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Abstract

Abstract

This thesis focuses on the influence of solid-solid phase transformations on the crack
propagation. We want to understand well the changes in material's fracture toughness during
the welding process of the crack reparation. In this work, crack propagation resistance ability
is characterized by critical J-integral based fracture toughness. There are many experimental
methods to obtain the critical toughness Jic, but they are impractical for our investigation
during the phase transformation. That is the reason why we have proposed a method coupling
mechanical tests, digital image correlation and finite element simulation. The fracture tests are
implemented on pre-cracked single edge notched plate sample which is easy for machining
and heat transfer during phase transformation. The tests are conducted at different
temperatures until rupture. Digital image correlation gives us the displacement and
deformation information on every sample's surface. Each test is then simulated by finite
element where the fracture toughness is evaluated by the method G-Theta at the crack
propagation starting moment found by potential drop method and digital image correlation
technical. Previous simulations incorporate the boundary conditions obtained by correlation

and mechanical behavior considered is that we have identified from characterization tests.

Two materials have been studied with this method, one is 15Cr-5Ni martensitic precipitation
hardening stainless steel (15-5PH) and another one is 16MNDS5 ferritic low carbon steel.
There is always the martensite transformation in 15-5PH no matter how quickly it is cooled
after austenitization. While 16MND5 has pearlitic, bainitic or martensitic phase
transformation during cooling which depends on the cooling rate. Notice that the time and
temperature dependent bainitic transformation in 16MND5 is shown to be more complex than
the study for 15-5PH. For these two materials, different test temperatures were chosen before,
during and after phase transformation for material and failure characterization of the

mechanical behavior.

Investigation result shows that metallurgical phase transformation has an influence on the
fracture toughness and further crack propagation. For 15-5PH, the result of Jic value shows
that the pure martensitic 15-5PH has higher fracture toughness at room temperature than the
one at 200°C. The toughness is also higher than the original material after one cycle heat
treatment, this is probably caused by some residual austenite. Meanwhile, pure austenite 15-
5PH at 200°C has a higher fracture toughness than pure martensitic 15-5PH at the same
temperature. The J;c value of the dual phase 15-5PH during the martensitic transformation
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Abstract

also shows that possibly austenite can enhance the ductility of the material as well as fracture
toughness. For 16MND?5 low carbon steel, the result also proves that the heat treatment and
metallurgic phase transformation have an influence on the mechanical properties and fracture
toughness. 16MND?5 low carbon steel after one cycle bainite transformation has nearly 40%
higher strength than the as-received condition. The material at as received condition has
bigger Jic value than the one heated to 600°C. On the other hand, the material at 600°C just
before continuous cooling bainite transformation after the austenitization during cooling
process also has higher fracture toughness than the one at 600°C before austenitization. These
two conclusions are consistent with the result of 15-5PH. But the final situation of 16MND5
after one cycle heat treatment has a slightly smaller Jic value than the as-received situation. It
means that one cycle heat treatment hasn't a significant influence on the fracture toughness of
the bainitic L6MND5 low carbon steel. For 16MND5, the J;c value is nearly constant during
the cooling bainite transformation.

Conclusions of our study show that one should pay attention to the heating period before
austenitization of the base material when people weld for crack reparation as the higher
temperature will bring the lower fracture toughness during this process. While the fracture
toughness doesn't change a lot during, before or after the cooling induced phase

transformation.

Key words

Crack propagation, Fracture toughness, Martensite transformation, Bainite transformation,
Critical J-integral, Boundary condition, Digital image correlation, Finite element analysis
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Résumé

Résumé

Cette thése porte sur I’influence des transformations de phases solide-solide sur la
propagation de fissure. On souhaite ainsi mieux comprendre les variations de ténacité en
cours de soudage par exemple, ou bien pendant la réparation d’une fissure. Dans ce travail, la
ténacité est obtenue a partir de I’intégrale J. Il existe de nombreuses méthodes expérimentales
permettant d’obtenir la ténacité critique J,c mais qui sont difficilement applicables pour des
essais se déroulant pendant une transformation de phase. C’est pourquoi nous avons propose
une méthode couplant essai mécanique et mesure par corrélation d’images avec de la
simulation par éléments finis. Les essais sont réalisés sur de simples éprouvettes plates pré
fissurées, faciles a usiner et simple a chauffer par induction. Les essais sont conduits pour
différentes températures et jusqu’a rupture. En sus des mesures d’efforts et déplacements de
traverse, la corrélation d’images nous fournit également les champs de déplacement sur
chaque face de I’éprouvette. Chaque essai est ensuite simulé par éléments finis ou la ténacité
critique est calculée par la méthode G-Theta au maximum de la charge supportée par
I’éprouvette. Les simulations précédentes integrent les conditions aux limites obtenues par
corrélation et le comportement mécanique considéré est celui que nous avons identifié sur des

essais de caractérisation.

Deux nuances de matériau ont été etudiees avec cette méthode: I’acier inoxydale 15-5PH ainsi
que I’acier ferritique 16MND?5. L’acier 15-5PH est toujours sous forme martensitique alors
que le 16MNDS5 peut étre bainitique ou martensitique selon le traitement thermique. On
notera que I’étude sur la transformation bainitique du 16MD5 dépendant du temps et de la
température s’est révélée dans notre cas plus complexe que I’étude sur le 15-5PH dont la
transformation martensitique ne dépend que de la température. Pour ces deux matériaux,
différentes températures d’essai ont été choisies avant, pendant et apres la transformation pour

effectuer les essais de rupture ainsi que de caractérisation du comportement mecanique.

Les résultats de cette étude montrent que la transformation de phase peut avoir un impact non
négligeable sur la ténacité. Ainsi, pour le 15-5PH, le taux d’austénite residuelle est un facteur
important et les essais pendant la transformation martensitique montrent que la ténacité

critique peut étre inférieure pendant celle ci a celle du matériau purement austénitique.

Dans le cas du 16MNDS5, la ténacité est beaucoup plus faible a 600°C (et bainitique) qu’a

température ambiante ce qui est assez logique. Par contre, lors du refroidissement, depuis
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Résumé

600° (austénitique) jusqu’a la température ambiante (bainitique), nous avons obtenu une

ténacité critique relativement constante.

En conclusion, cette étude apporte une solution quant a la mesure de la ténacité critique de
matériau pendant des transformations de phases, ce que ne permettent pas forcément les essais
normalisés. Pour le 15-5PH, la ténacité critique semble évoluer pendant la transformation
martensitique et est assez dépendante du taux d’austénite résiduelle. Il semble par contre que
pour le 16MNDS5, la ténacité critique soit assez peu dépendante de la fraction volumique
d’austénite et la valeur obtenue varie peu au cours du refroidissement du matériau depuis
600°C.

Mots clés

Propagation de fissure, Ténacité a la rupture, Transformation martensitique, Transformation
bainitique, Intégrale J Critique, Condition limite, Corrélation d'image numérique, Analyse par

éléments finis
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Ending temperature of martensite transformation during constant cooling rate
Hardening exponent of material

Normal to the J-integral path

Crack length difference between two fracture samples

Different potential energy in the loading line displacement curves of two fracture
tests

Applied load per unit thickness in EPRI solution of J-integral

The critical load

Starting temperature of pearlite transformation during constant cooling rate
Ending temperature of pearlite transformation during constant cooling rate
Constant parameter in EPRI solution of J-integral

Austenite phase

Integration domain of modified G_theta method

Yield stress
Effective yield stress

Surface element in modified G_theta method

Time

Shift time from continuous cooling temperature to constant
Temperature

The traction vector defined in J-integral

Reference temperature
Curie temperature
Any contour surrounding the crack tip

Theta component in modified G_theta method
Potential after the fatigue test
Potential before the fatigue test

Displacement vector defined in J-integral

Geometrical parameter in EPRI solution of J-integral
Geometrical parameter of ASTM J-integral estimation method
Poisson ratio

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Nomenclature and Abbreviation

Abbreviation

15-5PH
16MND5
ASME
ASTM
AT
APT
BT

BC
BCC
CcC
CCD
CCP
CCT
CT
CTOA
CTOD
DECP
DC
DIC
EPRI
FCC
FEA
LLD
LVDT
MT
MT1
MT?2
PD

PT
PTE
RAW
SEM
SENB
SENP
SMAs
SIF
SIMT
TRIP
TTT
X-DIC
X-FEM
XRD
VL
yde]

15%Cr - 5%Ni Precipitation Hardening stainless steel
0.16%C-Mn-N-D-5

American Society of Mechanical Engineers
American Society for Testing and Materials
Austenite Transformation

Atom Probe Tomography

Bainite Transformation

Boundary Conditions

Body Centered Cubic

Continuous Cooling

Charge Coupled Device

Centre Cracked Plate specimen

Centre Cracked Tension specimen
Compact Tension specimen

Crack Tip Opening Angle

Crack Tip Opening Displacement
Double Edge Cracked Plate

Direct Current

Digital Image Correlation

Electric Power Research Institute

Face Centered Cubic

Finite Element Analysis

Loading Line Displacement

Linear Variable Differential Transformer
Martensite Transformation

Anisothermal Martensite Transformation
Isothermal Martensite Transformation
Potential Drop

Phase Transformation

Periodic Table of Elements

Relative Atomic Weight

Scanning Electron Micrograph

Single Edge Notched Bending specimen
Single Edge Notched Plate specimen
Shape Memory Alloys

Stress Intensity Factor

Stress Induced Martensitic Transformation
TRansformation Induced Plasticity
Time-Temperature-Transformation
eXtended Digital Image Correlation
eXtended Finite Element Method

X-Ray Diffraction

Void Linkage

Zone Of Interest
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Chapter 1 Introduction

Chapter 1 Introduction

The research presented in my thesis is linked to the basic problem of life extension for
expensive components. The following problem is often encountered by the industry: a critical
defect or crack is detected during the life of a component, what is the decision to take for
metallic components: change the component or repair the crack? This is a recurrent question

for aerospace parts and nuclear components as well as for railways carriages.

Crack reparation is attractive because it is less expensive, but it is very often not chosen for
important components, because people fear the consequences of this reparation on the future
safety of the repaired component. The main reason is that there is a lack of understanding of
the effects of reparation in this type of situation. If the crack root is still present after
reparation, what happens to this initial damage during the repair (filling with welding

material)?

How Welding Works

Fig. 1.1 Industrial crack reparation: welding [1-3]

This research is devoted to the acquisition of basic understanding of what happens in such
cases. It is focussed on getting basic information on the material fracture properties in case of
typical repair and refilling temperature histories. Mechanics, metallurgy and thermal, these
three aspects always have a complex relationship between each other which is summarized in

the following figure.
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Thermal

Thermal dilatation
Thermal stress

Phase transformation

Thermal stress Mechanical wd

Heat latent induced heat

Stress induced transformatiqn

Metallurgy » Mechanics
Transformation induced

strain and stress

Fig. 1.2 Relation between Thermal, metallurgy and mechanics

Metallurgy is always accompanied with the thermal treatment which will change the
microstructure, and in consequence change the mechanical properties of the material. More
simply, the heat treatment induced by the repair process may introduce the phase
transformation which makes the material have different composition such as different phase
proportion, different FesC content and different carbon distribution etc. All these could bring
different mechanical properties. In our thesis here, we simply want to find quantitatively the
effect on fracture toughness of one material at different temperature and different status
during one cycle heat treatment period, and also look for the reason why this kind of heat

treatment will bring the change of the fracture toughness to the material we study.

We implement our investigation in two kinds of materials: 15-5PH martensitic precipitation
stainless steel and 16MND5 low carbon steel. 15-5PH stainless steel is a dual phase material
which experiences martensite phase transformation during continuous cooling, there is no
isothermal transformation in 15-5PH. 16MND5 low carbon steel is more complex, three
transformations will occur during cooling: martensite transformation in a very high cooling
rate, pearlite transformation in a very slow cooling rate and bainite transformation in a
medium cooling rate. What should be emphasized is that there is also isothermal
transformation in 16MND5 when we keep a constant temperature during cooling with an
appropriate cooling rate. Dilatometry technology permits to see the effects of this kind of

transformations and study the kinetics of the transformations.

The mechanism of bainite transformation is not yet well understood, but they have an
important effect on the material properties and toughness. We hence study a little bit more
deeply the anisothermal (Continuous Cooling or CC)-isothermal bainite transformation in

16MND?5, carbon movement during the bainite transformation and its effect on the martensite
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Chapter 1 Introduction

transformation starting temperature will be quantitatively estimated. The TTT curve which is

also called C-curve will also be drawn.

Once the transformation kinetics, mechanism in 15-5PH stainless steel and 16MND5 low
carbon steel are better understood, we will perform mechanical experimental tests. A fatigue
crack side is initiated in a thin Single Edge Notched Plate (SENP) specimen. This plate is
submitted to a typical uniform thermal history and the monotonic load crack propagation tests
are performed on the plate. The objective of our thesis is to evaluate how much the toughness
is affected by the temperature history. We briefly illustrate the chosen method to evaluate the
critical J-integral based fracture toughness (see figure 1.3). The usual CT specimen can't be
used to evaluate the toughness directly, because they are rather thick and it is clear that the
temperature history is not uniform along the crack front during fast cooling. Consequently the
Jic estimation would apply to a heterogeneous material. We have decided to use these flat
specimens which ensure an uniform material state along crack front even for fast cooling. We
first of all apply Digital Image Correlation (DIC) technique to find the boundary conditions of
the fracture tests, in the other hand, round bar tests will be done to find the mechanical
properties of the material such as yield stress or Young’s modulus under the related same
thermal history, then the J-integral based fracture toughness will be computationally
estimated by CAST3M simulation.

Pre-crack fabrication
controlled by PD

Fracture test| <———=<

1y
PD+DIC to detect
the crack initial point

g
DIC to find the
boundary conditions

]

FEA to evaluate J, | <——=<

Stress-strain curve
obtained by tensile test

Fig. 1.3 Methodology to get Jic from experiments

The structure followed this introduction of this thesis is summarized as below:
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Chapter 2 will introduce the basic research methods we have known before, and then we will
talk about the materials we will study. DIC and X-DIC will be introduced first of all and
consequently we will introduce the well known dilatometry technique, Direct Current
Potential Drop (PD) technology and Johnson's formula for fabricating the pre-crack. Then we
will separately talk about our studied materials 15-5PH and 16MNDS5, together with their
transformations during heat treatment. Meanwhile, the investigated effect of phase
transformation on fracture toughness is introduced. On the other hand, the introduction and
comparison of current methods to evaluate the J-integral based fracture toughness is discussed
in the end of this chapter.

Chapter 3, after the analysis of advantages and disadvantages of nowadays Jic estimation
methods, we propose a method coupling PD, DIC and CAST3M to evaluate the J-integral of
the studied materials. The Boundary Conditions (BC) will be extracted by DIC method for
numerical simulation. The re-programmed G_theta method provided in CAST3M will give us

the critical J-integral value.

Chapter 4, the effect of martenstic transformation on fracture toughness of 15-5PH stainless
steel will be given in this chapter. At first, we will present stress-strain properties of the 15-
5PH under the different thermal history. The round bar tests for materials are submitted to the
same temperature history as the fracture tests with the SENP samples. The J;c value is then
calculated by our method. The fractography of fracture surface is also analyzed to study the

fracture mechanism and the relation with fracture toughness.

Chapter 5, 16MND5 low carbon steel is studied at this chapter. More metallurgical
investigation is done for this material as bainite transformation is more complex. Continuous
cooling bainite transformation as well as isothermal bainite transformation was studied in this
chapter. The continuous cooling-isothermal bainite transformation will be especially
discussed. More microstructure investigation will be involved also. After all these,
mechanical tests will be done and further the Jic will be detected by our method. Like what
we have done for 15-5PH martensitic stainless steel, we will also study the fracture

mechanism by the fractography.

Chapter 6 contains the conclusions and perspectives.
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Chapter 2 Methods and Materials

This chapter will introduce the methods and materials in our investagation. Our research is a
combination of materials science, thermomechanics and fracture mechanics, so some basic
knowledge will be mentioned such as metallurgical phase transformation and the dilatometry
technique for studying the transformation kinetics. Digital image correlation technology and
direct current potential drop method will be involved also. Our research is implemented on
15-5PH stainless steel and 16MND5 low carbon steel, two well-known materials. The later
one has more complex transformation kinetics than 15-5PH, not only the transformation types
but also the transformation mechanism. Back to our research purpose, the already invesgated
effects of metallurgical phase transformation on crack propagation ability which is
charactered by fracture toughness will be recalled and the current J;c estimation methods will

be introduced briefly in the end of this chapter.
2.1 DIC and X-DIC

Local displacement and strain measurement is always an important task for mechanical
investigation especially when the thermomechanics will be also taken into account. So here
we make a brief introduction of a whole-field and non-contact strain & displacement
measuring method called Digital Image Correlation (DIC) and its improved version
eXtended-DIC.

2.1.1 Digital Image Correlation (DIC)

The Digital Image Correlation (DIC) method was firstly introduced by Peters and Ranson [4]
in the early 80s. It is widely used in nowadays as it is an optical whole-field and non-contact
strain & displacement measuring method. First of all, researchers will do a painting on the
surface of the specimen, and then use the digital cameras to take some photos during the test,
Zone Of Interest (ZOI) will be processed based on the matching pixel gray level values [5-7]

of these photos to detect the strain and displacement etc. during the mechanical test.
2.1.2 Principle of digital image correlation

Consider an object that is illuminated by a light source. The light-intensity patterns are

reflected from the undeformed and deformed object surfaces. Intensity patterns f(x,y) and

f°(x,y") corresponds to the reflected light from the undeformed and deformed object
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configurations. Relative to the intensity patterns, f(x,y) and f(x,y"), respectively, they

are assumed to be in unique, one-to-one correspondence with the respective object surfaces.
f (O, y) = F(x+u(x,y), y+Vv(x,y)) =0 (2-1)

Where u(x,y) and v(Xx,y) represent the displacement components of the reference subset
center in x and y directions. Therefore, using this basic assumption, one may measure the

deformations of small subsets of the image and thereby obtain deformations of small subsets

of the actual object surface [8][9].

JCQ Xp
EAJ(E g x: X
: Reference
yP""I. o s e @ <Ubset
yQ .................. ®
)
g’ ‘%a ’) Deformed
— subset
ot
g N
7p*
RPN S N SN N O A OO O ™Y
)f Im Ts g Sampling
}/’Q.... N I Y PR PP P AT .Q . :7{ —— grid
v " x~ x*
V.V ¢F

Zone Of Interest (ZOl)

Fig. 2.1 Schematic for the principle of digital image correlation

As shown in Fig. 2.1, in the reference image, a square reference subset centered at point P is
picked. The matching procedure is to find the corresponding subset centered at point P in the
deformed image, which has the maximum similarity with the reference subset. Consequently
[10], the two central points P and P~ are a couple of corresponding points of the two images.

Before deformation,

Q= (X, ¥) = (% +Ax Y, +Ay) (2-2)
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In which Ax and Ay are the distances from the subset central P to point Q. After the

deformation, we have equation (2-3),

X, = Xo + AX+U+UAX+U Ay
. (2-3)
Yi = Yo T AY +V+V,AX+V Ay

In which, u,, u,, v, and v, are the first-order displacement gradients of the reference subset.

[10].

The most used correlation parameter for a correlation technique are the least square and the

crossed parameters [9][11] :

Co= [ (Fxy) = (<) -dx-dy (2-4)

and:

j f(x,y)- f7(x",y")-dx-dy
(2-5)

AM”

\/jf(xy) dx-dy- jf(x y')?-dx-dy

Where, AM represents the surface of the pattern in the initial image and AM "~ denotes the
subset in the deformed image.

The strains calculation on the plane could be done for one pattern or for a group of patterns.
This calculation uses the gradient of the transformation F and the Green-Lagrange tensor E
[12] :

F. Fo _1‘ L = = -
[F]=L:21 sz and [E]_E (F-F-1) (2-6)

With this components, the principal strains are given by:

{51 =In(E, +E,, +\/(E11 —Ep)’ +(2:Ep)° +D) (2-7)
& = In(En + E22 _\/(En - Ezz)2 + (2' E12)2 +l)
More details about the principle of DIC could be found in the references [4][8-12].
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2.1.3 eXtended Digital Image Correlation (X-DIC)

However, one drawback [13][14] of DIC is when localized phenomena arises such as cracks,
shear-bands, sliding or frictional interfaces. They are not smooth and continuous in the
selected zone of interest, or may simply prevent the convergence of the correlation procedure
when the displacement jump across the discontinuity is large. Alternative approaches require
the partitioning of the domain into different parts that are further reassembled to estimate the

discontinuity.

But real deformation fields of the crack tip and the crack face are difficult to be precisely
obtained. Consequently, an algorithm named eXtended Digital Image Correlation (X-DIC)
[15-17] has been raised to measure the full-field displacements by using the partition of unity
method as the eXtended Finite Element Method (X-FEM)[18][19]. This technique allows for
very efficient modelling of discontinuities within the finite element framework and without

any demand for a remeshing element. More details could be found in the references [16].
2.1.4 Icasoft, one software to process DIC
The softwares for DIC and image capturing equipment can be found as followed [20]:

1). The ARAMIS _ software (http://www.gom.com) for DIC with 2D and 3D registration with

image size 1280 x 1024 pixels.

2). The LIMESS software (VIC 2D) (http://www.limess.com) for DIC with 2D and 3D

registration with image size 1392 x 1040 pixels.

