforms

According to Fukaura and Ono [2], the waveforms related to cracks in carbides and cracks in

the matrix can hardly be distinguished because they both correspond to crack opening types.

Classifying the sources of AE signals by means of standard signal features; i.e. amplitude, rise

time, duration, etc., was not possible in this work because waveforms were highly distorted

already after a few micro-seconds (see the example in Figure 2.4.4 produced by a pencil lead

break on the specimen surface). Such distortions were caused by reflections, changes of modes,

etc., specially accentuated due to the small specimen dimensions and the low attenuation of the

material.
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Figure 2.4.4. (a) Waveform produced by a Hsu-Nielsen source (when the graphite enclosed in a lead

2.4.3. Results

pencil breaks). (b) Zoom of the initial cycles of this artificial source.

2.4.3.1. Microstructural analysis
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In Figure 2.4.5 the microstructure of the steels studied can be observed. The microstructure of
1.2379 was markedly anisotropic, with large carbide stringers forming bands in the metallic
matrix (Figure 2.4.5(a)). The primary carbides of this steel were rather large and had irregular
morphologies. HWS showed the typical microstructure of PM steels with very small spherical

carbides distributed in the matrix with no preferred orientation (Figure 2.4.5 (b)).

Figure 2.4.5. Microstructure of the studied tool steels: (a) 1.2379 and (b) HWS.

2.4.3.2. Identification of characteristic AE signal patterns in bending tests of 1.2379 under

monotonic loading

Fig. 2.4.6 shows AE results from the bending tests under monotonic loading for 1.2379. This
diagram plots the cumulative number of hits as a function of the stress applied and the location
of each signal on the sample surface (with respect to the centre of the sample). As can be seen,
the highest amount of signals was generated at the centre of the sample (x = 0, where the applied
stress was the highest during the three point bending test), and the quantity of emitted signal

continuously increased with the applied stress.
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Figure 2.4.6. Cumulated number of hits in function of the stress applied during the bending test and
the location of the signals at the sample surface (the x axis (X-Loc.) refers to the position of the signal
with respect to the center of the specimen, the y axis refers to the applied stress and the z axis to the

cumulated number of registered hits).

A closer examination of the AE signals allowed them to be classified into two categories
depending on the characteristics of their spectra. As shown in Figure 2.4.7(a), the first type of
signal (Type 1) had a peak frequency (Fmax) centered at 280 kHz, while the Fnax of the second
type (Type 2) was around 660 kHz. Figure 2.4.7(b) shows that at the beginning of the test, no AE
activity was detected. At a certain applied stress level, a Type 1 AE signals started to be recorded
(®-line). These were burst-type signals, and the hit rate increased along with the applied stress.
Later, as the stress increased, Type 2 signals started to appear (M-line). These signals also
increased in number with the applied stress, but at the moment of final fracture they were less

numerous than the Type 1 signals.
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Figure 2.4.7. (a) Number of located hits on the interest length of specimen vs. peak frequency (Fmax) for
the two signals registered; (b) Cumulated number of hits vs applied stress during a monotonic bending

test in which two different types of AE signals could be identified.

2.4.3.3. Relationship between AE signals and micro-damage during bending tests of 1.2379

under monotonic loading

Stepwise bending tests made it possible to inspect the tensile surface of the samples at
different increasing stress levels, and to correlate the registered AE data (specifically, the two

different identified signal types) with the micro-damage observed in the microstructure.

59



Chapter 2

Figure 2.4.8(a) shows the cumulated number of hits as a function of the applied stress, during
the first step in the loading. This test was stopped at 800 MPa, as soon as the first signals were
detected. These signals answered to the same pattern as those of Type 1 identified before.
However, no damage could be observed at the sample surface, as shown in Figure 2.4.9(a); likely

something happened at the microstructure but it could not be detected yet.

The next test was stopped at 2200 MPa, when a higher quantity of AE signal was detected.
Practically all signals responded to the Type 1 characteristics previously identified, and a few
Type 2 signals were first detected (Figure 2.4.8(b)). In this case, the first cracks were observed in
the microstructure and they were located at primary carbides (Figures 2.4.9(b) and 2.4.9(c)).
However despite many carbides being broken, none of the cracks thus nucleated were observed

to have started propagating through the metallic matrix surrounding the broken carbide.

The last load step at 2600 MPa revealed a notable increase of Type 2 signals, even though the
number of Type 1 signals had not ceased to increase (Figure 2.4.8(c)), along with the number of
broken carbides in the sample. Inspection of the surface made it possible to observe that some

cracks had now propagated through the metallic matrix (Figure 2.4.9(d)).

Drawing on these results, the Type 1 and Type 2 AE signals were related to different damage
mechanisms occurring in 1.2379 samples as the applied stress increased. The Type 1 signals
corresponded to the breakage of carbides in the microstructure, i.e. nucleation of cracks, while
the Type 2 signals were produced by the subsequent propagation of these cracks through the

metallic matrix.
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Figure 2.4.8. Applied stress and AE signal results (in terms of the cumulated number of located hits) of
monotonic stepwise tests in 1.2379 vs time. (a) 800 MPa. (b) 2200 MPa and (c) 2600 MPa.
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Figure 2.4.9. Images of the micro-structure of 1.2379: (a) 800 MPa, (b)-(c) 2200 MPa and (d) 2600 MPa.

