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Foreword

Study support to the subjeBpecial test methods intended for students in the second
semester of master’'s degree combined studies immhd Technical Materials. It serves as a
compensation for a significantly lower proportidndaect contact teaching, which makes this
form of study much more difficult for students.ckn, of course, be also used by full-time
(daily) students for brushing-up the curriculumganeted in lectures during the semester.

The aim of the subject is to broaden the knowledgethe evaluation of special
material properties of structural materials andifianze with the reasons which led to the
development and implementation of methods for teeauation.

After studying this support, a student will be abdecharacterize standard and non-
standard test methods and procedures for detergnihie special fatigue characteristics of
materials, special characteristics of the fracturehaviour of materials, the creep
characteristics of the material, characteristicstoéss corrosion cracking, characteristics of
resistance to hydrogen induced cracking and metlodghe assessment of the actual
mechanical properties of long-term operating eqeipinirom the results of penetration tests.

This support is divided into eight separate chapt®lost of them are divided into
smaller units — subchapters. For the students table to easily approach the study of test
methods and procedures for determining materialracheristics based on linear and
elastoplastic fracture mechanics, the second chaptdevoted to the foundations of this
discipline.

When writing the text, we tried to maximize claritythe interpretation of the subject
matter. If reading of any of subchapters does notecsufficiently clear, we will appreciate if
you notify us, the best thing on the e-mail addréssel.matocha@vsb.cor petr.

jonsta@vsb.czso we can rearrange it.
An integral part of the support is tisudy Guidewhich describes how to work with

the study support.



Scope of study — Special test methods
Department of Materials Engineering, FMMI, VSB — QOdtrava

Study Guide

Basic learning units are chapters and subchapters.

>

>
>
>

Read the presentation of the entire chapter.
Check the summary of terms.
Look at the questions and try to formulate answethem.

Then proceed to tasks to solve.

If you have any problems with which you need hglgase contact teachers whose

email addresses are listed in the preface.

Within their semester thesis, students will prodbssresults of experiments in special

tests in the field of fatigue, fracture behaviond &reep of the structural materials in the form

of test reports. Before the exam itself, all studeme required to pass a midterm test.
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1. Material properties of structural materials and methods for evaluation

of mechanical properties

@ Study time: 0.5 hour

@ Objective

After reading this chapter, you should be able to:

> List the properties of structural materials.
> Define special mechanical properties.
> List the types of tests of mechanical properties ofstructural
materials.
LLI .
' Presentation

1.1 Division of properties of structural materials
Properties of structural materials can be divided:i

mechanical properties,
physical properties,

chemical properties, and

A

technological properties.

Mechanical properties (yield strength §3(Re), ultimate strength KR ductility A, contraction
Z, fracture toughness & FATT, notch impact strength KCV, creep ruptunesgith Ry,
etc.) are properties of structural materials, whdettermine their suitability for the intended
function and use in practice. Knowledge and impnoeet of mechanical properties of

structural materials is motivated by their optimaé in the manufacture of components.
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Among the physical properties belong tensile maoslliy or shear modulus G [MPa],
linear and volume expansion, densm[kg/m3], thermal conductivityh [W/mK], electrical
conductivity G [S], electrical resistivity [Q2.m], permeability. = B/H [H/m], where B is the
magnetic induction and H is the intensity of théeexal magnetic field.

Chemical properties reflect the behaviour of stradt materials in wet environments,
and their resistance to acids and gases. The mgsitriant chemical property of metals is the
corrosion resistance.

Technological properties of structural materiallude formability, weldability,

castability, machinability and wear resistance.

1.2 Mechanical properties of metallic materials andheir division
Results of the evaluation of mechanical propemiestructural materials can be used
for:

1) Selection of a suitable material at the designestag

2) Control of production.

3) Study of the influence of chemical composition, thégeatment, technology of
manufacture, temperature and environment on therrabproperties, therefore, for the
purposes of research and development.

4) Assessment of degradation of the material propetie long-term operation of the
equipment, assessment of defects such as cracksstimnates of residual life of

structures and analysis of the causes of structailese.

Increasing the useful properties of products rexpjimnter alia, the dissemination of
knowledge about the basic and special mechanicgdepties of the materials used and the
related development and implementation of new testhods. Mechanical properties are
divided into basic and special. This division is&@ on the following reasons.

Basic mechanical properties reflect the generalirements for the material quality
and are therefore mostly referred to in data shédisy are quantitatively expressed by
means of material characteristics, such as ultitataking) strength R yield strength Ry,
Rp02 ductability A, contraction Z, hardness H, andchoimpact strength (toughness) KCV.
They do not therefore relate to a specific typ&adture process (limit state of material).

Special mechanical properties are directly relabea specific type of fracture process

(limit state of material) and are part of the spedechnical conditions. By far the most

9
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common and most important engineered limit stagprasenting around 80% of operating
fractures, is a fatigue fracture, or a fractureseauby corrosion fatigue. Other major limit
states include fragile, i.e. sudden unstable fractareep fracture and fracture induced by
corrosion cracking. The special mechanical properinclude fatigue limitoc fracture

toughness k&, corrosion rate and more.

1.3 Types of tests of mechanical properties of mdlia materials
In terms of the force applied on a specimen, weldimechanical tests into:

1) Static tests in which the load is constant (creegis) or the load is increased rather
slowly (tensile tests, static fracture toughnesssje It works usually several minutes; in

long-term tests days, even years.

2) Dynamic impact and cyclic tests, in which a fore@pplied abruptly during the fraction
of a second. During cyclic tests (fatigue testsg, ¥ariable load repeats in many cycles

per second up to many millions of their total numbe

According to the temperatures at which the testsparformed, we divide them into tests at
room temperature and testing at elevated and redoemperatures. To guarantee the
reproducibility of results from different test cesg and laboratories, the test procedures for
determining the mechanical properties are stanzkeddi

In particular, the qualitative changes in desigmgsophy from design concept of a
safe life (safe-life) to the concept of safe camdion even in the presence of a damage
(damage tolerance) led to the development of maw testing methods especially in the
evaluation of stable crack growth and fracture b&ha of steels. These methods will be

devoted much attention to in the following chapters

10
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Summary of terms

After studying the chapter, following terms shouldbe clear to you:

Properties of structural materials.
Special mechanical properties.

Static mechanical tests.

YV VYV V VYV

Dynamic mechanical tests.

Questions about the curriculum learnt:

1) What properties of structural materials do you klow

2) What material properties rank among the physiogp@rties?

3) What is expressed by the chemical properties ofrthterial?

4) How we divide the mechanical properties of struaitanaterials?

5) What are the results of the evaluation of mechapicperties of structural
materials used for?

6) What are the basic mechanical properties?
7) What are the special mechanical properties?

8) What kinds of tests of mechanical properties do kmmow?

Tasks to solve

Try to define, what the difference between basit sjrecial mechanical properties
is.

11
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2.Fundamentals of fracture mechanics

@ Study time: 2 hours

_@ Objective: After reading this chapter, you should be able to:

Explain the difference between linear and elastop#iic fracture mechanics.
List the possible ways of loading the body with arack.

Define the concept of stress intensity factor K.

Define the concept of crack driving force G.

Define the concept of resistance to crack growth R.

Define the concept of a plastic zone.

YV W VYV V VY V V

Explain the difference between a state of plane stin and state of plane
stress.

> List the parameters used to express the fracture tgyhness of elastoplastic
fracture mechanics.

Presentation

2.1 Introduction

Significant technological advances that occurredhie 18' and 28' centuries were
accompanied by a growing number of accidents ofehsiguctures and machinery (steel
bridges, gas storage tanks, boilers, etc.) by desudnstable failure. A significant increase in
the number of these accidents occurred at a timggoificant application of large welded
structures from the 40’s of the last century. DgranWorld War Two about 2,700 ships of
Liberty class were produced — first large structumeade by welding. Approximately every
seventh ship was broken by a sudden unstablel€pifdilure (see Fig. 2.1) outside of combat
action. Analysis of the causes of these accideat® lshown that sudden unstable (brittle)

failures were initiated from crack-like defectsvields and most of the materials have shown

12
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low notch toughness at working temperatures. Gégertne crack-like defects in the
equipment may occur as a result of:

1) technological operations during production (e.g. Wwglding). These defects are

present in the device before it is put into operati

Fig. 2.1 Sudden unstable failure of a welded Liyzetass ship

2) operational stress and the environment. These tdeége initiated during operation

mainly on the stress concentrators.

Patters of occurrence of sudden unstable fractaresmponents with cracks are dealt
within the discipline of science, which originatedhe 60’s of the last century and was called
the fracture mechanics. Currently there are twachamcepts:

1) LEFM (Linear Elastic Fracture Mechanics) based e twalidity of a linear
relationship between stress and strain under Ildads used mainly for brittle

materials.

2) EPFM (Elastoplastic Fracture Mechanics), which sedi for materials in which

extensive plastic deformation arises when loaded thee defect face.

2. 2. Methods of loading the body with a crack

The crack with length a located in the body (seg Bi2) can be loaded in three
different ways (see Fig. 2.3). These three modekedal, I, and Il differ in orientation of

the external load acting on the body relative soggtane and face of the crack.

13
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When loading the crack by tensile load (Mode I tbnsile load acts perpendicular to
the plane of the crack. When loading the crackhmas load in the plane of the crack (Mode
II), the displacement takes place of the fractuwefases in the plane of the crack and
perpendicular to the face of the crack. Crack ghowtdriven by a shear component of the
stresstyy. Loading the crack by an antiplane shear (Modeléihds to displacement of the
fracture surfaces in the plane of the crack, butlf with the face of the crack. Crack
growth is driven by a shear component of the strgsdn terms of common engineering
practice, the tensile mode | is the most important.

Y

A

e _
~

;CRACK TIP
/ } J
Z

CRACK MOUTH Z

Fig. 2.2 Body of width W, thickness B, with a cramfkdength_a
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Fig. 2.3 Three types of load, or failure of a cetlbody

2.3 Linear elastic fracture mechanics

2.3.1 Stress in a cracked body

Consider an infinitely wide plate with a crack ehgith_2a loaded by uniaxial tension
(Mode 1) (see Fig. 2.4). The element of surfacehef plate dx.dy is loaded at a distance r
from the tip of the crack, tilted by an ang@lérom the plane of the crack, by normal stresses

ox andoy, and by shear stresg that can be expressed in the form:

Pttt b

y
y %;i
dy1: O

Ll
r dx

o

2a

Vv bbb e

Fig. 2.4 Crack of length 2a in an infinitely widiafe under tensile stress
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[a 6’[ .8 36?}
g, =0,/—Cc0S—|1-sin—sin—
2r 2 2 2
g, = 01/1 cosg{1+ sin gsin ﬁ} (2.1)
2r 2 2 2
_ la .6 6 36
r, =0,/ —SiN—C0S-COS—
Y 2r 2 2 2

o, = 0 for the state of plane stress

o, = v.(ox + oy) for the state of plane strain

Stress components,, oy, Txy are proportional to the external tensile stresnd the
square root of crack length a. Their size arouratigh of the crack is approaching infinity.
Figure 2.5 shows the dependence of sisgss1 r for6 = 0. Since for large r the stress— 0
instead ofoy = o, the above equations are valid only near the ftifh@ crack. The equations
for individual components of the elastic stress lsamewritten as:

o

Fig. 2.5 Dependence of stregson the distance from the tip of the crack
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K
= f (8 2.2
ey i (0) (2.2)
Where K=oA7ma (3.2)

The parameter K is the so-called “stress intenfsitgor” [MPa]. Stress intensity factor K

describes the state of stress at the crack tipfifite-width bodies then apply
K = a.\/n.a.f(%j 4.2)

The dependence between the stress intensity fi¢tbody dimension W and crack length a
is called K-calibration. Two cracks, the first afes4a and the second of size a have the same
stress field at the tip of the crack, when thet firsick is under tensile stressand the second

crack is under tensile stress 2In this case, the stress intensity factor K esshme for both
cracks.

2.3.2 Crack driving force G

When loading an ideal elastic body with a cracle, dependence between the applied force

and displacement is rectilinear on the basis ofkésolaw (see Fig. 2.6).

7

]

Load F

oU

VE U, U,
Displacement U

Fig. 2.6 Dependence of load - displacement of thayhwith a crack for the increase of the
crack length at a constant force (soft loading mode
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/
Fi
L
<
= F2
©
Q
. §
a
a+da
of [ ] |
s U,

Displacement U

Fig. 2.6b Dependence of load — displacement obtay with a crack for the increase of the
crack length at a constant displacement (hard ihggatiode)

The slope of the line may be defined by introducid the so-called “compliance” C,
which is defined as a displacement correspondinthéounit of force. It is therefore the
inverse of the stiffness of the body. Generallys therefore possible to write

U=C.F (5.2)

Due to the change of crack length adayto a +6a at a constant force, elastic energy dE is

released
1
dE_E-Fl-dJ (6.2)
Because
dC
]=F|—|d
1(daj a (7.2)
_1_,(dc
dE= 2.F1 ( Olaj.da (8.2)

and the rate of energy release, i.e. the crackngriforce is equal to

(Ej e:l.pf.(d_cj 9.2
da F=konst 2 da

For body with thickness B then applies that

18
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_1(F?)(dc
(G)szonst - E[EJ( da} (102)

Also in the case of hard loading mode (constanitiposof clamping jaws U = constant) the

change of crack length a leads to the elastic energy release dE

1
dE :E.Ul.dF (11_2)
Whereas, in this case

U

dU =0=dC.F.+ [FJ.dF (12.2)
1

dE 1_,(dC

— . . G==F"| — 13.2

(daJU—konst 2 1 (da} ( )

The crack driving force is thus alike for both loaglcases.
From the stress and displacement at the crack liaze, derived the relationship between the

crack driving force G and the stress intensitydaét for the state pf plane stress in the form

G=— (14.2)

For the state of plane strain it applies that

G= (1—|/2).K?2 (15.2)

2.3.3 Crack growth resistance R

The crack growth occurs when the following conditis met
G=R (16.2)

For the case of an ideal brittle material and isesawhere it is possible to speak about the
state of plane strain, the crack growth resistatare be considered to be constant (see Fig.
2.7). Crack driving force increases linearly witte ttength of the crack (see equations (14),
(15)). If the stress is at level, no sudden unstable crack growth occurs, because drack

of length _g@ the crack driving force G at this stress levellass than the crack growth
19
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resistance R. The sudden unstable crack growthreamly at stres®,, when the crack

driving force reaches the level of resistance &zkigrowth R.

R.G

i

a a

Fig. 2.7 Dependence of the crack growth resist&oa the length of crack a for brittle
material and state of plane strain

For the cases of plane stress or large plasticrmetton at the tip of the crack, the

resistance to crack growth increases with the cleyth (see Fig. 2.8).

i O

R,G
MR

[
»- -

aO aC a

Fig. 2.8 Dependence of the crack growth resist&oa the length of crack a for the state of
plane stress and for cases of large plastic detosmat the tip of the crack

20
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Stable ductile crack growth occurs when the crackrd) force reaches the threshold.
Stable crack growth occurs at stresssince G = R and at the same time

dG dR

- S -

da da

In the moment when the line of the crack drivingceobecomes tangent to the curve of crack

(17.2)

growth resistance R, a sudden unstable crack groedtrs, because

dG>dR

—_— 22— 18.2
da da ( )

2.3.4 Plastic zone at the tip of the crack
Equation (2) assumes a linear relationship betwieerstress and strain. In fact, there
is a plastic deformation at the tip of the crackichk results in a stress drop to the level of

yield strength Ro > (see Fig. 2.9).
dy T \
\

p.0,2

3
a 20 Mo

Fig. 2.9 Size of the plastic zone in the planeéhefdrack based on the assumption of
a linear relationship between the stress and strain
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Size of plastic zonq)*rin the plane of the crack for the state of planess can then be

expressed as

. K? _o’a
“To4(R._) 2R
'77-'( P0,2) "' *p0,2

(19.2)

For the state of plane strain we get the size efpllastic zone in the plane of the crack from

the elastic stress distribution ahead of crack flacbe form

r - K a-2v)? (20.2)
2R '

po, 2)

The estimated size of the plastic zone is not cetepl correct. Due to the plastic
deformation of the material in the area around dtaek tip, the stress redistribution takes
place (see Fig. 2.10).

ELASTIC STRESS DISTRIBUTION
©=0

Rpos [

ELASTO-PLASTIC STRESS
DISTRIBUTION

Fig. 2.10 Size of the plastic deformation in thana of the crack considering the stress
redistribution due to plastic deformation

The size of the plastic zone in the plane of ttekeiis in this case for the state of the plane

stress equal to

22
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K2
r, = —'2 (21.2)
iT.(RpQ ,)
For the state of plane strain it is equal to
KZ
' (22.2)

r=——1
P 6.77.(Rp0'2)2

Until now it was assumed for simplicity reasonst tthee plastic zone has a circular shape.
A more accurate expression of the shape of theiplasne can be obtained by analysing the
conditions of the beginning of plastic deformatifmm angles® # 0. For the beginning of
plastic deformation we use either Treska (plastiodnation occurs wWhetax. = Ry042) or
Von Mises criterion, which defines the beginning mastic deformation by following

relationship
(61—02)° + (02 —03)" + (063 —061)° = 2. R0 (23.2)

whereoc, o2 o3 are normal stresses. As stated above, the siteegflastic zone depends on
the state of stress. On the surface of the bodygetls always the state of plane stress and
towards the centre of the body the size of thetiplasone decreases from the size
corresponding to the state of plane stress toilgec®rresponding to the state of plane strain
(see Fig. 2.11).

(Fp)ay

Fig. 2.11 The shape of the plastic zone in a crhtiosly
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2.3.5 Fracture toughness

The crack becomes unstable when the stress itydastor reaches its critical value
Kc. If the assumptions for linear elastic fracturechamnics are to be met, the size of plastic
zone at the tip of the crack must be smaR% of the size of the body thickness) in the
moment of the fracture occurrence.

The critical value of the stress intensity fackx depends on the thickness of the
body. It decreases with increasing thickness of bloely, and with sufficiently large
thicknesses of the body it is approaching the Iwaitue marked Ik - plane strain fracture
toughness (see Fig. 2.12).

(%)
~
2]
0
i
[
oy
(=]
3 0
g
3
ke]
o
C
Kic
Plain strain
Thickness B

Fig. 2.12 Effect of the body thickness on the fuaettoughness K

The value of I can be considered as K K¢, if the condition

B> 2,5[ Ke J (24.2)

is met.

Fracture toughness of a material depends on:
24
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1) Temperature
2) Rate of deformation
3) Environment

The lower the yield strength b of the material, the higher the fracture toughn&ggh
decreasing temperature the fracture toughneseelf\with BCC (body-cantered cubic) lattice

structure decreases.