3). The ICASOFT software (http://www.techlab.fr/Strain.htm#Icasoft) for DIC with 2D
registration with CCD 8 bits (1024 - 1024 pixels) Kodak Mega+ Cameras. This software has
been developed at LaMCoS in INSA de Lyon [19][21].

As it says in [20], all these hardwares and softwares are not difficult to use. Preparation of the
optical system is not so difficult (even calibration is not needed for 2D measurements) and
does not produce experimental 'overheads'. Processing of the images (calculation of the
displacement/strain fields) may take few minutes, following processing of the
displacement/strain fields (e.g., calculation of local shear angles, statistical parameters of the
field, etc.) is done automatically (either using internal commands of the DIC software, or
external processing of output ASCII files).
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2.2 Dilatometry technique

Dilatometry technique is very important and easy-command for learning the phase
transformation kinetics. There is expansion during heating period and contraction during
cooling period, the dilatometry can give us the expansion rate and transformation
starting/ending temperature from the dilatation curve versus temperature. The device for this

technique is extensometer or dilatometer with LVDT etc.

Figure 2.2 is an ideal schematic of the free dilatation curve during a whole heat treatment
process. If there is a specimen which is heated under a constant rate to a certain meximum
temperature for austenitization, after that it is cooled down by a constant rate until to room
temperature or held at one isothermal temperature for a certain time, the dilatation curve will
always look like figure 2.7 except there is no transformation in this kind of material or we

failed to get the transformation under this heat treatment condition.

Dilatation“

(%) f
Heating / oT
/'

i /

| BT / Coaling
4

MT2)

A I

MT1

n

Ag ref M; M; Bs B; P3 P, Ac; Acs T (OC)

a—y

A 4

Fig. 2.2 Ideal schematic of dilatation curve during all kinds of transformations

In figure 2.2, the specimen is first of all heated to Ac; temperature, and it happens the
austenite transformation (AT) until Ac; temperature, after heating to the designed maximum

temperature, the specimen is cooling down. During the cooling period, as mentioned before,
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the transformation could be Continuous Cooling Transformation (CCT) and also Time-
Temperature-Transformation (TTT). You can find in fig. 2.2, the PT, BT and MT1 separately
means the pearlite transformation, bainite transformation and martensite transformation
during the continuous cooling process, while the MT2 lines shows you the isothermal
transformation induced dilatation. Whether or not the MT2 line can touch the heating line? It
depends on whether or not the isothermal transformation will finish completely. As widely
accepted, isothermal or anisothermal bainite transformation is an un-completed
transformation, it tells us that it couldn't touch the heating line (or expansion line) if there is a
similar BT2 line in Figure 2.2. About the temperature parameters in abscissa, the lower
temperature is the transformation finish temperature and the corresponded higher one is

relatively the transformation starting temperature during the cooling period.

We can also investigate the transformation kinetics by dilatometry technique. From fig. 2.2,
we can first of all easily get the expansion coefficient of every phase by the slope and further

-

the difference of compactness between two phases Aglf“ ,- By the following equation, we can

calculate the transformed phase fraction [22].

_ g™ - a, (T _Tref )
(@, —a, )T T, )+As"

ay

Z,(T) (2-8)

where:

g™ : dilatation or strain measured in the phase transformation

Tref . H [e]
Ag,", - difference of compactness of phase o compared to phase y at T, =20°C
a,: dilatation coefficient of phase «;
a,: dilatation coefficient of phase y;
Z=1purey,=0 pure a

2.3 DC potential drop method and Johnson's formula

The non-destructive Potential Drop (PD) method has been widely used to detect the crack
length and control the fatigue crack since it was introduced by H. H. Johnson in September
1965 [23]. In this method, a constant Direct Current (DC) is passed through the specimen.
The electrical potential is measured across the crack mouth and is related to the crack length.

The electric potential across the crack mouth can be related to the unbroken crack ligament
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resistance. The change of the crack length will change the resistance of the unbroken ligament

and further the potential drop between the mouths of the crack.

It has now been developed to Alternating Current (AC) PD and even for the non-conductive
specimen by so many researchers later [24-27]. The crack length measurement and fatigue
crack fabrication control is based on Johnson's formula (see Eq.2-9), this equation is very
convenient because it is independent of the material characteristics. Eq.2-9 gives a simple
estimation of the fatigue crack length a using simply the comparison of the potential drop

U, of the present crack with the one associated with the original known crack length a, (in

our case a, is the notch length which is measured by microscope observation, see figure 2.4).

cosh Ty
arccos h 2W
T-a
U S
® _ = = (2-9)
(%) cosh 7y
arccos h 2W
-8,

COS——

w

FI

Fig. 2.3 Schematic definition of geometrical parameters of Johnson's formula

In Eq. 2-9, W is the width of the specimen and the y is the distance between the wires

welded on two sides of the crack (figure 2.3). This method can give an accuracy of about
0.05mm.

With this equation, during the fatigue crack fabrication, we know the beginning potential

U, and original crack length a, which is calculated by the mean value measured by optical

(

microscope as followed picture shows. When we design one expected fatigue crack length,
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we take it into equation (2-9) to get the destination potential U ., when the potential arrives

the expected value, we stop the fatigue experiment.

Fig. 2.4 The notch size from the views of two faces

Then we transfer equation (2-9) to equation (2-10) and we can calculate the fatigue crack

length with the acquired true potential.

cosh 7y
a= 2V .cos™ 2W (2-10)
T -y
U cosh W
cosh| —@ .cosh™
(ag) CcoS u

Following figure 2.5 shows the set-up of the DC potential drop method for the fatigue test or
fracture test. The red and blue wires are used to input the DC current, two small wires welded
on two sides of the notch are applied to measure the potential drop. The distance from the two

small wires to the notch must be the same to each other.
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Current
ire

Fig. 2.5 Set-up of DC potential drop method
However, we need to pay attention that this formula has the following limitations.

(1) The parameter of y and W must be clearly constant when one applies the load

The load must remain small such that plastic zone at crack tip is very limited. The thickness
of the specimen must not change.

(2) The change of temperature must be avoided

The variation of the temperature will bring the variation of electrical conductivity and

expansion or shrinking which also affect the strain and the value of y and W . This influence

will be big when the temperature changes a lot. More details could be found in annexes (4).

Hence this method will only be used for room temperature in our study.

(3) The conductivity of crack tip

When the loading relaxed during the fatigue test, two sides of the crack tips maybe also

connect physically which can also conduct electricity.

(4) The choice of starting / ending point
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As Johnson suggested, the sample starter geometry strongly influences the calibration
between measured potential and crack length. Similarly, the crack-after propagation geometry
also influences the calibration between measured potential and crack length. So it is important
to choose an appropriate starting point and ending point.

So in our study, we need to take these four aspects into account for getting a better result of
fatigue crack length. Taking the following figure for example, it is acquired during a fatigue
test. We take the potential when the force arrives at the mean value of the sinus force

designed as U and take the final potential when the force decreases from the mean value

()’

to zeroas U, . Then we can calculate the fatigue crack length by equation (2-10).

3 _ 1.4
- 1.3
L 1,22
- |
1.1
05 . : 1
0 10 20 30 40

Cycles (*1000)
Fig. 2.6 Fatigue crack controlled by potential drop technique

Finally this method will only be used for the control of initiation of fatigue crack length and

for the room temperature J;c test.
2.4 Materials studied and phase transformation
2.4.1 Metallurgical phase transformation phenomenon

2.4.1.1 Pure iron and crystal lattice

Fe is the 26™ element in the Periodic Table of Elements (PTE) with the Relative Atomic
Weight (RAW) 56. Its melting point at 1 atm is 1538°C. It has different lattice during the
cooling period. When it is cooled to 1538°C but higher than 1394°C, it is 6-Fe who is Body
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Centered Cubic (BCC, see Fig. 2.7), while it transforms to Face Centered Cubic (FCC) y-Fe
when temperature is cooling to lower than 1394°C. This transformation is normally called A,
transformation. When it cools to 912°C, here goes the As transition to a-Fe which is BCC also.
The o-Fe will re-obtain its magnetism if cooled to lower than 770°C which is the Curie
temperature (Tc), or Curie point [28].

Simple cubic Body-centered cubic Face-centered cubic

Coordination number = 6 Coordination number = 8 Coordination number = 1

.
%atom %atom gatom
at 8 corners at 8 corners at 8 corners
1
1 atom 3 atom
at center at 6 faces
Atoms/unit cell = §x 8 = 1 Atoms/unit cell = (3% 8) +1=2 Atoms/unit cell = (§x 8) + (3% 6) =4

Fig. 2.7 Crystal lattice form [29]
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2.4.1.2 Metallurgical phase transformation

Normally there is phase transformation phenomenon in the alloy during the heat treatment

process. We here take the famous Fe-Fes;C phase diagram (Fig. 2.8) for the explanation.
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Fig. 2.8 Fe-Fe3C phase diagram [30]

In figure 2.8, when the alloy has less carbon than 2.14% (wt), it is steel, while it is cast iron
when it has more carbon content. Hypo eutectoid steel has less than 0.76% carbon while
hyper eutectoid steel has more carbon than this value. We take hypo eutectoid steel for
example, it is liquid above 1538°C, when it continues cooling, it crystallizes partly into
single-phase 4-solid solution which has 0.09% carbon, and then becomes austenite (y, Carbon
dissolves in y-Fe, FCC structure) by peritectic transformation at 1493°C. The ferrite (Carbon
dissolves in a-Fe, BCC structure) will appear along the austenite grain boundary by eutectoid
reaction when temperature is cooling below than 912°C. The microstructure of hypo eutectoid
at room temperature is composed of pearlite and ferrite.

Generally speaking, metallurgy people will heat the steel to a predetermined temperature and

keep at this temperature for a certain time, after that there will be kinds of cooling methods,
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this process is called heat treatment. During this process, it will bring several phase
transformations. They are austenite (FCC structure) transformation during heating and
pearlite transformation at very high temperature, martensite (BBC structure) transformation at
lower temperature, bainite transformation at an intermediate temperature (upper bainite in
400°C-550°C and lower bainite in 250°C-400°C) during cooling. By appropriate heat

treatment method, people can get better material properties and improve the microstructure.

Figure 2.9 shows you the typical metallographics of martensite, pearlite and bainite [31-33].

‘ G = N i ..‘ .'. NS W "‘ - . 5 A
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Fig. 2.9 Typical metallographics of martensite (left), bainite (middle) and pearlite (right)

2.4.1.3 Diffusive and Displacive: transformation mechanism

As we know, there are two phase transformation mechanisms, one is diffusive or
reconstructive such as pearlite transformation. Another one is diffusionless or displacive such
as martensite transformation. The mechanism of bainite transformation is much more

complex and it will be discussed in chapter 6.

As illustrated in Figure 2.10, the austenite consists of a mixture of square atoms and round
atoms, and has the unit cell outlined in red rectangle. One way of changing the crystal
structure is to do so without disrupting the relative order of the atoms. This can be done by
generating the unit cell of ferrite by a homogeneous deformation of the parent austenite. For
displacive mechanism, the overall shape of the sample must change in a manner consistent
with the change in crystal structure. When this shape deformation occurs in the bulk of
polycrystalline steel, its accommodation brings plenty of strain energy. This energy can be
minimised if the ferrite adopts a thin-plate shape. Since transformation occurs by a
deformation, the atoms maintain the sequence which existed in the parent phase. There is
therefore, no change in the chemical composition during displacive transformation. There is
also a one-to-one atomic correspondence between the ferrite and austenite, which is the basis

of the shape memory effect.
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The change in crystal structure can also be achieved in effect by breaking the bonds in the
austenite and rearranging the atoms into the structure of ferrite while maintaining the overall
shape. This requires atoms to diffuse over distances compared to the size of the
transformation product. Thus, although the strain energy associated with displacive
transformations is avoided, this reconstructive mechanism can only occur at temperatures
where atoms get sufficient mobility. Given that atoms are mobile, certain species which are
more soluble in a particular phase (ferrite or austenite) will tend to migrate preferentially into
that phase, leading to a difference in the chemical composition between them. The atomic
correspondence between the parent and product phases is lost in a reconstructive
transformation. The shape of the transformation product is either determined by growth
circumstances, or as equilibrium is approached, by a minimisation of the overall interfacial

energy per unit volume.

DISPLACIVE
_»
O
—~ O
~ O
O oo O
] ) © O
L ________________
RECONSTRUCTIVE

Fig. 2.10 The displacive and reconstructive mechanisms [34]

24.1.4CCTand TTT curves

Hereinbefore we mentioned the different cooling methods in the heat treatment process,
actually the most normal two transformation types are Continuous Cooling Transformation
(CCT) and Time-Temperature Transformation (TTT). CCT diagrams are generally more
appropriate for engineering applications as components are cooled (air cooled, furnace cooled,
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quenched etc.) more economically than transferring to a separate furnace for an isothermal
heat treatment [35].

Continuous cooling transformation (CCT) diagrams: measure the extent of transformation as
a function of time for a continuously decreasing temperature with a constant cooling rate.
Figure 2.11 given below is a typical CCT diagram of a steel (Chemical composition in wt% of:
0.95C, 0.25 Si, 1.2 Mn, 0.48 Cr, 0.13 V, 0.55 W, Fe for balance) [36].
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Fig. 2.11 CCT Diagram of one high carbon steel [36]

Time-temperature transformation (TTT) diagrams: measure the rate of transformation at a
constant temperature. The sample is austenitised and then cooled rapidly to a certain
temperature and held at that temperature isothermally. TTT diagram is also named C-curve as

it's shape looks quite like C. Figure 2.12 given below is a typical TTT diagram (steel:
80WCrV8) [37].
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Time-Temperature Transformation (TTT) Diagram
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Fig. 2.12 TTT Diagram of 80WCrV8 alloy steel [37]

Obviously a large number of experiments is required to build up either a complete CCT

diagramora TTT curve.

2.4.2 Martensitic precipitation hardening stainless steel: 15-5PH

The material 15-5PH (Condition H1025) is a martensitic precipitation hardening stainless
steel which is a precipitation of age hardened and heat solution-treated material at 1025°F for
4 hours and then air cooling. It is widely used in aerospace and nuclear areas due to its
toughness and hardness are high and it has a good corrosion resistance due to some alloy
elements were added such as Mo, Ti, Si and Cu [22]. The following table 2.1 shows the
chemical composition of 15-5PH. You can easily find 15-5PH is named by the weight percent
of element chromium and nickel. Table 2.2 gives the basic mechanical properties of receiving

condition 15-5PH. Figure 2.13 gives the micrography of as received 15-5PH stainless steel.
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Table. 2.1 Chemical composition of 15-5PH

Element Cr Ni Cu C Mn Si  Other alloys Fe
wt%  15.440 4.500 3.160 0.020 0.660 1.00 N/A Balance

Table. 2.2 Basic mechanical properties of 15-5PH at room temperature

Young's Yield Ultimate  Hardening Material constant
Modulus  stress stress exponent n a
Quantity 205GPa 900 MPa 1148 MPa 30 0.0014

Property

Fig. 2.13 Micrography of as received 15-5PH stainless steel [22]

2.4.3 Phase transformation in 15-5PH

Like others metals, 15-5PH experiences phase transformation during specific heat treatment.
This material is in the family of dual phase ones because it only experiences austenite and
martensitic transformation but no ferrite or pearlite transformation. The research on phase
transformation effects on toughness is then easier. Figure 2.14 displays the dilatation curve of
15-5PH with a whole heat treatment cycle.
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Fig. 2.14 Elongation during a heat loading cycle, heating rate: +5°C/s, max T is 900°C and air cooling
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The test is done with an initial heating rate of +5°C/s until the maximum temperature which is
900°C. The first linear response is the expansion of martensite. At about 770°C the austenite
transformation starts and is finished at about 815°C. After the maximum temperature 900°C is
reached the specimen is air-cooled. The first part of the decreasing curve is the linear
contraction of austenite which stops at about 185°C where martensitic transformation starts.
The transformation is over at about 80°C. Figure 2.15 displays the measured temperatures
loading during the test. The cooling rate is between 0.6°C/s and 0.2°C/s during the martensitic

transformation.

200

Cooling rate:
02T/s-06T/s

800

0 500 1000 1500
t(s)

Fig. 2.15 Temperature history and cooling rate during the martensitic transformation

We will focus on the continuous cooling martensitic transformation of 15-5PH to study the
effect of metallurgical phase transformation on mechanical behaviour. One can read in [38]
that the martensitic transformation of 15-5PH is temperature driven, that is to say, once the
temperature stops decreasing the transformation will also stop. Our experimental results are
consistent with this observation. This means that one can keep a constant phase proportion if
the temperature is changed to be constant during the continuous cooling martensitic

transformation and do the corresponding mechanical tests.

In the lower right corner of figure 2.14, seven points (A to G) are marked which means that
we will study the mechanical behaviour for these seven states. For example points A and G
are two tests performed at room temperature one before the heat treatment as received
condition (A) and one after a whole cycle heat treatment (G). Point B is fully martensite at

200°C while point C is totally austenite at the same temperature just before the martensitic
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transformation; Point D, E and F are three points during the martensitic transformation at
respectively 170, 140 and 110°C.

By the dilatometer technique, we can get:

A& =-0.00686
a,: expansion coefficient of martensite, o, =1.23x10°
a,: expansion coefficient of austenite,a, =1.89x107

And consequently, equation 2-8 can give us the phase fraction during the martensite

transformation. Table 2.3 shows the phase proportion at each point [37][39][40][41].

Table. 2.3 Analysis points related to the phase

Point A B C D E F G
Phase a a y aly aly aly a
% of a 100% 100% ~0% 25% 60% 80% ~100%

Notice: a presents martensite, y presents austenite, a /y means martensite and austenite mixed.
The reason why there are two approximately equal symbol ~ is that the phase transformation may
be not finished completely, for example there may be some residual austenite exists at point G.

The fraction curve versus continuous cooling temperature is also given below. From figure
2.16, we can find that there is some residual austenite exists in the final material after one
cycle heat treatment. Actually it can also be found by the dilatation curve in figure 2.14, when
the temperature arrived at the room temperature, the final dilatation curve didn't meet the
beginning of the dilatation curve which means that there is some retained austenite at point G.
The gap between the final dilatation curve and the beginning of the dilatation curve in figure

2.14 depends on the amount of the residual austenite.
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Fig. 2.16 Phase fraction versus time in the 15-5PH martensite transformation

2.4.4 16MNDS5 low carbon steel

Our research is also implemented on the 16MND5 low carbon steel whose chemical
composition is given in table 2.4. 16MND5 (Also called A508 CI3) is used widely in France
for PWR (Pressure Water Reactor) vessels. It was heat treated by two austenitizations at
880°C for 4 hours and 40 minutes followed by water quenching, tempering at 640°C for 7.5

hours, and final stress relief annealing at 610 C/8 h. After this series of heat treatment process,

16MND?5 has a tempered bainitic microstructure [42][43].

Table. 2.4 Chemical composition of 16MND5

Element C Mn Ni Mo Si Other alloys Fe
wit% 016 130 0.74 048 0.015 N/A Balance

Table 2.5 shows basic mechanical properties of 16MND5 low carbon steel at room
temperature. Figure 2.17 shows the typical microstructure of 16MND5 low carbon steel.
Figure 2.18 gives an example of experimental PWR sample [44] which has the same structure

to the real PWR but has been minified by 10 times.
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s}

Fig. 2.17 Typical microstructure of as received 16 MND5 low carbon steel [42]

Table. 2.5 Mechanical properties of receiving 16MND5

Young's Yield Ultimate Hardening Material constant
Property '

Modulus stress stress exponent n a
Quantity 191 GPa 450 MPa 610 MPa 19.62 0.031

Pressure Valve Power Supply Melt Injection Orifice

:fﬁ)é'—_' z 7 Fressure Vessel Lid

BE===
T I | . ]

|! /__I

e

| |— Internal Funnal

Cylinder
1+ 15Mo3

o le—E=15mm

| |-~ Insulation

Welding

Heater Rods

Bottom Head
— 16MND5

— Displacement
Transducers

o D =406mm = Thermocouples

Fig.2.18 16MNDS5 in a pressure water reactor vessel sample (scale 1:10) [44]

2.4.5 Phase transformation in 16MND5
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Like other metals or alloys, 16MND?5 also has several phase transformations during the heat
treatment process. M.Martinez did a lot of experiments and plotted the following CCT
(Continuous-Cooling- Transformation) curve of 16MND?5 [45]. As it shows, 16MND5 will
start austenitization around 730°C (Acl) and finish at about 830°C (Ac3), martensitic
transformation begins at 415 °C (Ms) under a cooling rate quicker than 30°C/s., bainite

transformation goes with a cooling rate quicker than 3°C/s and slower than 30°C/s.

Austenitisation - 900 °C - 5 mn Austenitic grain size : 10
800 &

BOD

700

800

) H
T 500 - M
£ ooy ./-IBainl_ua\ { i
@ i ' '-\'!"-'," AR
g I Ms S LI B
+ o v 1
g 4 i bl
& :
g 40T nhAT .
TR '
SD{‘M«:\& )
Marte|
300 ‘ =
| :
| mf
200 \ T
Pl II
| Lo
100 s
= s
&1 A '-\_qu:
%1 E=TI -1 W= =+
- [
4 1 1!