2.4.3.4. Relationship between AE signals and micro-damage during bending tests of HWS under

monotonic loading

In HWS only a few AE signals could be detected when performing the same analysis as in
1.2379, even when the acquisition threshold established for noise amplitudes was reduced to a
lower value (30 dB). Figure 2.4.10(a) and Figure 2.4.10(b) show the cumulated number of hits as
a function of the applied stress for stepwise tests of HWS at 3300 and 4100 MPa respectively. In

these figures it can be seen that the first signals were recorded at 1700 MPa but just a few hits
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were detected and they were mostly Type 1 signals. With only these small amounts of signals
being detected, and given the very small microstructural size of HWS, no cracks could be
observed on the surface at 3300 MPa (as shown in Figure 2.4.11(a)). However, when the load
was increased to 4100 MPa, there were just a very few small cracks nucleated in the

microstructure, both at broken primary carbides and at inclusion particles, as shown in Figures

2.4.11(b) and 2.4.11(c).
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Figure 2.4.10. Applied stress and AE signal results (in terms of the cumulated number of located hits) of
monotonic stepwise tests in HWS vs. time: (a) 3300 MPa and (b) 4100 MPa.
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Figure 2.4.11. Images of the microstructure of HWS: (a) loaded at 3300 MPa, and (b)-(c) loaded until
4100 MPa.
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2.4.4. Discussion

The data shown above these lines demonstrated that the AE technique, coupled to the bending
tests under monotonic conditions, was able to provide accurate information regarding the acting
micro-mechanical and damage mechanisms of 1.2379, the ingot metallurgic steel. In this case,
the nucleation and propagation of cracks in the microstructure was well identified by means of
two different types of AE signals reporting respectively, the breakage of carbides in the
microstructure, i.e. the nucleation of cracks, and the moment when these cracks left the carbide
and grew through the metallic matrix, i.e. the propagation of cracks. Therefore, this technique
provided a unique and very accurate tool to determine the threshold stresses at which carbides

started to break and thus, the stresses at which the first cracks were nucleated.

In case of HWS, the PM steel, it was found that even though the first signals started at 1700
MPa, only very few hits were registered compared to the high amounts obtained with 1.2379.
These signals corresponded to the Type 1 previously defined and therefore, in correlation to what
it was observed in 1.2379, some cracks were expected to have nucleated in the microstructure.
However, no damage could be identified on the surface until a stress of about 4000 MPa was
applied. At that moment, very small cracks were detected in primary carbides and inclusions. It
is worth pointing out that practically no Type 2 signals were recorded before the final fracture of
the sample, nor any propagation of cracks. This meant that the very high fracture resistance of
HWS was mainly due to the contribution of a very high resistance to crack nucleation, but that
the propagation of the nucleated cracks to final fracture took place very rapidly (in a very brittle-

like manner).
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In order to shed light on these phenomena, especially on the differences between the two
steels, the concepts of Linear Elastic Fracture Mechanics (LEFM) were used. A basic equation of
LEFM is shown in Eq. 2.4.1, where K is the acting stress intensity factor, Y a geometrical
correction factor calculated after Newman and Raju [3], ¢ the applied stress and a the crack

length:

K=Y -o-Ja (Eq. 2.4.1)

Under such high applied stresses, as those sustained by HWS (e.g. 4000 MPa), it is reasonable
to say that even if a very small crack is nucleated at a carbide in the microstructure (with an a
value of 5 pym for example), K of this crack can already attain values close to those of the
fracture toughness of the material, K,c, and hence, fracture may be imminent (fora=5 pym, 0 =
4000 MPa and Y = 1.2, K = 11 MPa-m*? while K¢ is 21 MPa-m*?). Furthermore many cracks
are nucleated at such stress levels and thus, coalescence of these cracks is prone to occur and

rapidly lead to fracture.

In 1.2379 the first cracks were nucleated at much lower stress values (e.g. 1500 MPa) in the
large primary carbides embedded in this steel (higher a values, e.g. 15 yum), but as shown in
Table 2, the Kic of 1.2379 is higher than that of HWS (28 vs 21 MPa-m"? respectively). Thus,
cracks may propagate to longer lengths before critical failure takes place (K assuming a = 15 pm,
0 = 1500 MPa and Y = 1.2 is equal to 7 MPa-m*? and K,c 28 MPa-m*?), and they would be
easier to be identified both by visual inspection of the surface and by means of AE techniques. In
addition, the much larger primary carbides of 1.2379 compared to HWS would lead to the
propagation of a relatively large number of cracks on the surface (where the stresses during the
three points bending test are maxima) instead of perhaps only a single crack inside the material

(as could have been the case if there were a sufficiently large inclusion in the interior of an HWS
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sample). Therefore, cracks in 1.2379 would always be observed by surface inspections, while

those of HWS would not.

In any case, the results obtained in the present study suggested that further work should be
devoted to characterizing the fracture phenomena in steels with very fine microstructures, such
as powder metallurgy tool steels. The findings of this investigation were not enough to clarify
whether cracks really nucleated in the microstructure of this PM steel at stresses around 1700
MPa, or whether the AE technique introduced in this work was insufficient to identify the initial

stress level for crack nucleation in HWS samples.

Only a very little AE activity was detected in the tests on HWS steel, and this has been related
to the small sizes of the nucleated cracks. This brings to mind the question whether the HWS
steel may have been producing events that were below the detection threshold of the system..
Further improvements to the present work will consider the use of sensors specially adapted for
low amplitude signals in the testing of HWS, so that even smaller events in the microstructure

can be captured and analyzed.