2.4 Elastoplastic fracture mechanics

To determine the fracture toughness of ductileenms, it is usually not possible
(with the exception of very low temperatures, respely high strain rates) to use linear
fracture mechanics and therefore valid values gfdannot be determined. To describe the
fracture behaviour of materials, in which a timdependent plastic deformation occurs
before the breach, the elastoplastic fracture nmeckas used. When loading the body, the
crack faces separate before the fracture occurshanishitially sharp crack tip becomes blunt
(see Fig. 2.13).

Fig. 2.13 Blunting of the initially sharp crack ¢ loading the body made of a ductile
material

The crack opening siz& increases proportionally with the ductility of timeaterial. Two
parameters are currently used to express the feadtughness in elastoplastic fracture

mechanics:
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1. crack tip opening displacemeh(CTOD)

2. J-integral

These parameters each describe the conditions atdbk tip in elastoplastic material and
can be used as fracture criteria. Fracture toughresxpressed through a critical crack

openingd and critical value of J-integral. J

2.4.1 Crack tip opening displacemend (CTOD)

The principle of this concept is based on the ragsion that an unstable crack growth
occurs when the crack opening at its tip reachea &elected temperature, thickness of the
body and rate of loading) critical valu®. CTOD value in the linear elastic fracture

mechanics can be expressed as

K 2
mR,,,.E

where m is a dimensionless constant approximatglaleto m = 1.0 for the state of plane
stress and m = 2.0 for the state of plane straive doncept of crack opening is however
intended primarily for cases where the conditiohnear elastic fracture mechanics are not
met at the crack tip (SSY — small scale yielding)the elastoplastic fracture mechanics the
crack opening can be expressed as

(1-v?) K2 V,.r (W -a)
2ER,, r,w-a)+a

5 = 5Ie + 5pl = (262)

where

Vp is a plastic component of the notch opening measby a clip gage at the loading
axis

p is a rotation factor whose value depends on the bf specimen.

Stress intensity factor corresponding to the @it&zed. can be expressed in the form

2.ER
K, = 1/1_—VF’2"'2.JC (27.2)
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2.4.2 J- integral

The potential energy of a body with a crack isegahy the difference between the
impact of external forces acting on the body amrdelastic strain energy of the body. Rice has

demonstrated that J-integral represents the chartge potential energy of a body depending
on the length of the crack a (see Fig. 2. 14).

1A - ) dA

Ij/
Load

7

% Displacement

Fig. 2.14 Change in the potential energy when thekclength changes by da
_du
da
This relationship is formally the same as that tfee crack driving force G (strain energy

release rate) (see equation (9). In the field médr elastic fracture mechanics, J-integral can
be expressed as

J = (28.2)

K 2
J=— 29.2
E (29.2)
for the state of plane stress and as
1-v?
J = %.K 2 (30.2)

for the state of plane strain. The relationshipvMeein J-integral and crack opening can then be
described by the equation

J=m.R,.0 (31.2)

where m = 1 for the state of plain stress and 1<3rfor the state of plane strain.
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2.4.3 Stable crack growth under uniaxial loading

The previous chapters were devoted to the comditiof initiation of an unstable
fracture in terms of linear and elastoplastic waetmechanics. For a material with high
toughness no sudden unstable fracture occurshbunitiation and growth of a ductile crack.
In this case, the fracture behaviour is charaadrizy J - R curve (JAa dependence) or—

R curve (see Fig. 2.15)

o | | | 1 | | | | |
L Jme 7
700 |- I .
|
600 — l
g
£ | .
n S,TSRm:j.a I
E e Construction 1
¥ 200 |- line Power law !
h . .
E Jo regresion line |
L]
200 = -
— offset line 75 Al
0.2mm 3,75R
100 | | -
Amin Admax
| IA 1 | | | | Il )
0 025 050 075 10 125 150 175 20 225

crack extension Aa |[mm]|

Fig. 2.15 J — R curve determined by a multi-speaimethod
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Summary of terms: After studying the chapter, following terms shouldbe
clear to you:
Linear elastic fracture mechanics.

Elastoplastic fracture mechanics.
Mode I, 1I, 11l of loading the body with a crack.

>

>

>

> Crack driving forces.
> Plastic zone.

>

State of plane stress.

State of plane strain.
Fracture toughnessiK
Crack opening

J—integral

vV VYV V VY V

J — R curve

Questions

1) What is the linear elastic fracture mechanics baséd

2) What materials is the elastoplastic fracture meisamsed for?
3) Which of the modes of loading is the most imporfanpractice?
4) What does the stress intensity factor K express?

5) What do we mean by the crack driving force?

6) What do we mean by resistance to crack growth R?

7) When the sudden unstable crack growth occurs?
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8)
9)

10)

11)

What determines the size of a plastic zone?
What determines the fracture toughnegsd{ the material?

What parameters expressing the fracture toughrighe onaterial in the
elastoplastic fracture mechanics do you know?

Whatis J - R curve?

Tasks to solve

>

Calculate the critical length of crack #@r an infinitely wide plate under
tensile stresss = 100 MPa and made of a material having fracture
toughness K = 60 MPa.m>.

Calculate the critical stress for the formatiomaafudden unstable fracture
of an infinitely wide plate with a crack length @& = 20 mm made of

a material having fracture toughness &80 MPa.n>.

Calculate the size of a plastic zone in casesarigbtress and plane strain
for the stress intensity factor, K& 60 MPa.m{? and material yield strength
Rp,02= 900 MPa for the case where there is the redigtdn of stress in

the area around the crack tip.
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3. Evaluation of fatigue characteristics of metall materials

{:‘:’} Study time: 2 hours

@ Objective: After reading this chapter, you should be able to:

Define the concept of fatigue of materials.

List the various stages of fatigue process.

Define the term of cyclic stress-strain curve.

Explain the difference between life curves, — N and & - N;.

Describe the types of testing machines for fatiguests.

vV V VYV V VY V

Describe the procedure for determining the curves folong crack
growth rate.

> Describe the procedure for determining the threshals for the growth
of long cracks.

LL]

Presentation

3.1 Introduction

When a component or structure is subjected to tteeteof varying external forces,
a fracture may occur after some time, althoughniagimum level of stress is substantially
lower than the vyield strength of the material. Tpr@cess of gradual weakening of the
material, the so called fatigue of material takies@. Fatigue fracture, respectively a fracture
caused by corrosion fatigue is, by far, the mosatrmon and most important operating limit
state as far as engineering is concerned (aroutdd@@perating fractures).

If you change the sense of external forces thae v equally largest rate in both
directions, we are talking about alternating stréfissnly the size is changing with time, but
not the sense of forces, it is the area of repeatqulilsating stresses. The general case with

force amplitudes of different sizes and differehtaacter of their temporal variability is
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called the oscillating stress. If the variability forces is settled to the same highest and
lowest limits at the same frequency of changeis, @& simple cyclic stress, which is a special
case of oscillating stress.

Simple cyclic stress can have a varying naturehef ¢ycle based on the ratio of
maximum and minimum stress (see Fig. 3.1). Meditness of the cycle,, and the stress

amplitudes, can be expressed as

g to g, -0
g,=——~*% 0, =—4+—4 (3.1)
2 2
Cycle asymmetry can then be expressed as

_0q4

R (3.2)
ah
or
g
pP=—"L (3.3)
a
© Pulsing cycle Repeated cycle
in tension
P=20<R=<1
P=2 R=0 Symetrical cycle
(5

1\7 R R =-1

o
tension
Jm
Th

Repeated cycle
in compression

P=0, R=-°

compression
-
|
|
|
|
i
|
i
|

Pulsing cycle
in compression

P<0,1<R<+%

Fig. 3.1 Schematic representation of the cycliessir

Existence of metal fatigue is conditioned upon aedermined by a cyclic plastic
deformation. The cause of alternating plastic defdrons can be mechanical or thermal
loading, or a combination thereof. For examplepliode of the cyclic plastic deformation
at the fatigue limit is of 1®regardless of the type of material. Uniaxial, mepetitive strain
of such order does not lead to any major changegshe material structure or its

characteristics. Only multiple repetitions of plasteformation, though so small that in terms
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of current concepts we speak about elastic loadeagls to a cumulative damage ending in
fatigue fracture. If the number of cycles to fadlis 13 and above, we're talking about high-
cycle fatigue, if the number of cycles to failuselid or less, we're talking about low-cycle
fatigue. This division can be considered a coneenteven if it has no deeper foundation.

Fatigue fracture surface has mostly smooth surfaoe;, usually of shell appearance.
For dynamic loads and at higher tensions, the appea of fracture is more complex and
fatigue fracture surfaces may alternate with aoeasesponding to stages of a brittle fracture
(see Fig. 3.2).

= e

Fig. 3.2 Fatigue fracture of the shaft of the whdediant machine K 10000

The ratio of the definite brittle fracture surfacethe size of the surface affected by
a gradual growth of fatigue crack points at the amaoof rated stress (see Fig. 3. 3). The
smaller the static fracture surface compared towhele cross section, the smaller cross-
sectional area could resist the working load betbeefracture occurred, i.e. the smaller the
initial nominal stress was. The origin of the faggcrack in these cases was caused by a large
notch effect or very unfavourable local effect bé tcomponent’s surface. The smaller the
relative size of the amplitude of the operatingséras compared to the static component (pre-

stress), the relatively larger the area of thenitefibrittle fracture. Also the curvature of the
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lines dividing the shell-like fracture surface pisirat a minimum stress level and
relative size of the notch effect. It should beeabthat the fatigue cracks usually start from
the point of maximum tensile stress and grow, mempically contemplated, perpendicular
to the largest tensile stress. Gradual breakingatierial thus proceeds through a nucleation

of micro-defects and their growth.

OO0

HIGH NOMINAL STRESS LOW NOMINAL STRESS
al high stress concentration a) high stress concentration
h) low stress concentration b) low stress concentration

Fig. 3.3The importance of the proportion of surfaces afyia¢ and definite brittle fractures
(definite fracture indicated by hatchingnd the curvature of the dividing line

The chronology of individual stages of the fatigpeocess in a body without

technological defects is evident from Fig 3.4.

macroscopic nucleation initiation of macrocrack failure
changes microcracks growth
initiation crack growth

Fig. 3.4 Chronology of individual stages of thadag process in a body without
technological defects
From this chronology, fatigue characteristics ugedhe design are derived, as well as
assessment of residual life, respectively assedsofemtegrity of structures under cyclic
loading. These characteristics include:
1) cyclic stress-strain curve,
2) fatigue strength and life cuneg — Nr (Wo6hler curve) determined on smooth cylindrical
bodies,

3) life curveesc— Nr determined on smooth cylindrical bodies underitenpressure,
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4) threshold of stress intensity factor amplitutley, for the fatigue crack growth and the

dependence of the fatigue crack growth rate dafdNka

3.2 The cyclic stress-strain curve, — €,y

3.2 1 Stage of changes in mechanical properties

This stage is characterized by changes in theeemblume of the loaded metal. Under
cyclic loading, at first the changes in the mecbainproperties of the material occur due to
changes in the density and spatial arrangemenattéd defects. In this case, the term of
mechanical properties refers to those propertiasdharacterize the resistance of material to
deformation caused by external forces (yield stitengltimate strength, and dependence of
the stress amplitude on the amplitude of deformadiaring cyclic loading).

The resistance of material against cyclic deforamatian increase (cyclic hardening)
or decrease (cyclic softening) during the procdgatmue, depending on the type of material,
loading conditions and temperature. Significantngfes, however, end after a certain number
of cycles - saturation of mechanical propertiesucecThe best way to detect changes in
mechanical properties is a direct measurement ef garameters of hysteresis loops -
dependences of the stress amplitagen the amplitude of total stragy measured during
cyclic loading (see Fig. 3.5).

Cyclic hardening is typical for annealed materiitscontrast, cyclic softening is typical
of materials reinforced by
»  strain hardening,
»  precipitation hardening,
»  hardening through martensitic transformation, and
»  dispersion hardening by adding foreign particlés the matrix.
If the ratio of ultimate strength,Ro yield strength (RR,0,2) is higher than 1.4, there will be
a cyclical stabilization. If this ratio is less tha.2, there will be a cyclic softening. Once the
stage of changes in mechanical properties is cdeghldoth the stress amplitude and strain
amplitude reach their saturated values and a stajmeeresis loop is formed. If we plot
a curve through the peak points of stable hystelesps, we obtain the dependence between
the stress amplitude and the plastic strain ang#diin a steady state, which is referred to in

the literature as a cyclic stress-strain curvesT$ia very important material characteristic, as
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it describes the plastic response of metal throughwst of its life. All experimental data in
both the low-cycle and high-cycle area agree thatdyclic curve of stress-strain can be
expressed as (3.4)

Eat

€ apl € gel

€at

Fig. 3.5 Schematic representation of a hysteresis |

o, =K .(gap, )” (3.4)
where K is the cyclic strength coefficient
n’ is the fatigue hardening exponent

Tension diagram represents the dependence o$ stnethe strain in the first quarter of
the cycle, cyclic stress-strain curve represenés dame dependence after hardening and
softening. Figure 3.6 illustrates the cyclic andtist stress-strain curve for 08CH18N10T

grade steel determined at room temperature.
3.3 Life curve g;— Nf (Manson-Coffin curve)

There are a number of experimental evidence thiiwncycle fatigue metals exhibit
varying resistance to cyclic stress and cyclicistriterpretation of the fatigue process using
the total strain amplitude, which is composed @set and plastic components of strain,
occurs only in the last thirty years. This appro&els its practical merit, as for example in

construction notches the material is subjectedh¢éctdtal cyclic strain. Manson suggested the
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dependence of the number of cycles to failure ertdkal strain amplitude in the form of (see
Fig. 3.7)

700+| © o Oq \ )
600+ |0=C (€p)"|0,= K (ap)" o
500 L C n| K n ./
— 406 0,083| 2159 |0,324 /
© /
& 400+ @
= .
o o o
S 300+ /. o
o oo
_°5
200 - 4 Testtem perat3ure 120 'C
€=4.10"s
150 | l | | | l

3 4 -3 -3 -3 -2 -2
210 510 110 210 5.10 1.10 2.10
€apl, €pl [1]

Fig. 3.6 Static and cyclic stress strain curve mieftged at room temperature for steel
08CH18N10T

o
gat = gal +€ap :Ef (2Nf )b +€f1 (2Nf)c (3.5)

where E is the tensile modulus
Of’ is the fatigue strength coefficient
& is the fatigue ductility coefficient
b is the fatigue strength exponent
c is the fatigue life exponent

Fig. 3.7 Schematic running of curveg — Nr andeap - Ny
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Life curvesey = f(Nf) and cyclic stress-strain curves= f(eap) are determined under
cyclic load with the constant total strain ampliug; under tension - pressure (hard loading
mode) on a series of smooth cylindrical test spenstsee Fig. 3.8). Total strain amplitudes

are chosen so that the number of cycles to faMjreovered the interval of £& 10° cycles.
During the test, hysteresis loops are recordedelgcted time intervals that are used to

determine the elastic and plastic components ofata¢ strain amplitude (see Fig. 3.9).

Fig. 3.8 Smooth cylindrical test body 3P Hysteresis loops captured during
with a longitudinal strain sensor thd tesh g5 = 0.01.

To determine the life curve: = f(Ny), it is recommended to test at least 10 specirttatsare

loaded at least at 6 levels of total strain amgtty.
For the experimental determination of the cyclieess-strain curve and Manson-

Coffin dependence, the test device must be equippild a suitable strain gage and
appropriate electronics. The strain is measuredhaschange in elongation of the gage

specific length, which is usually around 10 mm.
The procedure for carrying out tests of low-cyclatigue and subsequent

determination of cyclic stress-strain curve and kurveey; = f (Ny) is described in ISO
12106 Metallic materials - Fatigue testing — Axgédain - controlled method and ASTM
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Standard E 606-92 Standard Practice for StrainrGlbed Fatigue Testing. Figures 3.10 and

3.11 show dependenceg, — Nr and €, — Ni determined for 0BCH18N10T grade steel at
20°C and 350°C.

210
107 T
: Test temperature 20°C
510" |
=8
© -3
& 210° |
°
(]
W
3
1107 L
_ b -
€a0= BANPP | eqp= AN g€
sl 81 o 2 | o Ny =23 260
58.10°|-0,134 |1,15.10'| -0,431
210" \ | | |
3
10° 10 10" 10° 10°

N 1]

Fig. 3.10 Life curvesaei— Ni andeap — Ny determined for 0BCh18N10T grade steel at room

temperature
2407
1107 + Test temperature 350°C
3
510" T
=
o
w
T 2107
g L
T
MO L1 eqg €apl o] .\ o -
| | Ge=BNP [ gp=AMye
5.10
B b A el
= — Ny =122 100
65.10°|0,184 |233.10'|-0,489
210" | ‘ |
10’ 10° 10° 10°

Ne [1]

Fig. 3.11 Life curvesae— Nr andeap— Nr determined for 08Ch18N10T grade steel at 350°C

It is evident from Figures 3.10 and 3.11 that cleaimgtest temperature from 20°C to
350°C significantly influenced the transition numlzé cycles to failure N for which the
plastic strain amplitude,p is equal to the elastic strain amplitudgduring the loading cycle.
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3.4 Life curvee, — N (Wohler curve)

Wohler curve is hamed after its author who juddedfatigue strength of vehicle axles on the
basis of rotating bending test more than 130 years It provides information about the
dependence of the stress amplitudeon the number of cycles to failure. N\Most often,
smooth cylindrical test specimens are subjecteal hmmogeneous stress in tension-pressure
(R =-1) or repeated tension (R = 0), and in soases alternating or rotating bending is used.
Course of Wohler curve is characterized by growfthhe number of cycles to failure with

a decrease in the stress amplitude. Its charatesisape in logg, — log N coordinates is

schematically illustrated in Figure 3.12.

1000
200 —
600 —
©
o
=,
&
400 — fatigue limit
conventional fatigue limit }
|
200 | | | | | |
110 1109 1.10° 1.10 7

number of cycles
Fig. 3.12 Schematic representation of the life eurv

The amplitude of stress, below which there is nloifa by fatigue fracture is called a fatigue
limit. Fatigue limit in alternating tension - press (R = -1) is denoted,, while the fatigue
limit in repeated tension (R = 0) is denotad The occurrence of fatigue limit is typical of
steel and some other interstitial alloys. For nsetald alloys having a face-cantered cubic
(FCC) lattice (austenitic steels, Al-based alloybg incidence of fatigue is not observed,
even after application of 1@0 10 cycles and the stress amplitude decreases withadsing

number of cycles to failure. In these cases, wethiseconventional fatigue limit, which is
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determined by the stress amplitude at which thguatfracture occurs after a predetermined
number of cycles. The standard number of cycledetermine the fatigue strength of steel,
cast iron, copper and its alloys ig ?}10. To determine the slant branch of the fatigue eurv
the group consist of at least 8 test bars. Depearadein logs, — log N or 6, — log coordinates
in the area of timed strength are interleaved Hyesameasured on the bars of one group.
These dependences represent the regression cuthies survival probability of 50%.