10000 100000

Time (s)

Fig. 2.19 CCT diagram of 16MNDS?5 steel [44]

If we want to investigate the effects of phase transformation on the mechanical properties of
16MND?5, two aspects must be studied. First, the appropriate cooling rate for pure bainite
transformation; Second, when the temperature is kept as isothermal where the mechanical test
is expected to be done, is there any isothermal bainite transformation or not. If there is, the
mechanical tests should be launched after the end of isothermal bainite transformation. So, the

investigation of bainite transformation kinetics in 16MND?5 is meaningful to us.
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2.4.5.1 Review of bainite transformation investigation

Bainite transformation is formed between the martensite transformation in lower temperature
and the pearlite transformation in higher temperature. Normally from 250°C to 550°C is the
bainite transformation region which contains the upper bainite from 400°C to 550°C and
lower bainite from 250°C to 400°C [46]. Since E. S. Davenport and Edgar Bain first
introduced the bainite which is originally described as being similar to tempered martensite in
the 1920s, So many investigations have been done to research the bainite transformation and
transformation kinetics in kinds of materials. However the controversy on the bainite
transformation mechanism is still unresoloved [47][48]. Undoubtedly, bainite transformation
is the most complex decomposition of austenite under Acl. A lot of people think that the
displacive theory is reasonable for the bainite transformation just like martensite
transformation, but some other people agree more with the diffusion theory [49-52]. So many
bainite transformation models have been also presented to study the kinetics and the
following point has been agreed: the bainite transformation is the evaluation of carbon atom
[49][53-56]. And researchers are also searching the basic understanding that why bainite
transformation is an incomplete transformation [57][58]. F.G. Caballero et al. presented that
the diffusionless growth of bainite subunits can explain the incomplete bainite transformation
by some experimental evidence [59]. Meanwhile, the effects on bainite transformations of
alloy elements and external stress are also widely studied to potentially produce some high
proporties steels such as carbide-free banitic steel [60-65]. For example, P. Jacques et al. [62]
and D. Quidort with Y. Bréchet [63] all experimentally proved the silicon can strongly
prevent the cementite precipitation. L.C. Chang presented that carbide precipitates in ferrite
component of lower bainite can align single or multiple variants under the influence of stress
created by the formation of bainite [64]. In 1999, Mr. Bhadeshia summarized the research
achievement and discussed the unresolved issues of bainite transformation [65], he presented
his theory which can explain a lot of observations and make a number of predictions. The
theory tells us that there is an invariant plane strain shape deformation during the bainite
transformation and the shape deformation induces plastic accommodation which causes a loss
of coherency and brings the growth process to a premature halt. His opinion on the bainite
transformation mechanism can be illustrated in Fig. 2.20, some comments are marked on the
figure for better understanding. Detail description can be found in reference [66]. In 2010,
F.G. Caballero et al. effectively monitored the decarburization of super-saturated bainitic

ferrite during the bainite transformation for the first time with Atom Probe Tomography (APT)

47
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés


http://en.wikipedia.org/wiki/Edgar_Bain
http://en.wikipedia.org/wiki/Martensite

Chapter 2 Methods and Materials

and provided strong evidence of carbon supersaturation in bainitic ferrite at the early stage of
transformation. Based of this, they stated that the bainite transformation is essentially

displacive in nature [67].

Carbon supersaturated plate
(Bainitic ferrite)
L 10 um !

IR el Carbon diffusion into
Cgrbon dlfo§I0n austenite and carbide
Into austenite precipitation in ferrite

Big size inter- o
plate carbides Carbon precipitation

from austenite

¢
e
¢
r

Upper bainite Lower bainite
(high temperature) (low temperature)

carbides and carbides

Small size inter-plate
in bainitic ferrite

Difference between upper and lower bainite:
Distribution of cememtite articles

Fig. 2.20 Illustration of bainite transformation mechanism [65]

2.4.5.2 Pure continuous cooling bainite transformation in 16MND5

With the help of 16MND5 CCT diagram from M.Martinez's thesis [68], we imposed a heat
rate 5°C/s to maximum temperature of 900°C and stayed there for 30 seconds. Consequently
it was cool down by -5°C/s. The free dilatation curve is given as below. It shows us the
austenitization temperature is from 750°C to 840°C, the continuous cooling bainite
transformation begins at 585°C. These data agree well with the result of M.Martinez's thesis.

It is 100% bainite transformation without any pearlite or martensite transformation.
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Fig. 2.21 Free dilatation curve of continuous cooling bainite transformation in 16MND5

From the above free dilatation curve, we can get the expansion coefficients of bainite and
austenite, the compactness difference between them is also calculated.

Aey =-0.00865

a,,: expansion coefficient of bainite, o, =1.472x10°°

a,: expansion coefficient of austenite, ., = 2.186x10°°

And equation 2-8 can give us the phase fraction versus time during the continuous cooling
bainite transformation (see figure 2.22).
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Fig. 2.22 Bainite fraction transformed during the continuous cooling bainite transformation
2.5 Effect of phase transformation on fracture toughness
2.5.1 Fracture toughness, an important material property

Fracture toughness is a property which describes the ability of a cracked component to resist
the fracture, and is one of the important properties of any material. From energy side, the
ability of a metal to deform plastically and to absorb energy in the process before fracture is
termed toughness. The emphasis of this definition should be placed on the ability to absorb
energy before fracture [69]. It is a very basic characterization of materials applied in such as
aerospace, automotive, water pressure reactor and other engineering components. Whether
one material has a good fracture toughness or not is a standard to evaluate the material for
engineering application. Following picture 2.23 is one example to show the engineering issue
when there is fracture. A crack was found on the axle of a train type used on the Shanghai-

Beijing high-speed line and finally the cracked axle has to be replaced.
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Fig. 2.23 Cracked axle was found on a CRH380BL train in 2011 [70]

As a consequence, the experimental measurement and estimation of fracture toughness play
an important role in fracture mechanics for the damage tolerance evaluation, structure
integrity assessment and residual strength analysis etc. for these usual components. There are
two traditional parameters to quantitatively express the material fracture toughness, one is the
stress intensity factor K which is proposed in 1957 by Dr. George Irwin, the father of fracture
mechanics [71-73]. Another one is J-integral introduced by James R. Rice in 1968 [74]. The
stress intensity factor is normally applied for the elastic crack tip field, while the later J-

integral is usually used for the elastic-plastic mechanics.

So many aspects can affect the fracture toughness of material, such as the grain size,
microstructure, material composition, alloy elements and phase proportion etc. All these

aspects are also offen affected by the metallurgical heat treatment.
2.5.2 Effect of phase transformation on fracture toughness

A lot of work has been done on the effect of phase transformation on material properties
especially fracture toughness in the last half century. Greenwood, Johnson and Magee
respectively worked on the effect of an applied stress during the phase transformation, they
showed that this stress could lead to an additional irreversible strain [75][76], described by the
phase TRansformation Induced Plasticity (TRIP). Furthermore, J.P. Bressanelli and A.
Moskowitz presented that TRIP can increase the strain-hardening rate which results in an
overall increase of tensile strength and uniform ductility [77]. Consequently the TRIP high
strength steel came out [78]. Subsequently many papers appeared dealing with the influence

of mechanically-induced martensitic transformation on the general mechanical behaviour of
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metastable austenitic steels under monotonic and cyclic loading [79]. For example, Gerberich
et al. [80] and Singh [81] have researched the enhancement of fracture toughness due to TRIP
phenomenon. Many constitutive equations and Kinetic theories of isothermal martensitic
transformation have been also presented [82][83]. Bhadeshia also found large regions of
untransformed austenite in the microstructure is detrimental to toughness as they can
transform to corresponding large regions of untempered and brittle martensite under the
influence of external stress [84][85]. Sun and Hwang established a micromechanics
constitutive model based on an internal variable theory to describe the stress—strain—
temperature relations during forward and reverse transformation processes [86]. Hannink et a.,
Kelly and Rose found that the stress-induced martensitic transformation in zirconia ceramics
involves predominately positive volumetric change, resulting in a reduction in the crack-tip
stress-intensity factor [87], which in turn leads to an increase in the material fracture
toughness. Sung yi et a. analysed the fracture toughening of Shape Memory Alloys (SMAS)
with a macro-crack under mixed mode loads [88]. The analytical results also show that the
martensite transformation reduces the crack tip energy release rate and increases the
toughness. The toughness of SMAs is enhanced by the transformation strain, which tends to
limit or prevent crack growth.

By contrast, the phase transformation in SMAs involves negative volumetric change, which
would result in an increase in the crack-tip stress-intensity factor and thus a decrease in
fracture toughness [89]. P. Yan et al. found that Steel line pipes produced by high frequency
induction welding can result in a low-toughness zone at the weld junction [90].

Now let's review the investigation in the last decade about the influences of phase

transformation on the fracture toughness with more details.

In 2001, the influence of austempering temperature on the microstructure and the mechanical
properties of high carbon and high silicon (HCHS) steel at room temperature and ambient
atmosphere were examined by Susil K. Putatunda [91].The influence of microstructure on the
plane strain fracture toughness of this HCHS steel was also investigated. Figure 2.24 shows
that fracture toughness of the HCHS steel increases with austempering temperature, reaching
a peak value at 350°C and then starts to decrease.
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Fig. 2.24 Influence of austempering temperature on the fracture toughness of HCHS steel [91]

Figure 2.25 denotes that the maximum fracture toughness is obtained in this steel with a upper

bainitic microstructure when the microstructure contains about 35% austenite.
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Fig. 2.25 Influence of volume fraction of austenite on the fracture toughness of HCHS steel [91]
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/X C
The author found that the fracture toughness was found to depend on the parameter %

where X is the volume fraction of the austenite, C, is the carbon content of austenite and d
is the mean free path of dislocation motion in ferrite. C is determined by the following

equation 2-11 [92].
A =0.3548+0.0044C, (2-11)
Where A is the lattice parameter of austenite in nm.

With this investigated result, the author concluded that it will be possible to produce very high

X .C
fracture toughness in HCHS steel by maximizing the parameter a L i.e. by an increase in

(X,C,) product and a simultaneous reduction in d values.

Takeshi lwamoto and Toshio Tsuta from Hiroshima University investigated the mechanism of
strain-induced martensitic transformation toughening for TRIP steel due to crack extension in
2002 [93]. In their paper, It was recalled that McMeeking and Evans derived the following
equation to evaluate the transformation toughening in the ceramics due to crack extension
[94]:

K"™ = K™ +AK (2-12)

Where K™ and K™ represent the stress intensity factors near the crack tip and in the far
field, respectively. The value of AK is the toughness enhancement due to transformation. If
AK <0 then transformation toughening occurs.

Then, Budiansky et al. [95] indicated that Eq. (2-12) can be derived from the viewpoint of

energy conservation and can be rewritten using the J-integral as:
Jtip:Jfar+AJ (2_13)

Where J™ and J™ are the crack tip and the far field J-integral. AJ is the amount of

transformation toughening and possesses a negative value in the case of toughening.
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Based on these two equations, the following equation 2-14 for evaluating toughness

enhancement factor AJ,, due to strain-induced martensitic transformation (SIMT) can be

derived in the form of the J-integral:

(2-14)

Takeshi lwamoto and Toshio Tsuta simulated the deformation behaviors of CT specimens of
TRIP steel under mode I loading at various temperatures for the cases of stationary cracks and
stable crack extensions. They introduced the nodal release technique and concept of pull-back
force in the case of a stable crack extension. They proposed a thermo-elasto-viscoplastic
constitutive equation [93] including transformation strain rate and the 3™ invariant of the

deviatoric stress J,.

Figure 2.26 is their result of the toughness enhancement AJ from Eqg. (2-13) and difference
of AJ between TRIP steel and austenite. It revealed that AJ for austenitic material has a

peak near room temperature.
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Fig. 2.26 The toughness enhancement AJ from Eq. (2-13) and difference of AJ between TRIP steel
and austenite [93]
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Fig. 2.27 The far-field J-integral J™ and toughness enhancement AJ,, defined by Eq. (2-14) during
stable crack propagation of TRIP steel [93]

Fig. 2.27 shows the far-field J-integral J™ versus crack extension length Aa for TRIP steel.
As can be seen in this figure, J ™ tends to increase slightly with increasing Aa and the same

tendency in the experimental results was observed. The toughness enhancement factor AJ,,

defined by Eq. (2-14) during stable crack growth with a constant crack tip J-integral Jic is

also shown in this figure. AJ,, increases with crack propagation. It can be said that the

transformation plasticity in TRIP steel is also a major source of toughness enhancement due
to SIMT (Stress Induced Martensitic Transformation). The maximum fracture toughness

enhancement effect is obtained in a very small length of crack propagation.

As a result, they concluded that the toughness enhancement for TRIP steel was larger than
that for austenite near room temperature. The opposite relationship was observed in a lower
temperature range. Therefore, the transformation toughening effect and fracture toughness are
reduced when large amounts of martensite are formed. The transformation zone grows, and
the high stress region moves and becomes larger during stable crack propagation. J™ tends
to increase slightly and the toughness enhancement factor used by Okada et al. (1992)
increases with crack extension. In the case of stable crack extension, the transformation

toughening effect by SIMT was also reproduced.
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K. Hase et al. in 2006 found that the use of a two-stage isothermal heat treatment (see figure
2.28) to generate a microstructure consisting of bainitic ferrite and retained austenite has been

found beneficial to the mechanical properties of a particularly strong steel [97].
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Fig. 2.28 The form of the 2-stage heat treatment

The following figure shows that the two-stage sample exhibits the best combination of
strength and fracture toughness which is at least 30% higher than the normal one stage heat
treatment method. They think the double isothermal treatment leads to a bimodal distribution
of bainite plate size and a geometrical division of residual austenite in such a manner that the

mechanical toughness of the austenite is improved.
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Fig. 2.29 Fracture toughness as a function of tensile strength [97]
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In 2008, Archana Paradkar et al. investigated the effect of volume fraction of primary TisAl

( @, ) on fracture toughness of Ti-18AI-8Nb alloy, which undergoes stress-induced

martensitic transformation (SIMT) [98]. They did a good materials characterization work with

the tools TEM, SEM and XRD. The volume fraction of «, is varied by different heat
treatment at different temperatures. They used the ASTM E399 Standard [99] to calculate the

fracture toughness which is shown in equation 2-15.

_ R a -
K_Bwvf(w (2-15)

Where P, is the critical load, B is the thickness, W is the width of the sample and a is the
crack length, f(%) is a geometry factor.

Then they got the relation between fracture toughness and the volume fraction of primary «,

(see figure 2.30). Obviously the fracture toughness decreases with increase in volume fraction

of primary «,.
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Fig. 2.30 Variation of fracture toughness of Ti-18Al-8Nb alloy with volume fraction of primary «,
[98]

They think the model for the fracture toughness of two-phase alloys proposed by Richards

[100] could explain well their investigated result in the above figure 2.30.
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Fig. 2.31 Schematic of Richard's model [98][100]

Figure 2.31 is the schematic drawing showing various stages during fracture. (a) denotes the
sample before loading showing initial microstructure and (b) austenite (y) phase undergoes
elastic deformation on loading resulting in SIMT, while in (c) void initiation (shown as V) at

a, + y interface and (d) void linkage (VL) leading to decohesion of precipitate and failure. Pc

is fatigue pre-crack and P is the load.

They concluded that the reduction in enhancement of fracture toughness due to SIMT, and

decrease in the inherent fracture toughness with increase in volume fraction of o, were found

to be responsible for the reduction in fracture toughness of the alloy with an increase in

volume fraction of primary «, , latter playing a more dominant role.

Lifeng Ma from Xi’an Jiaotong University [101] derived the fundamental formulation for

transformation toughening arising from martensitic and ferroelastic transformation by Green’s
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function method [95][102-104]. The transformation toughening problem geometry is shown

in figure 2.32.
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A=) 4,

k=1
A >
X
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K

Fig. 2.32 Transformed zone in front of a crack tip under remote load [101]

N
In figure 2.32, A= z A, is the transformed zone area, K is the Stress Intensity Factor (SIF)
k=1

in the infinite plane, y is the orientation angle. So the net SIF at the crack tip due to the

presence of the martensitic transformation zone is given by

AK = AK, +AK, = [[ £,(x,, y,)D(x,, y,)dA (2-16)

A

Where:

AK is the total transformation toughening amount while AK, and AK, is respectively the
transformation toughening value in model Tand II. f,(X,Y,) is the influence function of
SIF and D(x,,Y,) is the transformation density function over the transformation zone.

And for the ferroelastic transformation case, The toughening mechanism of ferroelastic
transformation results from the 90° ferroelastic domain switching (interchanging of the
ferroelastic long and short axes) [105]. This procedure can be briefly illustrated with figure
2.33.
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() (b)

Fig. 2.33 Schematic demonstration of the toughening mechanism due to 90° ferroelastic domain

switching near a crack tip: (a) Pre-switching; (b) Post-switching (in dashed circle) [105]

The similarly, the net SIF at the crack tip due to the presence of the ferroelastic

transformation due to domain switching can be computed by the Green’s function method:

AK = AK, +iAK,, = H f.(r,0,p)D(r,0)dA (2-17)
A

where f (x,,Y,) is the influence function for the net SIF due to the elementary domain

switching and D(r,8) is the transformation density function also. (r,8) is the polar

coordinates of the transformed circular region R.

The author set some simple examples to demonstrate the good validity and relevance of the
fundamental formulations (2-16) and (2-17) which could pave the way for more rigorous

studies of transformation toughening problems.
2.6 Evaluation of J-integral based fracture toughness

Characterization of crack propagation ability is done by fracture toughness. Even though J-
integral based fracture toughness is more complex and difficult to deduce than the stress
intensity factor K, but it will give us more accuracy result about the effect of phase

transformation on crack propagation.

Now, we will review some remaining methods for the estimation of J-integral.

2.6.1 Some fracture specimens with typical geometry
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Before we go into the J-integral and its evaluation, we make a brief introduction of the usual
mechanical fracture samples with pre-crack. All these different specimens can be applied for
J-integral estimation. Only the estimated result from the specimen with same standard

geometry can be compared [106][107].

Figure 2.34 illustrates five conventional fracture specimens: CT, SENB, SENT, CCP and
DECP. All in-plane sizes of these specimens are marked in this figure, in which a is the
crack length, W is the specimen width and 2H is the specimen length. The specimen
thickness is denoted by B. These specimens are used most commonly in the current fracture
test [108].

(b) ﬂ P

© 5= A5 @ = A ©
2H — H > <

e Tey T

Pu PU v*égjv

Fig. 2.34 Fracture test specimen geometries: (a) CT; (b) SENB; (c) SENT; (d) DECP; () CCP

A

2.6.2 J-integral and critical J-integral

2.6.2.1 Strain energy release rate

In 1920s, Griffith's crack theory was published [19][110], The basic idea of the Griffith theory
is that at onset of unstable fracturing, one can equate the fracture work per unit crack
extension to the rate of disappearance of strain energy from the surrounding elastically
strained material [107]. Based of Griffith's crack theory, Irwin introduced his strain energy

release rate concept which is also called The Griffith-Irwin Energy Balance.
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Strain energy release rate (or energy release rate) is the energy dissipated during fracture per
unit of newly created fracture surface area. This quantity is central to fracture mechanics
because the energy that must be supplied to a crack tip for it to grow must be balanced by the
amount of energy dissipated due to the formation of new surfaces and other dissipative
processes. Actually, this energy rate can be regarded as composed of two terms: (1) the strain
energy loss rate associated with extension of the fracture accompanied only by plastic strain
local to the crack surface. This term is called G. (2) The strain energy loss rate associated
with non recoverable displacements of the points of load application; however, this term is
assumed to zero [107][111].

For the purposes of calculation, the energy release rate is defined as

_u

G=-"
oA

(2-18)

Where U is the potential energy available for crack growth and A is the crack area (crack

length for two-dimensional problems). The unit of G is J /m?.

The energy release rate failure criterion states that a crack will grow when the available

energy release rate G is greater than or equal to a critical value G .
G>G, (2-19)

The quantity G, is the fracture energy and is considered to be a material property which is

independent of the applied loads or the geometry of the body.

The stress intensity factor K is a general way to deduce the strain energy release rate for
linear elastic material, but J-integral has to be introduced when there is large-scale plastic

strain for the elastic-plastic fracture mechanics.

2.6.2.2 J-integral

The J-integral represents a way to calculate the strain energy release rate, or work energy per
unit fracture surface area in a material [112]. The path-independent J-integral proposed by
James R. Rice [113] is a method of characterizing the stress-strain field at the tip of a crack by
an integration path taken sufficiently far from the crack tip to be substituted for a path close to
the crack-tip region [114] (Elastic-plastic situation under radial loading). It is defined as

follows:
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2@y

J= J.rWdy ~T( > )ds (2-20)

in which:

I' = any contour surrounding the crack tip as shown in Figure 2.35.
W = the strain energy density = j;” o, de;

T =the traction vector defined according to the outward normal n along I, T, =o;n;,

N

U = displacement vector,
s=arc length along I".

Crack

I
Fig. 2.35 Definition of J-integral

From a more physical viewpoint, J-integral can be interpreted as the different potential energy
between two identically loaded bodies having different crack size.

L (2-21)
B oa

In which, B is the thickness of the specimen, oW is the different potential energy in the two
fracture tests, which is the shadow shown schematically in Figure 2.36, oa is the crack length

difference between the two fracture samples.

FM FII

(.J'II” .