2.4.5. Conclusions

The coupling in this study of AE and CM techniques with bending fracture tests provided
helpful results for understanding in great detail the failure mechanisms of tool steels under such
applied loading, as well as the interactions of their microstructural constituents. An ingot
metallurgy steel and a powder metallurgy steel, analyzed by this means, had very different
microstructural features such as the size, geometry and distribution of the primary carbides

embedded. In the first of the tool steels studied, DIN 1.2379, two different AE signal wave
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patterns were identified during a fracture test. With the help of CM, these signals were
respectively assigned to crack nucleation in primary carbides (Type 1), and the propagation of
these cracks through the metallic matrix (Type 2). The second of the studied materials, HWS
steel manufactured by powder metallurgy, had a very fine microstructure with very small
carbides distributed homogeneously in the matrix. In this steel, some Type 1 AE signals started
to be detected at a certain applied load, but no damage could be observed at the surface of the
sample until much higher applied stresses were applied. Type 2 AE signals were practically
nonexistent in this material moreover, no propagating cracks were observed with CM. A fracture
mechanics analysis made it possible to understand why such different behaviors were observed
in these two materials. However, further work is required to rationalize the AE observations in
HWS, and for that, new and more sensitive tests are planned in order to ensure a more accurate

characterization of the phenomena taking place in the microstructure.
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Chapter 3: Damage induced by spherical indentation test

3.1. Introduction

Failure detection in tools is a fundamental issue in manufacturing processes, as their
premature failure is one of the most important factors — and directly reflected — in the price of
manufactured parts. Thus, understanding fracture events in tools is crucial for foreseeing tool

lifetime and further developing tool steels with an improved mechanical performance [1,2].

Spherical indentation, also known as Hertzian indentation [3, 4], is a widely-applied test due
its experimental simplicity and the small sample volume required for the study of contact
mechanics. The spherical indentation technique allows the simulation of a typical “blunt” in-
service condition [5], where the stress field distribution beneath the contact may be similar to
those observed in shaping tools. The advantage of spherical indentation over other sharp
indentations is the complete evolution of damage modes, as a progressive transition from initial
elastic to final full plastic contact. This behavior makes the Hertzian indentation technique a
useful tool in assessing damage mechanisms (e.g. cracks) which may occur in the elastic field,

plastic field or the transition between both.
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Furthermore, indentation tests can be monitored by means of AE as a useful in-service
damage detection technique [6,7]. The AE technique is based on capturing on the surface of a
specimen or component the transient elastic waves that are generated when a release of energy is
produced within a material caused by a structural alteration, such as a crack or a dislocation [8].
This technique is the most common way of on-line monitoring of brittle coating failure in
Scratch and Micro-Indentation testing [9,10]. However, most commercially-available
instruments present poor information since they only supply an integrated RMS signal, which is
sensitive to friction and poses difficulties in detecting low-medium elastic energy events that

occur [9], for instance, carbide cracking in tool steels.

Spherical indentation tests monitored by AE have been widely used in different materials to
identify the typical cone or radial cracks produced by the test [4]. It is the first fracture
mechanism that occurs during the Hertzian loading of brittle materials. Ceramics have been
analysed by AE to detect the initiation and propagation of ring cracks [11-13]. The behavior and
failure mechanisms of coated samples with different substrate and coating mechanical properties
have been studied by means of AE [9,14] and even metal foams for the automotive and
aerospace industry [15]. In general, all these studies deal with homogeneous materials; Padture
[16] presents the different crack propagation between the homogeneous and heterogeneous
structure of silicone carbide when fatigue spherical contact is applied. Nevertheless, Guiberteau
et al. [17] performed AE-monitoring on a spherical indentation test to investigate the effect of
grain size in deformation and microfracture in polycrystalline alumina. The results reveal
differences from an ideally brittle response which are associated with the generation of a
deformation-microfracture damage zone in the confined region of strong compression and shear
stresses beneath the indenter. The fully-developed damage zone is made up of an accumulation

of microstructurally-discrete events, each consisting of some kind of intergrain shear faulting
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accompanied by intergrain microcracking. This cumulative damage zone is quite different from
the continuous Hertzian cone fracture that occurs in the weak tensile region outside the contact
circle in classically homogeneous brittle materials. The results also confirmed that higher size

grain ceramics are more sensitive to these micro-fractures by shear stress.

Tool steels have a non-homogeneous microstructure, and carbide cracking is the origin of
cracks in these steels. Thus, obtaining information about carbide cracking during the indentation
test prior to the appearance of cracks in the metallic matrix would be efficient in studying tool
behavior. Some works have studied the mechanical properties of tool steels and coated tool steels
by spherical indentation and other indentations methods [18-22]. Most of them focus on
detecting cracks and not on microscopic damage such as broken carbides or precipitates. For this
purpose, micro- or nano- indentation tests are performed which break them by directly applying
the load on the carbide; see, for example, references [23,24]. To the best of the authors’
knowledge, the fracture detection of these hard particles by AE produced during spherical
indentation has not yet been analysed. In the previous chapter, AE monitoring on three-point
bending tests have been performed to determine the stress level at which primary carbides of
some cold-work tool steels begin to break. In that chapter, the carbide cracking mechanism was
due to tensile stress. Although the information obtained is useful for studying the properties of
carbides, tool-shaping is subject to more complex loading conditions [25] more similar to that

obtained by Hertzian indentation.

This chapter describes an AE-instrumented spherical indentation test to identify the breakage
of carbides while the indentation stress remains lower the radial crack stress. According to the

results obtained in other materials [26,27], carbide fractures are expected due to the shear stress
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produced under the indenter contact. The article assesses the contact response of commercial tool

steel under monotonic load up to 3000 N (elastic field) and 5000 N (plastic field).

3.2. Spherical indentation test

The problem of elastic contact between two bodies has been widely studied in literature [4,28-
30] due to the interest of such theoretical and practical applications. Considering a frictionless
contact of a rigid material sphere with a radius R, at normal load P, on a flat continuum specimen
(Figure 3.1), if the load reaches a critical value P, circular cracks with a radius ro (slightly larger
than radius a of the contact between the ball and the material) are formed. The field is initially
elastic. From a critical load, circumferential or cone cracks on the specimen surface (“brittle
mode”) or a subsurface deformation zone (“plastic mode”) appear. This research is focused on
the subsurface damage and therefore the basic features of the stress fields associated with this

region are outlined here.