Course of Woéhler (SN) curve and fatigue limit leiglnfluenced, in addition to cycle
asymmetry R, also by the temperature, existenamwbsive environment and metallurgical
parameters of the material. Figure 3.13 shows fieeteof the degree of peening on the slant

branch of Wohler curve and on the fatigue limitfor 1.10 cycles for 16540.6 grade steel.

550 -
500 1
_, 4501
@
o
=,
o 4007
-]
350 ¢
R Y
symbol | on TS
\"\_‘
300+ . 7.46 q“'-».._.___-
"’ 12,60
@ log o, =3.247 - 0,109 log N;
log o, =3,033-0,062log N,
250 ! | |

10° 10° 10
Ng [1]

Fig. 3.13Effect of the forging reduction on the Wohler cuared on the fatigue limit
for N = 1.10 cycles for 16540.6 grade steel.

The procedure for determining the fatigue limit asldnt branch of Wohle curve is
described inCSN 420363 Fatigue Testing of Metals - Methodolo@yTesting, ISO 1143
Metallic materials - Rotating Bar Bending Fatiguesfing,CSN ISO 1099 Metallic materials
- Fatigue testing - Axial force - controlled methathd ASTM Standard E466-07 Conducting
Force Controlled Constant Amplitude Axial Fatigues®s of Metallic Materials. Basic terms
and symbols are given SN 420362 Fatigue Testing of Metals — Terms, Dgfins and
Symbols. Determination of regression curves anérastatistical characteristics is described

42



Scope of study — Special test methods
Department of Materials Engineering, FMMI, VSB — QOdtrava

in ISO 12107 - Metallic materials - Fatigue testingtatistical planning and analysis of data
and ASTM Standard E468-90 (2004) Presentation ofis@mt Amplitude Fatigue Test
Results of Metallic Materials.

3.5 Evaluation of the resistance of the material téatigue crack growth

Stable crack growth can be induced by cyclic llogdsimultaneous application of
static loads and corrosive environment, or is aneak of fracture behaviour of structural
materials in a certain temperature interval. Indhse of cyclic loading, we are talking about
fatigue crack growth; in the case of simultaneopglieation of static loads and corrosive
environment about the so called “stress corrosranking”.

Evaluation of resistance to fatigue crack growgtbased on the principles of linear
elastic fracture mechanics. The resistance to cggolth is assessed on the basis of the
experimentally determined threshokK, for the fatigue crack growth and dependence of
crack growth rate da/dN on the amplitude of thesstintensity factakK.

3.5.1 Kinetics of fatigue crack growth in air

The dependence of the rate of growth of fatigueksan the amplitude of the stress
intensity factorAK and the threshold for fatigue crack growtl, are material characteristics
important for calculating the lifetime of defectsttures exposed to cyclic loading

The results of experimental measurements of thiguia crack growth rate in the
absence of a corrosive environment are schematiaal in the most general form shown in
Figure 3.14. As shown in this figure, it is possild divide the whole dependence da/dN vs
log AK into 3 areas (A, B, and C) with respect to thepscof the fatigue crack propagation
velocity. In the area of small fatigue crack growttes (10 + 10° mmi/cycle) and
accordingly in the area of small values of the alugé of the stress intensity facthK (area
A), the dependence da/dN VK asymptotically approaches the threshold valig, below
which fatigue cracks do not propagate.

In this area, the fatigue crack growth rate isrgjty dependent on the microstructure
of the material and cycle asymmetry R. For mediates (area B), where the fatigue crack
propagation velocity lies approximately in the & of 10°% 10* mm/cycle, the curve is
linear in log-log coordinates and the fatigue crgobwth rate can be expressed by the Paris-
Erdogan power law relationship:
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da
—=C(AK)" 3.6
N (AK) (3.6)
where C and m are material constants.
-2
10 | Area"A" ; Area "B" ; by -
_s_ignificant effect ‘ minor effect ‘ ‘/
% -4 | 1.microstructure ‘ 1. microstructure ‘ \
3 10 2. assymetry of cycle ‘ 2. test specimen ‘ da m
— thickness =C (AK
E 3. environment ‘ ‘ dN ( )
= | | Area"C"
_(g % ‘ ‘s_ignificant effect
1 0_6 — | ‘ 1. microstructure
’/ significant effect 2. assymetry of cycle
e ‘ certain combinations ‘ 3. environment
| ‘ ‘ of environment, ‘
assymetry of cycle .
‘ and loading frequency ‘ minor effect
-8 AK environment
10 Py |

log (AK)

Fig. 3.14 Schematic representation of the general bf dependence of da/dN ¥ in the
absence of a corrosive environment

The crack growth rate in this area is little sawmsitto the microstructure of the
material and thickness of the specimen. At highclcrgrowth rates (area C), when the
maximum value of the stress intensity factor during loading cycle Kax approaches the
fracture toughness K also other micromechanisms of failure, typicalstdtic fracture, are
increasingly involved in the growth of cracks (sarystalline ductile or cleavage fracture,
intercrystalline decohesion) and the crack growglcdmes sensitive to microstructure and
cycle asymmetry R. This area is of little importanc practical terms, because it is a matter

of only a relatively small proportion of the totaimber of load cycles.
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Kinetics of fatigue crack growth is evaluated adiog to CSN 1ISO 12108 Metallic
materials - Fatigue testing - Method of fatigueckrgrowth or ASTM Standard E 647-08
Method for Measurements of Fatigue Crack GrowtheRat

To determine_C and m constants in equation 3.& fecessary to experimentally
determine the dependence of crack length a on timebar of cycles N and know the
parameters of loading and formula for calculatii{ for the selected shape of the specimen.
This dependence is determined by the constant forethod, when constant amplitude of
force AF is maintained during the test and the amplitudia® stress intensity factaK and
fatigue crack growth rate da/dN increase with tieee@asing length of the crack. Fatigue crack
growth rate da/dN is determined from the recordadspof crack length;and corresponding
number of load cycles;NIt is calculated as the slope of the line conngcwo consecutive

measurements of crack length a according to tlaioel

da L —a
( ) — a1+1 a'l (37)
dN a I\|i+1 - Ni
Since the calculated rate of crack growth is therage speed in the interval i + i +1,

the average value a = Yz¢a+ a) is considered to calculai&K, which corresponds to this
crack growth rate. If possible, the lengths offiiteggue cracks are optically measured on both
sides of the specimen using a microscope with asuorgay accuracy of 0.01 mm. It is also
possible to use indirect methods to measure thek ¢emgth, such as the method of potential
or compliance involving a change in the electrioadistance or stiffness of the body as
a result of the crack growth. They are mainly usedssessing the impact of environment on
the resistance to fatigue crack growth.

Threshold fatigue crack growthK, generally corresponds taK, for which the
corresponding da/dN approaches zero. It is usa@fyned asAK value corresponding to the
crack growth rate, which is equal to ®@nm/cycle. The common way to determine the
threshold is to interleave the line by at least fapproximately equally distant pairs of data of
log da/dN versus log\K between 10 mmi/cycle and 1® mmi/cycle established through
a procedure with decreasing K. Test with decreaKirmgn be controlled through a stepwise
reduction of the stress intensity factor after¢hesen crack growth is reached at consadnt
(see Fig. 3.15). The threshakK, is then considered to k&K value corresponding to the

crack growth rate of ZHmm/cycle.
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Fig. 3.15 Typical test with decreasing K using thethod of a stepwise decrease in
the loading force

Fig. 3.16 Shapes of specimens used to evaluatartbics of fatigue crack growth

A — Specimen with a unilateral notch loaded in ¢hpeint bending (SENT B3)
B — Specimen with a central crack under tensildilug (Center Cracked Tension — CCT
specimen)
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C — Compact specimen under tensile loading (Compaesion — CT specimen)

Figure 3.16 shows the shapes of specimens, wheckyprcally used to assess the kinetics of
the fatigue crack growth in air, respectively inrosive environments. The amplitude of the
stress intensity factor for all standard types pécsmens is calculated using the following

equation:

AP

wheref(a/W)is the so called compliance function dependinghertype of specimen.

For SENT B3 specimen, it applies that

[199-(a/W)(1-a/W) @15~ 3@/W) + 27.@/W)7)]

— 12
f@W)=a@W™. L+ 200 (=al W) (3.9)
For CT specimen, it applies that
[2 + a) (0886 + 464. & - 13,3["") + 14,72["") - 5,6("") )
a w w w w W (3.10)

f(w) - (1_aj312
w
For CCT specimen with a central crack of lengtlit 2@plies for the compliance function that
f(a/W) = 1,77.(a&/WY? + 0,45.(a/W§? - 2,04.(a/W? + 21,6.(a/W)?  (3.11)
or it is possible to use the following relationskop this type of specimen
AP 12

2
1- 0,53\7 + 0326(3\7)
AK =——(rra)

BW
|2
w

(3.10)

Figure 3.17 then shows the dependence da/dlKsletermined for cycle asymmetry R = 0
for low-alloy 10GN2MFA grade steel used for the gwotion of PG VVER 1000

components.

3.5.2 Effect of a corrosive environment on fatiguerack growth

Simultaneous action of cyclic stress and aggressiwaronment that is generally
called the corrosion fatigue, often results in @a&ging the fatigue crack growth rate relative to

the growth rate determined in air, respectivelyinert environments. The rate increase
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depends on the type of environment, mechanicahaetdllurgical parameters of the material,
method of stress (R, f frequency, shape of the loade), or their interaction. However,
generally it can be stated that gaseous envirorsnané usually milder and liquid
environments generally more aggressive in termghefr impact on the fatigue crack

propagation velocity.

-3
L 10GNZMFA
ASME CODE (1992) Reference curve /
air, t=25°C, R=0,5 7
0
® as received state
O [Epi = 5% +250°C/2h 4
'S /8,7 s
— 'KJ - _u'
2 - gy = 64110 °1aK)3®
>
o
£
£
3§ 0t}
o7 - d
i
]
!
=3,5MPa
10'8 ‘ ﬁKih 3 m ¥ L !. 1 1
s 10 20 30 40 W0
AK [MPam'?}
Fig. 3.17 Kinetics of the fatigue crack growth inia 10GN2MFA grade steel (room
temperature)

The dependence of da/dN vAK may be modified by the existence of a corrosive
environment in essentially two ways which corresptmthe basic types of corrosion fatigue
termed as (see Fig. 3.15):

1. true corrosion fatigue, and

2.  stress corrosion cracking under cyclic loading.

True corrosion fatigue refers to the situation whbe rate of fatigue crack growth is
enhanced by the simultaneous action of an aggeessivironment and cyclic loading, while
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the increase in crack growth rate occurs throughioeitrange of the amplitude of the stress
intensity factorAK. Another characteristic of true corrosion fatigise the reduction of
threshold AK,. Stress corrosion cracking under cyclic loadingclsaracterized by the
existence of threshold ¢ in the area of Paris-Erdogan relationship. BEr > Kiscc,

there is an increase in the rate

I
| |
|
|
|
| carresion
| environment

cCorrosion comosion

| environment : . environment | _ :

: \\ ! 3 : s |

= — =

S ' s \\ ! g |

= ! s ! = !

=] = = |
= \\ l o | E) |
! !
| | | |
inert | o _ | o . |
environment | x inert it | emwrommentl
[l } environment : I | |
I \ | : :
. ! . | |
| E | | g |
AKp ! v AKp \ KISCC(f) ! o K see 0 l
log (AK) log (AK) log (AK)

Fig. 3.18 Schematic representation of basic typesmwosion fatigue

of fatigue crack growth compared to the growthim laut for AK< Ksccr) the rate of fatigue
crack growth is not influenced by the existencearrosive environment. Stress corrosion
cracking under cyclic loading is further charaded by the emergence of a "hump", which
implies that the growth rate cannot be describedPayis-Erdogan relationship. Most
generally, the influence of the environment on kiveetics of fatigue crack growth can be
expressed by combination of true corrosion fatigne stress corrosion cracking under cyclic
loading.

For many types of steels either true corrosiongteti or stress corrosion cracking
under cyclic loading arises under fatigue loading ¢orrosive environments. The
transformation of the true corrosion fatigue t@s$r corrosion cracking under cyclic loading
and vice versa can be caused by change in the pteenof loading, namely by change in the
cycle asymmetry R and loading frequency f (see Kd.9). Figure 3.20 shows the
dependence of the effect of aqueous environmenthenftequency of cycling on the kinetics

of fatigue crack growth in high-strength low-allo§8Cr2Ni2SiMo grade steel with
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martensitic structure. In both cases, kineticshef rieference steel failure in distilled water is
equivalent to the process of stress corrosion ueytdic loading, and is characterized by

1. the existence of a threshold stress corrosion srgaknder cyclic loading cc), and

2. the existence of two stages depending on d2a/dk)f which differ in the strength

of relationship of the crack growth rate &K

|
|
— | —
Z, | Z,
< <
~ | ~
© | ©
° | i
o0 | of
S | 9
|
: f1<f2<f3 :
| Kisce @ |
log (AK) log (AK)

Fig. 3.19 Schematic representation of the effedtemfuency and cycle asymmetry on the
fatigue crack growth in corrosive environments

The rate of fatigue crack growth is in the firsage (after a threshold dtcr has been
reached) strongly dependent only AK and independent of the water temperature and
frequency of cycling. In the second stage, the mitefatigue crack growth becomes
particularly heavily dependent on the water temjpeea or cycling frequency. This
experimentally proven fact can be interpreted aseffiect of time, over which the exposed

surfaces of the crack tip are in contact with ceirre environments during the loading cycle.
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Fig. 3.20 Effect oAK and frequency of cycling on the kinetics of faggcrack growth in
distilled water at room temperature
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Summary of terms

After studying the chapter, following terms shouldbe clear to you:

> Fatigue of materials.

> Cyclic stress and oscillating stress.

> Cycle asymmetry R.

> Low-cycle and high-cycle fatigue.

> Stage of macroscopic changes.

> Cyclic stress-strain curug — eapi.

> Life curveea - N

> Life curvec, - Nt

> Three areas of fatigue crack growth in air.

> Threshold amplitude of stress intensity faciét,

> True corrosion fatigue.

> Stress corrosion cracking under cyclic loading.

Questions

1) What is meant by fatigue ?

2) What is asymmetry of cycle and how can be expre8sed

3) What are the stages of fatigue ?

4) What describes cyclic stress — strain curve and isaletermined ?
5) What does the Manson — Coffin curve express ?

6) What the Wohler curve is ?

7 What does the threshold value for fatigue crackwjnexpress ?
8) What basic types of corrosion fatigue do you know ?

9) What the kinetics of fatigue crack growth in wadervironment is
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dependent on ?

Tasks to solve
Results of low cycle fatigue tests of austenitiairdess steel 08Ch18N10T at

fatigue strength coefficient
fatigue duktility coefficient
fatigue strength exponent
fatigue duktility exponent
and cyclic stress strain curvg — e,

laboratory temperature. Are listed in tab. 3.1 Galte

KLESNIL,

Mirko-LUKAS, Petr:

Tab. 3.1

€ac. 10° Eapl. 10F €ae 107 Ga Ny
(1] (1] [1] [MPa] [1]
1,46 1,20 0,26 454 399
1,24 0,97 0,27 435 531
0,98 0,76 0,22 403 1093
0,74 0,54 0,20 351 1630
0,50 0,34 0,16 292 4520
0,40 0,25 0,15 287 7270
0,35 0,20 0,15 274 14080
0,30 0,17 0,13 249 27720
0,25 0,12 0,13 252 68260
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4. Evaluation of fracture behaviour of metallic matkrials
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@ Study time: 3 hours.

@ Objective: After reading this chapter, you should be able to:

> Define the concept of brittle fracture.
> List the factors that affect the toughness.

> Describe two philosophies of evaluation of materiatesistance against
brittle fracture.

> Describe test procedures and material characterists of both
philosophies.

Describe the general temperature dependence of frage toughness.
> Define the concept of reference temperature and MAEER curve.

Describe what is the difference between the impabiend test and DWT
(drop weight test) and DWTT (drop weight tear test)respectively.

LL]

Presentation

4.1 Introduction

High demands on safety and reliability of largeustures give rise to increased
demands on the resistance of material to a suddstahle fracture. Upon sudden (unstable)
failure, the separation of particles of metal idden and uncontrollable and occurs under the
effect of elastic energy accumulated in the bodyhaout the need for any additional energy
supply from outside. The difference between stalbie unstable failure of metal is given by
the relationship between the elastic energy retedseing fracture propagation and the work
that must be done against the resistance of thermalato fracture propagation.

Brittle fracture of steels of low and medium strim an unstable fracture occurring
during nominal stress, which is smaller than thecnmscopic yield strength. From

a microscopic point of view, the fracture is ofaslage nature (see Fig. 4.1).
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18km WOZ24

Fig. 4.1 Transcrystalline cleavage fracture

Brittle fracture of steels of high and very highresigth is an unstable fracture
occurring under stress that is lower than the ys&ldngth. From a microscopic point of view,
the fracture occurs either through quasi-cleavagan intercrystalline manner (see Fig. 4.2),

or by ductile separation of metal particles (sag &i3).

Fig. 4.2 Intercrystalline failure

Resistance of any material to brittle fracture iseg by the level of its toughness.
Toughness is defined as the ability of a matewaéform plastically and absorb energy
before and during the failure. It depends on:

1. metallurgic characteristics of material,
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2. rate of loading,

Fig. 4.3 Ductile failure

temperature,
component thickness, and
the presence of notches, either shaped or strength.

There are two fundamentally different philosophuas evaluation of resistance of
materials to brittle fracture, and thus two groopsnaterial properties used in the design of
a structure resistant to brittle fracture or inesseng the residual life of the long-term

operating equipment.

1) Philosophy of transition temperature. It has vajidonly for materials that exhibit

transition fracture behaviour. Material propertyhs transition temperature.
2) Philosophy based on fracture mechanics. It hagditxalifor materials that exhibit

unstable fracture and/or stable ductile crack gnowheir material characteristic is the

fracture toughness and reference temperatyirespectively.

4.2 Philosophy of transition temperature

The basis of this philosophy is to evaluate thepemature at which there is a change
in toughness associated with a change in fractueehamism from ductile to cleavage.

Different types of tests classify a given rangestdels generally in the same order with
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respect to susceptibility to brittle fracture. Fodifferent type of test, however, the curve can

be shifted to the right or left, the transition armay be narrower or wider. The most
important tests include:

»  Impact bend test using Charpy method,
»  DWT (drop weight test),

»  DWTT (drop weight tear test)

» Impact bend test of larger bodies

4.2.1. Impact bend test

It is the most widely used test evaluating transitbehaviour of materials. The test
consists in loading notched specimens by impaatlibgn(see Fig. 4.4).
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Fig. 4.5 Schematic representation of the impactliest

The results allow comparing the resistance of ma$eto brittle fracture by the shift
of the transition curve in the direction of the saxaif temperatures. However, they do not

provide a basis for dimensioning structural pafitse energy needed to fracture a specimen
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contains both the component exerted on the cratiktion and the component needed for its

growth. Initiation energy is relatively extensivélwrespect to rounding of the "V" notch tip.
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Fig. 4.5 Temperature dependence of notch toughofe3GN2MFA grade steel as
supplied and after being slowly cooled down from tdmperature of 595°C (step-cooling).