{
{_,"-‘_, ) +A1 {); (*"ri’ )

(a) Force loading (b) Displacement loading
Fig. 2.36 Schematically of J-integral determination by force (F) vs. displacement (U) curves [115]
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In Figure 2.36, if the fracture test is entirely controlled by the loading with force, (a) could be
applied to determine the J-integral, while the loading is displacement imposed, the shadow in

(b) then is the different potential energy [115].

2.6.2.3 Critical J-integral Jic

The critical J-integral Jic defines the point at which large-scale plastic yielding during
propagation takes place under mode I [113], it is taken when the crack extension was first
encountered and regarded as the initiation toughness of crack propagation. So it is a criterion
to assess quantitatively the toughness of one material.

2.6.3 Some current evaluation methods

In the latest paper of Xian-Kui Zhu and James A. Joyce from Battelle Memorial Institute, they
made a systematic technical review of fracture toughness (G, K, J, CTOD, CTOA) testing and
standardization [73]. In this section and based of this review, we will make a brief summary

about the current evaluation methods for detecting the value of critical J-integral.

2.6.3.1 ASTM standard method

From the effort by many researchers and scientists worldwide for more than a half century,
the ASTM fracture toughness test standards made a significant progress and grew step by step.
The present versions of ASTM E399-09e2, E1820-11, E1921-11, and others have been
developed and improved over the last several decades to provide consistent and economical
procedures to measure estimates of fracture toughness designated as Kic, K-R curve, Jic and
J-R curve etc. to meet the needs of practical engineering applications [116-136]. The mostly
often used specimens in ASTM fracture test standards are C(T), SE(B) and M(T) specimens
containing a through-thickness tensile crack, i.e., mode- I crack. The mostly cited standard
for the estimation of J-integral is E1820. While ASTM E399-09e2 and E1921-11 work well

for brittle fracture situation which are not applicable for our case here.

We take single edge bend specimen for example to explain how the standard E1820 estimates
the J-integral [137]. First of all, the total J will be separately calculated to elastic part and

plastic part.
J=J,+J, (2-22)

Where:
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J,, = elastic component of J, and
J,, = plastic component of J.
The elastic part can be easily calculated by followed equation:

KZ

J, =— 2-23
el E. ( )

in which:

K is the stress intensity factor, E' is equal to the elastic modulus E when plane stress and

E . : . .
> When plane strain where v is the Poisson ratio.

equal to

The plastic part is calculated:

A
1, =107 (2-24)
BN bO

Where:
A, = area under force versus displacement records shown in Fig 2.37,

n, = 1.9 if the load-line displacement is used for A, =3.785 —3.101 \7—\;+ 2.018 (%)2 if

the crack mouth opening displacement record is used for A (if it is CT specimen, the
expression of 7, is different ),
B, = net specimen thickness (B, = B if no side grooves are present), and

b, =W —a,.

Force, P

Area, A, Original
Loading
Slope

Y

Total Load-line Displacement, v
Fig. 2.37 Definition of area for J calculation using the basic method [139]

66

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Chapter 2 Methods and Materials

This method is widely used in all of the world and it can give the researchers a convince result,

. . . . a, .
but unfortunately, it demands strictly the specimen structure and size, for example, WO is

asked to be close to 0.5 and B, is asked to be the same to or half of W . This geometry is

very difficult for us to obtain an uniform phase field when there is phase transformation. Also,

it only recommends the CT and SE(B) specimen but no SENT or other types of specimens.

Notice that this method was conducted using the ‘maximum load’-based Jic estimates, as
done by Joyce [138] and Towers and Garwood [139]. Clearly, since the hardening masked
crack initiation and growth in high strain hardening materials, the maximum load toughness
did not give accurate Jic results for these materials. On the other hands, it was required to
determine Jic, thus requiring the tests of plenty of specimens to obtain a resistance curve and

then one material toughness value, this will definitely cost a lot [73].

2.6.3.2 EPRI solution

In the late 1970s and the early 1980s, Electric Power Research Institute (EPRI) in the United
States sponsored a series of major projects for establishing a J-integral handbook. An
engineering estimation scheme for elastic—plastic fracture analysis was thus developed, and
the J-integral solutions for many specimens and simple geometries in plane stress and plane
strain conditions were obtained by Kumar et al. [140] using finite element numerical

calculations.

In this method, the SENP or SENT specimen was taken into account and the total J is also
split to the elastic part and plastic part. The elastic part is the same as equation 2-23, and the

plastic part is estimated by:
a P n+l
Jy =aocue, (W -a) W -hl-(—PO) (2-25)

Where n and « are material constants defined by the pure stress-strain law, they can be very
easily obtained by fitting the stress-strain curve according to the Ramberg-Osgood relation.
o, Is the yield stress, g, is the yield strain, h is a function of a/W and n , it's value is
given in Fig. 2.38 (for plane stress) and Fig. 2.39 (for plane strain) [107][140]. In these

figures, the dimension b is the total width. P is the applied load per unit thickness, and:
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Where 1// =1.072 for plane stress,

R=y-n-W-a)o,

w = 1.455 for plane strain, and:

a a
= |1+ 2
1 (W—a) W -a

(2-26)

(2-27)

4.0 6
35+
ab=1/4
51 ab=1/4
3.0 |-
41—
25 38
2.0 |- o 3
h hy
15 |
/4 2
10
1
05 |-
0 | 1 1 1
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 08 1.0
1n 1/n

Fig. 2.38 h, versus 1/n for a SENT, plane stress Fig. 2.39 h, versus 1/n for a SENT, plane strain

This method provided a solution of J-integral for many specimens and simple geometries
such as SENT (SENP), CT, CCP, SENB, DECP and even cylinder pipes, it also made a good

connection between the experimental result and finite element calculation.

But unfortunately, it only concerned the maximum hardening exponent n 20, and also if the
material is nearly perfect plasticity, that is to say n is very big, equation 2-25 then has a very
big error which cannot be accepted. Even for the material with a small value of hardening
exponent n, this method still has a bad accuracy as it is always difficult to find a very

accurate yield stress and this make the R, has a big error and further also the J ;. Besides, not

all stress-strain curves can be precisely approximated with the Ramberg-Osgood relation.
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2.6.3.3 0.2 mm offset of J- Aa curve

As we emphasis the estimation of the critical J-integral but not the J- Aa curve or J-R curve,
so we ignore the determination process of J- Aa curve here. The point is that when we have
the J- Aa curve, how can we get the critical J-integral value? On the other hand, even the
method we will mention is one partial content of the ASTM standard methods, but we still
want to fetch it out as it is quite different to the ASTM E1820 method we have mentioned in
2.6.3.1.

From the J- Aa curve, ASTM E1820 adopts an engineering definition of J;c at the intersection
of a 0.2-mm offset construction line and the J-R curve, as shown in Fig. 2.40 [73]. This figure
illustrates a typical construction procedure used to evaluate Jic. At first, the J-R curve is

defined as the test data in the region bounded by the coordinate axes and the Jmax and Aa,,,

limits. To develop the construction lines, a blunting construction line is defined. Plot this
blunting line, then draw an exclusion line parallel to the blunting line intersecting the abscissa
at 0.15 mm. Draw a second exclusion line parallel to the blunting line intersecting the
abscissa at 1.5 mm. Also draw a line parallel to the construction and exclusion lines at an
offset value of 0.2 mm. The J- Aa data points that fall inside the region between the 0.15 mm
and 1.5 mm exclusion lines are valid data that are used for fitting a power-law regression
curve. The intersection of the power-law regression curve with the 0.2 mm offset line defines
the provisional point-value Jo that is subject to qualification criteria to see if it is an

acceptable value. The basic one is to guarantee a sufficient specimen size: B=25Jq/ o, ,

where o, is the effective yield stress equal to the average of yield stress and tensile stress. If

this qualification requirement and others defined in Section A9.8 of E1820 are met, the Jq is

ch.

69
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Chapter 2 Methods and Materials

Y/ —

7
0.15mm EXCLUSION LINE

® POINTS USED FOR
REGRESSION ANALYSIS

600  CONSTRUCTION
LINE ~a

400 [

J (kJim?)

l Mav

Ja *—— POWER LAW REGRESSION LINE "\
200

1.5mm EXGLUSION LINE
0.2mm OFFSET LINE

- An

— aamh limit

0 0.5 1.0 1.5 2.0 25

Crack Extension (mm)

Fig.2.40 A typical J- Aa curve with test data points, construction lines and limitation bounds required
[73]

This single specimen technique can also give us the estimation value of critical J-integral. But
it implied two difficult questions. First, it didn't mention how to find the crack initiation
moment and actually it is not easy. Second, it is not easy to find the accurate 0.2mm crack

extension.

All above is the brief summary of the current methods to estimate the critical J-integral. Of
course, there is surely other evaluation ways such as CTOD and CTOA methods, but we just
introduce the most widely used ones. Details could be found in the reference [73]. All these
methods have made a great contribution for the estimation of toughness parameters, while the
work to improve test procedures has been a constant topic of interest, debate and incremental

research is still on.
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Chapter 3 A New Method of Toughness Evaluation

In this chapter, we will introduce one cost-save and effective method to estimate the critical J-
integral with a sole Single Edge Notched Plate SENP (SENP) specimen. The Direct Current
Potential Drop (DCPD) method is applied to obtain the initial fatigue crack length. DCPD is
compared with Digital Image Correlation (DIC) at room temperature to evaluate the crack
propagation initiation load. It is observed that slightly before the load drops, the crack starts to
propagate. DIC will also help us to get the Boundary Conditions (BC) for Numerical

Simulation in which the method G_theta will give us the critical J-integral.
3.1 A new method to evaluate the critical J-integral

We choose SENP specimen to do the fracture test. In the beginning, PD method is applied to
control the fatigue crack fabrication. The fracture test will then be done on the pre-cracked

SENP. The J,. value is to chosen to be the J value when crack starts to propagate on the

SENP specimen. The method is first tested at room temperature for which the material is
more brittle. The global load displacement curve was correlated with the DIC measures which
give the crack tip position, the image processing of the two faces of the specimen which are
used to check the previous prediction and the PD method provides a third measure of the
crack tip position. The comparison of these three measures permits to decide when the crack

starts to propagate.

Meanwhile, the stress-strain curve is obtained by the round bar test. Notice that, the PD
method will not be applicable when electrical induction coil is working, but the result of crack
propagation initiation point we found in room temperature is applicable to other cases in high
temperature. One observes at room temperature with those three means that the crack starts to

propagate slightly before the maximum load.

The J,. value then is extracted using a careful finite element analysis of the experiments. The

finite element analysis was conducted as follows: DIC is used to define the real Boundary
Conditions (BC) to be applied to the finite element model for the fracture test for the load
level. The test has then been simulated by a refined finite element plane stress analysis, using
the material properties extracted from the standard stress strain curve obtained at the
corresponding thermal history. The load displacement curve predicted by FEM is compared to

the experimental one to check the quality of the simulation as well as the adequate choice of
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the stress strain curve. J,. value is then extracted by the G_theta method using the

elastoplastic evaluation of J. The original G_theta method provided in CAST3M couldn't be
applied in our case, because the plastic zone was much larger than the region defined by the
nine disks around the crack tip. Consequently we had to reprogram the G_theta method.

Figure 3.1 is a sketch of the methodology.

Fatigue crack fabrication )
Round bar tensile test to
l identify the material parameters
of 15-5PH for points Ato G
Fracture test l

Finite element

Boundary conditions given by DIC f======> | simulation

Fig. 3.1 The methodology to get J,. from experiments

3.2 An example to obtain the J;c value

In this section, we will introduce our method to evaluate the critical J-integral and illustrate
with an example. In our study, all the fracture samples are designed as followed Figure 3.2
shows, the thickness is only 2 mm and the pre-crack length is 1.5mm or 2.5mm. The available
supplied material (cylindrical bar of 25 mm diameter) imposed a size of the specimens, which
is small. The benefits of this geometry are to provide cheap specimens, which are also easy to
control on temperature. Associated with electrical induction heating, the rates of heating and
cooling are higher than what you can impose in a furnace and so, much more representative of
welding processes. On the other hand, the surface of gripping is small and the gradient of
temperature along the axis of the specimen (far from the crack) does not allow imposing
perfect boundary conditions. The two big holes of the SENP specimen are used to fix the
sample, and the two small holes permit to input the current and produce a controlled fatigue
crack using Potential Drop (PD) technology which is showed in Fig. 3.2. The notch has been
enlarged in the Figure 3.2 and precisely defined in Detail B. The initial fatigue crack length is
measured by the PD method using Johnson's formula [23] coupled with optical microscope
and DIC (see annexe 2). Let’s also note that the crack length (around 2 mm) is large

compared to the size of the microstructure (approx. 0.02 mm).
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Fig. 3.2 Fracture test SENP specimen (left) and fatigue test set-up (right) in our investigation

This example is implemented on the 16MND5 low carbon steel at room temperature with a
pre-crack length 2.5mm. When the fatigue crack (pre-crack) is produced, we will clean the
pre-cracked SENP specimen and then do the painting on two faces in the central part. If the
maximum temperature of later heat treatment is very high, it needs special paint which can
stick to the face even the sample will be under tension after or during the heat treatment. The
fracture test will be done by a displacement velocity (0.5mm/minute) until the crack
propagates to the moment when final ligament is nearly half of the width. During the fracture
test, Loading Line Displacement (LLD) and force together with potential drop will be
acquired. The acquisition frequency is 10 points per second. The loading was released at the
end of the fracture test when the crack has propagated a certain length. During the fracture test,
PD was recorded and a series of photos have been taken (5 photos every 2 seconds) by a CCD
(Charge Coupled Device) camera that can provide us the 1024 pixel x 1024 pixel photos.

Certainly it is impossible to process all the data we acquired. Frankly, we fetch some points
from the beginning of the fracture test to the one the crack has propagated a lot. During elastic
part, we fetch one point every 10 seconds, when there is the plastic strain, more and more
points are selected around the maximum fracture force. At last, the density of points is
decreased. Just as the following Fig. 3.3 shows, based on the selected experimental points and

photos, we plot the curve of force versus displacement and the curve of PD versus
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displacement. It is the fracture test result plotted versus time, blue curve denotes the force,
pink curve is the measured potential drop which contains all the aspects induced PD such as

change of y and width W in figure 2.3, also massive plastic strain etc. The green curve is the
corrected PD curve which has taken the change of y into account (as proposed by Johnson

[23]). The actual and real time value of y was obtained from DIC.

9 3.0
8 _
7 25
38
-—75 — i :c
S 4 2,05
(@] 3 -
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2 | - 1.5
=+Force (KN)
1 Teenedr
0 l \ 1.0

0 50 100 150 200 250
Time (s)

Fig. 3.3 Fracture test and potential drop acquisition

PD method is not applied widely to deduce the crack propagation length especially when the
specimen has huge plasticity, but this method can tell the critical moment when the crack

propagates by searching the mutational point of the slope of the potential drop curve.
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Fig. 3.4 Three mutational points on the potential drop curve

Figure 3.4 and 3.5 show that there are three significant critical points on the green curve. The

first is at 50 second, it compares to the end of the elastic strain. Second criti

cal point is around

100 second which is associated with the change of y value due to plasticity at crack tip or

crack propagation initiation. These two points correspond very well with the blue load-time

curve. The last critical point is at 140 second. It can be explained by two

reasons. First, the

crack starts to propagate. Second, the crack propagation rate suddenly increases. We then use

DIC to better understand the load-displacement curve.
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Fig. 3.5 Slope of the three mutational points on the potential drop curve

We choose a series of pictures from the beginning of the fracture test to the one where we are
pretty sure that the crack has propagated. All the times of the pictures are consistent with the
times of points from potential drop curves. One Zone Of Interested (ZOIl) named E-PE-PF-F

will be selected on every picture. Fig. 3.6 (a) is the initial picture of the fracture test, whereas

(b) denotes the ZOI chosen.

The software Icasoft can process and give us the displacement and local strain field of the
entire series of pictures. Fig. 3.7 shows us the Green Lagrange strain field from the beginning
of the fracture test until the point where the crack is surly propagating. The 28 pictures are the

deformed ones, the initial picture is shown in figure 3.6. The time of every picture in figure
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3.7 is marked below the picture and respectively related to the points at figure 3.5. We can see
that the time difference between every selected picture around the maximum force point in
figure 3.7 is 4 seconds. Note that the maximum force point in figure 3.4 is at 112 seconds.
The red rectangle in figure 3.7 is the original selected ZOI for our reference. We can connect
every picture’s information with the mechanical information expressed in Fig. 3.3.

60 70

t=10s 20
100 104 108 112 _ 1le

8640 2664D 70E+0  TiE+ TEE+1

Fig. 3.7 The Green Lagrange strain field of one of our fracture tests given by DIC at room temperature

From figure 3.7, we can find from the first four deformed pictures that the axial strain is small.
On the picture taken at time t=50s (which is related to the first mutational point in figure 3.4
or 3.5), there is visible butterfly strain field around the crack tip. While the picture at the third
mutational point (140 seconds) shows that the crack has clearly propagated. The picture taken
at time t=100s related to the second mutational point in figure 3.5 shows that crack start to
propagate. Before this critical picture, we observe that the large strain zone becomes larger
and larger, the crack mouth displacement becomes bigger and bigger, while there is no

significant crack propagation. After this critical picture, the crack already grows significantly
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and the butterfly has been entirely broken. On this critical picture at 100 seconds, we can see
that the mesh around the crack tip is being teared but hasn't been yet broken, while it is
broken by the lower crack tip in the next picture. From these observations we deduce that the
second mutated point at 100 seconds is the critical time when crack starts to propagate. The

shorter is the time between these pictures, the better DIC accuracy is.

By comparison the result given by DIC in figure 3.7 with the result from PD from figure 3.3
to 3.5, we can fix the critical moment. It is slightly before the maximum force. Note that this
critical moment could be different for different materials. Once we know when the crack
starts to grow, we can fetch the displacement field and boundary conditions from the initial
picture to the critical picture by DIC again.
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(a) Vertical displacement at critical moment along  (b) Vertical displacement evolution for points E
the boundaries E-PE and F-PF given by DIC PE F and PF obtained from DIC

Fig. 3.8 Vertical displacements obtained from DIC, material is 1L6MND5 at room temperature, loading
rate is 0.5mm/minute, pre-crack length is 2.5mm

As Fig. 3.8 shows the boundary conditions given by our method for 16MND5 material at
room temperature (pre-crack length is 2.5mm). Figure 3.8 (a) shows that the displacement at
critical moment along the segment E-PE or F-PF is almost a straight line, and the
displacement at the four points E, PE, F and PF of ZOlI is different at every moment before

the crack propagation during the fracture test.

Now with the basic stress-strain curve of this specimen and the boundary conditions provided
in Fig. 3.8, we can estimate the critical J-integral by finite element simulation. Elastoplastic
plane stress analysis with large strain was performed using CAST3M [141-143] finite element
software in order to evaluate Jic. A special attention is taken to build an appropriate mesh. It

consists of a circular part of 10 layers of elements around crack tip. Quadratic 6 and 8 nodes

78
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Chapter 3 A New Method of Toughness Evaluation

finite elements in plane stresses are used elsewhere. Top and bottom sides are described by 10

elements as we can see in figure 3.9 where the mesh has 1358 elements.

E EPE PE

Position of
the crack

F FPF PF
Fig. 3.9 Mesh constructed in CAST3M for our finite element simulations

The size of the simulated zone is 15 mm height per 10 mm width which is exactly the same to
the ZOI in DIC processing. The material is considered to be elastoplastic with isotropic
hardening. Translations and rotations are extracted from the experimental measured
displacements histories of lines E-PE and F-PF in Fig. 3.8 and applied to the finite element
points E, PE, F and PF.

Figure 3.10 shows the simulation result of displacement and accumulated plastic strain field.
(@) displays the Uy displacement which is just in the same direction to the loading, (b)
presents the accumulated plastic strain around the crack tip. Figure 3.11 compares the
simulation result of force vs. mean displacement between two top segments of the ZOI with
the experimental result for our example. The agreement is very good which confirms the
quality of the numerical simulation and validates the methodology as well as stress strain

characterization.
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(@) (b)

Fig. 3.10 Simulation result, (a) is Uy displacement field (unit: mm), (b) is the accumulated plastic
strain around crack tip

- Experiment
- Simulation

Material: T6MNDS at room temperature
Pre-crack: 2.5 mm
Loading: 0.5 mm/minute

0,00 0,10 0,20 0,30
Mean displacement (mm)

Fig. 3.11 Simulated force versus mean displacement between E-PE and F-PF

After the simulation, Jic is extracted using the modified G-theta method [144][145], which
permits to compute the energy release rate for elasto-plastic radial loading. As we know, the
original G-theta method in CAST3M works well for Jic evaluation when there is no plastic
strain or when plastic zone is confined into the inner domain. When the plastic zone is larger
than the nine disks, the Jic estimated by the CAST3M G-theta method is no longer valid
because it is no longer path independent.
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Hence, for our elastic-plastic fracture mechanics situation, we have to reprogram the original
CAST3M G-theta method. We change the integration path to a large domain shown in figure
3.12. Second, we calculate the strain energy density or work by the actual strain in the

integration domain which is shown in Eqg. (3-1).
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—
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i
(@) (b)

Fig. 3.12 Integration domain of modified G-theta method, (a) is the G-theta field on the boundary and
(b) is the integration domain.