The test makes it possible to follow the entire evolution of damage modes, as a progressive
transition from initial elasticity to plasticity (Figure 3.2). When an elastic sphere is pressed
against the surface of an elastic material, the maximum shear stress of the specimen occurs at the

axis of the load at a depth of ~0.5-a below the contact surface (Figure 3.1):

7 =0.48p, (Eg. 3.1)
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specimen

cone cracks

plastic deformation

Figure 3.1. Hertzian contact of sphere on flat specimen. Deformations are exaggerated for clarity. a is the
contact radius, ro is the crack radius at the surface of the specimen, R is the radius of the ball indenter and

P is the indentation load.

In an elastic—plastic material, yielding first occurs below the surface where the shear stress is
maximum. At this point, when the yield is incipient, the applied load P is identified with the
yield load Py and the Hertzian solution still holds [3] (Figure 3.2). In small application loads the
tool steel response could be assumed as having an elastic or “pseudo-elastic” behavior because it
exhibited a total recovery in depth penetration upon unloading. Within this context, the basic
Hertzian solution was used to predict the linear elastic relation of the indentation stress-strain

curve using the following equation [4]:
: a
o= s R (Eq.3.2)

where: E is the Young's modulus of the cold-work tool steel and s is a dimensionless
coefficient (s=(9/16)L v?2)+({ v2)E/E| and v and v are the material and indenter

Poisson’s ratio, and E’ is the Young’s modulus indenter. Eq.3.2 is the fundamental equation of
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the Hertzian theory relating indentation stress (pg) and indentation strain (a/R) in the elastic

range.

S A S

Figure 3.2. Schematic of the evolution in the deformed zone under the indentation for: (a) po = py, (b) po

> py and (c) po >> py.

3.3. Experimental method

3.3.1. Material

Commercial cold-work tool steel was selected for the study. It is a ledeburitic steel obtained
by ingot metallurgy routes. The main elements forming founded in its chemical composition are
shown in Table 3.1. Heat treatment was applied to the samples in order to obtain a hardness level
of 60 — 62 HRC. This steel presents considerable toughness and a remarkably high compressive

strength together with good wear resistance.

Table 3.1. Main alloying elements in the chemical composition of the studied steel (in weight percent %).

C Cr Mo V W Others

1.2-13 8.0-9.0 20-30 1.0-15 - + Nb +Al
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This steel presented a total percentage of 7.9 % primary carbides of the following types:
6.10% are M;Cs;, 0.80% are MC and 1.00% are MgC (see Figure 3.3). In Table 3.2 the mean
carbide sizes and morphologies are shown for M;C3;, MC and MgC. The size distribution of the
primary carbides was determined by means of image analysis using a minimum of 15 images.
Backscatter detection was employed to contrast carbides and metallic matrix and classify
carbides with different chemical compositions. Images were randomly taken at 500X. The size of
primary carbides was determined in terms of the equivalent diameter, ECD, minimum diameter,
Dmin @and maximum diameter, Dimax. The ECD is the diameter of a circle that has an area equal to
the area of the carbide. Dmin and Dmax Of a particle for angles in the range 0° through 179° with
step width 1°. The morphology was assessed by means of the aspect ratio, AR, sphericity, {, and
shape factor, SF. AR is the maximum ratio of width and height of a bounding rectangle of the
particle. Sphericity is described as the ‘roundness of the particle by using central moments, being
1 for a spherical particle while for all other particles it is smaller than 1. More information about

these values and how they were measured can be found in [31].
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= |

Figure 3.3. Backscatter diffraction images showing the carbides identified in the microstructure.
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Table 3.2. Mean carbides size and geometry in terms of ECD, Dpjin, Dnax, AR, Y and SF.

Carbide ECD [um]  Dpin [Um] Dax [MM] AR 1] SF
M;Cs 11.2+0.7 103+6.6 21.6+130 25+12 0.2+0.2 0.3+0.2
MC 7.8+2.8 73+31 137449 22+11 0.3+0.2 0.3+0.2
MeC 1.0+0.7 0.8+0.7 1.3+1.3 1.7+0.7 0.4+0.3 0.9+0.3

3.3.2. Specimens

Prismatic specimens of dimensions 40x30x20 mm were grinded and polished on one side

(indentation face).

3.3.3. Spherical indentation

Indentation tests under monotonic conditions were performed in a servohydraulic testing
machine (MTS Landmark 370.02 100Hz) and were focused on obtaining the indentation stress-
strain curves and determining the critical load for the damage emergence at the sub-surface of
steel. In doing so, normal loads (P), between 3000 N and 5000 N, were imposed by means of
trapezoidal waveform at a loading rate of 20 N-s™ and applying the full test force during 20 s.
The indenter was a sphere of AISI 52100 steel with a curvature radius of 14 mm. Indenter
properties correspond to: 758 + 13 HV1 hardness, 210 GPa Young’s modulus and 0.33 Poisson
ratio. The indenter balls were continually inspected and, if required, replaced to avoid the

flattening in the contact area.

Contact radius a at each given load P was estimated from the residual impression

measurement. The transition from elastic to plastic deformation was experimentally estimated by
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applying low loads (between 2000 and 5000 N) on the surface of specimens sputter-coated with
gold, and employing only the residual imprints obtained from an indenter with a curvature radius
of 14 mm. In this case, although elastic recovery causes the depth of the residual imprint to be
different from the one existing when fully loaded, the radius of the contact impression remains
virtually unchanged [3]. Thus, the contact radius can be measured from the imprint in gold

coated specimens after unloading through confocal Laser scanning microscopy (CLSM).