Test procedures are described in the followingdseas:

>  CSN ISO 148-1 (420381) Metallic materials — Chammpact bend test - Part 1: Test
method

>  CSN 420382 Testing of metals. Impact bend testvatiéomperatures

>  CSN 420383 Testing of metals. Impact bend testgit témperatures

> CSN 420350 Testing of metals. Determination of ettibrment temperature of
structural steels by impact bend test.

Impact bend test can detect the following: sizengbact energy consumed to fracture, notch

toughness, fracture appearance (the proportionuctild fracture) and side extension. By
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plotting the dependence of these values on tegtdmature, transition curves are obtained, from

which transition temperatures are taken (see Fg. 4

FA [%]

100 - . .
PL=52,78*(1+tgh((T-74,05)/59,14))

80 -

60 -

40 -

20 -

0 ] T[C]
0 20 40 60 80 100 120 140 160 180 200 220

Fig. 4.6 Temperature dependence of the ductiléudragroportion; the low alloy 15 128.5 grade
steel after 90,000 hours of operation at tempegattib40°C

They are defined by different criteria, such as:

< selected value of notch toughness (e.g. 35%Jcm

% mean value of max and min notch toughness,

s conventional value of notch toughness, which depemd the yield strength of the
material (critical temperature of brittleness),

« transition temperature for 50% of ductile fract(ffdTT), and

% side extension 0.9 mm.

From the level of transition temperature we canudedhe resistance of steel to brittle
fracture, or the evaluation of metallurgical andhteological factors on the change in the
resistance of steel to brittle fracture.

The effort to determine the amount of energy neddedrack growth led to the draft
test procedures using test specimens of largerrditoes with notches that reduce to the
minimum the energy needed to initiate a crack. €lests include DWT test, DWTT test and
impact bend test of large bodies. These tests ram@asingly being part of the technical

conditions of business cases.

4.2.2. Drop-weight test (DWT)
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Drop-weight test (DWT) consists in stressing tipecgimen equipped with a brittle
weld deposit with a notch (see Fig 4.7) by one iobfgeend at limited deformation. Testing
takes place at various temperatures of test specimecording to CSN 420349, test
specimens with dimensions 16x50x130 mm, 19x50x180and 25x90x360 mm are used for
DWT tests.

Fig. 4.7 Specimen with dimensions 16 x 50 x 130 nsed for DWT

The aim of the test is to determine the temperamfrezero toughness,s —

a characteristic expressing the resistance of mfegainst unstable crack growth. It is the
limit temperature above which no unstable fractuceurs from a small defect initiated from
the weld metal into the base material under dynasiiess around the yield point. The
specimen is considered broken when the fracturenest to one or both edges of the

specimen on the surface with weld deposit, oriits walls (see Fig. 4.8).

Fig. 4.8 Specimen intact during the drop-weighkt.tEracture in the base material did not
extend to either one or both edges of the specimen.
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Zero temperature toughness:tis the highest temperature at which the fractwaucs in the
specimen (determined with an accuracy of + 5°C)s lthus the temperature, at which the
brittle crack initiated in hardfacing metal weldpdsit extends by effect of stress around the
yield strength over the cross-section of the speninThe sudden transition from cracked
specimens to intact ones is the result of growtlplaktic deformation necessary for the
fracture propagation at temperatures abgye Zero toughness temperatugg: is determined
using drop-weight testers with a potential enerfjthe hammerhead up to 1900 J, while the
minimum height of the fall of the hammerhead mwesableast 1 m. The hammerhead weight
must be in the range from 25 to 135 kg. The tesbtsvalid when:

a) the weld deposit with notch is not visibly broken,

b) the body is not sufficiently bent after the testdoch the stops of the jig, or

c) the weld deposit breaks outside the notch.

4.2.3 Drop-weight tear test (DWTT)

This test is normally used to evaluate the restgtarf metal plates or seamless pipes,
with an outside diameter greater than 300 mm arlttinekness greater than 6 mm of ferritic
steels for the manufacture of pipelines, againstabie crack growth. During the drop-weight
tear test, a specimen measuring 76 x T x 305 mmpaomaded with a cold-pressed notch is
being broken. The specimen is supported at both,ewgile the impact acts against the notch
(see Fig. 4.9).
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Fig. 4.9 Geometry of a specimen for DWTT

The test specimen shall have up to 19 mm full thesls of the tube wall or plate
thickness. At thicknesses above 19 mm, the specmanhave either the full thickness of the
wall or plate, or the thickness of the specimen ipayeduced to 19 mm. Testing device may
be either a weight-dropping device or a pendulupetsnachine. DWTT proceeds according
to the European standattSN EN 10 274 Metallic materials — Pendulum impast.tlt sets
out the procedure for evaluating the appearantieeofracture surfaces of specimens made of
ferritic steels.

The test results are usually expressed as fracippearance transition temperature

(FATT) or as a percentage of ductile fracture #&traperature prescribed for product by the
standard. E.g. FATT (fracture appearance transteomperature) for 85% of ductile fracture
at -30°C is expressed as follows: FATT(85) = -30°C.
For test specimens with a thickness of 19 mm @, liékee percentage of ductile fracture at the
fracture surface is evaluated so that it does akeé tnto account the fracture surface at
a distance of one specimen thickness T from thehntyp and at a distance of one specimen
thickness from the side opposite the notch (seed-i®).
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Fig. 4.10 Determination of percentage of ductikefure on the fracture surface

Assessment may also be based on the absorbed ermngymed during the test,

especially for materials other than ferritic steel.

Figures 4.11, 4.12 and 4.13 are examples of fracturfaces of specimens broken during
DWTT at a selected temperature, along with thesseskeshare of ductile fracture according
to CSN EN 10 274. Figure 4.14 shows the temperaturerntgmces of the proportion of
ductile fracture set visually on the fracture soefa of specimens taken from X70 steel sheets
of thickness 9.3 and 14 mm and broken in the teatpes range -70°C + - 10°C.
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Fig. 4.12 Test temperature -40°C, proportion oftidieiéracture 45%

Fig. 4.13 Test temperature -60°C, proportion oftidieiéracture 10%

DWTT test
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Fig. 4.14 Temperature dependences of the propaofidnctile fracture set visually on the
fracture surfaces of specimens taken from X70 steeéts of thickness 9.3 and 14 mm

4.2.4 Impact bend test of large bodies (DT- dynamitear)

The test consists in breaking the test specimea pgndulum hammer or drop-weight tester
with a variable drop height and weight of the hamiread. Test equipment must allow

determination of the impact energy. Impact energydetermined using test specimens
measuring 16 x 40 x 180 mm and/or 25 x 120 x 46Q fraferably, and for decision making

purposes, test specimens with 16 mm thicknessedgeted, which are marked “Specimen 16
CSN 420340". The shape and dimensions of the nforcBpecimen 16 are shown in Figure
4.15. The notch is fabricated by chip machiningarfpmotch tip is formed by pressing using
a punch made of tool steel with a hardness ofest |60 HRC.
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Fig. 4.15 A schematic of DT test for Specimen 16.

The test procedure is describedi8N 420340 Impact bend test for large bodies or STk
Standard E 604-83 Standard Test Method for Dyndie@r Testing of Metallic Materials.
This test is performed at different temperaturethefspecimen. Dependence of energyds
temperature determines for each temperature thrgemeeded for crack growth to fracture.
Because in these tests the component of energyitiaté a crack by embrittled notch is
suppressed (hardening due to a cold-pressed ndtaoh)results can be used after some
adjustments to construct the crack arrest tempergf@AT) curve or the entire fracture
analysis diagram (FAD) proposed to examine the sslivility of sharp crack-like defects. To

obtain the CAT curve, test results must be tramséal from the coordinate system of energy -
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temperature to the system of nominal stress - testyre. Figure 4.16 shows the diagram of

the transition curve of DT energy - temperature.
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Fig. 4.16 Diagram of transition curve of DT energiemperature

At the lower part of the diagram numbered (1) axigmding into 1/3 range between
the lower and upper energy level, the temperatyreid situated. With the temperatugg t
the nominal stress = 45 + 55 MPa is associated, below which unstabéeks do not
propagate. In the middle third (numbered (2)), ¢h&s the temperature¢ (transition
temperature of elastic fracture) - the highest terajure at which an unstable crack growth
can occur at stress below the yield strength. Whiége exists a standardized procedure for
determination of &, position of FTE point is put by estimate to thedhe of the middle
third (see Fig. 4.16). Because the transition cisweery steep here, this option does not lead
to any larger error in determining the temperatuse In the last third of the diagram, FTP
point and the corresponding temperatusg i transit temperature of plastic fracture are
situated. If the operating temperature excegdsthen the structure may only fail by a ductile
fracture. Figure 4.17 shows the temperature depmedds; for S355J2H grade steel
determined on Specimens C&N420340.
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Fig. 4.17 Temperature dependenge o S355J2H grade steel determined on Specimen 16
CSN 420340.

4.3 Philosophy based of fracture mechanics

4.3.1 The general temperature dependence of fractartoughness

Also the fracture toughness determining the reastgtaof materials against crack
initiation and growth shows a transition behavidue to changes in temperature or strain
rate. With increasing temperature the yield strerdgclines and thus at the same value of
applied stress the plastic zone at the crack tip lgeger and consequently the crack driving
force and thereby also the fracture toughness asee Fracture toughness can be
characterized either by a single value of releyamameter (I, é., Jc) or the dependence of
the corresponding parameter on the increment ickdengthAa (the so called J-R curves or
d — R curves).

The general scheme of the temperature dependenstataf fracture toughness was
compiled in the Institute of Physics of Material®Nl) Brno based on the analysis of
specimens of C(T) and SENT(B3) types, 23 mm thsde(Fig. 4.18). It can be assumed that
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it will represent the temperature dependence afira toughness also for other thicknesses

and other shapes of specimens.

area of lower
threshold transition area area of upper
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values “ threshold values
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5 awy
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Fig. 4.18 The general scheme of the temperaturerdigmce of fracture toughness

Temperature dependence of fracture toughnessigedivnto three parts.

Zone C is the area of lower threshold values oftine toughness characterized by
a critical value of the stress intensity factog, Kf the conditions of plane strain are met, and
Kc when not.

Zone A is the area of upper threshold values dftfr@ toughness. The valug s
converted from the valugo} using the relationship (30.2), characterizes thigation of the
ductile stable crack growth.

In Zone B, the transition temperaturg ihdicates such temperature, below which
unstable fractures occur (after a certain blunbhghe tip of pre-prepared fatigue crack) by
cleavage initiation. In this case, the measuredtdra toughness lies in the scattered field

marked Kc in Figure 4.18. Above gl unstable fractures occur after a stable growttiuatile
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crack with lengtha. It results from Figure 4.18 that stable growfthlwctile crack prior to an
unstable fracture can take place in the temperasnge from g, to Tpey. The corresponding
values of fracture toughness then lie in the seadtéeld marked K. In terms of engineering
practice, the course of fracture toughnegsfidém the temperaturecTo the temperaturegTis
important. Fracture toughness in this area is characterizegadrgmeters Jor 6 that are
determined by standardized procedures of elastipfescture mechanics.

Procedures for determining the fracture toughnessbased on loading a specimen
provided with a notch and fatigue crack performed dycling and loaded by a slowly
increasing force that opens the crack by a consiaedd of movement of the cross-arm of an
electromechanical testing machine or constant spéedovement of the piston rod of a
servohydraulic testing machine and scanning theefercrack opening displacement (COD)
dependence or force — force displacement dependd@nee types of specimens are most
often used for fracture toughness testing.

1) Compact tension specimen, known as C (T) in Anglge literature, is a specimen
with thickness B and width W (see Fig. 4.19) sutgddo tensile load. The width of

the specimen W = 2. B
2) Bend test specimen, known as SE (B) in Anglo-Sabkiemature, where B is the

thickness of the specimen and W is the width (3ge4=20) subjected to three-point

bending. The width of the specimen W = 2. B andlb= B. Spacing of supports is
equal to S =4.W.

To measure the crack opening in SE(B) specimemsrack opening and/or force
displacement in C(T) specimen, clip gages are (s=eiFig. 4.21 and 4.22).
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Fig. 4.20 Bend specimen of width W and thickness B
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Fig. 4.21 Experimental test of fracture toughnésea@m temperature using the
compact tension specimen

Fig. 4.22 Experimental test of fracture toughnésea@m temperature using the bend
test
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4.3.2 Plane-strain fracture toughness I§

The test procedure is described @SN EN ISO 12737 Metallic materials -
Determination of plane-strain fracture toughnesgufe 4.23 shows three basic types of
dependence of force - crack opening correspondirsgdudden fracture in the area where the

linear elastic fracture mechanics applies.

load F

CTOD (v)

Fig. 4.23 Three types of dependence of force - CTOResponding to a sudden fracture in
the area where the linear elastic fracture meckapplies

From the record obtained during the test, the vafu®rce F is determined by constructing

a secant OFfrom point 0 with slope (FN\{) = 0.95.(F/V), where (F/V) is the slope of

a tangent line of the linear part of record OA. fuar selected type of a specimen, the value of
Ko is determined in MPai. Kq value for the bend test specimen is calculatedn fro
equation

S
KQ = FQW f (a/W) (41)

where S is the spacing of supports and f(a/W) is

f(a/W) = 3(a/w)v2 22- @MW) L -alw )| 215- 393a/W) + 27(a/W)?]
' 2(L+ 2a/W)(L-a/W)3?

(4.2)

Ko value for the compact tensile specimen is caledl&tom equation
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K :B—Q. f (a/W) (4.3)

For f(a/W) it applies that

0886+ 464 (a/W) — 1332(a/W)? + 1472(a/W)* - 56 (a/W)*
(1_ a/W) 3/2

f(a/W) = (2+a/W). (4.4)

Kq value may be considered a valigt Kalue provided that

2

Kq
a,(W-a),B=25 = (4.4)

p0,2

where R is the conventional yield strength of the mateimathe environment and at test

temperature.

4.3.3 Determination of fracture toughness in the @nsition region

In the transition area, an unstable fracture oceitfer after the tip of the crack is
blunted by plastic deformation and/or after thélstauctile crack growth.

stable growth

fatigue crack

a) b)
Fig. 4.24 Fracture surfaces of specimens brokesmdydden unstable fracture

a) after tip blunting by plastic deformation
b) after stable ductile crack growth.

74



Scope of study — Special test methods

Department of Materials Engineering, FMMI, VSB — Dstrava

The fracture behaviour in this area, given the mixté plastic deformation at the tip of the

crack, is described by parameters of elastoplésticture mechanics. Fracture toughness is

then characterized by a critical value of cracknipgd,. or critical value of the J-integralJ

The test procedure is described (SN 420347 Fracture toughness of metals on static

loading.

4.3.3.1 Fracture toughness determined from crack4i opening displacement

Dependence of the force F — notch opening displacémis monitored during the test (see
Fig 4.25). From the obtained record, the plasticim@pening displacemengnis subtracted.

F
c c
/
= /
/
3 /
/
/

—

Vep

Y

~uill A

notch opening displacement [mm)]

Fig. 4.25 Dependence of the force F on the not@mimg displacement v monitored during

the test to determing

Critical crack tip opening is calculated from tleéationship

O~ =0,+0 :(1_V2)Ké+ rp(W—a)\/p
c ™% " 2RE  r,w-a)+a

where

Kc is calculated from equation (4.1) or (4.3) (acoogdo the type of specimen used). Force

Fo is substituted by the value of forcg F
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Vepis a plastic component of the notch opening

r, is the rotational factor in the plastic ranges Italculated from the relationship

r, = 04(L+a) %% (4.6)

where
Re is the yield strength of material

S, is the nominal stress calculated for the bendsjgstimen from equation

_ 15F..L
n B(VV _ a)2 (47)
For the compact tension specimen, the nominalsggs calculated from equation
2F..(2N +a
Sn — C ( - ) (4.8)
B(W —a)

The coefficienta is equal toa = 0.1 for bend test specimen. For the compactidens

specimen, the coefficientis calculated from equation
1
2 2
a=2 E +E+1 -2 E+£ (4.9)
b b 2 b 2

The calculated value @t is the fracture toughnesg determined from the crack tip opening

where b = W-a

displacement, if the condition
a,(W —a) <509, (4.10)

is met.

For comparability of fracture toughness, the caiticrack opening displacemesy¢ can be

expressed as the stress intensity factgrusing the relationship

Rp” (E
Ke =1 & (4.11)

4.3.3.2 Fracture toughness determined from J-integi

Dependence of force F on displacement of force the point of instability is
monitored during the test (see Fig 4.26), from Wwhiwe area of diagram under the load curve
is determined. The area of;Ais determined by planimetring or other equivalerdthod.

Critical value of 4 is calculated from the relationship
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1-v? X..
Je=Jdee tJep = E 'Ké +Wfb;)2 (4.12)

where
Kc is calculated from equation (4.1) or (4.3) (acoogdo the type of specimen used). Force
Fo is substituted by the value of forcg F

The coefficient Xis equal to X= 2 for bend test specimen and=X2 + 0,522(1 — a/W) for
compact tensile specimen.

FC C
=
=<,
L

Acp A
CE
-C fC
fop fee | f [mm]

Fig. 4.26 Force F — force displacement f dependemesured during the test to determige J

The calculated value ofcJcan be considered the fracture toughness ifl the
condition

J
a,B,(W-a)>50—= (4.13)
W-ajzsop VR

is met.

For comparability of fracture toughness, the caiticalue of 4 can be expressed as the stress
intensity factor Kc using the relationship

Kic = LD

1-0? (4.14)
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4.3.4 Determination of fracture toughnes$,, and J,, by multi-body testing

The aim of the tests is to determine the deperel@r\a and/or J -Aa on a series of
at least six specimens of the same size and abewgame length of the initial fatigue crack.
Crack length increment is measured on the fracduréace of the broken specimen and the
corresponding values éfand J are determined by calculation. The individp&cimens are
subjected to loads of different values of forcepliisement f1, 2, f3 ..... fn so that various

crack length incrementsa, arise (see Fig 4.27).

F Fo
Fy
F

- C‘i
=
=,
Lo

Ap Ags/ Aps /| Apy

7 f]  f) ot

f [mm]

Fig. 4.27 Force F — force displacement f dependemdetermine the crack length increments
Aa.