J=[0U,,0, ds-[W.0,,ds (3-1)
Q Q

In equation 3-1,
g,U - are solutions of the mechanical problem with true boundary conditions,

and the theta components:

00
O =—=* (3-2)
! OX;
00
©,,=. 5 ©=0,+0,, (3-3)
p p
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and,
On I.U 11911+ U1,2®2,1J+
o0,U,0,,+U,,0,, |+
UijUi’kG)k‘j _ 12 %U1,1®1,2 U1,2®2,2% (3_4)
015[Y21911 Y550, [+
O [U 2101, +U,,0,,
While w is the strain energy density:
W= Ig de (3-5)
0
It is practically calculated incrementally by:
W) (T (i) (3-6)
i=1
dS is a surface element and equal to dS =dx-dy.
Equation 3-1 in a compact writing is:
J :J'g:grad (Jj.grad (gde—IW.div(gde (3-6)
Q Q

With this G_theta method, we can numerically evaluate the critical J-integral value. Annexe
(5) gives the "Gibiane" program of this method. Now we show the verification of path
independence of J-integral obtained by this method. We highlighted three paths in figure 3.13

where blue one is contour 1, green one is contour 2 and red one is contour 3.
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Fig. 3.13 Verification of path independent of J;c obtained by modified G-theta method

We can see in two figures 3.14 and 3.15, the result of Jic obtained by our G-theta method is

good and path independent.
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Fig. 3.14 J obtained by modified G-theta method for elastic situation
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Fig. 3.15 J;c obtained by modified G-theta method for plastic situation (Material: as received
16MNDS5 low carbon steel)

In figure 3.14, the analytical solution is calculated by equation (3-7):

)k _lpoma) -
E E

In which, the geometrical coefficient ¢ is given by equation (3-8) [107].

o=sech- |2 10.75242.02.2 +0.37 (1sin B)] (3-8)
; W
and
ra
P &)

Results from figure 3.14 and 3.15 are from the as received material 1l6MND5 whose
geometrical data can be found in figure 3.2 and pre-crack length is 1.5mm. Hence the

geometrical coefficient ¢ calculated by equation (3-8) is 1.268.

The method has also been successfully compared with the basic G_theta produce of CAST3M

with a small plastic zone.
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All above is an example to show how our method to estimate the critical J-integral coupled
the DIC/PD technology and FEA. With this method, we can now investigate the effects of
phase transformation on J-integral based fracture toughness of material 15-5PH and 16 MND5.

3.3 Some comments on our Jic estimation method

Those experimental approaches we mentioned in section 2.6.3 impose to have specified
specimen geometries and most of them are associated with rather expensive experiments.

Moreover all these experimental methods can't be applied to the determination of J,. in case

of phase transformations situations, because one cannot ensure, with thick specimens that the
temperature fields around the crack tip region within the specimen is uniform. This implies
that one do not know what is the material state within the specimen and along the crack front
without making complex 3D computations, which is heavy and debatable if not compared
with ad hoc measures. Besides, the EPRI method has a big error when the material hardening
exponent is big and when the yield stress is not evaluated precisely (see the exponential

equation 2.26).

It was then decided to use our non conventional method to extract the J,. value. The J,.

value is determined on the base of observation of crack propagation on thin cracked plane
specimen. We applied the thin and small Single Edge Notched Plate (SENP) as our fracture

samples. Later after the fracture test, the J,. value is extracted using a careful finite element

analysis of the experiments. One could argue that this finite element computation can be
avoided because DIC contains all the information. This is an interesting and efficient
processing of the results but, in case of elastoplastic response, this method relies on the input
of a stress strain law. It has been measured in our case and hence a purely experimental
method could be directly applied. The interest of the chosen method is to cross check the use
of the bar specimen stress law choice for the cracked plate specimen response, the quality of
the choice of the stress strain curve is checked by the quality of the global force displacement

law.

Another point is that the pre-crack length is too short to get a comparable and reference
critical J-integral value as there is the effects of crack-tip constraint on that fracture toughness
parameter. And some standards demand the pre-crack length should be more or less 1/2 of the

width of the fracture sample (see figure 3.16).
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Fig. 3.16 Relation between J;c with the pre-crack length [146]

In our case here, the pre-crack length is 1.5mm or 2.5mm which means the value of a/W is
0.15 or 0.25, the blue rectangle in figure 3.16 is the area of our a/W. We can see that there is
no big error induced by the non-standard pre-crack length compared to the value from the
standard a/W=0.5. let's step one foot back, our investigation purpose is to look for the effect
of phase transformation on the critical J-integral based fracture toughness, so we applied same
specimen with same pre-crack length and same geometry, that means, for our study purpose,

the J,. valued estimated by our method is comparable and enough to find the answer to our

thesis.

This method was then used to get the J,. at room temperature. The value we obtained has

been compared with others from some literatures [147-152]. The critical J-integral was

converted to critical stress intensity factor by the equation (3-7).
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Fig. 3.17 Comparison of stress intensity factors from different sources [147-152]

In 3.17, the four black squares are the values from others, our value is the blue cycle point.
We observe the results are consistent. Another aspect is that the error of our method is rather

small.
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Chapter 4 Effect of Martensitic Transformation on 15-5PH

Fracture Toughness

In this chapter, we applied our method for the estimation of fracture toughness for 15-5PH
stainless steel after different kind of heat treatments. When we get the critical J-integral
values, we will discuss the influences of phase transformation on material fracture toughness

together with the investigation of fractography and metallography.
4.1 Specimens

There are two kinds of specimens for 15-5PH, one is the SENP for fracture test and it has
been shown in Fig. 3.2, another one is the round bar sample for the tensile test which is shown
in Fig. 4.1.
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Fig. 4.1 15-5PH round bar sample for tensile tests
4.2 Experimental apparatus

Two servo-electro-hydraulic tension-compression machines are applied for the mechanical
experiments. One with maximum capacity of 10KN is used for the fatigue test, another one
with maximum 250KN is used for the fracture test and round bar tensile test. Type K thermal
couples are connected to a converter TEPI (model BEP304) for signal amplification and

conversion. The force, strain, displacement and temperature signals are collected by a digital
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acquisition system with an acquisition rate of 10 Hz. The strains on the round bar specimen
are measured by an extensometer (stick distance 15mm, see figure 4.2). Heating is generated
by electromagnetic induction, and power is supplied by a 6KW generator (See figure 4.3).
The automated configuration includes the controller, a PC, and the system software bundle.
For DIC, two 4 Mpx cameras were placed in front of each face of the specimen to record

digital images of the two sample surfaces (5 pictures every 2 seconds, see figure 4.4).

e |
-

15 mm

Fig. 4.2 Extensometer with 15mm distance between two sticks

water

5 = \ | /! = ciIndutor coil
| 3 3 * I ' e
| Cooling | | N\ Lower Grip

i Thermocouples
- iy -

Fig. 4.3 Setup of devices for round bar tensile test
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Fig. 4.4 Setup of devices for fracture test

Figure 4.5 is the schematic of the set-up of thermocouples welded on the specimen and the
position of the electro-magnetic induction coil for tensile test or fracture test. Three
thermocouples were used to record the temperature field (error: £5°C). For the tensile test, the
centre thermocouple is in the center of the specimen. For the fracture test, the centre
thermocouple is in the same horizontal line with the pre-crack. Another two thermocouples
are symmetrically welded in the two sides of the central thermocouple, the distance between

each thermocouple is around 7.5mm.

Thermocouples

x "

Extensometer with

0% X ® LVDT

Distance is 15 mm
X

® < Sample @

F 3

Y
“we..... s Induction coil

Fig. 4.5 Position of thermocouples and induction coil devices for mechanical tests

Figure 4.6 shows the central part of the SENP specimen for fracture test in the set-up shown
in figure 4.4, the left one of figure 4.6 is one side surface of the fracture specimen, right one is
another side.
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Fig. 4.6 Central part of the specimen for fracture test in the set-up, left one is one side of the specimen,
right one is another side

4.3 Experimental results
4.3.1 Tensile tests results

The tensile tests were done by a displacement rate of 0.5mm/min. As we already described in
figure 2.14 at section 2.4.3, we did the tensile tests after different heat histories marked from
point A to G. Figure 4.7 shows the engineering stress-strain curves of 15-5PH after different

heat treatment histories.
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Fig. 4.7 Stress-strain curves of 15-5PH after different heat treatment history

One may observe that the ultimate stress at point G is smaller than original material which is
point A. Comparing curves for point B and C, the pure austenite at 200°C (point C) is more
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ductile but lower strength than pure martensite (point B) at the same temperature. For point D,
E and F, as more austenite is transformed to martensite and temperature is decreasing, the
material has a higher strength. The difference between points A, B and the rest of the
experiments (C to G) is that A and B have a nearly “perfect plasticity” behaviour type while
the other fives show much more hardening. We made a summary of the tensile test results of
15-5PH at different cases in the following table 4.1.

Table. 4.1 Tensile test result of 15-5PH at every experimental point

Experiment | Yield stress | Yield Ultimate Ultimate | Hardening Material
point (Mpa) strain | stress (Mpa) strain | exponent n | constant o’
A 899 0,44% 1148 7,07% 29,97 0,0014
B 827 0,44% 1041 5,05% 29,37 0,0028
c 174 0,11% 829 15,57% 3,89 0,1637
D 143 0,10% 969 9,55% 3,00 0,1671
E 208 0,14% 1006 4,28% 3,62 0,0578
F 245 0,16% 1012 3,71% 416 0,0291
G 302 0,19% 1085 3,72% 4,69 0,0196

4.3.2 Fatigue crack fabrication

For each testing conditions (points A to G) at least two samples with different pre-crack
length were produced. We make use of a sine loading to fabricate a fatigue crack, the
maximum loading is calculated by equation (4-1), the minimum loading is 1/10 of the

maximum, and the frequency of the sinus loading is 20HZ. In equation (4-1), o, is yield

stress of 15-5PH, a is the crack length and actually is equal to the size of notch, W and B

are the width and thickness separately of the SENP.
Foex =0.60,-(W —a)-B (4-1)

Johnson's formula [23] in equation (2-9) was applied to control the fatigue crack fabrication

as we expected to produce a 2.5mm pre-crack. Here a, is the notch size, U, , is the original

potential before the fatigue test whileU ., is the potential during the fatigue test. y is the

(2)
distance between two wires for measuring the PD in figure 2(b). Johnson's formula, DIC, and
optical microscope observation after later broken by fracture test were used to get the mean

value of fatigue crack length a.
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Finally all the SENP samples are given in table 4.2.

Table. 4.2 Fracture test results of 15-5PH

Experimental Temeerature Sample Fatigue initial crack | Maximum force of the

Point [°C] length [ a,mm] fracture test [KN]

R Iest

BN e

o | wm ot e

o | w o s

e | w o o

| w e =3
Gl 1.571 16.99

G 20 G2 1.260 17.41

4.3.3 Fracture tests results

The fracture tests were also done by a displacement rate 0.5mm/min on pre-cracked SENP
samples. Force vs. global displacement curves of the specimens which have the similar initial
crack length are plotted in the figure 4.8. The abscissa and ordinate values are given by the
electro-mechanical testing machine. Maximum forces of every fracture test have been shown
in table 4.2.
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Fig. 4.8 Fracture curves of 15-5PH after different heat treatment history
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One may be surprised about table 4.2 that the maximum force of the samples with different
crack length are not always consistent with the initial crack length, for example, it needs
bigger force to make the sample with longer pre-crack propagate. The reason has been found
to be due to a difficult control of the “grip” conditions of the specimen into the machine. This
difficulty is created by the extremely simple design of the specimen with small pre-crack

difference but has been solved using DIC and finite element simulation of the experiments.
4.3.4 Boundary conditions from DIC for the FEM simulation

As we discussed in section 3.1, PD and DIC technologies are applied to confirm the crack
initiation point, after that then we applied DIC again to detect the boundary conditions at
seven experimental points from the beginning photo to the critical crack initiation photo

which are shown in figure 4.9.
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Fig. 4.9 Boundary conditions got by DIC of 15-5PH fracture tests at every experimental point

4.3.5 Fractography observation

A fractography of the fracture surfaces has been done by Scanning Electron Micrograph
(SEM) for each specimen after failure to analyse the related fracture mechanism. It is
displayed in figure 4.10.
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Fig. 4.10 Fractography of all specimens (A to G). Crack propagation direction is from the right to the
left of the picture

The symbols A to G in figure 4.10 respectively are related to tests A to G. From the
fractography, it is clear that each failure is characterised by a lot of microvoids. This denotes
that they are all ductile fracture. 15-5PH is a high strength steel for any metallurgical state

even at 200°C or during the martensite transformation period.

When one compares the size of the microvoids, A and B have larger microvoids than others.
B has bigger dimples than A. For point G, the dimples are much smaller than for case A and

their density is consequently higher.

Meanwhile, from the fractography, there are few inclusions, their influence on the fracture
toughness should then be small.
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4.4 Nume

rical simulation

When we have all the boundary conditions of every fracture test and stress-strain curves at

every experimental point, we impose the boundary conditions to the finite element analysis,

the re-programmed G_theta method will then give us the simulated result of critical J-integral.

The comparison of experimental and simulated force vs. mean displacement at every point is

shown in following figure 4.11.
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Fig. 4.11 Experimental and simulated comparison (force vs. mean displacement) for each point from

AtoG

The synthesis of the analysis is given on the following table 4.3. Figure 4.12 displays the Jic
estimated value for each experimental case (A to G)

100

Table. 4.3 Critical J-integral results of all samples given by the simulation

Experimental

Temperature

Point r°C] Sample Jic [KIIm?] Mean J;c [KJ/m?]
A 20 ~ ! 259
B 200 g; 122 186
C 200 g; 323 318
D 170 B; ;32 258
E 140 E; ;ii 252
F 110 :z; ;g? 263
e | w oL as
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Fig. 4.12 J,. of 15-5PH at different temperature

4.5 Results analysis

The results presented in figure 4.12 show that the heat treatment and metallurgic phase

transformation has an influence on the fracture toughness of 15Cr-5Ni stainless steel.

We predict an as-received 15-5PH Jic value of 259 KJ/m® If we convert this value to the
stress intensity factor by equation (3-7) and compare it with the ASME recommended value
or others in figure 4.13, we find that our value is very similar to the one given by I.I. Cuesta et
al. (level 3 with a,/B=0.25) [153], but higher (see figure 4.13) than the ASME

recommended value [154] or the value from Kotoji Ando et al. [155].
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Fig. 4.13 Comparison of stress intensity factors of 15Cr-5Ni stainless steel from different sources
[153-155]

If one now compares cases A and B, which are all fully martensitic, but at different
temperature, A has a bigger J;c value than B. The reason is not obvious. The difference is of

about 20%. This observation should be confirmed by a larger number of experiments.

One now compares the toughness at 200°C but with two distinct metallurgic states: cases B
(fully martensitic) and C (fully austenitic). Jic for case B is clearly smaller than the one of

case C. 15-5PH in austenitic phase is tougher than in martensitic one.

Comparing the toughness J;c of cases A and G, the material after a whole cycle heat treatment
has higher fracture toughness than the original material. This should be due to some residual
austenite in the material after the heat treatment. This is confirmed by the fractographic

analysis of the failure zone which shows a more ductile fracture mode.

For cases D, E and F, both martensite and austenite phase (their proportion is given in table.
2.3) exist in the specimens. Globally the toughness is smaller during the phase transformation

than when it is finished or not started. But the decrease is not huge.

Overall, one can conclude that austenite enhance the ductility and then the toughness Jic of
the material. Let us also observe that these experiments do not give enough information for

the evaluation of the pertinence of a mixture rule between austenite and martensite toughness.
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Chapter 5 Effect of Bainite Transformation on Mechanical

Properties and Fracture Toughness of 16MND5 Low Carbon Steel

In this chapter, we will firstly study more deeply about the bainite transformation especially
the isothermal bainite transformation in 16MND?5 low carbon steel, the good understanding of
isothermal bainite transformation is useful to do the mechanical experiments at one isothermal
temperature and to do the analysis of the influences of bainite transformation on fracture
toughness. After that, we follow the same procedure as for 15-5PH stainless steel (chapter 3).

5.1 Detail research of bainite transformation in 16 MND5

In section 2.4.5, we have mentioned some points about the transformation in the 16MND5
low carbon steel. We talked about the continuous cooling bainite transformation investigated
by others, we have also shown the continuous cooling bainite transformation gotten from -5°C
cooling condition. If we want to do the same mechanical experiments as what we did for 15-
5PH stainless steel, we need to control that no phase transformation occurs at temperature
higher than Bc. If there is no dilatation during temperature hold, we can start the mechanical
tests at once. Otherwise, we need to wait for the end of isothermal transformation and then

launch the mechanical test.
5.1.1 Isothermal bainite transformation at temperature higher than Bc

As what we did in 15-5PH, we will also choose seven points for the mechanical tests. Here
we choose 600°C before continuous cooling bainite transformation and 573°C, 550°C, 530°C
during the bainite transformation for the following isothermal bainite transformation
investigation. Similarly the as received 16MNDS5 and the one after the whole heating and
cooling process, together with one point with the same temperature at 600°C but before the
austenitization are all selected also. These seven points are also named from A to G which is

marked on the following figure 5.1. Notice that figure 5.1 is part of the figure 2.21.
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Fig. 5.1 Explanation of investigated points

We now need to confirm that when temperature is kept constant from continuous cooling at
point C, D, E and F nothing happens. The free dilatation experiments show that there is a
phase transformation when one keeps the temperature constant at these four points. We
imposed the temperature loading illustrated in figure 5.2 to study the isothermal
transformation. We did the same thing for heating and austenitization as what we did for pure
continuous cooling bainite transformation. While during the austenite cooling period, we
changed the cooling process to keep a constant temperature before and during the CCT bainite

transformation starting temperature Bc.

900°C for 30"
-5°C/s

T """""""""C; """ Isothermal
Bc=585°C

+5°C/s

Temperature (°C)

Y

Time

Fig. 5.2 Schematic of the heat treatment to study the isothermal transformation

On figure 5.3, we observe that the free dilatation curves also changed at constant temperature
higher than Bc. Similarly the dilatation curves went higher at temperature lower than Bc

during continuous cooling bainite transformation which will be discussed with more details in
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section 5.1.2. For each point, isothermal phase transformation is finished after a certain hold

time.
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Fig. 5.3 Free dilatation curves of the isothermal transformation at temperature higher than Bc
For more convenience, we magnify the isothermal transformation part in figure 5.3 to have

following figure 5.4. In figure 5.4, we can more easily observe what happens during the

constant temperature hold at a temperature higher than Bc.

0,9%
0,8%

0,7% =

Dilatation

50.6% 1

0,5%

0,4% : : : : : : . :
580 600 620 640 660 680 700 720 740 760
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Fig. 5.4 Magnification of the free dilatation curves of the isothermal transformation at temperature
higher than Bc
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In figure 5.3, after the isothermal transformation, there is no further anisothermal bainite
transformation as the following heat treatment condition can normally bring us bainite
transformation. We also observe that the further martensite transformation starting
temperature decreases. This is probably due to carbon movement induced by the isothermal
transformation in the high temperature region. On the other hand, the upper limiting
temperature of the bainite formation should be that of the eutectoid reaction which is 750°C in
our material [156-160]. This can tell us that the reason why the dilatation curve at constant

temperature went higher is due to the isothermal bainite transformation.

Let us observe the free dilatation experiment at isothermal temperature 680°C. The dilatation
curve is shown in figure 5.5. In this figure, one observes three parts between the inflection
points. Part 1 is due to the austenitization, part 2 is caused by the isothermal bainite
transformation in our opinion. After part 2, when the sample is cooled again by -5°C/s, it
gives part 3 which is martensite transformed from retained austenite after the isothermal

bainite transformation (part 2).
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Fig. 5.5 Free dilatation curves of 16MND?5 at the isothermal temperature 680°C and then cooling to
room temperature by -5°C/s

Following figure 5.6 is the micrograph of 16MND5 at room temperature after isothermal

temperature at 680°C. From this metallurgical photo, we may observe that there are lots of
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bainitic ferrite plates which come from the isothermal transformation at 680°C, and the photo
also shows that there is some martensite which comes from the later martensite

transformation from the retained austenite after the earlier isothermal bainite transformation.

Acicular
martensite

Fig. 5.6 Micrograph of 16MND5 at room temperature after isothermal temperature 680°C

The X-ray diffraction test result shown in figure 5.7 proves that there is no pearlite after the

isothermal transformation at 680°C. As three peaks are typical peaks of BCC a-Fe.
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Fig. 5.7 X-ray diffraction test result of 16MND?5 after isothermal transformation at 680°C

107
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Chapter 5 Effect of Bainite Transformation on Mechanical Properties and Fracture Toughness of 16MNDS5 Low Carbon Steel

These two metallurgical observations confirm that the reason why the dilatation curve
changed when applying a hold time is that there is the isothermal bainite transformation. The
Kinetic curve of the isothermal bainite transformation and following martensite transformation

is given in figure 5.8 in which the phase fraction is calculated by equation (2-8).
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Fig. 5.8 Phase fraction changes with the temperature (for 680°C isothermal temperature)

In figure 5.8, we can find that nearly 70% austenite transformed to bainite (or bainitic ferrite),
it is very well consistent with the metallography (see figure 5.6). The rest part is martensite

transformed from 260°C in the following continuous cooling period.