In addition, to visualise the residual depth, emergence profiles were acquired by means of
confocal microscopy (Sensofar Plu 2300). Metallographic characterisation was done by means
of a sequential polishing process, from the surface of the residual imprint to the sub-surface

damage.

3.3.4. Acoustic Emission

Commercial AE equipment (by Vallen Systeme Gmbh.) was used for signal detection and
analysis. Two small magnetic AE sensors were secured to the specimens in order to detect the
AE signals (Figure ). The sensors were the resonant type (VS700 D) with a frequency range of
between 100 — 800 kHz and a peak frequency of 600 — 800 kHz (flat range). Two pre-amplifiers
with a gain 34 dB of the same brand were used (EAP4). The signals were recorded and analysed
using a four-channel analyser system (AMSY-5). The system allowed waveform detection and

storage.

The position of the sensors was finally established on the lateral side of the specimen (Figure
3.4), where the signal-to-noise ratio was highest. Sensors attached to the upper flat side of the

specimen were less sensitive and more influenced by frictional noise.
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Spherical
Indenter

Sensor 1 Sensor 2

Specimen

Figure 3.4. Schematic diagram for spherical indentation test.

3.3.5. Filtering noise

The test environment was noisy, and the AE signals were usually weak. Consequently, noise
identification and valid signal discrimination is critical for successful AE results [32,33]. The
most important source of unwanted signals was the hydraulic system of the testing machine
(flow noise, friction and vibration of the valves), and they were transmitted to the specimen
through the gripping system. Physical filtering was performed covering the gripping parts in
contact with specimen with PVVC film. Additionally, digital filters of 95 — 850 kHz were applied

in order to eliminate most of the mechanical noises of the servohydraulic system.

Some preliminary measurements of the background noise were conducted in order to
determine the threshold level. The sensors were attached to the specimen and AE activity was

detected with amplitudes below 43 dB; thus, the threshold level was fixed at 46 dB.
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3.4. Results and Discussion

3.4.1. Damage induced by spherical indentation

Figure 3.5 shows the indentation stress-strain curve, showing both the experimental and
theoretical (Eq. 2) results obtained using the measured contact radius (a), the experimental

indentation stress or mean contact pressure (po) and strain () where po equals P/za® and & equals

alR, [28].
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Figure 3.5. Spherical indentation stress-strain curve for plastic transition.

As the load increases above Py, the yield zone expands and this relationship can change
radically. The value of P, is found by measuring the impressions profile of the specimens
sputter-coated with gold for different loads until plastic deformation, if any. Figure 3.6 illustrates
the evolution of the impression profile for the tool steel. In this case, the tool steel surface was

deformed elastically at low indentation pressure, and as the stress increased, the residual depth
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was evidenced. Transition from elastic to plastic deformation was observed at stresses of ~2.4

GPa, similar to other cold-worked tool steels reported in previous studies [34].
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Figure 3.6. Remnant indentation depth profiles and imprints in cold work tool steel. Specimens sputter-

coated with gold.

Following the results obtained, two different load condition indentations were decided: a
maximum load of 3000 N to remain within the elastic range with total recovery and a second test
up to 5000 N to ensure the appearance of permanent deformation. Under these conditions, the
physical damage mechanisms expected in this material are carbide breakage, plastic deformation

and/or crack nucleation or propagation in the metallic matrix [26,27].

3.4.1. Acoustic emission results

The waveforms shown in Figure 3.7 give information about the events that take place in the
material. When a crack occurs within the material, quasi-instantaneous explosion-like energy

releases propagating stress waves in all direction. Figure 3.7(a) and Figure 3.7(b) show the
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waveform of events occurring during the loading and unloading of indentation tests respectively.
The waveforms present a short duration and thus they are clear discrete burst hits, as shown in
Figure 3.7(a) and 3.7(b), which indicate the existence of well-defined local instabilities in the
material. Only when the test load exceeds 3000 N do some low amplitude continuous signals

appear which are related to the plastic deformation process (Figure 3.7(c)).
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Figure 3.7. Waveforms and FFT of different events. (a) an event during loading, (b) an event during
unloading the specimen and (c) continuous type signals that appear when the load exceeds the elastic
field; these signals are related with plastic deformation.
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Table 3.3 summarises the loading that induced AE burst activity for some of the indentations
during loading; the mean contact pressure (po) and the maximum shear stress produced at the

subsurface of the specimen are also calculated with Eq.3.2 and Eq.3.1 respectively.

Table 3.3. Load and stress values at which AE burst signals appears for four indentations up to 3000 N
and four up to 5000 N.

Max.Load Indentation P [N] a[pum] Po [GPa] 1 [GPa]
1B 2902 637.10 2.28 1.09
496 353.56 1.26 0.61
2B 555 367.06 131 0.63
2875 635.12 2.27 1.09
3000 N 3B 2294 589.08 2.10 1.01
4B 118 219.08 0.78 0.38
892 429.96 1.54 0.74
5B 2235 583.98 2.09 1.00
2645 617.71 2.21 1.06
4A 2190 580.04 2.07 1.00
5A 1370 496.08 1.77 0.85
oA 2091 517.16 2.04 0.98
4570 741.22 2.65 -
5000 N A 264 286.53 1.02 0.49
2433 600.74 2.15 1.03
171 247.92 0.89 0.43
8A 981 443.81 1.59 0.76
2889 636.15 2.27 1.09

Figure 3.8 shows the AE activity during spherical indentation tests for specimens loaded up to
3000 N (elastic behavior of the material was expected). AE hits are represented as a dot by their

amplitude (green S1 and red S2). The AE activity appears in some load values as an isolated,
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rapid event clearly detected by both sensors. These signals are burst type, as figure 7(a), and they

appear in all the tested specimens during loading.
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Figure 3.8. Indentations Pnax = 3000N. (a) Indentation 3B (b) Indentation 5B. Green points correspond to

sensor 1 (S1) and red points to sensor 2 (S2).