After reaching the selected force displacementspieximen is relieved and the crack
increment is visualized by staining the specimearnroven at temperature about 300°C (see
Fig. 4.28). The specimen must be broken apart 90 asoid excessive deformation of the
fracture surfaces (e.g. in liquid nitrogen) andckrancrementsAa are measured on these

fracture surfaces.
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Fig. 4.28 Stable crack growth highlighted by stagnspecimen after its relieving in an oven
at 300°C and after being broken apart in liquidogien

Crack increment is measured at 9 evenly-spacedsanross the specimen thickness. The
measurement accuracy shall be 0.05 mm. The amductack length incremenfa is
calculated from the relationship

8
8 2 2

The value of% adjusted for the increase in crack length is dated from equation (4.5) by
substituting (a #Ag) instead of a. The value of J-integral adjustedtli@ increase in crack

length is calculated from the equation

;- J{l_ (075X, -1) Aa

W-a, } (4.16)

where ¢ is value of J foAa = 0 and coefficient Xdepends on the type of the body (see Sec.
4.3.3.2).
Ford —Aa dependence, it must apply that dmax andAa < Admax Where

J_. < min[B,(W - a)].3—1O (4.17)

Aa,, <01W-a) (4.18)
For J —Aa dependence, it must apply that Jnax andAa< Aanax, Where

J,.. < min[B,(W - a)].% (4.19)

Aa,,, = 006(W -a,) (4.20)

Conditions for the validity 06, J andAa are schematically shown on Fig 4.29.
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Fig. 4.29 Definition of validity of values for thaetermination of dependencgs Aa and J —
Aa

Values of crack length increments for each testispen are to be evenly distributed between

0 andAanax At least oneAa value must lie in the first and last quarteAafax

Use the method of least squares to fit the cuntle valid values
o=C/(a+C,)" (4.21)
J=C,(a+C,)" (4.22)

The values ob and J corresponding ta = 0.2 mm are denoted, and 4, To determine

C1, G, G, G4, m, and n constants, it is possible to use folhgwielationships
9y, =C,(02+C,)"  (4.23)
Jo, =C,(02+C,)"  (4.29)

Through characteristics of gthe fracture toughness may be expressed at tio& grawth

Aa = 0.2 mm by the relationship

Ko, = ' (4.25)
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4.3.5 Determination of the reference temperature g

The reference temperaturg is the temperature, for which the mediajtteq) Of the three-
parameter Weibull distribution of fracture toughmegtermined on specimens with thickness
of 25.4 mm is equal to the value ofdgmess 100 MPa.mM? The temperaturegTdefines the
fracture toughness of carbon and low alloy steeth wield strength range from 275 to 825
MPa and weld metals of these steels. The test guoedor determination of temperaturg T
is described in ASTM Standard E1921 — 10 Standast Method for Determination of
Reference Temperature,o, Tfor Ferritic Steels in the Transition Range. mstiion of
reference temperature €an be done based on the results of impact betsllig determining
the temperature, for which the impact energy detexthon specimens Charpy V is equal to
KV = 28 J. The estimate of the temperaturg niay be performed according to the
relationship

To(estimate) = TCVN + C (4-26)

where constant C is a function of the shape arel glizest specimens used to determine the
fracture toughness. For CT specimen with a thickr@ds25 mm is C = -18°C; for Charpy
specimen with a fatigue crack is C =-50 OC.

To calculate the median of fracture toughness rdcessary to get at least six valid

K,c values at selected test temperature satisfyingdhdition

Kye <(ER, 0,0, 130)2 (4.27)

For steels with a body cantered cubic (BCC) latiwith yield strength from 275 to 825 MPa,

the fracture toughness distribution can be desdidyethe relationship
K K b
P.=l-expg-| X—m (4.28)
Ko - Kmin

where Kqin. = 20 MPa.M?and b = 4.
It follows thatK;c = Ko for Pf = 1 — & = 0.63212K is therefore approximately 63% quantile

of the given distribution. Parametep Bepends on the temperature

N 1/4
Ko = |:Z (KJc(i) - Kmin)4/ N:| +Kmin. (4.29)

i=1

Median Kicmea)is then calculated from the equation
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K segmeq = [N (Ko = Ko )+ Ko (4.30)

min

Reference temperature iB then calculated from the equation

1 KJC(med) _30
T, =T- In
° 0,019 { 70 (#.31)

For cases where the test specimens used for taerdeation of the reference temperatuge T
have a different thickness than 25,4 mm, the alwiteel standard uses the correction of the

specimen size derived on the basis of the theotlyeofveakest link in the form

14
BO
KJC(X) = Kmin + [KJC(O) - Kmin (E] (4.32)

X

where Knin = 20 MPa.mf?

Temperature dependence of fracture toughness ootesfron the knowledge of the reference
temperature Jis called the MASTER curve. Fof £0.50, it is described by the equation

K jqmeg = 30+ 70exg0.019T -T,] (4.33)
It then applies for £= 0.63 that
K, =31+77exd0.019T - T,] (4.34)

It then applies for the general probabilitytiPat

K, =20+{11+77exp[0,014T - T,)] }{ln( 1P H (4.35)

L

For selected probabilities we then get

P, =005 K, =2523+3664exp[0,019(T -T,)| (4.36)
P, =05 K,, =3004+7025exp[0,019(T - T,)] (4.37)
P, =095 K, =3447+1013exp[0,019(T - T,)] (4.38)
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Summary of terms

After studying the chapter, following terms shouldbe clear to you:

> Unstable fracture, brittle fracture

> Transition temperature

> FATT

> DWT, DWTT

> Compact tensile specimen, Bend test specimen

> Stable crack growth

> Reference temperaturg T

> Life curveea - N

> MASTER curve

Questions

12) What is the linear elastic fracture mechanics baséd

13) What materials is the elastoplastic fracture meidsamsed for?
14)  Which of the modes of loading is the most imporfanfpractice?
15) What does the stress intensity factor K express?

16) What do we mean by the crack driving force?

17) What do we mean by resistance to crack growth R?

18) When the sudden unstable crack growth occurs?

19) What determines the size of the plastic zone?

20) What determines the fracture toughnegsdf the material?

21) What parameters expressing the fracture toughrigdhe onaterial in the

elastoplastic fracture mechanics do you know?
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22)

What is J - R curve?

Tasks to solve

>

Calculate the critical length of crack #@r an infinitely wide plate under
tensile stresss = 100 MPa and made of a material having a fracture
toughness K = 60 MPa.m>.

Calculate the critical stress for the formationacdudden unstable fracture
of an infinitely wide plate with a crack length @& = 20 mm made of a
material having a fracture toughness X80 MPa.m

Calculate the size of a plastic zone in case afgktress and plane strain
for the stress intensity factor, K& 60 MPa.m{? and material yield strength
Rp,02= 900 MPa for the case where there is the redigidn of stress in

the area around the crack tip.
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5. Procedures for determining the creep charactestics of the metallic
materials

@ Study time: 3 hours

@ Objective After reading this chapter, you should be able to:

» Define the concept of creep.

Enumerate the factors that affect the application bcreep of materials.
Explain the concept of limiting temperature Tg.

Describe the creep curve —t.

List the basic characteristics of the creep resistace of material.
Describe the division of creep tests.

YV V V V V V

Describe the methods of extrapolating the resultsf@reep testing.

LL]

Presentation

5.1 Definition of the concept of creep

Response of materials to applied external loadsrms of deformation can be divided
into three basic types:
1) Elastic deformation - reversible, time independédintiepends only on the stress and
temperature, because the modulus of elasticigngerature dependent,
2) Anelastic deformation - reversible, time dependent,
3) Plastic deformation — irreversible component ofodefation, time independent and/or

time dependent (creep).

Except for steam boilers (19th century), all eneagyl chemical facilities operating under
static loading at elevated temperatures were dpedlan the 20th century. All of these

devices operate at temperatures at which it mudtken into account the time dependent
deformation and related fracture processes.
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The term creep means slow plastic deformatiom@faterial taking place at elevated
temperature under the action of the external loasus time. Generally, the response of
equipment operating at elevated temperatures anditity to apply creep depends on:

>  level of loading,

»  temperature,

»  chemical composition of the material, and
>

structure of the material.

5.2 Limit temperature T

In the temperature range, in which creep procesapplied, the values of creep

rupture strength are always lower than the yialeingjth of the material (see Fig. 5.1).

stress [MPa]

_T>Ts R rrem

R mT/t/T

Ty

temperature [°C]

Fig. 5.1 Procedure for determining the limit tengtere T,

“Limit temperature” Tg is the temperature above abhthe application of creep must be
considered in designing the structures as one efntlain degradation mechanisms. It is
defined as the intersection of the temperature ntbgece of the yield strengthe RRy 0.9
determined by tensile test and the temperaturerdigmee of creep rupture strengthfgr.
(see Fig. 5.1). Rry is a static tensile stress that leads to failfter éime t at temperature T,

and is determined by creep rupture tests. At thiwg temperature & T, the creep rupture
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strengths are significantly higher than the yidigrsgth and thus it is not necessary to take
this degradation mechanism into account when degjgithe structures. Therefore to
determine the allowable stress, use the statid ys&length (for low alloy steels T<about
450°C). At the working temperature 3 Ty, creep processes take place and creep strength
Rmtwr Or creep limit Ryr is used for determining the allowable stress. Tdteo of the
working temperature T and the melting temperaturenTK is known as homologous

temperature.

5.3 Creep curveg — t
Creep curve indicates the time dependence of defitsmat constant temperature and
level of tension. The high temperature creep c(ifve 0.4 T; and above for steels and<10.8

T; for nickel-based alloys) distinguishes three tstages (see Fig. 5.2)

A

€
. _ Ae lom
€= — X
t
|
primary !
-——‘ At :
Ae tertiary
| R
| secondary |
- - !
|
T i
initial deformation |
| L
t, t

Fig. 5.2 Schematic representation of three timgestat the high temperature creep curve

In the first phase, known as a primary (transiengep, creep velocity decreases with
time because the deformation hardening is strotinger dehardening. At temperatures 1.3
Ti, where T denotes the melting point, the primary creep & dahly strain response of the
material. It is sometimes referred to as logarithoreep and takes place even in the absence

of thermal activation.
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The second stage is characterized by a lineaioesdtip between strain and time, and
is called secondary creep. This type of creep acomty at sufficiently high temperatures
(T> 0.4 T) at which the recovery process is able to compgen$e effects of deformation
hardening. This type of creep is the most imporfeasrh a practical standpoint. At stresses
substantially lower than the yield strength, itresgents a significant part of the overall life of
components working at elevated temperatures. Ceablgrif the applied stress is high, the
secondary creep is reduced until the inflectiompbetween the primary and tertiary creep.

The third stage, known as tertiary creep is charaaed by the sharp increase in strain
rate until fracture. Fractures are initiated asite®/ at grain boundaries resulting in the

intercrystalline character of fracture (see Fig)5.
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Fig. 5.3 Example of creep cavitation damage

5.4 Basic characteristics of the creep resistancé materials

The basic characteristics of the creep resistahaenaterial are:

1) Rate of secondary creef :%- rate of creep in the secondary stage (stagesafigt

creep).

2) Creep rupture strength Ryt — tensile stress that causes a fracture at atsdlec
temperature after a certain predetermined peridoi.
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3) Creep limit Ryr — stress that causes deformation of a certain aiza selected

temperature after a certain predetermined periddrd. Typically, the creep limit for

= 0.2% (construction of turbines), ar= 1.0% (construction of boilers) is given.

Calculation period typical for high pressure bailand turbines is 2.25.3@ours and

for aircraft engines up to 2.1@ours.

As auxiliary characteristics that govern the loagyt plasticity of the material, the
creep tests also determine the fracture elongatidfo] or fracture contraction Z [%].

5.5 Uniaxial creep testing of metallic materials inension

For conducting creep tests, there is a generafipelk schedule which indicates that it
is necessary to perform the tests at 2 to 4 terhperéevels in increments of 25 to 50°C, and
at several stress values for each selected teraperathile it is desirable that the selected test
stress is evenly divided into areas of low and higlues. The shortest time to rupture should
not be less than about 200 hours, and vice vdisaphgest time to failure of the specimen
must be at least 1/3 of the planned life of theemal (this condition is often referred to as
extrapolation ratio = 3). Also the highest valuetedt temperature is defined, which should
not be higher against the anticipated working tenajpee by more than 50°C.

Creep tests of metallic materials are performedomting to CSN EN ISO 204
Metallic materials - Uniaxial creep testing — Meathof test. The test consists in heating the
specimen to a nominal temperature and its defoamdty a constant tensile load or constant
tensile stress applied in the direction of a laigjihal axis for a certain period of time or until

fracture. Creep tests can be divided into:

1) Tests with measured deformation that allow to gfatite rate of secondary creep and

creep limits Ryr depending on the stress and temperature from @eese - t set

using
> continuous measurement of deformation over timachvhllows to construct
the entire creep curve, and
> intermittent tests in which specimens are peridbjicalieved and deformation

caused by creep is usually measured using a puncépecific part of the

specimen.
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Figures 5.4 to 5.6 show creep curves of steel g@@2 (10CrM09-10) determined at
temperatures of 575°C, 600°C and 625°C throughnéiramous measurement of deformation
in time on specimens with an edge (see Sec. Sabth )specific length of 200 mm.
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Fig. 5.4 Creep curves of P22 grade steel determrah®@5°C at stresses of 160 and 180 MPa
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Fig. 5.5 Creep curves of P22 grade steel determrah&80°C at stresses of 120 and 140 MPa
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Fig. 5.6 Creep curves of P22 grade steel determrahé@5°C at = 80, 90 and 100 MPa

Figure 5.7 then illustrates dependences of the ahtgeecondary creep on the stress for the
above temperatures in log - log coordinates, whiehe determined from the measured creep

curves.
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Fig. 5.7 Dependences of the rate of secondary aeepe stress for P22 grade steel at
temperatures of 575°C, 600°C and 625°C.
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2) Tests to failure under constant load for deterngjritne creep rupture strength 2.
Creep strength values are generally determinecherbasis of short-term creep tests
(see Fig 5.8) and subsequent interpolation or patation of the results for the
calculation periods. Extending the testing periathrgntees greater security and
accuracy of extrapolation of the results of crezgiihg and allows for the verification
of methods used for the transmission of resultenfi€hort-term tests. Mandatory
requirement for a credible extrapolation of theulssof creep tests specified in ISO
6303 (and also in material standards of creepiegisteels) is to achieve at least
30% of the time to fracture for which the resulte axtrapolated (i.e. just 30,000

hours for extrapolation to 100,000 hours).

100000 SR =====
" *450°C [
m 475°C |1
10000 500°C
= 525°C [
o
= 1000
“(E
o
£ St 35.8
£ 100 '
10
10 100 1000

stress [MPa]

Fig. 5.8 Time to failure — stress dependences fipddor St 35.8 grade steel for four

temperatures

5.5.1 The shape and dimensions of test specimens

Most commonly used for creep tests are followingcapens

1) smooth cylindrical test specimens with a recess ksg. 5.9, 5.10), and
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2) smooth cylindrical test specimens with sharp edges Fig. 5.11)

with a nominal diameter of 3 < B30 mm. It generally applies for the initial spéciength

Lo (length between the measured length marks on tleeirepn measured at ambient
temperature before test) that£ 5D. L; is the test length (the length of the paralletiporof

the tapered cross-section of the specimen). Iniagpegses the cross-section of the specimen

can be square, rectangular or have other shape.

Fig. 5.9 Specimen with a recess and measured lemgjtte the test length

Lo

So
| |
o T |
| |

Le

Fig. 5.10 Specimen with a recess and measuredhlengside the test length

Lo

Le

- TN

Fig. 5.11 Specimen with small sharp edges
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5.6 Methods of extrapolating the results of creepesting

When designing energy and chemical facilities oucitires whose components are
subjected to both high temperatures and load dwpeyation and therefore creep must be
considered as one of the dominant degradation mexrthg, it is necessary to know the long-
term creep characteristics. In the case of equiproemponents with a life expectancy of
around 200,000 working hours (typical design lifdassil fuel fired boilers), it is necessary
for obtaining the creep characteristics to useréisalts of shortened creep tests, since long-
term testing is very time consuming and therefarstlg. But it is still necessary to respect
that for reliable determination of the creep ruptsirength for 200,000 hours the longest time
to rupture in the completed test at a given tentpezamust reach at least 70,000 hours (about
8 years). This condition is inevitable in developtef new materials and determination of
their creep resistance. In practice, the mateahksady established in the relevant material
standards are most commonly subjected to creemtést range from 1,000 to 30,000 hours,
with a subsequent use of various extrapolation awsthto obtain long-term creep
characteristic for 0hours. By comparing the obtained values of cregpure strength with
material data, it is possible to assess the extewhich the tested material meets or does not
meet its specification. The most widely used meshofl extrapolating the results of creep
tests are divided into two basic groups:

» graphical methods, and

e parametric methods.

5.6.1 Graphical method of extrapolating the result®f creep testing

Graphical methods are generally considered edsaer parametric methods. They can also be
used, for example, in the assessment of residumalcsdife of material after its exploitation.
The basic principle of graphical methods of resekigapolation can be summarized in three
main points:
* making a scatter chart, most often in the bi-lagamic (log ¢ - log t) or semi-
logarithmic(e - log t) system,
o fitting isothermsRyryr = f(T) or reyr = f(T), ort, = f(T) between the obtained results,

where tis the time to rupture,
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« extension of the isotherms by extrapolation for réguired operation time (e.g. 2°10
hours), and deduction of extrapolated properties,fayr the selected working
temperature, which is a procedure that is mostulratly used in determining the

residual life.

The biggest problem associated with the use oftgtapextrapolation methods seems to
be shortcomings arising from the coordinate systesed, and the related width of testing
period. If tests to fracture are performed in aemidnge of stress, it happens that the slope of
the line interleaved with experimental points of- t dependence in semilogarithmic or
bilogarithmic coordinates need not be constant,thadvhole line is then divided into several
sections with a different slope. Any change in shape then corresponds to the transition
from one creep deformation mechanism to anothez.ddpendence of stress - time to rupture
t. is then determined in general expression by aectirat bends toward lower stress (longer
times to rupture) and the results of creep tedtieg can be dangerously overstated (see Fig
5.12). This figure shows how the real creep rupsirength will be overestimated based on
short-term creep test results (here limited to @0 ,@ours, extrapolation is indicated by dotted
lines) if the material exhibits a change in theepreleformation mechanism in the given
temperature-time interval.

The opposite problem will manifest itself in theamation of tests to rupture in

semilogarithmic coordinates- log t, where the line equation has the form:

logt = logB — f - aloge. (5.1)
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Fig. 5.12 Overstatement of creep strength in thiepglation of results

This dependence is then determined by a curveteéhds to higher stress values and
so the extrapolation results can be greatly undieeda Generally, unless the tests are long
enough, we cannot accurately determine which of slgetems is more suitable for
extrapolation, however, atlower temperature itpreferable to use a representation in
bilogarithmic systentog ¢ — log t while at higher temperatures (in the recoveryamgit is

preferable to use the system in semilogarithmicdioates.