Looking at figure 5.3, we observe that different isothermal temperature leads to different
martensite transformation starting temperature (Ms). D. Quidort and Y. Bréchet explained in
their paper [48] that the bainite transformation is the evolution of the carbon content of the
austenite and the carbon enrichment of the untransformed austenite can decrease the Ms
temperature. Figure 5.9 and 5.10 show the dilatation curves and fraction versus holding time

at every constant temperature before Bc.
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Fig. 5.9 Free dilatation curves of the isothermal transformation before CCT Bc
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Fig. 5.10 Transformed austenite fraction versus time in the isothermal transformation before CCT Bc

Once we got all the final bainite fractions at every isothermal temperature (details are given in
table 5.1), we plot the Ms temperature versus bainite fraction in figure 5.11. It clearly shows
that more austenite transformed, lower Ms temperature is. This agrees very well with the

experimental result of D. Quidort and Y. Bréchet.
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Table. 5.1 Summary of martensite transformation temperature and bainite fraction after different
isothermal temperature holding

o Bainite Martensite
Isothermal T(*C) fraction transformation T(°C)
740 0.21 354
720 0.53 328
700 0.55 302
680 0.68 260
660 0.70 229
640 0.80 210
620 0.66 300
600 0.49 310
I I I 1 I 1 I
360 -
|
340 .
n
320 -
| |
300 . " 4
O 280 -
< 260 | . |
240 -
n
220 .
]
200 F -
1 1 1 1

c2 03 04 05 06 07 08

Austenite transformed
Fig. 5.11 Ms temperature decreases as more austenite transformed

Continuous cooling transformation shown in figure 2.22 needs no more than 100 seconds to
finish. The isothermal bainite transformation is quite slower even if it happens at a high
temperature region (Fig. 5.12). After 200 seconds in figure 5.12, the maximum bainite

fraction is only 0.6.
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Fig. 5.12 Transformation rate comparison of continuous cooling (CC) and isothermal bainite
transformation

In figure 5.12, we can also deduce that the bianitic ferrite Elaths growth rate is not constant. It
is first very quick then slow down, finally it proceeds very slowly. This is rather different
from what D. Quidort and Y. Bréchet found in 0.5% C steels as they found the bainite growth
rate is a constant [49]. Anyway, notice should be paid attention that the heat treatment

procedure and material are all different. We will go deeper in this point later.
5.1.2 Isothermal bainite transformation at temperature lower than Bc

Similarly to the isothermal transformation happened at temperature higher than Bc, the
dilatation curve went higher also when the cooling temperature is changed to be constant
during the continuous cooling bainite transformation. In following figure 5.13, we observe
that when the cooling temperature is kept constant at one temperature (point D at 570°C, point
E at 550°C or point F at 530°C) lower than Bc, the dilatation curves is increasing. The whole
transformation here will be called hereinafter ‘continuous cooling-isothermal bainite
transformation’. Note that the martensite transformation is going on after the former
‘continuous cooling-isothermal bainite transformation': this is probably due to the retained

austenite after the former bainite transformation.
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Fig. 5.13 Free dilatation curves of the continuous cooling-isothermal transformation at temperature
lower than Bc

Figure 5.14 and 5.15 show the dilatation curves and bainite fraction evolution for these three
complex bainite transformations. In all the figures, blue points denote the continuous cooling
(CC) part occurring at the cooling rate -5°C/s. Pink points show what happens at the
isothermal temperature. Time zero in figure 5.14 and 5.15 is chosen when the transformation
started at Bc 585°C.
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Fig. 5.14 Dilatation curves of the isothermal transformation after CCT Bc at 570°C, 550°C and 530°C

112
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Chapter 5 Effect of Bainite Transformation on Mechanical Properties and Fracture Toughness of 16MND5 Low Carbon Steel

0,7 0,7 0,7

06 0,6 - 0,6
505 508 §0%
g 04 8 04 8 04
2o3 203 £o3
£ E £
@ 0,2 /’ @02 / @ 02 f

01} + CC from Bc to 570C 0,1 "; + CC from Bc to 550TC 0.1 i + CC from Bec to 530TC

0 = |sothermal at 570C o 1£ = |sothermal at 550TC o :" = |sothermal at 530TC
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
t(s) t(s) t(s)
(a) (b) (©

Fig. 5.15 Bainite fraction development versus time in the isothermal transformation after CCT Bc

On figure 5.16, we plot the bainite fraction development versus time which begins with the
continuous cooling phase transformation from temperature Bc and until the end of the
isothermal transformation at 530°C. The green curve displays the temperature history: firstly
it cools by -5°C/s and then was held constant at 530°C. The blue and pink curves are
dilatation curves due to different causes. There is also a tsirx marked in figure 5.16 to denote
the shift time when the cooling temperature is shifted to be constant. When the temperature is
continuous cooling (-5°C/s), it will give us the blue curve which shows us the continuous
cooling bainite transformation from 585°C, once when the continuous cooling temperature is
changed to be constant at 530°C, it gives the pink dilatation curve which denotes the
isothermal bianite transformation at 530°C. The Transformation kinetics of continuous
cooling and isothermal transformation at other two points (point D at 570°C and point E at

550°C) are similar to this one.
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Fig. 5.16 Transformation kinetics of continuous cooling followed by an isothermal transformation at
530°C
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Figure 5.17 shows the phase fraction of transformed bainite with this process. One observes
that the lower isothermal temperature is, the more bainite is produced by anisothermal and

consquentely less bainite is produced by isothermal bainite transformation.
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Fig. 5.17 Bainite transformed by continuous then isothermal transformation respectively

Figure 5.18 analyzes the relation between the bainite transformation after Bc in figure 5.15

and the following Ms temperature. We find that Ms temperature decreases perfectly linearly

with bainite fraction produced.
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Fig. 5.18 Ms temperature decrease linearly with more bainite fraction produced (Error of T is +/- 5°C
and error of fraction is +/- 0.02)
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The results are summarized in the following table.

Table. 5.2 Summary of martensite transformation temperature and bainite fraction transformed by
continuous cooling-isothermal bainite transformation

Hold temperature Bainite Ms temperature
(°C) fraction (°C)
570 0.41 360
550 0.49 321
530 0.63 252

Micrography obtained by SEM is given in fig. 4.19. (a), (b) and (c) is respectively the

metallographic of the specimen submitted to the isothermal transformation at 570, 550 and

530°C. Bright areas are bainite, the dark ones are residual austenite and a little martensite

transformed from retained austenite after the bainite transformation. From (a) to (c), more and

more austenite has been transformed and bainite becomes more and more fine due to

increased nucleation rate. Small temperature difference makes the refinement be not very

clear. Obviously, specimen (c) has more bainite than (a) and (b). More information needs to

be found by XRD.

o

Fig. 5.19 Metallography of bainite given by continuous cooling-isothermal bainite transformation

separately at (a) 570°C, (b) 550°C, (c) 530°C. Amplification: x4000, etching in 2% Nital
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As discussed before, in the continuous cooling-isothermal bainite transformation experiments,
such as isothermal temperature 570°C, 550°C and 530°C, from both the dilatation curve or
bainite fraction curve versus time, the transition from continuous cooling to isothermal bainite
transformation was perfectly smooth, around the shifting time, the transformation rate didn't
change also (see the slope of the dilatation curve around the shifting time). This point could
give us the evidence that continuous cooling and isothermal bainite transformation in
16MND5 have the same transformation mechanism which is probably displacive, because
continuous cooling and isothermal heat treatment have the essential difference: continuous
cooling has over-cooling potential but isothermal hasn't. When the bainite transformation
shifts from continuous cooling to isothermal, the bainitic subunit was continouly growing
with the same rate without over-cooling induced diffusion. But why pure continuous cooling
or continuous cooling-isothermal bainite transformation proceeds more faster than pure
isothermal bainite transformation? In our understanding, there are several reasons: 1), pure
continuous cooling and continuous cooling-isothermal have longer incubation time; 2), pure
continuous cooling and continuous cooling-isothermal have more over-cooling energy; 3),
Displacive movement has no strong dependence on high temperature; 4) austenite at high
temperature is more stable. So, we can maybe conclude that the bainite transformation in

16MNDS?5 is a transformation that obey the displacive theory but with the carbon evaluation.
5.1.3 Incomplete isothermal bainite transformation and it's half C-curve

As we all know that bainite transformation is an incomplete transformation. It was explained
by Zener C. as when the bainitic ferrite formed the supersaturated carbon which would be
expelled to the surrounding austenite thus thermodynamically stabilising it against further
transformation [161]. Bhadeshia and Edmonds [57] explained that it is a manifestation of the
formation of essentially supersaturated bainitic ferrite, so that the original bainitic ferrite
retains much of the carbon content of the parent austenite [59]. In our material here also exists
the situation especially the isothermal bainite transformation in high temperature region. The
reason could be that the austenite in high temperature is stable as bainite transformation in our
material implements at a high temperature ( majority higher than 500°C, see figure 2.21). This
temperature is normally regarded as the highest temperature of upper bainite. The alloy
element in 16MND5 could be another reason, but silicon can be absolutely excluded. D.
Quidort and Y. Bréchet said in their paper [49] that 0.5% in mass of silicon is not enough to

prevent the cementite precipitation and further the bainite transformation. However there is
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only 0.015% silicon in 16MND?5. Hence we think that 1.3 wt% Mn in 16%MND5 can make
the TTT-curves go to the right which means it needs more time to finish the transformation
[162].

Figure 5.20 compares the results obtained with our experiments with half C-curve for
16MND?5 low carbon steel, they are consistent. We have plotted the starting temperatures as
5% bainite transformation until 50% bainite fraction transformed. One observes that

transformation is fastest at 680°C and that the curve is symmetric around the same 680°C.

740

720

680 - _ |+ Transformation starts| |
= 50% transformed

Fig. 5.20 Half C-curve of isothermal bainite transformation in 16MND5

5.2 Effect of bainite transformation on 16MND5 mechanical properties and fracture

toughness
5.2.1 Specimens

Comparing with 15-5PH, we used the same fracture samples SENP but different round bar
samples because we have used the Gleeble machine to study 16MNDS5 material. The
geometrical plan for fracture test is the same to figure 3.2 and round bar samples were
designed as shown in figure 5.21 and 5.22. A special design (displayed in figure 5.23) has to

be done for point G because the yield stress at this point is too high after heat treatment.
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Fig. 5.21 16MNDS5 round bar sample for tensile test of point A on Gleeble machine
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Fig. 5.22 16MND?5 round bar sample for tensile test of point B to F on Gleeble machine
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Fig. 5.23 16MNDS5 round bar sample for tensile test of point G on Gleeble machine

5.2.2 Experimental apparatus

Except the devices for round bar samples, we use the same apparatus for the mechanical tests
i.e. fatigue crack fabrication and fracture test as for 15Cr-5Ni stainless steel. For a better
accuracy, we did fracture test on the hydraulic tensile machine with maximum force 10kN
when the maximum force of the fracture test is small. Otherwise, we did the fracture test on
the machine which can provide maximum force 250KN. Figure 5.24 shows you the set-up of

the Gleeble 3500 system. The upper picture is the overall view of the Gleeble system with
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control panel, operating platform and experimental chamber. Lower left one is the front view
of the experimental chamber while lower right one is the side view. During the tensile test of
16MNDS5 material at different heat treatment situation, dilatometer was used to measure the
dilatation and transverse strain. Meanwhile extensometer measures the dilatation also and
longitudinal strain, the distance between two sticks of the extensometer is 10 mm. Cooling
Air was applied for cooling the measurement devices such as dilatometer and extensometer as

the maximum temperature during the tensile test for majority points is 900°C.

For the heating control, three thermocouples were welded on the surface of the round bar
specimen for tensile tests. The centre thermocouple is in the center of the specimen, the
distance between every thermocouple is 5 mm. For the fracture test, we also used three
thermocouples, the centre thermocouple is in the same horizontal line with the pre-crack.
Another two thermocouples are symmetrically welded in the two sides of the central
thermocouple, the distance between each thermocouple is around 7.5mm.

Experimental
chamber

Operating
platform

Overall view of
Gleeble System

Extensometer
connector

Dilatometer
connector

(&

Side view of
experimental
chamber

Front view of
experimental
chamber

i Thermocouples

Fig. 5.24 Schematic of Gleeble 3500 system and setup of measuring devices
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5.2.3 Stress-strain curves for different metallurgical states from point A to point G

Materials at point A, B are pure bainite, G is nearly pure bainite. Point C has 41% bainite
after the isothermal bainite transformation while point D, E and F separately has 36%, 48%
and 63% bainite. All the phase fractions can be easily read from figure 5.9 and 5.13.

Tensile tests were accomplished at a displacement rate of 2mm/min until the rupture, the
mean strain rate is 2.5%/min (it can be calculated as: the displacement rate divided by the
globe length of specimen). Summary of all the tensile tests of 16MND5 low carbon steel after
different heat treatment history is shown in figure 5.25. This figure also contains the positions
of the selected seven experimental points. Contrary to 15-5PH stainless steel, 16MND5 low
carbon steel after whole heat treatment cycle has an ultimate stress which is almost 40%
higher and a slightly larger ultimate strain than the as-received material. The other stress-
strain curves are not surprising except point B. It has a pure bainitic microstructure at 600°C,
we found creep phenomenon during the tensile test at point B. This creep induces stress

relaxation at slow strain rate.
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Fig. 5.25 Stress-strain curves of 16MND?5 low carbon steel after different heat treatment

Figure 5.26 shows all the round bar specimens after rupture at different metallurgical states.
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A B CDE F G

Fig. 5.26 Round bar samples after rupture

Table 5.3 summarizes all the material parameters of 16MND5 low carbon steel for the
different experimental points. Strain at failure for experimental point A is not available
because the rupture happened not in the centre. So when failure was happening, the strain
given by the extensometer during the experiment is not meaningful. Strain at failure for point

D is also not available because the extensometer lost the signal after the maximum force.

Table. 5.3 Summary of material parameters of 16MND5 at different temperature

Experimental | Yield stress |Young's modulus| Ultimate stress| Strainat | Section shrinkage
point (Mpa) (GPa) (Mpa) failure (%) at failure (%)
A 420 210 610 67
B 198 141 344 40.33 67
C 101 51 280 51.13 76
D 153 96 338 74
E 194 123 405 73.97 70
F 162 93 467 55.02 68
G 364 203 840 32.53 48

5.2.4 Fracture toughness
5.2.4.1 Fatigue crack fabrication

Potential drop method was used again to produce the pre-crack for the later fracture tests on
SENP specimen. Table 5.4 displays the pre-crack information of every SENP sample. One
can find that for each experimental point, we produced two pre-cracked fracture samples, one

shorter pre-crack length is around 1.5mm while the longer one is about 2.5mm.
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Table. 5.4 Fatigue crack fabrication of L6MND SENP samples

Experimental point | Sample number Fatigue crack length (mm)
Al 1.478
A
A2 2.522
5 B1 1.494
B2 2.509
c Cl 1.499
Cc2 2.493
D D1 1.482
D2 2.517
£ El 1.499
E2 2.507
F1 1.486
F F2 2.501
G1 1.472
G G2 2.595

5.2.4.2 Fracture tests results

Fracture tests were also accomplished with a displacement rate of 0.5mm/min until the crack
growth to about one half of the width. During the fracture test, PD and DIC were also
recorded at room temperature. Figure 5.27 shows the fracture curves at every experimental
point (from A to G). The abscissa is the total displacement in the loading direction and the
ordinate is the applied loading, loading line displacements and forces are all given by the

hydraulic machine.
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Fig. 5.27 Fracture test results of all the 16 MND5 SENP samples
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Figure 5.27 (a) shows the result obtained with short pre-cracks (1.5 mm). The longer ones are

shown in figure 5.27 (b).
5.2.4.3 Boundary conditions from DIC for the FEM simulation

Similar to what we have done for 15-5PH stainless steel, we used DIC again to find the
boundary conditions for the finite element analysis. We only display the displacement at the
four points E, PE, F and PF. 16MNDS5 is more ductile than 15-5PH which has the
consequence that the displacement history of point E, PE, F and PF is no longer proportional.
Once we have the displacement conditions at every picture on the four points, we will directly
impose the boundary conditions on the mesh nodes in the simulation. Figure 5.28 compares
the displacement at every point found by DIC and imposed to the corresponding nodes in the
simulation. The abscissa is time proportion in the fracture experiment or step proportion in the

simulation related to experimental time.

123
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Chapter 5 Effect of Bainite Transformation on Mechanical Properties and Fracture Toughness of 16MNDS5 Low Carbon Steel

1,0 : : T T
+ Experimental U_E | |
« Experimental U_PE | |
EO.B 11 + Experimental U_F ~———— 1=
£ = Experimental U_PF }
g | |[—SimulatedU_E | .
£ 0.6 || simulated U_PE
GE, — Simulated U_F
80,4 = Simulated U_PF
-3
2 I
Q02+ A—
|
0,0 ‘ ‘ 1 -
0% 20% 40% 60% 80% 100%
Time or step proportion
(A1)
0,4

+ Experimental U-E
« Experimental U-F
|| »+ Experimental U-PE
= Experimental U-PF
— Simulated U_E
— Simulated U_PE
| '— Simulated U_F
—Simulelzted U PF‘

Displacement (mm)
o
¥

o
1
|
|
|
|
'_
|
|

0,0 T T T T
0% 20% 40% 60% 80% 100%
Time or step proportion
(B1)
1,6
+ Experiment U_E
141 . Experiment U_PE

» Experiment U_F
s Experiment U_PF
| —Simulated U_E

— Simulated U_PE
— Simulated U_F
B —Simulgted U_PF

04 +———— 1——

—_
N

.

I

o

Displacement (mm)
o
o ® o
—

02 ———pF e 7 —— ]
0.0 T T T T
0% 20% 40% 60% 80% 100%
Time or step proportion
(C1)
1,6

+ Experimental U_E
1 » Experimental U_PE
| » Experimental U_F
= Experimental U_PF
1,0 H—Simulated U_E

|| —Simulated U_PE

— Simulated U_F
0,6 - — Simulated U_PF
1 I
04 f———— 1———

Displacement (mm)
o
0

021 g e
0,0 T T T r
0% 20% 40% 60% 80% 100%
Time or step proportion
(D1)

124

0,7 T T T T
+ Experimental U_E |
0,6 +{ ¢ Experimental U_PE - ———————
T + Experimental U_F |
g 0,5 { = Experimental U_PF A .
= —Simulated U_E
S 0,4 | —Simulated U_PE -——
£ — Simulated U_F
30,3 H —Simullaled u PIT
1]
Fo2 | | el el
o
o1+ ===k
0 : - : :
0% 20% 40% 60% 80% 100%
Time or step proportion
(A2)
0,5 T T
+ Experimental U_E | |
= Experimental U_PE | |
£ 0.4 1 +» Experimental U F F———————— =0
£ = Experimental U_PF : '
=03 | | —Simulation U_E I
s — Simulation U_PE |
£ — Simulation U_F I
© 02 {—SimulationU PF | — .+~ &
=
o
001+ = S SR
i
0,0 . ‘ ! .
0% 20% 40% 60% 80% 100%
Time or step proportion
(B2)
18 - T T
+ Experimental U_E
1.4 ||« Experimental U_PE
T2 b Experimental U_F |
g ' = Experimental U_PF
~ 1,0 +{—Simulated U-E
S — Simulated U-PE
£ 0.8 [|—simulated U-F
'_UU 0.6 — Simulated U-PF
2 |
a8 04 +—————
02 w2 o
0,0 +
0% 20% 40% 60% 80% 100%
Time or step proportion
(C2)
12 . T T
+ Experimental U_E | |
10ll° ExperimentalU_PE| | |
T ’ + Experimental U_F }
£ || = ExperimentalU_PF| |
=0.8 f|—simulated U_E -
S — Simulated U_PE
£06 f—Simulated UF |~ ——» " ="~~~
) —Simulated U_PF
804
2
o
021 T e
0,0 T - - -
0% 20% 40% 60% 80% 100%
Time or step proportion
(D2)

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf

© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Chapter 5 Effect of Bainite Transformation on Mechanical Properties and Fracture Toughness of 16MND5 Low Carbon Steel

1.2 + Experimental U_E : } 1.0 + Experimental U_E
101" Experimental U_PE| | | » Experimental U_PE
T + Experimental U_F I £ %8 1| + Experimental U_F
E g | " ExperimentalUPF| | £ = Experimental U_PF
£  |—Simulated U_E I £ 0,6 H/— Simulated U_E
e |~ SimulatedU PE | | 7 AT ] e — Simulated U_PE
g —Simulated U_F S 04 — Simulated U_F
S 4 |=Simul | - Lo § =" ||—simulated U_PF
o 2 |
o2t e Qo2 b e
0,0 ‘ T T ‘ 0,0 T T T T
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Time or step proportion Time or step proportion
(E1) (E2)
1,0 - 1,2
+ Experimetnal U_E + Experimental U_E
+ Experimetnal U_PE 1,0 4 * Experimental U_PE
£ 98 1] + Experimetnal U_F T + Experimental U_F
£ = Experimetnal U_PF £ 0,8 | * Experimental U_PF
£ 06 {1—Simulated U_E z —Simulated U_E
£ Zﬁfm“:’"}eﬂ B_EE £ 0.6 |—Simulated U_PE
8 04 || Gimulated U_PF g — Simulated U_P
E. = E’ 0,4 1 —Simulatled U_PF |
S L a !
02+——
0’0 T j 0,0 T T T T
Time or step proportion Time or step proportion
(F1) (F2)
25 - 0,8 - I I
+ Experimental U_E « Experimental U_E | |
+ Experimental U_PE « Experimental U_PE | |
£ 20 {1+ Experimental U_F Top |« ExperimentalUF |
£ = Experimental U_PF E | = Experimental U_PF |
£ 1,5 ||—Simulated U_E = —Simulated U_E :
g — Simulated U_PE 804 —Simulated U PE |~ AL
3 — Simulated U_F 3 — Simulated U_F
& 1.0 {|—simulated U_PF 8 — Simulated U_PF
s | 2 |
g5 a2 = T
0,0 . . . . 0,0 ‘ 1 - :
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Time or step proportion Time or step proportion
(G1) (G2)