Figure 3.9 shows some results obtained for loads up to 5000 N. In this case, plastic
deformation is present in the material. The AE activity detected can be classified into two types:
1) burst type signals, as in Figure 3.7(a) and 3.7(b); and ii) continuous AE activity of long
duration and low amplitude (Figure 3.7(c)), which appears at loads higher than 3000 N and it
remains during the full test load. This behavior may be related to the plastic deformation of the
material due to the absence of this AE activity for loads below the plastic yielding onset, as
shown in Figure 3.8. Also, some AE activity was found during the unloading. The most
important effect produced by the change in the stress component corresponds to the damage
mechanisms. Studman and Field [35] observed the presence of ‘radial cracks’ in the periphery of
the indentation print in carbon steels. They were attributed to hoop stresses. In fact, the authors
deduced from experimental tests that these stresses tend to be higher during unloading. In the
same way, Abudaia et al. [36] support this theory with experimental tests and a finite element

model. Thus, during unloading, the stress field changes and may provoke more carbide cracking.
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Another possibility for these unloading signals is that the carbide damage is produced during
loading without emitting AE due to the compression field, and during unloading the stress

relaxation permits the release of AE energy.
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Figure 3.9. Indentations Ppax = 5000N. (a) Specimen 7A (b) Specimen 8A. Green points correspond to

sensor 1 (S1) and red points to sensor 2 (S2).

Differences in events detection between loads could be related to the influence of
microstructural features since they determine the amount of stresses magnified in the carbide
region with respect to macroscopically-applied stress [37]. Hence, the fracture strength of the
carbides, o"°, of this steel can vary quite a lot because of the presence of carbides of different

sizes, shapes, morphologies and arrangements.

Picas [31] measured the fracture strength of primary carbides, 6= in this steel and the values
are summarised in Table 3.4. To determine the fracture stress, some prismatic specimens were
submitted to stepwise bending tests, inspecting the tensile surface in each step. Thus, this stress
value is assumed to correspond to the fracture strength of carbides under monotonic tensile
loading. In this regard, 6*° of M;C3 and MC carbides are 500 — 700 MPa and 1300 — 1500 MPa

respectively. The shapes of the M;C3 carbides are rather irregular and their size is quite high.
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The MC carbides are rounder and more regular than the M;Cs, and that is why they show a

higher 6"°. The M¢C were too small and it was impossible to break them.

The AE burst-signals obtained correspond to carbide breakage, but in this case their fracture
is produced by shear stress, not by tensile stress. If a volume element is considered beneath the
contact surface, this is submitted to hydrostatic stresses. Figure 3.10 schematises the Hertzian
field in this zone, and -0 and -0, represent the principal compression stresses. These components
are generally unequal, thus a shear stress component acts on planes inclined to the principal axis,
attaining a maximum value %2-( 01- 03). As was previously reported, the maximum shear stress in
the Hertzian field occurs at ~0.5-a below the contact surface and its value is defined in Eq.3.1.
This maximum shear stress is calculated for each load that produces AE for each specimen in

Table 3.3.
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Figure 3.10. Schematic deformation-microfracture damage in tool steel. The volume element is subjected
to compressive stress —0; and —a3 along the contact axis below the spherical indenter. The shear stresses

(arrows) initiate the breakage of carbides.
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Therefore it is impossible to compare the applied maximum shear stress, t, during spherical
indentations with the carbide fracture stress, o<C. Hence, the fracture shear stress of these
carbides, °, is estimated based on the fracture tensile stress, 6"". With this aim, following the

failure theory of von Mises [38] 7 :

"¢ zg-oﬁc (Eq. 3.3)

Table 3.4 presents o< and the estimated 7. The expected *° for M;Cs are 0.43 — 0.61 GPa
and 1.1 — 1.3 GPa for MC. Observing the shear stress level related to AE during the loading
(Table 3.3) it can be concluded that the AE signals are related to the breakage of both primary

carbides caused by the shear stress produced on the subsurface of the specimen.-

Table 3.4. Fracture stress of carbides: tensile fracture stress, o<, and shear fracture stress, 7.

Carbide 0" [MPa] ¢ [MPaq]
M-Cs 600 + 100 520 + 87
MC 1400 £ 100 1212 + 87

After unloading, the samples were cut and sequentially polished to inspect the indented
surface. Figure 3.11 shows the microscopic images of two indentation samples loaded up to 3000
N. In the images the M;C; and the MC carbides can be seen; the first ones are the big white ones
and the smaller darker ones are the MC carbides. These samples were loaded up to 3000 N and
AE activity appeared during loading. Both images show cracks in both carbides (represented as

white arrows for M;Cs and black for MC).
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Figure 3.11. Images of the microstructure of the indented plane up to 3000 N (indentation 5B): (a) White
carbides correspond to M,C3 and (b) darker ones to MC.

3.4. Conclusions

According to the experimental results obtained by means of coupling AE to spherical

indentation tests, and the microstructural observation, the following conclusions can be drawn:

- AE is a useful tool for on-line incipient damage during spherical indentation tests. Thus,
Hertzian tests monitored by AE enables the carbide breakage to be detected while the
metallic matrix is under the elastic or plastic field, before the appearance of radial cracks
on the surface of the specimen.

- Incipient damage in the microstructure was detected by AE. This technique was used to
detect cracks during the indentation test and also allows the nucleation of these cracks to
be detected.