5.6.2 Parametric methods of extrapolating the restd of creep testing

The principle of extrapolation using parametric Inoels is to use data from relatively
short-term creep tests, which are typically perfednat higher than operating temperatures. In
such case, it is much more likely that the samesighl mechanism of creep will apply both
in test and under operating conditions. Two basseg testing variables - temperature and
time — we thus convert to only one parameter, wischfunction of the applied stress.

Among the existing equations and correlation patarsgthe best known and most widely
used are as follows:
. Methods based on Arrhenius equation:
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- Larson—Miller (L-M) method,
- Sherby—Dorn (S-D) method,
- Manson—Haferd (M-H) method, and
- Seifert method.
. Methods base on empirical equations:
- SVUM.

5.6.2.1 Larson—Miller (L-M) parametric method
The basis for deriving the parametric relationshipposed by Larson-Miller is the

Arrhenius equation, which expresses the creepasatefunction of stress and determines it as

a time change of thermally activated processelsarfdllowing shape:

de =)
f(a):(s:a: AeRT (5.2)
where: A Is the constant,
Q is the activation energy,

R is the universal gas constant (8.314 Jtd),
T Is the temperature in K.
Assuming for simplicity that the actual creep rdiughout the test will be always constant,

then:
de ¢
E=—=— (5.3)
dt t
where:g is the amount of permanent deformation at theaéride test,

t Is the time to rupture.

The original Arrhenius equation (5.2) then transfierthe form:

ert (5.4)
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If we denoteé = C, then after logarithming and modification tbguation (5.4) reads as

follows:

i =T(C+logt,)=PR,,, (5.5)

23R

where: Ry — Larson—Miller parameter of correlation,

C — material constant without physical significanc

The accuracy of the results achieved is strongpeddent on the value of the constant C, in
which the model assumes that it is independentress, temperature, and possibly even the
material. In practice, however, it was observed thdhe area of higher stresses the constant
C becomes higher and conversely, in the area aéri@ivesses the constant C is also lower.
By incorrect choice of the size of the constanéi@ers from * 10 to + 40% ca be achieved.
The value of the constant C can be interpretechasxtrapolated intersection in dependence
of log t-1/T (see Fig. 5.13). With L-M parametric method ises#rlines intersect at values of
1/T=0 and logt= -C.

log t,

0,<0,<0,

1/T

Fig. 5.13 Relationship between temperature, steegtfime to rupture in the Larson-Miller

model
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The parametric relationship proposed by LarsonéMiis generally expressed as a linear

function oflog ¢ at which equation (5) passes into the form:
T(C+logt) =a, +4a,.logo (5.6)

This linear regression equation, however, was at@edl due to the fact that the linear
relationship of log t to log does not exist in a wide range of stress and &ns¢hat neither
the dependence of L-M parameter on togs linear. At present, the most widely used is
therefore, the polynomial L-M equation of th¥ @r 3¢ order, where the dependence of L-M
parameter on log is expressed as a polynomial equation, and ergthfo 3° order L-M

equation it takes the following shape:

T(C+logt) =a, +4a,.logo+a,.log’ o +a,.log’ o (5.7)

5.6.2.2 Sherby-Dorn (S-D) parametric method

In this approach, creep is considered a thermaliyated process, which is based, as with L-
M parameter, on the Arrhenius relationship. If tiheep is a thermally activated phenomenon,
then the change in temperature under otherwisdtiadrconditions must affect the rate of
creep. S-D criterion is based on the parameter

- Q
t.e RT (5.8)

whereby it can be said that the value of defornmatiocunder constant stress is uniquely

determined by function of a quantity, which cardescribed as:

-Q
0 =teR (5.9)

and is a function of temperature and time. Two edéht temperatures and times then
correspond with a certain amount of creep straen @itven stress expressed using funcéion
if following relation applies between these pairs:
-Q -Q
6 =t.et =...=t e"" (5.10)

n
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By subsequent logarithming of equation (5.10), witdbnsidering the condition of fracture

0=0, and time tst we get parametric S-D equation in the form:

Ps, =log6, =logt, —Q/RT (5.11)

where: R.p — Sherby-Dorn parameter,

D — constant.

While the Sherby-Dorn parameter does have the shewetical basis as the Larson-Miller
parameter, it is based on different assumptionsutiir which different equations are
achieved. The main difference with these two patarseis mainly the dependence of
activation energy on stress. For L-M parameter wsu@me the dependence of activation
energy on stress, while for S-D parameter we ddifié activation energy is thus the slope of

dependence of logon 1/T (see Fig. 5.14).

O, 0, O3

log t,

Q/R

0,<0,<0,

1/T

Fig. 5.14 Relationship between temperature, steggstime to rupture in the Sherby-Dorn
model

5.6.2.3 Manson—Haferd (M-H) parametric method

Parametric relationship designed by Manson and rdafe based on purely empirical

evidence, when the creep tests were carried autredtant load and variable temperature. In
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their observations they revealed deviations ari§iom the use of L-M parametric equation,
which they believed are due to the nonlinear depeoel of log,ton 1/T. M-H parameter is
therefore based on an empirical observation thatddpendence of log on 1/T may be
substituted by the dependence of logrnt T for a number of cases and it forms a strdigbt

for a constant stress. Straight lines correspontirdifferent stresses converge around a point
which has the coordinates Tog t] (see Fig. 5.15). M-H parameter for a given stresse

is determined as the reciprocal value of the stff@egiven straight line in the form:

logt, —logt
P, =—"> 5.12
e (5.12)
where: k-4 - Manson-Haferd parameter,

log t, To— material characteristics.

\ (logt,T.)
N
\\\
W\
“h
o
)
0,<0,<03
1/T

Fig. 5.15 Relationship between temperature, stesgtime to rupture in the Manson-Haferd

model
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5.6.2.4 Seifert method

Another frequently used parametric method is théeBesquation. It expresses the applied
stress (creep rupture strength) as a quadratiditumof temperature-time parameter P in the
form:
logo=A +AP+AP? (5.13)
where:c — applied stress (creep rupture strength),
Ao 12— constants,
P — temperature-time parameter, which is definedtiits equation by following

relationship:

PT(C+logt, )10™ (5.14)

5.6.2.5 SVUM equation

Another equation, very frequently used to extrajgolhe results of creep testing in the
conditions of the Czech Republic, is the equatiewetbped in the earlier National Research
Institute for Materials (Statni vyzkumny Ustav migtes - SVUM), whose constants for some
of the most commonly used Czech creep resistaalssigere also directly referred to in the
material standards in the past. This parametriaggu, unlike the previous ones, is not based
on physical models, i.e. the Arrhenius equationt purely on empirical equations that
express the dependence of the time to rupture ®mpplied stress and temperature through

functions in the form:

logt) = A +A,.f(T)+Af(T).g(0)+A.g(0), (5.15)
R
f(T)=log T AJ (5.16)
(o) =log|[sinh (o T.A)] (5.17)
where: T is temperature,

A, are constants.
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It is understandable that for the calculation o€hsiccomplex systems of equations with
multiple variables, which, moreover, are not lihgadependent, it is necessary to use

computers.

5.7 Practical examples of the evaluation of creepest results using
the parametric equations

Figures 5.16 to 5.19 as an example of one heaecoing steel P 91 (X10CrMoVNDbN
9-1) show the results of processing the creep testgy individual parametric equations. This
heat was tested at temperatures of 575, 600 antC6&Bd the total testing time exceeded
315,000 hours. The data file also included testsnigathe time to rupture even longer than
40,000 hours. For such large files the resultsregg rupture strength estimate are only very
little dependent on the process of their extrapmiatself, as is evident from the figures.

Most creep testing programs are mainly targetedveaifying the current creep
resistance of a given steel of a given manufact@®iong-term creep resistance is not and
cannot be the subject of acceptance tests at {h@ieuof metallurgical products. But the
European Standard for the production of boilersluthes a condition for components
operating in creep that “... the supplier of matlemust provide the boiler manufacturer with
a written declaration stating that the delivereddoict meets all specified properties and that
the manufacturing processes are the same as teedear steels, for which test results have

been obtained.”
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Fig. 5.16 Results of creep testing of P91 steetgssed by L-M equation of thé& arder
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Fig. 5.17 Results of creep testing of P91 steatessed by L-M equation of th& 8rder
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Fig. 5.18 Results of creep testing of P91 steetgssed by Seifert equation
1000 T | T T 1117
TTT11 | | T T 111
T 111 | | L T 11 1
P91 i
- SVUM equation [T
— e o
——t L 1T "':-l-—_._._t____::"‘—'--—_. i
Z| 100 - R H r-H
= I e = e A
= .
o
= # 575°C
w
A600°C
®625°C
10
10 100 1000 10000 100000
time [hour]

Fig. 5.19 Results of creep testing of P91 steetgssed by SVUM equation
The creep characteristics of various steels atiedlim the material standards in a tabular
form of temperature-time dependence of the meanegabf creep limit and creep rupture

strength. For design purposes, we then work withimml values which represent 80% of the
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mean values. This approach is induced by the fadtthe creep resistance of a given steel
grade may vary up to 20% as a result of:

»  permitted variance in the chemical composition withhe same brand of steel,
different content of accompanying and trace elesand different steel microcleaness,
chemical heterogeneity of the material,

different way of producing both steel and metalicagfinal product,

YV V V V

differing thermal processing, and thus differentciostructure, which has a very

significant effect on creep resistance,

A\

errors made in determining the creep resistantieeiicreep laboratories,
»  different operating and test conditions of a giwesterial, and

»  technological and structural influences.

After harmonization of Czech material standardshviit) standards, creep characteristics of
each brand of creep-resistant steels and alloysedreut in the material, as well as product
standards, such as:

CSN EN 10302: Creep resisting steels, nickel and cobalt alloys

CSN EN 10028-2 Flat products madef steelsfor pressure purposesPart 2 Non-alloy and
alloy steelswith specified elevated temperature properties

CSN EN 10216-2: Seamless steel tubfs pressure purposesTechnical delivery conditions
- Part 2 Non-alloy andalloy steel tubewith specified elevated temperature properties

CSN EN 10222-2: Steel forgings for pressure purposes - Part @itleeand martensitic steels

Table 6.1 shows the values of creep rupture stnefoytP235GH and P265GH grade
steels listed in Annex A SN EN 10216-2.

Tab. 6.1 Values of creep rupture strength for ste@35GH a P265GH

Steel designation | Temperaturd Values of creep rupture strength in MP&?%%
Grade | Number °C 10,000 100,000 200,000 250,000
hours hours hours hours
P235GH| 1.0345 400 182 141 128 122
P265GH| 1.0425 410 166 128 115 109
420 151 114 102 97
430 138 100 89 86
440 125 88 77 74
450 112 77 66 64
460 100 66 56 54
470 88 56 46 44
480 77 47 33 30
490 67 39 26 -
500 58 32 24 -
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Summary of terms

After studying the chapter, following terms shouldbe clear to you:

YV V V V V V V V V VY

Anelastic deformation
Creep of material

Limit temperature T 4
Creep curve

Rate of secondary creep
Creep rupture strength
Creep limit

Homologous temperature
Larson—Miller parameter

Sherby—-Dorn parameter

Questions about the curriculum learnt

1)
2)
3)
4)
5)
6)

7)

What do we mean by creep?

What determines the limit temperaturg? T
How the creep rupture strength is defined?
What is the homologous temperature?

What methods of extrapolating the results of citesfing do you know?

What parametric methods of extrapolating the resaficreep testing do you

know?

How the Larson—Miller parameter is expressed?
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g Tasks to solve

The table shows the results of creep tests of R22 at temperatures 525°C, 550°C, 575°C
and 600°C. Plot of dependence of stress on theohdvkller parameter in the form i = (T
+ 273). [G.m + log(t)], G.m = 20.

Test No. Temp_(la_rature Stresseo Time t Ductility |Contraction
(°C) (MPa) (hour) (%) (%)
1 525 280 14 43.6 83.2
2 525 255 57 32.8 85.5
3 525 235 173 38.4 85.2
4 525 210 359 48.8 87.7
5 525 190 726 62.6 88.3
6 525 165 2602 45.6 85.9
7 525 145 5772 41.6 83.3
8 525 125 16072 35.6 78.3
9 525 115 30734 38.6 79.3
10 550 240 160 32.0 87.0
11 550 215 327 60.0 89.3
12 550 190 399 46.8 86.7
13 550 165 422 58.8 88.2
14 550 145 962 48.4 84.2
15 550 125 2834 42.8 87.7
16 550 105 11309 46.3 83.0
17 575 180 49 57.6 85.3
18 575 150 211 56.0 86.8
19 575 130 798 54.0 86.9
20 575 110 2065 48.8 83.6
21 575 90 6407 51.9 87.2
22 575 80 16491 41.8 78.0
23 575 75 19699 28.0 70.0
24 600 155 51 55.2 87.3
25 600 140 124 44.6 81.9
26 600 110 466 60.8 91.1
27 600 95 849 56.4 91.7
28 600 85 1398 56.4 91.7
29 600 65 4891 52.0 83.5
30 600 50 15633 56.3 92.5
31 600 40 21040 40.6 93.7
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6. Evaluation of resistance of structural steels tgtress corrosion cracking
in aqueous environments at temperatures from 23 t800°C

@ Study time: 2 hours

_@ Objective: After reading this chapter, you should be abléo

Y

Define the concept of stress corrosion cracking.

Y

Define factors that influence the process of stoessosion cracking.

Y

Describe the dependence of the stress corrosiak gr@wth rate on the stress

intensity factorK.
Define a threshold for the occurrence of stresssmn cracking.

Define the factors influencing the process of stre@rosion cracking in agueous

environments.
Describe the mechanisms of stable crack growtlgieaus environments.

Describe the process for evaluating the resistemst&ess corrosion cracking.

Presentation

6.1. Introduction

For many nuclear and conventional power generdéiotjties and structures made of
high-strength steels exposed to the effects ofatp@eous environment during long-term
operation, the stress corrosion cracking was ifledtas a cause of cracks of size exceeding
allowable defects.

By the term stress corrosion cracking we understandnihiation and stable crack
growth due to the simultaneous action of tensilesst (from a static external loading or own
tension) and corrosive environmeiithe initiation and stable growth of a crack assuiteof

this process, however, occurs only if the charattes of the environment, the state of stress
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and properties of the material reach a certaincatitevel at the same time. Otherwise, the
initiation and growth of crack may not occur at all
The process of stress corrosion cracking in aqueowgonments is influenced by a

large number of factors (see Figure 6.1), whichlmadivided into three main groups:

1. factors including the effect of the method of siresspecially the state of stress in the
critical points of the structure,

2. exploitation conditions (characteristics of the eows environment, temperature
regime), and

3. metallurgical factors.

CHARACTERISTICE
OF WATER
EIVIRONMENT

Fig. 6.1 Factors whose simultaneous action is #luse of initiation and stable crack growth
in aqueous environments

Increasing demands on operating parameters, dityadrld reliability of the above
mentioned structures and equipment lead to changié® work of designers and engineers,
as well as expanding requirements on constructiatenals. Subcritical defects of allowable
size may also arise by another mechanism, usuatingl production, and in some types of
structures they are present at the already at cesmning. The stage of crack initiation may
be suppressed in such cases, or disappearing thkogdhe presence of defects such as

cracks in the operating structure thus leads toe@uirement that newly developed
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construction materials have the best propertiesonbt in the phase of initiation, but also in
the phase of stable crack growth.

The study of stable crack growth patterns is tdwai$ of much attention since the early
70s of the last century, when a new concept ofctiral design, the concept of damage
tolerance, was introduced, which allows the iniiatand stable growth of defects even
during the operation of the structure. Stable ghoeftdefects such as cracks can be described
using either a basic parameter of linear elastictére mechanics - stress intensity factor K
[MPa.nt?] and/or using parameters of elastoplastic fractneehanics — crack tip opening
displacemend [mm] and J-integral [N/mm].

Figure 6.2 shows schematically the dependenceredsstorrosion crack growth rate
on the stress intensity factor K as a result afsstrcorrosion cracking. Stable crack growth by
stress corrosion cracking is characterized by #igtence of a threshold valugskc. All the
dependence of da/dt vs. K can be divided into tkigeificantly different stages. In the first
stage, there is a very strong dependence of thssstorrosion crack growth rate on K. In the
second stage, after the valug&hd corresponding crack growth rate (d@/dte reached, the
rate of growth is independent of or very weakly@ggent on the level of K. Independence of
the crack growth rate on K suggests that the ratgrawth in this area is controlled by the
rate of electrochemical reactions, kinetics of $ggort of anions or cations to the crack face or

other non-mechanical factors.

Kp }
| |
da | )‘
(e —— |
|
5 0 |
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|
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| Kisce |

log K

Fig. 6.2 Schematic representation of the crack grdawnetics under the simultaneous
application of static stress and corrosive envirenin
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Level of the rate (da/df)depends on the properties of the steel/aqueousoament. In the
third stage, the rate of stress corrosion crackeamgain increases with K until a fracture

toughness k is reached.

6.2 Mechanisms of stable crack growth in aqueous @inonments

For the system of aqueous environment/steel, thature mentions two basic reasons:

1. hydrogen embrittlement of a microvolume of matebafore the face of a growing
crack, and

2. anodic dissolution on the face of a growing crack.

Both mechanisms may act simultaneously as atondcoggen is liberated by hydrolysis
of iron ions, i.e. as a result of anodic dissolutian the face of the crack. Which of the
mechanisms shall play a dominant role is determined
1. properties of the material, and especially its deahcomposition, microstructure and

yield strength, and
2. parameters determining the properties of the acgueenvironment, especially

temperature, corrosion potential, water pH, conglitgt and concentration of anions.

6.2.1 Mechanism of hydrogen embrittlement
The term hydrogen embrittlement means decreasdasti@ properties of the material
caused by the presence of hydrogen. The hydrogdmitdement can be viewed from two

angles:

1. Internal hydrogen embrittlement without the pregeotta corrosive environment that is
caused by hydrogen absorbed by the material dysnogluction, heat treatment or
various technological operations.

2. External hydrogen embrittlement caused by the atdmydrogen which is in contact
with the metal surface, or is released on the Bedace of the metal from the

surrounding environment containing hydrogen iong. (O, H,S).
Stable growth of cracks caused by the simultan@atien of static stress and aqueous

environments is controlled by a sequence of cornse&cprocesses, which are schematically

shown in Figure 6.3.
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These sub-processes are:
s Transport of a corrosive environment to the facthefcrack.

s  Electrochemical reactions of a corrosive environhweith the newly formed surfaces,
which lead to the hydrogen liberation.

%  The absorption of hydrogen on the crack face.
s Transport of hydrogen into areas in which it cawesabrittlement.

< Interaction of hydrogen with metals leading to eittlement (decrease in the cohesive

strength of the grain boundaries, affection ofrtiability by dislocation, etc.).