Fig. 5.28 Boundary conditions detected by DIC and imposed in the simulation
5.2.4.4 Fractography observation

Like the investigation on 15-5PH, we did fractography observation also. Following figure
5.29 displays all fractography at seven experimental points from A to G. The crack growth
direction is from the left of the picture to the right. Now we analyze them one by one.
Concering the fracture surface of point A i.e. as received condition of 16MND5 material,
there are few dimples which are very shallow, while there are plenty of cleavage facets.
Hence, at received condition, the fracture of 16MNDS5 appears by cleavage. Compared to A,

there are more dimples on fractography G, and these dimples are much smaller and a little bit
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deeper. While there are no obvious cleavage facets between these dimples. So, conclusion
should be given to point G about the fractography of 16MND?5 at room temperature after one
whole cycle heat treatment: the fracture type is ductile fracture. Point B is pure bainite at
600°C while point C is dual phase (austenite and bainite) austenite at the same temperature,
their fractography both have the big dimples which are much deeper than those from point G.
We can find also there are inclusions in not only figure B but also C. So the fracture
mechanism is ductile fracture for point B and point C. The fractography D, E and F all has

lots of small dimples and no typical cleavage facets. So, they are also mainly ductile fracture.

e

Fig. 5.29 Fractography of 16MND?5 at different condition
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Actually, during our tensile test at point B where the temperature is 600°C, we found that

there was creep. We decided not to go deeper here for point B as said before.
5.2.4.5 Numerical simulation

Then we imposed the displacement loading which has been shown in figure 5.27 to the nodes
E, PE, F and PF, figure 5.30 displays the comparison between experimental and simulated

result about force versus mean displacement after the simulation.
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Fig. 5.30 Comparison between experimental and simulated result

Table 5.5 displays the finite element analysis result of every experimental point from A to G.
Figure 5.31 is our result of critical J-integral estimation result of 16MNDS5 low carbon steel
after different heat histories.
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Table. 5.5 Critical J-integral results of all L6MND5 SENP samples

Experimental Sample Experimental | Critical J-integral | Mean Jic
point number | temperature (°C) (KJm? (KJ/m?
Al 308
A 20 284
A2 260
B1 66
B 600 77
B2 88
Cl 177
C 600 219
C2 260
D1 259
D 570 252
D2 244
El 241
E 550 240
E2 238
F1 232
F 530 258
F2 284
G1 243
G 20 240
G2 237
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Fig. 5.31 Critical J-integral of 16 MND5 after different heat treatment

5.2.5 Results analysis

The results presented in figure 5.31 also show that the heat treatment and metallurgic phase
transformation has an important influence on the mechanical properties of 16MND5 low
carbon steel. The material of 16MND5 after one cycle bainite transformation has a 40%
higher strength than the original material (see figure 5.25 and table 5.1). This means that the
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continuous cooling bainite transformation can refine the microstructure and hence enhance the
strength of the original material. From figure 5.32, we can find that the grain size of the

material after continuous cooling bainite transformation has been refined.

Fig. 5.32 Microstructure 16MND?5 low carbon steel. The left one is the as-received condition [42] and
the right one is the one after one cycle bainite transformation

If we compare point A and B, which are fully bainitic, but at different temperature, A has a
much bigger J;c value than B. This is consistent with the result of 15-5PH. If we look at the
tensile curves of point A and B at figure 5.25, we found not only the ultimate stress became
smaller but also ultimate strain. Concerning the potential influence of the creep phenomenon,

this need to be done more deeply in the future.

For the toughness at the same temperature 600°C but with two different metallurgic status:
cases B (fully bainite) and C (41% bainite + 59% austenite, see figure 5.9), Jic for case B is
clearly smaller than the one of case C. It means that 16MNDS5 with mixed phases of bainite
and austenite at 600°C has a better fracture toughness than another one situation with pure

bainite at same temperature. Let us observe that 1L6MND5 at point C at 600°C shows no creep.

Comparing the toughness J;c of case A and G, the as received material has a slightly higher
fracture toughness than the material after a whole cycle heat treatment, but if we take the
estimation error of these two results, we can find that the difference between them is not
significant. It means that one cycle heat treatment hasn't significant influence on the fracture

toughness of the bainitic 1L6MND5 low carbon steel.

For cases D, E and F, both bainite and austenite phase co exist in the material and their
proportion is given in figure 5.13. The Jic value is similar to each other at these three cases,
we think the effect from the phase proportion is neutralized with the influence from

temperature change.

131
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Chapter 5 Effect of Bainite Transformation on Mechanical Properties and Fracture Toughness of 16MNDS5 Low Carbon Steel

Overall, we can conclude that bainite transformation hasn't a huge influence on the fracture
toughness of 16MND5 low carbon steel. This is not correlated to the stress-strain results
which show that the material has a much higher ultimate stress at room temperature after a
cycle heat treatment. The fact that fracture toughness at 600°C before austenitization is much
lower could explain the crack propagation in parent material close to repair regions during the
refilling operation. This point has to be checked with great care. The presented results
showing the important effects of thermal history on material non linear properties clearly
show that this topic should be investigated more deeply to ensure a good quality of the
complex welding simulations. The observed loss of toughness during heating phase is of
prime importance for the estimation of safety during severe accidents like the recent

Fukushima accident.

132
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Chapter 6 Conclusions and Perspectives

Chapter 6 Conclusions and Perspectives

6.1 Conclusions

A lot of experiments and simulation works have been done in our study whose objective is
dedicated to find the effects of metallurgical phase transformation on crack propagation. This
may help us to better understand the change of fracture toughness of the material during the
crack repair process by welding. Critical J-integral characterizes the fracture toughness which
can express the resistance ability of crack initiation for the material. After comparing several
current estimation method of critical J-integral, we proposed an economic and practicable
method to evaluate J;c with only one single edge notched plate specimen which combined
digital image correlation, potential drop and finite element analysis technologies. First of all,
potential drop method controlled the pre-crack fabrication and gives us the expected pre-crack
length, then potential drop method was applied again with digital image correlation during the
fracture test at room temperature, these two technologies could help and confirm to each other
to find the crack initiation moment. We successfully did a good painting for the mechanical
tension at higher temperature resisting to a maximum temperature 900°C and high mechanical
test temperature 600°C. Once we found that critical moment, digital image correlation method
was applied again to supply the local boundary conditions for the later finite element
simulation. Meanwhile, the basic characteristic was provided to the simulation by the
traditional tensile test. Then the critical J-integral value was computed using the G_theta

method.

With this Jic estimation method, we did our research on the 15-5PH martensitic stainless steel
and 16MNDS5 low carbon steel. In 15-5PH, there exists only martensite transformation during
cooling period, while there are pearlite transformation, bainite transformation and also
martensite transformation in 16MND5 in different cooling conditions. Hence we studied in
details phase transformations in these two materials at different situations, before doing the
mechanical tests. Dilatometry technology was then applied to study the transformation
kinetics and to calculate the phase fraction which could explain the effect of metallurgical
phase transformation on fracture toughness. We found for 15-5PH steel that the martensite
transformation starting temperature is around 185°C and the related martensite transformation
ending temperature is nearly 80°C when the cooling rate is -5°C/s. While for 16MND5 low
carbon steel, we did the similar heat treatment which (+5°C/s heating and -5°C/s cooling) the

bainite transformation would take place around 585°C and finish around 450°C. The bainite
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transformation kinetics found by dilatometry technology proved that the bainite
transformation is an incomplete bainite transformation. Moreover there is no isothermal
transformation in 15-5PH which implied that we can start the mechanical test just after
control the temperature is obtained, while there exists isothermal bainite transformation in
16MNDS5. This forces us to wait for the end of the isothermal bainite transformation when we

want to do the mechanical test.

After the transformation kinetics was studied for 15-5PH and 16 MND5, we chose seven study
points in each material which they are the receiving condition point, the one after one whole
cycle heat treatment, three points during the martensite transformation in 15-5PH or three
points during the bainite transformation in 16MNDJ5, and two points with one just before the
related transformation and another one at the same temperature but before the austenitization.

Then we applied our J;c estimation method to do the mechanical research.

Investigation result shows the influence of metallurgical phase transformation on the fracture

toughness and further crack propagation.

For 15-5PH the influence is significant. The result of J;c value shows that the pure martensitic
15-5PH has higher fracture toughness at room temperature than the one at 200°C. The
toughness is also higher than the original material after one cycle heat treatment, which is
probably caused by some residual austenite. Meanwhile, pure austenite 15-5PH has a higher
fracture toughness than pure martensitic 15-5PH at 200°C. The J;c value of the dual phase 15-
5PH during the martensitic transformation also shows that possibly austenite can enhance the
ductility of the material as well as fracture toughness.

For 16MND5 low carbon steel the influence is not large except at 600°C where creep occurs.
The material at receiving condition has much bigger Jic value than the situation where it was
heated to 600°C. On the other hand, the material at 600°C just before isothermal bainite
transformation after the austenitization during cooling process also has higher fracture
toughness than the one at 600°C before austenitization. These two conclusions are consistent
well with the result of 15-5PH. But 16MND5 after one cycle heat treatment has a slightly
smaller J;c value compared with the as received situation. It means that one cycle heat
treatment hasn't a significant influence on the fracture toughness of the bainitic 16MND5 low

carbon steel. When both bainite and austenite phase co exist in the 16MND5 material, the Jic
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value is similar to each other at these three cases during the bainite transformation, we think

the effect from the phase proportion is neutralized with the influence from temperature change.

Conclusions of our research show that we should pay attention to the heating period before
austenitization of the base material. When people weld for crack reparation, the high
temperature will bring lower fracture toughness during this phase of the process. While during
cooling period, the fracture toughness doesn't change a lot. 15-5PH martenstic stainless steel
has even a better fracture toughness after the martensite transformation than the as-received

condition.
6.2 Perspectives

This thesis concerns the critical J-integral estimation which is difficult to obtain and some

problems need to be studied in the future.

The first one is the estimation method of J;¢ for ductile materials. We proposed an economic
and practicable method to evaluate the critrical J-integral value, but it still needs to be
discussed even the comparison result has shown that the J;c result obtained by our method is
similar to others. What is the best geometry to be chosen for the experimental J;c estimation
and efficient numerical estimation? Can one reduce the difference between the simulated and
experimental force versus mean displacement? Does the difference always exists or it is due

to the pre-crack size and shape?

In the transformation Kinetics aspect, does 15-5PH has some residual austenite after the

martensite transformation at room temperature? This needs XRD examination.

What is the isothermal transformation before and during the anisothermal bainite
transformation in 16MND5? The fact that bainite transformation takes place during the
isothermal state when the cooling process is stopped is interesting. It could help to better
understand the bainite transformation mechanism which is still in debate for many years
provided that some in-situ observation and carbon movement tracking works could be done

by some advanced machines and research methods.

Moreover, the reason which causes the change of the fracture toughness for all cases need to
be understood more deeply. Does the residual austenite enhance the 15-5PH Jic after one
whole cycle heat treatment? In the three points we have chosen during the martensite or

bainite transformation for these two materials, what's the relation between the temperature,
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phase proportion and fracture toughness? Can we find a mathematical expression for J;c as a
function of temperature and phase proportion? Another problem is that, 16MND5 low carbon
steel has a similar J;c value after one cycle heat treatment compared to the original material.
This is the opposite effect with the result of 15-5PH. We have explained some results we
found by macroscopic point of view, but it should be better explained with some

microstructure explanation.

One last interesting thing is the creep phenomenon at 600°C of 16MND5 low carbon steel. It
was found that the tensile test in a short time and several creep experiments with constant
stress provides the creep laws. The effect should be taken into account with a viscoplastic
model for the fracture toughness evaluation for 16MND5 at 600°C. This has to be taken into
account for a good control of crack propagation estimation during welding process for this

important industry materal.
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Annexes

(1) Some experimental apparatus
» Micro-welding machine

During our study, we used one micro-welding machine many times, for example, weld the
thermocouples on the specimen or weld the electrical wires besides the crack mouth to
measure the potential drop during the fatigue test. Hence, here we introduce the 700 Portable
Strain Gage Welding and Soldering Unit from Vishay Precision Group [163]. Figure al is
the overall appearance of our micro welding machine. The control panel is shown in figure a2.

Details could be found in reference 154.

Fig. al overall appearance of 700 Portable Strain Gage Welding and Soldering Unit
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PANEL CONTROL FEATURES

FUNCTION e BATTERY STATUS

SELECTOR SWITCH FOR cigikb g SSRGS BATTERY STATUS
WELDING/SOLDERING 0. INDICATOR LIGHTS
WELD ENERGY e ,
CONTROL Qo
MODEL ?uu SOLDERING PENCIL SOLDERING
o —— | @ PENCIL RECEPTACLE
16 VAG
SOLDERING PENCIL
POWER HEAT CONTROL
AUDIO INDICATOR SWITCH
CABLE STORAGE AREA

Fig. a2 Contraol panel of 700 Portable Strain Gage Welding and Soldering Unit
» Optical microscope

Two optical microscopes were used to study the metallography, measure the notch size,
fatigue crack length and so on. One is ZEISS microscope which can provide maximum
magnification x500. It is shown in figure a3. Another one is Hirox microscope who can

provide us a maximum magnification x2500 (see figure a4).
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Fig. a4 Hirox optical microscope

» SEM

149
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés



Annexes

FEI Quanta 600 SEM was applied also to study the metallography and fractography which are
important for the investagation of transformation mechanism and fracture mechanism. The

set-up of SEM is shown in figure a5.

Fig. a5 FEI Quanta 600 SEM

» XRD

X-ray Diffraction was carried out for studying the microstructure of 16MNDS5 after the
isothermal transformation at very high temperature such as 600°C or 680°C.

Fig. a6 Bruker X-ray Diffraction apparatus (In MATEIS)

» Potential drop recorder
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A C3EM machine named in French 'Suiveur de Fissures' was applied to recorder the potential

during the fatigue test and fracture experiment.

Fig. a7 Machine for recording the potential
(2) Pre-crack length definition

Annexe (2) shows how one can use potential drop and Johnson's formula to calculate the

fatigue crack length a,. (including the notch length). One may also use the microscope as

well as DIC to “measure” the fatigue crack length a. We have then 3 different estimations

(a,e,ap,c, ayer) Of crack length. We decided that the crack length is the mean value of these

3 estimated values.

Fig. a8 The two “optical” crack length estimations: the left photo shows the DIC image used for initial
crack length estimate a,. , the right one is the fatigue crack surface through the specimen observed
after failure on which initial fatigue crack is easy to “see” with the microscope.

The pre-crack length is defined by:
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— aJF + a‘DIC + a‘MICR

a a-1
3 (a-1)
aycr 1S Measured by the microscope after the test as shown in Figure a8 left. This initial
crack length is a mean value of the 3 depth (&, , @,y » &y, ) defined by:
Qe + Ay + A
aM|CR — left m;x right (a-2)

(3) Paint application for the fracture tests

For the Digital Image Correlation (DIC) technique, we need to do a painting on the sample
surface. Concerning the high temperature during the heat treatment and fracture test process, a
good painting is very important for the DIC method to obtain the boundary conditions for the
further critical J-integral estimation.

Figure a9 shows three kinds of paint we applied in our study. The left one is the white paint
and the middle one is the black paint. These two can be used in one maximum temperature
600°C. That means they can glued to the sample surface well at 600°C but it doesn't mean
that when there is mechanical tension or compression, they can still well glued to the sample
surface. The right one is the black 'Thermal Paint' (en Francais: 'Peinture Thermique' ) which

can stick well at a maximum temperature 900°C.

Fig. a9 Three kinds of paints we utilized
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In our study here, the maximum temperature during one cycle heat treatment is 900°C, and
the highest temperature for a mechanical test of 15-5PH is 200°C, for 16MND?5 is 600°C. So
for the fracture tests at room temperature or at 200°C before the maximum heat treatment
temperature, the normal painting just can work well which white paint is in the bottom layer
and the small black paint point is done on the upper layer. Otherwise, we made the black
thermal paint as the bottom layer while the normal white one as the outside layer. Take the
fracture test of 16MND5 low carbon steel at 600°C after the maximum temperature for

example, figure al0 is the zone of interest for getting the displacement result of segment F-PF.

Fig. a10 Zone of interest with thermal painting in the bottom layer and white paint for outside layer

Figure all is the result processed by DIC software Icasoft. It shows that our painting method

for the fracture test at high temperature works very well.

1 dizplacement in pixel
GaEO e TGS
S32E+1 -2 TE+ -2.2E+1 -1.7E+1 -1.2E+1

Fig. a1l Displacement field processed by Icasoft
(4) Effect of temperature and elastic strain on potential drop

As we talked in section 2.3 that the variation of temperature and the elastic strain can also
bring a potential drop which can not be ignored. Here we make an adhesion to get knowledge
about the quantitative influence temperature and elastic strain on potential drop. Figure al2 is
the potential drop induced by the change of temperature for the material 15-5PH stainless
steel.
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U/Ugvs. T
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y = 0,0005x + 0,9807
R? = 0,996

1,1
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Fig. al2 Temperature gradient induced potential drop

Figure al3 shows the elastic strain induced potential drop of 15-5PH.

U/Ug vs Elastic Strain (Temperature jumped in = 0.25°C)

1,025
1,020
1,015
U/U,

1,010

1,005 -

1,000
0,0% 0,1% 0,2% 0,3% 0,4% 0,5%
Strain

Fig. al3 Elastic strain induced potential drop
(5) One example of our programs

We put one example of our programs here, it is for J;c estimation of 16MND?5 at point A (as-

received condition).
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OPTION DIME 2 ELEM QUA8 MODE PLAN CONT ;
* *

* CONSTRUCTION DU MAILLAGE (RAYONANT) *

* *

*-----Largeur et longueur

larl =10.;

lonl1 =80.;

P1=0. (lonl/2); P2=0. (lonl/2);

Icrackl = 1.462;

P3 = Icrackl (lon1/2);

P4 = (Icrack1/2) (lonl/2);

P5 =larl (lonl/2) ;

*----Define another two points for extensometer = 15 mm-------
yext = 15;

E = 0. ((lon1/2)+(yext/2));

F=0. ((lonl/2)-(yext/2));

* maillage fond de fissure

SSCOUR1 11121314 LVD LVG = @rayo P3 P4 10;
*OPTION ELEM QUAS;;

denl =3;

den2 = 30;

*1ER CONTOUR

*OPTI ELEM TRIS3;

P6 = L4 POIN 'INITIAL';

P7 = L3 POIN'INITIAL';

PE = P5 PLUS (E MOIN P1);

P1E = DROI P1E 'DINI'0.3 'DFINI'1.5;

P6P1 = DROI denl P6 P1;
P5P7 = DROI den2 P5 P7 ;
EPE = DROI (den2/3) E PE;

P5PE = DROI P5 PE 'DINI' 0.3 'DFINI' 1.5;
CC1 =SURF (L3 ET L4 ET P5P7 ET PSPE ET
EPE ET P1E ET P6P1);

trac ccl;
*2EM CONTOUR
P4 =L1POINT INITIAL ;

PF = P5PLUS (F MOIN P1);
P2F =DROI P2 F'DINI' 0.3 'DFINI' 1.5;
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P4P2 = DROI denl P4 P2;
FPF = DROI (den2/3) F PF;

P5PF = DROI P5 PF 'DINI' 0.3 'DFINI' 1.5;
CC2 = SURF (L1 ET L2 ET P5P7 ET PSPF ET
FPF ET P2F ET P4P2);

trac cc2;

* Maillage total

mail =SSET CC1ET CC2;
trac mail ;

** [[ ** MODIF MC

mail = CHAN LINEAIRE mail;

EPE = CHAN LINEAIRE EPE;
FPF = CHAN LINEAIRE FPF;
CC1 = CHAN LINEAIRE CC1;
CC2 = CHAN LINEAIRE CC2;

** // **

* PARTIE MECANIQUE

* = = ==

* Modele et materiau

* = = ==

* Modele

mol = MODE mail 'MECANIQUE' 'ELASTIQUE' 'PLASTIQUE' 'ISOTROPE';
* Caracteristiques

youl =210000 ;

nul=0.3;

*----courbe de traction, from the tensile curve of round bar---*

li_epsi = PROG 0. 0.002 0.004 0.005 0.007 0.01 0.014 0.02 0.03
0.050.07 0.1 0.5 1.2.5.10.50.;

li_sigm = PROG 0. 420. 500. 505. 512.520. 530. 545. 568.