- The stress levels at which the carbides were broken were determined by AE. These
stresses were correctly correlated by the calculated/estimated fracture stress of carbides,

in the case of M;C3 and MC.
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When an elastic field was generated by spherical indentation, the initial damage in tool
steels is due to the carbide breakage caused by shear stress produced below the
indentation contact.

Incipient plastic deformation in the specimens was detected, and continuous AE signals

were related with plasticity.
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Chapter 4: Conclusions and Contributions

4.1. Conclusions

In this research AE measurements were successfully applied to detect and identify damage
mechanisms in tool steels. The AE measurement procedure has been calibrated for two
mechanical tests: fracture test (three-point bending test) and indentation test (spherical

indentation).

The fracture tests provoke cracks due to tensile stress. The damage starts with the nucleation
of cracks (cracking carbides and local plastic deformation) and afterwards, the cracks grow
through the metallic matrix following the broken carbides. The purpose of the research is to
present a filtering process that will detect each stage of the fracture: the carbide crack
(nucleation), the stage where the crack passes through to the steel matrix and the eventual

catastrophic failure.

The spherical indentation tests for the creation of a more complex distribution of stresses in
an affected part of the specimen. An elastic field was created in the specimen under the ball

indenter applying low level loads. Nevertheless, AE activity was detected in this elastic field,
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and these signals were related to the breaking of carbides in the zone of maximum shear stress.
An important feature of this test is that the carbide crack is produced without plastic

deformation, so the damage signals were clearly identified with the carbide breakage.

Successful AE monitoring must always recognize the presence of noise (extraneous or
interfering acoustic signals carrying no relevant data in relation to the investigated process). In

both tests the identification of noise sources was essential, and they were isolated or inhibited.

4.2. Contributions

A new acquisition and filtering configuration in fracture tests to eliminate spurious signals due

to contact damage between the specimen and the machine supports

In the three-point bending test, the damage mechanisms of interest induced by flexion were
also accompanied by another kind of damage due to the test configuration. The high contact
pressure between the supports and the specimen surface cause contact damage. This secondary
effect is difficult to isolate using classical localization methods if the dimensions of specimen are
small, due to the proximity between this mechanism and the ones in question (in the center of the
specimen, they occur exactly on the opposite sides of the width). Specifically, it is found that the
signal caused by the damage induced by the supports is stronger at the beginning than the one
caused by the cracking of carbides and crack propagation, which is the real fracture mechanism
in the steels under study. The coexistence of both signals seriously hampers the correct
identification and evaluation of the fracture mechanisms. A new filtering method is presented to

eliminate the signals related with the contact damage of the raw data.
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Identification of different damage mechanisms in specimens with small dimensions

AE waveforms have information about the source that generates it and the medium through
which they travel. The small dimensions of specimens produce interfered waveforms that are
difficult to interpret. Many reflections of the stress waves are added to the signal in an almost-
instantaneous way. Proper interpretation of the AE response during the test was difficult using
the whole waveform features. A new analysis of acquired data based on frequency features of the
very first cycles of each waveform is proposed in this thesis to classify the different sources of
the signals. This classification makes it possible to identify different the signal sources. Thus, it
is possible to follow the evolution of the damage mechanisms, which one appears first and at
which level of load it appears. The AE results obtained for different tool steels in this thesis
confirm the previous works that identify carbide breakage as the cause of the nucleation of
cracks in these steels; the growth of these cracks through the metallic matrix has also been

identified.

Early identification of carbide breaking

AE monitoring of the mechanical tests, both the fracture and the spherical indentation, permits
more precise information to be obtained about the damage that takes place. Superimposing AE
with the stress-strain data provides accurate information about the precise instant at which an
event takes place. Thus, in these tests it is possible to identify the stress level at which the

carbides start to break more accurately than with other conventional techniques.
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Results of mechanical tests monitored by means of AE

In both the monitored tests, spherical indention and bending tests, the tool steels presented the
breakage of carbides as an incipient damage stage even during the elastic field. Thus, very initial
damage occurs in the specimen during the elastic range, and therefore when the specimen is
unloading the recovery of the microstructure is not complete, as might be expected. The
importance of this point is that during correct loading in-service, tools can present micro-

damages which may act as the origin of fatigue cracks.

Reduction of tasks and time in mechanical fracture research

The tool steels under study are very fragile materials. The calibration of an AE system
coupled to the fracture test permits the previous prediction of the fracture of the specimen. From
the standpoint of materials research, this is a significant improvement in the fracture test.
Following the acquired AE signals, the test can be stopped as soon as the first damage occurs, in
order to analyze the microstructure in the microscopy or the evolution of cracks can be studied
using the AE information. This makes it possible to stop the fracture test in each jump of the
crack and photograph or analyze it and then continue loading the specimen. This procedure was
used during the experiment to obtain the microscopic images of a crack in its final stages,

maintaining the specimen integrity.

The same improvement may be useful in the case of the indentation test, as the AE
indentations can be used in unloading the test, to obtain specimens with very incipient damage or

with the first induced cracks.
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5.1. Future developments directly related to the presented research

The usefulness of AE for the further study of tool steels has been proved. In this thesis, the
study of the behavior of these materials was focused on monotonic loads. However, the response
that they exhibit when subjected to varying stresses (fatigue) is necessary in order to continue to

improve knowledge about the matter.

A predictive maintenance tool using AE could be designed for performance tools. In the
automotive industry, for example, performance tools such as punches are crucial parts of the
manufacturing process. Currently, AHSS are used to shape these tools and the fragility of these
steels referred to above leads to unexpected failures in tools which stop production. In-service
monitoring could control the crack length in the tools by means of the AE signal features,
allowing for the planned maintenance and changing of tools. It should be noted that all these

tools operate under cyclic loading.