The resulting crack growth rate is then controlted the slowest of the aforementioned

processes.

oii } [

|
|
H/
H,0 H o~
2
—————>  Fé +H,0 - FeOH +H' '
H+e_ H j
— H '
; H | Ckr

e

Fig. 6.3 Schematic representation of the procdsseling to hydrogen embrittlement
during stable crack growth in the agueous envirorime

Figure 6.4 summarizes the results of measuringateeof stress corrosion crack growth
in the regime P = constant (stress corrosion cnggkio stress intensity factor K in aerated
distilled water at 3, 50C, 70C, and 96C for high-strength steel 38MnSiCr2Ni2Mbhe
obtained dependence is characterized by:

1. The occurrence of a threshold valugsd§, which is independent of the water

temperature.
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2. The occurrence of two stages that differ in thersjth of relationship of the crack
growth rate on K.
In the first stage, after the thresholgsdg is reached, the crack growth rate strongly
depends on K and is independent of the distilletest@mperature. Value ofidcc, calculated
from the results obtained for da/dt = I4@m/s, is equal to Kcc = 13,5 MPa.rif>

38MnSiCr2Ni2Mo
0,002%S; Rp0,2=1 610 MPa
P=const.

10 7 0® OQ, 052 o
o} -0 o

)
g
A
g 928 _ pexp(--2)
- A dt RT
i) Q =32 700 + 8 400 J/mol
By
10+ O
N A
o
Symbol | T[°C]
O
A 30
O 50
@ 70
a a0
1 0‘5 ! { 1 1 :

15 20 30 40 50 70
K [MPa m!/?]

Fig. 6.4 Effect of water temperature in the ranfj@l— 90C on the kinetics of growth of
corrosion cracks due to stress corrosion crackirig lwgh strength steel 38MnSiCr2Ni2Mo

with low content of sulphur (0.002%) and phosphqfu806%).
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In the second stage, the crack growth rate is dapendent on the water temperature.
The activation energy of the controlling proceskwated from the measurement results in
the second stage is equal to Q = 32 ¥@%00 J/mol. Based on the comparison of activation
energies for the growth of fatigue cracks and ghowt cracks due to stress corrosion
cracking it can be concluded that stable crack grasvcontrolled, for both types of loading,
by a single process. The calculated activation ggegrare in close agreement with the
activation energy of the solubility of hydrogeniian grida (Q = 28600 J/mol).

Fractographic analysis of the fracture surfacexipeed by the stable crack growth
due to stress corrosion cracking showed that taklestcrack growth exclusively occurred
through an intercrystalline decohesion of origimastenitic grains (see Fig. 6.5).

Fig. 6.5 Morphology of the fracture surface prodlibg the stable crack growth in high
strength steel 38MnSiCr2Ni2Mo due to stress coorosracking in 70°C hot water

6.2.2 Mechanism of anodic dissolution

There are a number of literary evidence that stabdéek growth due to stress corrosion
cracking in the aqueous environment with a tempeeatigher than 250 ° C is primarily the result of
application of the mechanism of anodic dissolutiorboth low-alloy bainitic steels and austenitic
stainless steels

Stable crack growth induced by the presence ofatipgeous environment and the
tensile stress is in this case the result of pa#@depetition of the process of breaking the

oxide film on the crack face, the anodic dissolutmn the crack face and the subsequent
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passivation of the exposed surfaces. The increadeformation at the crack face required for
breaking the oxide film can be produced by a momotdly increasing load or creep (creep
process) at constant load.

After the oxide film is broken, the exposed craekd is subject to the effects of
agueous environment, whose aggressiveness depanilfe @oncentration of anions at the
crack tip. Aggressive environment at the crack iipmaintained and enhanced by the
dissolution of MnS inclusions and/or the gradiehthe potential between the crack mouth
and its face, which depends on the concentratiaxpden dissolved in water. The crack face
progresses due to anodic dissolution. Simultangpube crack face is being gradually
covered with an increasing passivation layer amdctiack progress slows down. The phased
nature of the failure, which is the result of aipeic repetition of processes of breaking the
oxide film, anodic dissolution and subsequent passin of the exposed surfaces at the crack
tip is evidenced by the characteristic fractogragbatures observed on the fracture surfaces
produced by stable crack growth due to stress smmacracking, whose characteristic layout

resembles the grooves (striation) (see Fig. 6.6).

Fig. 6.6 Micromorphology of the fracture surfaceoguwced upon slow loading of CT
specimen made of O8CH18N10T grade steel in therdeak demineralised water at a
temperature of 275°C with the addition of 100 ppin(€= 0,0005 mm/min.)

Kinetics of stable crack growth due to anodic disson depends on how the type of

loading, environmental characteristics and propsertof the material affect the rate of
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recovery of the aqueous environment on the crawd fiate of breaking the oxide film and the
rate of passivation of exposed surfaces at thekdi.c
Rate of crack growth produced by the mechanismaraddic dissolution can be

advantageously applied to the amount of metal bisdaat the crack tip using Faraday's law.

_da_ M

dt zp"F

i(t) (6.1)

where M ang’ are the atomic weight and specific weight of thetal from the crack

tip,
F is the Faraday’s constant (F=96500 C3no
z is the average number of electrons wealin the process of oxidation

of a single atom of metal,
i(t) is the time dependence of the current dgnsithich is caused by
corrosion processes at the crack tip.

6.3 The procedure for evaluating the resistance dteels to stress corrosion
cracking

The most commonly used method for evaluating #mstance of steels to stress
corrosion cracking in the aqueous environments meethod of testing at low strain rate
according taCSN 1SO 7539-7. Smooth cylindrical bodies and/ot $pecimens with an initial
fatigue crack are loaded by the cross-arm of testhime moving at a low speed of16 10’
mm/min. Test results are compared with the respiittests conducted in air at a selected
temperature. With smooth cylindrical bodies, thesstévity to stress corrosion cracking is
expressed as the ratio of contraction Z determinambrrosive environments and contraction
of the material determined in air. For specimenthwain initial fatigue crack the R curves
(dependence of JAa ord - Aa) measured in air and in corrosive environmergscampared
(see Fig. 6.7). This figure illustrates R curvesedmined for 10GN2MFA grade steel in
aerated and deaerated demineralised water at tatopes of 250°C and 290°C at cross-arm
movement speed u=1,7.10hm/s. At water temperatures of 250°C and 290°Crélsistance
of 10GN2MFA grade steel to stress corrosion cragks significantly dependent on the
concentration of oxygen dissolved in water. Redgithe concentration of oxygen dissolved

118



Scope of study — Special test methods

Department of Materials Engineering, FMMI, VSB — Dstrava

in water below 10 ppb resulted in suppression isst corrosion cracking in the monitored
heat of 0GN2MFA grade steel (S=0.008%).

10GNZ2MFA
C(T),B=11 mm
water 250°C, 290°C

crosshead speed 0.001 mm/minute

| &
0.2 air 290°C
0o O

— T[°C] |O,<10pph O,>5 ppm
E 0.1 250 O u
— 290 O o
o

0,05~

@
0,02 @
0,01 : ! i |
0,1 0,2 0,5 1,0 2,0
Aa [mm]

Fig. 6.7 Dependence 6f- Aa determined at the cross-arm movement speed 40F.fm/s
at two significantly different concentrations ofygen at temperatures of 250°C and 290°C
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Summary of terms

After studying the chapter, following terms shouldbe clear to you:
»  Stress corrosion cracking

Threshold Kscc for stress corrosion cracking occurrence.
Mechanism of hydrogen embrittlement.
Mechanism of anodic dissolution.

YV V V V

Hydrogen absorption on the crack face.

Questions about the curriculum learnt

8) What do we mean by stress corrosion cracking?

9) What determines the threshold valugd§?

10) What do we mean by hydrogen embrittlement?

11) What sub-processes lead to hydrogen embrittlentéheastable crack
growth in the aqueous environments?

12) What sub-processes control the mechanism of amliskolution?

13) What procedure for evaluating the resistance @ist® stress corrosion

cracking you know?
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7. Evaluation of resistance of steels to hydrogen mbrittlement in
environments containing hydrogen sulphide (HS)

@ Study time: 2.5 hours

_@ Objective: After reading this chapter, you should be able to

> Define basic types of degradation mechanisms inrdggh sulphide
environments.
List the standards for the evaluation of resistarfcgeels to HIC and SSC.

Describe the procedure for the evaluation of rass of steels to HIC.

Describe what CLR, CTR, CSR and CAR parametersesspr

v V v V

Name the standard for evaluation of resistancetedls to simultaneous

action of a tensile stress and hydrogen sulphideaments.

> List the four basic test method described in NACK D177-2005
Standard.

> Explain the difference between the evaluation dfistance to sulphide
stress cracking (SSC) and stress corrosion crackoegrding to NACE
TM 0177-2005 Standard.

Presentation

7.1 Introduction
Seamless pipes and steel sheets used in the mamafad welded pipes for the
extraction and transportation of oil and naturad,gaanufacturing of oil storage tanks and
pressure tanks in oil refineries, are exposed tastmaxidic environments that contains a
certain proportion of hydrogen sulphide3d Hydrogen sulphide is a colourless gas smelling
of rotten eggs.
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1) Itis extremely poisonous (can cause fatal poispmrdoses of 1000 to 2000 ppm),
2) is heavier than air,

3) easily liquefies, and

4) itis soluble in water (0.4 g/100 ml at 20°C).

From liquid and gaseous environments containingréaim proportion of hydrogen
sulphide, hydrogen can penetrate into the matandl cause its degradatiddissolving in
water produces the hydrosulphuric acid H2S. Gelyerialis assumed that atomic hydrogen
occurs in hydrogen sulphide environments due talibsociation of hydrogen sulphide in the

presence of water in accordance with the followiactions:

Anodic reaction Fer FE" + 26
Hydrogen sulphide dissociation 3+ HO — H" +HS + H,O — 2H" + & + H,O
Catodic reaction 2¢ 2H' + FE€" + S — 2Hy4s+ FeS

The overall reaction is sometimes simply writteri@®ws:
Fe + BS — FeS + 2Hqys

These reactions can take place both in gas andl liqpedia, in the case of gases,
however, the presence of a specific proportion ofstare is necessary. In a completely dry
gas, degradation effects of hydrogen sulphide Inaveffect since it will not be dissociated. It
is always an acidic environment and the effectyafrbgen sulphide is accentuated at lower
pH values.

7.2 Basic types of degradation mechanisms in hydreg sulphide

environments

In the case of carbon and low alloy steels threm ypes of degradation mechanisms in an
environment containing hydrogen sulphide are distished. It is a hydrogen-induced
cracking (HIC), followed by sulphide stress crackif6SC) and finally the stress-oriented
hydrogen-induced cracking (SOHIC). As the name iesplall of these types of damage
manifest through the formation of cracks in theekt&eatures of cracks for each type of

hydrogen embrittlement are schematically represkeint&igure 7.1.
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Stress oriented hydrogen induced cracking

Fig. 7.1 Schematic representation of the charadteracks for the basic types of hydrogen
embrittlement in hydrogen sulphide environments

7.2.1 Hydrogen-induced cracking (HIC)

This type of damage you may encounter mainly irepipnd plates made of carbon-
manganese steels of lower strength level (ultimetsile strength of less than about 550
MPa) used for oil pipelines, gas pipelines, gas @hdtorage tanks, or pressure vessels in oil
refineries.This is a form of internal damage by hydrogen withthe interaction of external
loading. Sometimes, this type of damage becomewkras stepwise cracking (SWC) due to
the nature of cracks, which can form charactersigps on the scratch patterns. Should there
be cracks near the surface, it may produce blistethe surface. Examples of damage caused
by the mechanism of hydrogen induced cracking aceichented in Fig. 7.2.

Theory, which in this case quite satisfactorily lkexps the formation of cracks, is the
oldest theory of hydrogen embrittlement, i.e. theory of aerostatic stress. Hydrogen, which
gets into the steel as a result of electrochemezadtions, recombines in favourable locations
of the metallic matrix, creating here a locally thignsion, which may result in cracking. (see
Fig. 7.2). Potential site for hydrogen recombinati® probably the interface of non-metallic

inclusions and metal matrix, and the segregatiopssin steel.
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COYroslon environment

blister

Fig. 7.2 Examples of damage to steel caused bylggarinduced cracking

7.2.2 Sulphide stress cracking

This type of damage is most often a problem of maewith medium, sometimes
higher strength levels, which are stressed by eatdoads. The damage occurs under the
simultaneous application of tensile stress andetheronment containing hydrogen sulphide.
The most important parameters that influence trgresmsiveness of the environment are the
environment pH and partial pressure of hydrogeplsde. It is assumed that this damage is
mainly attributable to atomic hydrogen which caubgdrogen embrittlement of steel in
accordance with generally accepted mechanisms ljgsam theory, theory of the critical

hydrogen concentration, eventually the theory afrbgen - plastic deformation interaction),
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which by interaction of tensile stresses lead$é&oinitiation and growth of cracks. Based on
the analysis of results of laboratory tests andatmmal experience, it can be concluded that
the susceptibility to sulphide stress crackingaases with the increase of hardness (strength)
of the material, or with the presence of local lkardreas in the steel structure. A
characteristic manifestation of degradation of dhetmaterials at simultaneous interaction of
hydrogen and the external load is the formatiorsatalled “fish eyes”. They are circular
guasi-cleavage areas in the centre of which noriicetaclusion is situated, or was, that

initiated the damage of material (see Fig. 7.3).

Fig. 7.3

7.2.3 Stress-oriented hydrogen-induced cracking

This special type of hydrogen embrittlement ocqumarily in the heat affected areas
of welded joints. A typical feature is the presenteracks parallel to the surface which are in
a row one above the other and are sometimes pariidlerconnected with sections
perpendicular to the surface of the material. T$sumption prevails that damage is related to
the existence of softened zones in the heat-affeantea that were annealed in the intercritical
interval of temperatures, i.e. betweegifand Acz. When externally loaded or at higher
internal stresses these areas may be subjecthd toad above the yield strength, which may
lead to formation of cracks, since it can causeniigant hydrogen-plastic deformation
interaction. This type of hydrogen embrittlementyrmoacur even in high-quality steels, which
are as basic materials resistant to hydrogen irtlaaeking.
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7.3 Procedures for evaluating the resistance of &tls to HIC and against the
concurrent action of tensile stress and hydrogen $phide environment

Since 1984, NACE (National Association of Corrostemgineers) Standard has been
used for evaluating the resistance of steels to f(NECE TM 0284-2011 Standard Test
Method — Evaluation of Pipeline and Pressure Vessé&iteels for Resistance to Hydrogen-
Induced Cracking). In 2000, the Czech standaf®N EN 10229 “Evaluation of resistance of
steel products to hydrogen induced cracking (Hi2¥he into effect. Evaluation according to
this standard is essentially identical to the NASt&ndard.

For the evaluation of resistance of steels to tirecerrent action of tensile stress and
hydrogen sulphide environmentdACE Standard TM 0177 — 2005: Laboratory Testing
of Metals for Resistance to Sulfide Stress Crackingnd Stress Corrosion Cracking in
H.>S Environmentsis usedBy the termsulphide stress corrosion cracking we call the failu
that occurs at ambient temperature, while stres®sion cracking is a failure that occurs at
elevated temperature$he test procedure to evaluate the resistancerbboaand low-alloy
steels to SSC for acidic environments is referceith €SN EN ISO 15 156-2 standard and for

corrosion-resistant and other crack-resistant allo¢’'SN EN 1SO 15156-3 standard.

7.3.1 Evaluation of the resistance of steels to hyafjen-induced cracking
(HIC)

The test consists in a metallographic evaluatiorthef occurrence of cracks on the
scratch patterns of three specimens of dimensifAsrim x 20 mm x thickness, which were
previously exposed to acidic test solution sataratigh hydrogen sulphide at the temperature
of 25 £ 3°C. Collection of test samples for expestepends on the thickness of the evaluated
component and for metal plates it is illustratedrigure 7.3. All samples are prepared in
advance with dimensions by 0.25 mm larger thanhes final thickness or height. This
addition is then removed on both sides by wet gnigcbn a rotating disc or in any other
comparable manner. Main surfaces of test specimemes then ground by standard
metallographic method with 320 grit sandpaper.

Exposure of samples must be carried out in comnating airtight vessels that are
large enough to accommodate samples (see Fig. Actprding to NACE Standard TM

0284, the ratio of the solution volume and theagfof sample must be at least 3 mficm
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Fig. 7.3 Collection of samples for exposure bysheet metal thickness
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Fig. 7.4 Airtight vessels used for exposure of sasip the company
MATERIALOVY A METALURGICKY VYZKUM, s.r.0.

Samples are placed in vessels in a manner illestiatFigure 7.5.

thickness

C

( | glass rods

Fig. 7.5 Method of placing samples in glass vessels
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The standard allows the use of two kinds of tekitmms. Solution A is made up of
sodium chloride (5 wt. %), acetic acid (0.5 wt. ¥%ydrogen sulphide and distilled water. Its
initial pH should be 2.7 £ 0.1 and pH after thd &sall not be greater than 4.0. Test solution
B consists of hydrogen sulphide and synthetic seawa@he initial pH must be in the range
8.1 - 8.3, final must be between 4.8 and 5.4. Ifyaltlies are not met, the test results are not
valid. At first, nitrogen is bubbled through thdwgmn, followed by hydrogen sulphide to the
concentration of min 2.3 ppm. Exposure time is radlyn96 hours, but in some cases it can
be extended up to 720 hours based on customereeaugrits.

After exposure to the test solution, three metaiphic samples are prepared from
each test specimen oriented perpendicular to &aHesflglO0 mm. The method of collecting
samples for preparation of three metallographitices is illustrated schematically in Figure
7.6.

Test area

Direction of rolling

25 mm

25 mm

o>

25 mm

— 20 mm

Fig. 7.6 The method of collecting samples for prapan of metallographic sections

Crack parameters are then measured on the metgiluigrsections at 100x magnification -
the length (a) and thickness (b) (see Fig. 7.7acks being less than 1 mm away from the
surfaces of the sample are not included in theuatian. Following parameters are then

determined from the measured values:
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Crack Length Ratio - CLR,
Crack Thickness Ratio - CTR,
Crack Sensitivity Ratio - CSR

according to the following relationships:

A
3
\ 4

Fig. 7.7 The process of measuring lengths and widtltracks on the metallographic section

CLR = E 100 [%] (6.1)
W

CTR= sz 100 [%6] (6.2)
2la.b

CSR= M 100 [%] (6.3)

W.T
where a is the crack length [mm],
b is the crack thickness [mm],

W is the sample width [mm],
T Is the sample thickness [mm].
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The above crack parameters are determined for ewetgllographic section, and also
as averages of three values of the initial testispen. The test results apply to three test
specimens, a total of nine metallographic sections.