597. 609. 610. 610.610. 610. 610. 610. 610. ;

ev_t=EVOL MANU li_epsi li_sigm;

mal = MATE mol "YOUN'youl 'NU' nul 'TRAC'ev_t;

* Stiffener on EPE and FPF

mo_bord = MODE (EPE ET FPF) 'MECANIQUE' 'ELASTIQUE' cog2;
ma_bord =MATE mo_bord "YOUN' youl ‘NU' nul,;

car_bord = CARA mo_bord EPAI 1000. ;

ma_bord =ma_bord ET car_bord;
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** // **

* — — J—

* Rigidite
* Cond. aux limites et

* chargement

* — — J—

* Rigidite

*ril = (RIGI mol mal) ;

** [[ ** MODIF MC

ril = (RIGI mol mal) ET (RIGI mo_bord ma_bord) ;

** // **

* Cond. aux limites

cll1 =BLOQ UY F;

cl2 =BLOQ UY PF;

cl3 =BLOQ UY E;

cl4 =BLOQ UY PE;

cl5 = BLOQ UX PE;

ri=cllET cl2 ET cI3 ET cl4 ET cl5;

* Critical deplacement at four points

ut E =-0.26;

ut_PE =-0.49;

ut F =-0.91;

ut_PF =-0.68;

* Deplacement imposed

fol = DEPI cll ut_F;

fo2 = DEPI cl2 ut_PF;

fo3 = DEPI cl3 ut_E;

fo4 = DEPI cl4 ut_PE;

* Evolution en temps

evl = EVOL MANU (PROG 0. 6. 11. 17. 23. 34. 40. 56. 68. 100.)
(PROG 0. 0.030.07 0.11 0.150.27 0.33 0.53 0.63 1.);

ev2 = EVOL MANU (PROG 0. 6. 45. 51. 100.)

(PROG 0. 0.04 0.40 0.46 1.);

ev3 = EVOL MANU (PROG 0. 6. 17. 23. 28. 34. 40. 45. 62. 73. 90. 100.)
(PROG 0. 0.08 0.31 0.41 0.48 0.52 0.54 0.55 0.64 0.76 0.97 1.);
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ev4 = EVOL MANU (PROG 0. 6. 11. 23. 28. 34. 51. 68. 79. 85. 100.)
(PROG 0.0.04 0.100.23 0.30 0.350.48 0.64 0.77 0.84 1.);

chal = CHAR 'MECA' fol evl;

cha2 = CHAR 'MECA' fo2 ev2;

cha3 = CHAR 'MECA' fo3 ev3;

cha4 = CHAR 'MECA' fo4 ev4;

* — — J—

* Calcul incremental

* — — J—

TAB1 = TABLE;
* le temps

TABL.TEMPSO =0.;

p_lipas = PROG 0. PAS 1. 100.;
TABLTEMPS_CALCULES = p_lipas;
TAB1.TEMPS_SAUVES = p_lipas;
* les modeles

** [/ ** MODIF MC

TAB1."MODELE' =mol ET mo_bord;
TAB1."CARACTERISTIQUES' =mal ET ma_bord;
TAB1.'CHARGEMENT' =chal ET cha2 ET cha3 ET cha4;

TAB1.'BLOCAGES_MECANIQUES' = (cl1 ET cl2 ET cI3 ET cl4 ET cl5);

TAB1.'GRANDS_DEPLACEMENTS' = VRAI;
TAB1.'GRANDES_ROTATIONS' =FAUX;

TAB1.'GRANDES_DEFORMATIONS' = FAUX;

** // **

* Calcul

PASAPAS TABI1;
Fmmaas Post process

nb_pas = DIME (TAB1 . TEMPS_SAUVES);
last_pas = nb_pas-1;

depl = TAB1. DEPLACEMENTS. last_pas;
sigl = TAB1 . CONTRAINTES . last_pas;

* Tracer de la deformee

*

defl = DEFO mail depl;
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TRAC def1,

* Tracer de champ de deplacement

*

depz = EXCO depl UY;
TRAC depz mail;

* Tracer de deformations

*

defl = EPSI mo1l depl;
TRAC defl mo1l;
*dess exx;

* Tracer des contraintes

*

TRAC sigl mol ;

*

* Mean disp versus force
*

mean_P = PROG 0;

F_ PROG =PROG 0,;

U_E = PROG 0.;

U_PE = PROG 0.;
U_F =PROG 0.;

U_PF =PROG 0.;
U_P1=PROG 0.;
U_P2 = PROG 0.;
COD = PROG 0.

*espe3 = PROG 0.;

* = = ===

* loop on time steps

* = = ===

REPE bou_pas (nb_pas-1);

*REPE bou_pas 1,

* displacement time i-1

dep_ini = TAB1.deplacements . (&bou_pas);
*epsel = TAB1 . VARIABLES_INTERNES
*epsel = TAB1 . VARIABLES_INTERNES

* — — J— —_

. last_pas;
. (&bou_pas);

* Uy displacement of points E,PE,F,PF

* — — J— J—
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UY_E = EXTR dep_ini UY E;
UY_PE = EXTR dep_ini UY PE;
UY_F = EXTR dep_ini UY F;
UY_PF = EXTR dep_ini UY PF;

U_E ET (PROG UY_E);

U_PE ET (PROG UY_PE);
U_FET (PROG UY_F);
F= U_PFET (PROG UY_PF);
Crack Opening Displacement

UY_P1 = EXTR dep_ini UY P1;
U_P1 = U_P1ET (PROG UY_P1);
UY_P2 = EXTR dep_ini UY P2;

U_P2= U_P2ET (PROG UY_P2);
U_COD=UY_P1-UY_P2;
COD=COD et (PROG U_COD);

*espe2 = EXCO epsel EPYY P7,;

*espe3 = espe3 ET (PROG espe2);

* Mean displacement (-1 is put to have a positive displacement)
meanDUY = -1*((0.5*(UY_F + UY_PF)) - (0.5*(UY_E + UY_PE)));
mean_P = mean_P ET (PROG meanDUY);

* Forces on EPE (per unit thickness)

ri CL=cI3ETcl4;

R_EPE_I =REAC ri_CL dep_ini;

*list R_EPE_|I ;

EPSE_P7=EXCO P7 dep_ini;

eyy =EXCO defl EPYY;

* Sum of forces (MAXI is used to extract the value of the CHPOINT)

F_EPE = MAXI(RESU R_EPE_I);
F_PROG =F_PROG ET (PROG F_EPE);
FIN bou_pas;

E =
PE =
F =
P —

U_
U_
U_
U_

* = = ===

MD_RF = EVOL MANU 'MEAN DISP' mean_P 'Force' F_PROG;
list MD_RF;

DESS MD_RF;
MD_E = EVOL MANU 'DISP U_E' U_E 'Force' F_PROG;

list MD_E ;

MD_PE = EVOL MANU 'DISP U_PE' U_PE 'Force' F_PROG;
list MD_PE ;

MD_F = EVOL MANU 'DISP U_F' U_F 'Force' F_PROG;

list MD_F;
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MD_PF = EVOL MANU 'DISP U_PF' U_PF 'Force' F_PROG;
list MD_PF ;

COD_COD = EVOL MANU 'DISP COD' COD 'Force' F_PROG;
list COD_COD ;

EPSE_33 = EVOL MANU 'EPSP P7' espe3 'Force' F_PROG;
list EPSE_33;

* data record

*@excell MD_RF 'dep_force.xls";

*Plot accumulated plastic strain :

e

epsel = TABL1 . VARIABLES INTERNES . last pas;

TRAC epsel mol;

—

* Contour Mesh Outer

cont_ext = FPF ET P5PF ET P5PE ET EPE ET P1E ET P2F;
cont_int=L1ETL2ETL3ET L4;

mai_thet = CC1 ET CC2;

* < Champ theta

* Imposed Theta field

cl_ext=BLOQ UX UY cont_ext;

cl_int =BLOQ UX cont_int;

fo_thet = DEPI cl_int 1.;

* On bloque la fissure

cl_crack =BLOQ UY (P6P1 ET P4P2 ET LVD ET LVG);
* BC and Stiffness

ma2 = MATE mol "YOUN'youl 'NU' Q. ;
ri_thet = RIGI mol ma2 ;

ri_thet =ri_thet ET cl_ext ET cl_int ET cl_crack;
* Resolution theta field

dep_thet = RESO ri_thet fo_thet;

dd = DEFO dep_thet mail;

trac dd;

trac (EXCO dep_thet UY) mail ;

* Gradient theta

gr_thet = GRAD mol dep_thet;

* on ne garde que la zone comprise ds le contour
gr_thetr = REDU gr_thet mai_thet;
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gr_thetr = CHAN CONS gr_thetr ' TOTO",

gr_thetr = CHAN TYPE gr_thetr SCALAIRE;

* Components

gtxx = EXCO gr_thetr 'UX, X' 'SCAL";

gtyy = EXCO gr_thetr 'UY,Y"' 'SCAL";

gtxy = EXCO gr_thetr 'UX,Y"' 'SCAL";

gtyx = EXCO gr_thetr 'UY, X' 'SCAL";

* (theta)i,i

theti,i =(EXCO gr_thetr 'UX,X' 'SCAL") + (EXCO gr_thetr 'UY,Y" 'SCAL");

* Mechanical solution of the problem

* < displacement
nb_pas = DIME (TAB1 . TEMPS_SAUVEYS);
last_pas = nb_pas-1;

* Final disp

depl = TAB1. DEPLACEMENTS. last_pas;
deplr = REDU depl mai_thet;

* Final disp gradient

gr_depl = GRAD mol depl;

gr_deplr = REDU gr_depl mai_thet;

gr_deplr = CHAN CONS gr_deplr 'TOTO';
gr_deplr = CHAN TYPE gr_deplr SCALAIRE;
* Components

gdxx = EXCO gr_deplr 'UX,X' 'SCAL;

gdyy = EXCO gr_deplr 'UY,Y''SCAL";

gdxy = EXCO gr_deplr 'UX,Y' 'SCAL";

gdyx = EXCO gr_deplr 'UY, X" 'SCAL";

* < stresses
sigl = TAB1 . CONTRAINTES . last_pas;

siglr = REDU sigl mai_thet;

siglr = CHAN CONS siglr "TOTO";

siglr = CHAN TYPE siglr SCALAIRE;

* Components

ssxx = EXCO siglr 'SMXX' 'SCAL';

ssyy = EXCO siglr 'SMYY' 'SCAL';

ssxy = EXCO siglr 'SMXY' 'SCAL';

aa = EXTR gtxx 'TYPE' ;

bb = EXTR gdxx 'TYPE' ;
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list (aa et bb);

* = = == === = = = == —_====

* sum(s_ij.(u_ki.theta_kj))

* = = == === = = = == —_====

molr = REDU mol mai_thet;

llmo = MOTS 'SCAL";

* CAST3M 2009

*sprodxx = (gdxx *' gtxx lImo limo limo mo1r) + (gdxy ™*' gtyx llmo llmo llmo mo1r) ;
*sprodxy = (gdxx *' gtxy lImo lImo limo mo1r) + (gdxy ™*' gtyy llmo llmo llmo mo1r) ;
*sprodyx = (gdyx *' gtxx lImo liImo lImo molr) + (gdyy *' gtyx lImo limo limo mo1lr) ;
*sprodyy = (gdyx *' gtxy lImo lilmo lImo molr) + (gdyy *' gtyy lImo limo limo mo1lr) ;
* CAST3M 2010

sprodxx = (gdxx *' gtxx) + (gdxy *' gtyx) ;

sprodxy = (gdxx " gtxy) + (gdxy ™' gtyy) ;

sprodyx = (gdyx ™' gtxx) + (gdyy ™' gtyx) ;

sprodyy = (gdyx ™ gtxy) + (gdyy " gtyy) ;

*sij_U_T = (ssxx "*' sprodxx llmo llmo llmo molr) +

* (ssxy "*' sprodxy llmo llmo liImo molr) +
* (ssxy "*' sprodyx llmo llmo limo molr) +
* (ssyy "*' sprodyy llmo llmo IImo molr) ;

* CAST3M 2010
sij_U_T = (ssxx "*' sprodxx ) +
(ssxy "*' sprodxy ) +
(ssxy ™' sprodyx ) +
(ssyy ™' sprodyy ) ;
* <Sum
S sUT = INTG molrsij_ U T,
listS_sUT;

* = = == === = = = == =====

* The strain energy density

* ft s —_ —_— pu et s} - —_————

nb_pas = DIME (TAB1 . TEMPS_SAUVES);
REPE bouW (nb_pas - 1) ;

dep_| = TAB1. DEPLACEMENTS . (&bouW - 1);
dep_F =TAB1 . DEPLACEMENTS . (&bouW);
sig_| = TAB1. CONTRAINTES . (&bouW - 1);
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sig_F=TAB1.CONTRAINTES . (&bouW);
defor_Ir = REDU (EPSI mol dep_I) mai_thet;
defor_Fr = REDU (EPSI mol dep_F) mai_thet;
sig_Ir = REDU sig_I mai_thet;
sig_Fr = REDU sig_F mai_thet;
sig_mean = 0.5 * (sig_Ir + sig_Fr);
D_defor = defor_Fr - defor_Ir;

SI (&bouW EGA 1);

WW = ENER molr sig_mean D_defor;

SINON ;
WW = WW + (ENER molr sig_mean D_defor) ;

FINSI ;
FIN bouWw;

* — — — —_ — — — e

*  W.theti,i

* — — — —_ — — — e

WW = CHAN CONS WW 'TOTO";
*Wthet = (WW "*' theti,i llmo llmo lImo mo1lr);

* CAST3M 2010

Wthet = (WW "* theti,i);

S _Withet = INTG molr Wthet;
list S Wthet;

JJ =S sUT - S_Wthet;

mess ' ' ;
mess'J MC :'J)
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RESUME :

Cette thése porte sur I’influence des transformations de phases solide-solide sur la
propagation de fissure. On souhaite ainsi mieux comprendre les variations de ténacité en
cours de soudage par exemple, ou bien pendant la réparation d’une fissure. Dans ce travail, la
ténacité est obtenue a partir de I’intégrale J. 1l existe de nombreuses méthodes expérimentales
permettant d’obtenir la ténacité critique J,c mais qui sont difficilement applicables pour des
essais se déroulant pendant une transformation de phase. C’est pourquoi nous avons propose
une méthode couplant essai mécanique et mesure par corrélation d’images avec de la
simulation par éléments finis. Les essais sont réalisés sur de simples éprouvettes plates pré
fissurées, faciles a usiner et simple a chauffer par induction. Les essais sont conduits pour
différentes températures et jusqu’a rupture. En sus des mesures d’efforts et déplacements de
traverse, la corrélation d’images nous fournit également les champs de déplacement sur
chaque face de I’éprouvette. Chaque essai est ensuite simulé par éléments finis ou la ténacité
critique est calculée par la méthode G-Theta au maximum de la charge supportée par
I’éprouvette. Les simulations précédentes integrent les conditions aux limites obtenues par

corrélation et le comportement mécanique considéré est celui que nous avons identifié sur des

essais de caractérisation.

Deux nuances de matériau ont été etudiees avec cette méthode: I’acier inoxydale 15-5PH ainsi
que I’acier ferritique 16MND?5. L’acier 15-5PH est toujours sous forme martensitique alors

que le 16MNDS5 peut étre bainitique ou martensitique selon le traitement thermique. On
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notera que I’étude sur la transformation bainitique du 16MD5 dépendant du temps et de la
température s’est révélée dans notre cas plus complexe que I’étude sur le 15-5PH dont la
transformation martensitique ne dépend que de la température. Pour ces deux matériaux,
différentes températures d’essai ont été choisies avant, pendant et apreés la transformation pour

effectuer les essais de rupture ainsi que de caractérisation du comportement mécanique.

Les résultats de cette étude montrent que la transformation de phase peut avoir un impact non
négligeable sur la ténacité. Ainsi, pour le 15-5PH, le taux d’austénite résiduelle est un facteur
important et les essais pendant la transformation martensitique montrent que la ténacité

critique peut étre inférieure pendant celle ci a celle du matériau purement austénitique.

Dans le cas du 16MND5, la ténacité est beaucoup plus faible a 600°C (et bainitique) qu’a
température ambiante ce qui est assez logique. Par contre, lors du refroidissement, depuis
600° (austénitique) jusqu’a la température ambiante (bainitique), nous avons obtenu une

ténacité critique relativement constante.

En conclusion, cette étude apporte une solution quant a la mesure de la ténacité critique de
matériau pendant des transformations de phases, ce que ne permettent pas forcément les essais
normalisés. Pour le 15-5PH, la ténacité critique semble évoluer pendant la transformation
martensitique et est assez dépendante du taux d’austénite résiduelle. 1l semble par contre que
pour le 16MNDS5, la ténacité critique soit assez peu dépendante de la fraction volumique
d’austénite et la valeur obtenue varie peu au cours du refroidissement du matériau depuis
600°C.

MOTS-CLES :

Propagation de fissure, Ténacité a la rupture, Transformation martensitique, Transformation

bainitique, Intégrale J Critique, Condition limite, Corrélation d'image numérique, Analyse par
éléments finis

Laboratoire (s) de recherche :
LaMCoS (Laboratoire de Mécanique des Contacts et des Structures), CNRS UMR5259

Directeur de thése: Alain COMBESCURE
C- directeur de thése: Michel CORET
Président de jury : Helmut KLOCKER

Composition du jury :
Rapporteur: Stéphane MARIE, Hervé LOUCHE,

Examinateur:
Philippe GILLES, Helmut KLOCKER, Jean-Yves GUEDOU, René BILLARDON

166
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0120/these.pdf
© [J. Liu], [2012], INSA de Lyon, tous droits réservés




	Notice XML
	Page de titre

	Acknowledgments
	Abstract
	Key words
	Résumé
	Mots clés
	Contents
	List of figures
	List of tables
	Nomenclature and Abbreviation
	Chapter 1 Introduction
	Chapter 2 Methods and Materials
	2.1 DIC and X-DIC
	2.1.1 Digital Image Correlation (DIC)
	2.1.2 Principle of digital image correlation
	2.1.3 eXtended Digital Image Correlation (X-DIC)
	2.1.4 Icasoft, one software to process DIC

	2.2 Dilatometry technique
	2.3 DC potential drop method and Johnson's formula
	2.4 Materials studied and phase transformation
	2.4.1 Metallurgical phase transformation phenomenon
	2.4.1.1 Pure iron and crystal lattice
	2.4.1.2 Metallurgical phase transformation
	2.4.1.3 Diffusive and Displacive: transformation mechanism
	2.4.1.4 CCT and TTT curves

	2.4.2 Martensitic precipitation hardening stainless steel: 15-5PH
	2.4.3 Phase transformation in 15-5PH
	2.4.4 16MND5 low carbon steel
	2.4.5 Phase transformation in 16MND5
	2.4.5.1 Review of bainite transformation investigation
	2.4.5.2 Pure continuous cooling bainite transformation in 16MND5


	2.5 Effect of phase transformation on fracture toughness
	2.5.1 Fracture toughness, an important material property
	2.5.2 Effect of phase transformation on fracture toughness

	2.6 Evaluation of J-integral based fracture toughness
	2.6.1 Some fracture specimens with typical geometry
	2.6.2 J-integral and critical J-integral
	2.6.2.1 Strain energy release rate
	2.6.2.2 J-integral
	2.6.2.3 Critical J-integral J1C

	2.6.3 Some current evaluation methods
	2.6.3.1 ASTM standard method
	2.6.3.2 EPRI solution
	2.6.3.3 0.2 mm offset of J-Δa curve



	Chapter 3 A New Method of Toughness Evaluation
	3.1 A new method to evaluate the critical J-integral
	3.2 An example to obtain the J1C value
	3.3 Some comments on our J1C estimation method

	Chapter 4 Effect of Martensitic Transformation on 15-5PH Fracture Toughness
	4.1 Specimens
	4.2 Experimental apparatus
	4.3 Experimental results
	4.3.1 Tensile tests results
	4.3.2 Fatigue crack fabrication
	4.3.3 Fracture tests results
	4.3.4 Boundary conditions from DIC for the FEM simulation
	4.3.5 Fractography observation

	4.4 Numerical simulation
	4.5 Results analysis

	Chapter 5 Effect of Bainite Transformation on Mechanical Properties and Fracture Toughness of 16MND5 Low Carbon Steel
	5.1 Detail research of bainite transformation in 16MND5
	5.1.1 Isothermal bainite transformation at temperature higher than Bc
	5.1.2 Isothermal bainite transformation at temperature lower than Bc
	5.1.3 Incomplete isothermal bainite transformation and it's half C-curve

	5.2 Effect of bainite transformation on 16MND5 mechanical properties and fracture toughness
	5.2.1 Specimens
	5.2.2 Experimental apparatus
	5.2.3 Stress-strain curves for different metallurgical states from point A to point G
	5.2.4 Fracture toughness
	5.2.4.1 Fatigue crack fabrication
	5.2.4.2 Fracture tests results
	5.2.4.3 Boundary conditions from DIC for the FEM simulation
	5.2.4.4 Fractography observation
	5.2.4.5 Numerical simulation

	5.2.5 Results analysis


	Chapter 6 Conclusions and Perspectives
	6.1 Conclusions
	6.2 Perspectives

	References
	Annexes
	(1) Some experimental apparatus
	(2) Pre-crack length definition
	(3) Paint application for the fracture tests
	(4) Effect of temperature and elastic strain on potential drop
	(5) One example of our programs

	Folio administratif