Some fatigue tests have been conducted during this study. Three-point bending tests were

performed with cyclic loading. The aims of these tests were to find a relationship between the
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crack length and AE signal features and prevent the catastrophic failure of the specimen. Some
previous results were obtained, and they are consistent with the results presented by other
authors in some materials (including some steels). The set-up of these tests required many hours,
and some difficulties arose which should be overcome. Mainly, two problems were detected: i)
excessive cycling frequency due to the characteristics of the testing machine and ii) the high
randomness of the specimen behavior. Some specimens endured only a few minutes of testing
while others resisted for hours. Also, the cracks were difficult to follow since they appeared at
any point of the tensile surface. This is because grinding small defects acting as a stress
concentrator and constitutes the origin of the crack. It would therefore be necessary to repeat the

test with notched specimens to control the evolution of the crack from a known point.

In ductile steels, some authors have associated the crack length with the signal counts.
Relating some feature of the acquired signals with the length of cracks in tool steels would make
it possible to predict the number of cycles remaining to reach the critical length of the crack (in
accordance with Paris’s law). With AE activity, this predictive law can be easily applied from
the instant that crack appears and it may therefore be useful for predicting the fracture of the

specimen.
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Figure 5.1. Cummulative AE counts versus fatigue cycles during the fatigue three-bending test.

Coupling the AE to the mechanical test allows accurate information to be obtained in real

time about the material behavior that would not otherwise be possible, as has been demonstrated

in the fracture and spherical indentation test. Consequently, using AE during other common

mechanical tests could be a useful tool to ensure the accuracy of the test results. During this

research work, the AE technique was applied to micro- and nano- indentation tests and scratch

tests. The results are preliminary, but they seem interesting. Continuing with these tests, it is

necessary to improve and adapt the signal filtering process, lowering the threshold level to detect

very incipient changes in the material.
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Figure 5.2. (a) Micro-indentation test monitored by means of AE and (b) Nano-indentation test by
means of AE.

A future development is to apply the AET to the predictive maintenance of tools. Some very

preliminary tests have been done in laboratory punches.

Figure 5.3. Some pictures of a laboratory punch monitored by means AE.
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5.2. Other future developments

AE is useful for detecting changes in the material while they occur. This characteristic enables
it to be applied in different fields where incipient damage must be detected. Two lines of future

work are highlighted below, as they have now been started with successful results:

— Incipient cracks in gear teeth.

— Biomaterials.

5.2.1. Incipient cracks in gear teeth

The first application is the detection of cracks in mobile parts of machines. Some work has
been carried out to detect incipient cracks in the tooth of a gear loading by variable bending in
laboratory tests (mimicking the behavior of a tooth in service). Although the work is at an early
stage, the start of the crack can be thus detected with sensors mounted on the gear and on the
shaft that supports it. Progressing in this way, and studying the transmission paths of AE waves,
the detection sensors could be removed from the gear. The purpose would be the failure
detection of mobile parts by mounting the AE sensors on the fixed parts of the machine such as
the bearing supports or the machine casing. This would mean an advance in the preventive
maintenance of gearboxes or machine elements which are expected to fail, for the purpose of

planning their replacement or repair.
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AE sensors

Figure 5.4. (a) Simulated fatigue crack in the tooth of gear, (b) Fatigue crack in the tooth due to a test and
(c) Set-up configuration of the fatigue tests with gear teeth monitored by means of AE.

5.2.2. Biomaterials

The second application, which is currently in operation, addresses the study of biological
materials. Basically, two types of materials have been tested: bones and the human esophagus, in

collaboration with research group GRABI (Impact biomechanics research group).

Bone tests

With the aim of improving seatbelt designs, a study of human rib behavior will be conducted.
This is a large study for a wide range of ages. The project consists of determining an

experimental stress-strain model for human ribs covering individuals of all ages and sex. The
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experimental procedure consists of: tensile tests applied to coupons (small specimens of cortical
bone extracted from the rib) and three-point bending tests applied to whole human ribs. The
deflections are obtained from the images of a high-speed camera filming the tests and the force
using load cells. The complex bone formation process makes difficult to detect the incipient fiber
breakage from the stress-strain curve. For this purpose, the tests are monitored by AE. The AE
activity allows the level of stress (or force) that causes damage to the rib to be identified.

Currently, these tests have been performed on pork ribs and the positive results obtained

encourage us to continue with human ribs.
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Figure 5.5. (a) Tested coupons, (b) real strain vs. stress of a coupon, (c) tensile test of a pork rib
monitored by acoustic emission and (d) detail of the AE sensors attached to the rib.
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Esophagus tests

Stenosis is the obstruction of a human duct. In the case of esophagus stenosis, keloids grow
on the internal walls of the esophagus which block the esophageal transit. In the most severe
cases, the internal opening may be less than one millimeter in diameter. The treatment in such
cases consists of inserting a plastic cone or a balloon into the esophagus to break these fibers and
reopen the duct. The lack of knowledge about the resistance of the esophagus is a problem in
therapy. Physicians can only rely on their experience and intuition during this process. In some
cases, mechanical treatment may damage the healthy part of the esophagus. In these particular
cases, 50% of the patients die, since the surgery needed to repair it is very complicated and

normally there is not enough time.

With the aim of studying the resistance of the esophagus and improving treatment results,
David Sanchez Molina is writing his doctoral thesis about this topic. At present some of the tests
have been monitored with AE, and the positive results indicate that the cracking of the fibers in

this tissue can be detected by means of AE. Future work will be developed in this field.

Figure 5.6. Tensile testing of an esophagus monitored by AE.
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