NACE Standard TM 0284 does not address the aitieyi which materials can be

rated as satisfactory or unsatisfactory. This isagb subject to negotiation between the

supplier and the custome¥letallurgical companies usually offer their custosneroducts

(steel sheets) with guaranteed maximum valueshierctack parameters in the appropriate
test solutions. These steel sheets are furthedetivinto several quality classes (see Tab. 7.1).
In principle, it can be stated that acceptable ik Walue of 5-15% (solution A) and CLR

value of ca 0% (solution B).

Tab 7.1 Guaranteed values of crack parameterdeafted carbon steel sheets (solution A)

Steel manufacturer | Product (steel sheet) CLR CTR CSR
name [%0] [%0] [%0]
DICREST 5 <5 <15 <0.5
Dillinger Hutte DICREST 10 <10 <3 <1
GROUP
DICREST 15 <15 <5 <2
DICREST 15* <0.5 <0.1 <0.05
MASTERHIC 5 <5 <15 <0.5
Masteel UK, Ltd MASTERHIC 10 <10 <3 <1
MASTERHIC 15 <15 <5 <2
ArcelorMittal CarElso ®HIC <5 <15 <05
GROUP Premium

* Valid for testing in the test solution B

Besides standard HIC tests according to NACE Stand@ 0284, in practice,
sometimes also modified single-sided tests are, usedhich only one side of the specimen is
in contact with a corrosive solution and hydrogesyrdiffuse away through the outer surface

of the material. In this case, on the one handhtfigogen content in hydrogen traps changes
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and on the other, there is a change in the hydrogatent in the inter-nodal positions of the
crystal lattice. Single-sided tests (see Fig 7r8)jastified, because in practice only the inner

wall of the pipe or pressure vessel is in contati aggressive medium.

claseic HIC expogur= warher
—r /
3 ilat IC
- VW=
rmacimen & 5
¥ : .
[ specimen E /
| - Y a—=x
k4 lf——
e [
=t vezzel 4

Fig. 7.8 Schematic representation of a single-skdi€titest

From a practical point of view it should be notedttwhile the methodology of evaluation of
HIC cracks seems very simple, to get the rightltess often a big problemn many cases, the
exposure in the test solution leads to formationverfy thin cracks that are not identifiable on
metallographic sections in the polished state, eftar normal etching. For these cracks to be Msib
it is necessary to polish and etch the samplesategly, and the final etching must be very shakowv
that the cracks do not merge with the surroundimgrastructure. In terms of device integrity, these
cracks are of course as dangerous as cracks wate op

New customer requirement for high-strength metalesh for acidic environments is
the CAR (Crack Area Ratio) parameter - proporticar@a of cracks defined as the ratio of
crack area in the evaluated sample. This paraneteot included in NACE Standard TM
0284, because it cannot be determined metallograliii It is evaluated using ultrasonic test
equipment in the immersion bath with X-Y maniputatdhe only place in the Czech
Republic where it is possible to measure this patamis the company RINECKE
ZELEZARNY, a.s. by means of UPR4 SCRI Ultrasonictireg Machine from Krautkramer
(see Fig. 6.9). In addition to CAR parameter, ttesice also enables to provide CLR, CTR
and CSR parameters and thereby make a completesass@ of the material resistance to
HIC.
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Evaluation of samples is performed on a 4-axismseaan which a probe is mounted that performs the
scan (control) using the pulse reflection methodoatm temperature. Always 80% of the volume of
the specimen is scanned, i.e. without the surfagers.

All testing parameters (position of the probe, di@ensions of the specimen, ultrasonic and
scanning parameters) are stored and so the t£80% repeatabléd he device also enables a time-
saving control by testing several specimens at ,obae with a separate evaluation of the
required parameters for each such specimen.

Fig. 7.9 General view of the ultrasonic equipmenKbautkramer

The result of each test is given in the report,cvhists all evaluated parameters (see Fig
7.10). The great advantage of this method is tked@at which the evaluation of resistance to
HIC is determined. While the evaluation of a sampte UPR4 SCRI Ultrasonic Testing
Machine takes approximately 10 minutes, the megediphic evaluation of three sections
takes about 15 hours.
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Fig. 7.10 Protocol on the result of test on theaglbnic equipment by Krautkramer
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7.3.2 Evaluation of the resistance of steels againsoncurrent action of

tensile stress and hydrogen sulphide environment

Evaluation of the resistance of steels againstwoant action of tensile stress and
hydrogen sulphide environment is performed accgrdilNACE Standard TM 0177-2005
Laboratory Testing of Metals for Resistance to Sulfle Stress Cracking and Stress
Corrosion Cracking in H,S Environments. According to this standard, the resistance of
metals, especially steels, to sulphide stress org¢koom temperature, atmospheric pressure)
and to stress corrosion cracking (elevated tempersiand pressures) is evaluated.
Evaluation of the resistance of steels to sulplsitiess cracking consists in loading the test
specimen in the test solution saturated by hydragdphide at room temperature under static
load below the vyield strength. The threshold strigsdetermined that after a certain test

duration (normally 720 hours) does not lead to dybiilure or initiation of defects on the
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surface of the samples that are visible under ténfaagnification. Example of longitudinal
cracks on the specific part of the test bar af®€ $est is shown in Fig. 7.11.

g 4 57 6 7 é 4

R

‘WMH NSRS RAAARE

Fig. 7.11 Longitudinal cracks on the specific pdrthe test bar after SSC test — X70 grade
steel

Test solutions are essentially the same as in N&@HBdard TM 0284, but it is also
possible to adjust the test solution so as to nlaapecific pH value. Again, NACE Standard
does not specify any criterion that would allow idegy whether the material is resistant to
SSC or not. Most evaluations, however, are basdtiefct that the material must withstand

the load that is at least equal to 0.8 times th&\strength.
The Standard describes four test methods:

Method A — Tensile test ( NACE Standard Tensilet)Tes

Method B — Bending test ( NACE Standard Bent-Beast)l

Method C — Test using “C” rings (NACE Standard GwRilest)

Method D — Test for determining the crack growtsiseance (NACE Standard Double-

o O O O

Cantilever Beam Test)

7.3.2.1 Method A — NACE Standard Tensile Test

This method is the most widely used method of eatalg the resistance of steels to SSC.
During the test, the specimen can be loaded witbnatant load (Constant Load Dead Weight

Device). In this case we are talking about a siHtling mode. Specimen loading may be also
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deduced in special jigs on the basis of the bodygoading to a constant level of strain
corresponding to the desired level of loading (hiaating mode). Figure 7.12 shows test
devices of “Dead Weight” type used in the compamgefor Mittal Ostrava to evaluate the

resistance of steels to SSC.

Fig. 7.12 Dead Weight Device in Arcelor Mittal Gsta

The most widely used type of specimen is showrigare 7.13.
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Fig. 7.13 Dimensions of the specimen used for exeln of resistance to SSC
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Schematic representation of the test chamber finge in the "Dead Weight" device is

shown in Figure 6.14
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rf load
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Fig. 7.14 Schematic representation of the test tlearior SSC tests

Figure 7.15 shows the test jig which allows dedwrctof the loading force using a screw

resting on disc springs.

QLI RIS,

Fig. 7.15 Loading of a specimen in a jig with dégeings
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The test specimen is insulated from a sample witlefton liner, which is located on
the opposite side of the jig than the springs. $pecimen is loaded in the jig using the
longitudinal strain sensor and then it is exposgxeithé test solution.

The cylindrical test specimens with a specific phameter of 3 mm, loaded in test
frames according to ASTM Standard G49-85, can bhisaised to evaluate the resistance to

SSC (see Fig. 7.16).

crosshead \ clamping nut
W7 \ N / // ! 5
T A // z
! AN EE R
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\

SEBO

3\ .
sliding column test specimen

Fig. 7.16 Dimensions of the load frame accordind$IM Standard G 49-85 used for
loading smooth cylindrical bodies with a specifargpdiameter of 3 mm
Loading of specimens in the test frame is due tovement of the posts in a specially
manufactured jig. A longitudinal strain sensor wahl0 mm base is attached to the test
specimen under load that allows loading the testigpen to a preselected value of the total
strain (see Fig. 7.16). Frorma-¢ dependence determined by a tensile test on thee sam
specimens at a selected test temperature, the stregich the specimen is pre-loaded can be
subtractedTest specimens thus prepared are then placedest adlution and subjected to the

required exposure time (see Fig. 7.17).
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Fig. 7.17 Exposure of specimens loaded in testdsaatcording to ASTM Standard G 49-85
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2 Summary of terms

After studying the chapter, following terms shouldbe clear to you:

Degradation mechanisms in an environment contaimyaigogen sulphide
Hydrogen induced cracking

Sulphide stress cracking

Stress-oriented hydrogen induced cracking

NACE Standard TM 0284.

CLR, CTR, CSR, and CAR parameters

NACE Standard TM 0177 — 2005

Fish eyes

Method A — NACE Standard Tensile Test.

YV V V V V V V V VY

e Questions about the curriculum learnt

. What degradation mechanisms apply in hydrogen sigpénvironments?
. What we mean by HIC?

. What we mean by SSC?

. What standards are used for the evaluation ofteagie of steels to HIC and/or SSC?

. By what criteria specimens are taken from metag¢shfor the evaluation of HIC?
. What parameters are measured in HIC tests?
. What test methods for evaluating the resistan&SG do you know?

. What are the fish eyes?
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8. Evaluation of mechanical properties of structurhsteels using
penetration tests

@ Study time: 2.5 hours

_@ Objective: After reading this chapter, you should be able to:

Define the concept of actual and initial mechanpralperties.
Describe the principle of penetration test.

Describe types of penetration tests.

YV V V VY

Describe the areas of the force-displacement deymeed measured during the

“Bulge” test

> Describe the quantities measured for determinirey strength properties and

fracture behaviour of materials from the resultperfietration tests.

> Describe methods to determine the yield strengthwdtimate strength from the

results of penetration tests.

> Describe the method to determine the transitionateir from the results of

penetration tests.

> Describe methods to determine the fracture toughrfesm the results of

penetration tests.

Presentation

8.1 Introduction

Qualified assessment of the integrity and/or remgirife of long-term operating
facilities, or the pursuit of a reasonable extemsibtheir design life, which brings substantial
financial savings, requires the knowledge of theuaclevel of a wide range of mechanical

characteristics of the materials used. Their kndgéeis also essential for:
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» optimizing the operating modes,

» optimizing the intervals of operational checks, and

» optimizing the long-term plan of maintenance armhnes.

The use of standardized procedures for determitinegrequired actual mechanical
characteristics of operated facilities may, in &ddi to unavoidable shutdowns and
operational constraints, cause significant damagthém during the collection of the test
material, as well as during subsequent repairsechout mostly by welding.

Even more complicated is the situation in the eatadun of mechanical properties using
standardized procedures in localized areas, suclkoasings, surface layers formed by
thermochemical treatment, weld deposits or weldwigts (including properties of heat-
affected zones - HAZ). Evaluation of mechanicalpgmies of coatings and surface layers
formed by thermochemical treatment is restrictednipato the hardness measurement.
Evaluation of mechanical properties of individuaéas of HAZ of welded joints can be
performed by indirect methods based on laboratonylations of these localized areas.

Besides the actual mechanical properties, the stsses of the degree of degradation of
material properties due to long-term operation meguknowledge of the initial (zero) state of
the material. In most cases, however, the initi@pprties of the materials of evaluated
components are not known and the actual mechapicalerties are compared with the
properties mentioned in the material standardsest tertificates of base semi-finished
products.

As a result of technological operations during niaciure, the mechanical properties of
materials at the beginning of the operation of gmgmnent or structure may significantly differ
from those of the base semi-finished products. ificawl methods of obtaining test material for
control of technological processes in the manufactd components are based on additions or
reference samples of materials that go through whele technological cycle with the
manufactured component.

To determine the actual properties of the mateonélong-term operating facilities or
initial properties of the materials of structuresla&quipment placed into service, which take
into account all technological operations duringittmanufacture, it is necessary to minimize
the amount of required test material, best takemfthe most critical points of components,
without violating their integrity, if possible, arttierefore the need for subsequent repairs,

while maintaining its representativeness. This megoent led to:
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1)

2)

the development of technological processes andceegvihat allow taking the test
material from the outer and/or inner surface of assessed component, while
maintaining its integrity and without the need $oibbsequent repairs,

the development and implementation of mettbds use for determination of strength,
brittle fracture and creep characteristics of makerpenetration tests carried out on
disc-shaped specimens with a diameter up to 8 ndfoatest bodies of a square shape
with a side of 10 mm and thickness up to 0.5 mm.

With the high precision of current tensile testimgchines, computer control of the

testing process and outputs in the form of digiéabrding, on the one hand, and knowledge

of the impact of structural factors and test caodd&, on the other hand, the current

penetration tests provide a high level of precisiad reproducibility of results comparable to

conventional tests of mechanical properties camwigidon standardized test specimens.

8.2 Principle of a penetration test

The principle of a penetration test consists ingettion of a shaped punch through the

flat disc-shaped or square specimen, with a thsknaf 0.2 + 0.6 mm until its failure.

Schematic layout of the penetration test is shawiigure 8.1.
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Fig. 8.1 1 — disk-shaped specimen, 2 - punchieeiving die 4 — clamping die, 5 —
deflection measurement
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During the test, the load — punch displacement midgece (W) or load — sample
deflection dependenceJjun the load axis is measured.

According to the shape of the penetrating parthef punch and method of specimen
attachment, we divide the penetration tests tdotliepenetration test (ball punch test), shear
penetration test (shear punch test), and bendingtraion test (disc bend test). In the ball
penetration test, the steel or ceramic ball or punith a hemispherical head is forced
through. By the method of clamping the sample, wédd the ball tests to “Bulge Punch
Test” and “Punch Drawing Test”. If the specimertlsmped between the lower supporting
matrix and the upper pressure matrix, it is theated “Bulge Punch Test". If the specimen

is laid loosely on the lower supporting matrixisithe so called “Punch Drawing Test".

Fig. 8.2 Shape of punch used for ball and shets tes

In the shear test, a sharp-edged circular punaokad (see Fig. 8.2) and the specimen is
clamped between the lower supporting matrix andupper pressure matrix. And in the
bending penetration test is a cone-shaped purfdnaed through the sample lying loosely on

the supporting matrix.

8.3 Ball penetration test (Bulge Punch Test)

During this test, a specimen clamped between therlsupporting matrix and the
upper pressure matrix is forced through by a pumith a hemispherical head and/or steel/
ceramic ball until failure. CEN Workshop Agreemeatommends a disc-shaped specimen
for this test, with 8 mm in diameter and 0.5 mntkhiyet also square bodies are acceptable.
The thickness of the test specimen should be imahge 0.2 + 0.6 mm. Figure 8.3 shows an

example of a jig for carrying out the ball “Bulge#st at room temperature. After the sample
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is placed in the lower supporting matrix, the mais inserted into a bushing and the test

sample is clamped through the guide bushing bytessure matrix.

Then the punch is inserted into the guide bushimguigh the opening in the pressure
matrix and the jig is placed in the frame of thstitegy device (see Fig. 8.4) and loaded in

a constant rate mode of the punch movement byatiedn the range 0.2 + 2 mm/min.

punch

Fig. 8.3 Test jig for ball “Bulge” test at room temperature
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Fig. 8.4 Laying of test jig in the frame of thetteg device
In the course of loading, the force — punch disgtaent dependence and/or the force —
sample deflection dependence in the load axis igsored. Characteristic recording of the
course of the force — punch displacement dependiumaeg the ball “Bulge” test is shown in
Figure 8.5. This dependence can be generally diviat® five regions (I, Il, III, IV, and V):

Region |
This region is characterized by a micro-plasticodefation of the specimen under the
punch due to a high initial contact stress. Butghedominant deformation of the sample in

the region far away from this contact is elastid anloading of the test specimen from any
point in this region produces no permanent macmsaeformation.
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Fig. 8.5 Typical force-punch displacement dependehring the ball test at room
temperature

Region I

This region is characterized by a departure fraradrity associated with the spread of
the plasticized area across the thickness of tleeisen and subsequently in the radial
direction. In connection with this, there is a é&ge in the rate of loading, which is explained
by the so called membrane effect at a continuowngh in the angle of contact of the

penetrating ball with the deformed sample. Thisaregs referred to as plastic bending.

Region Il

At the beginning of this stage determined by tHéeation point of the force - punch
displacement dependence, the transition from tlastipl bending to membrane stretching

takes place. This region depends on the charaatered the material hardening.

Region IV

At this stage, a neck is being formed with a risiogce in the area of contact between
the punch and specimen, which has the effect afaiad the inclination of the force — punch

displacement dependence.

Region V

A crack is initiated at the beginning of this staBering the steep decline of force the
biaxial state of stress leads to the growth ofaglcialong the perimeter of the specimen (see
Fig. 8.6) and/or at the top of the “cap”.
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Fig. 8.6 Typical failure of a disc-shaped specirdaring the ball “bulge” test at room

temperature (S355J2G3 grade steel)

From the above dependence and shape of a damaggthsp, following quantities are

determined that are used to measure the strengtpepiies and fracture behaviour of

materials:
Fe [N]
Fm [N]
Un  [mm]
U [mm]
ESP [J]

&

[1]

the force characterizing the transition fromelarity to the stage associated

with the development of plastic deformation acrbesthickness of the sample,
the maximum force recorded during the penairatest,
the punch displacement correspondingdp F

the punch displacement correspondingthe specimen failure that by
convention corresponds to 20% decrease in the memirforce during the
penetration test (= 0.8 . ),

fracture energy calculated from theaaunder the force — punch displacement
dependence until the moment of the specimen failure

& = In(hy/hy) — effective fracture deformationy(ls the initial thickness of the

sample, his the minimum thickness of the damaged sample).

Figure 8.7 illustrates the force — punch displaca&ndependences determined for 15128

grade steel thermally treated to three signifigadifferent levels of strength properties.
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test results on the standardized test specimens

1 REm ITOMPE Rme 4TS MPE
oo 2. FRe= SISMfE Rme= T4 MR
3. Re=111ZIM™A Am= 117 MA

load [N]

punch displacement [mm]

Fig.8.7 The force — punch displacement dependahetesmined for three strength levels of
15128 grade steel

Figure 8.7 clearly shows that with an increasirgldyistrength and ultimate strength of
the material, also the force €haracterizing the transition from stage | to stigsee Fig 8.5)
increases during the penetration test, as welasnaximum force [ It is therefore evident
that the force — punch displacement dependenceanteed during the penetration test
contains information about the elastoplastic betaviand strength characteristics of the

material under biaxial state of stress.

Character of the force - punch displacement deperedés further influenced by the
radius of ball/punch, diameter of the hole in tbeér matrix D (see Fig 8.1) and the initial
thickness of a specimen.h

The force characterizing the transition from lingato the stage associated with the
development of plastic deformation across the tiesk of samplecfsize is not significantly
affected by the punch radius r or diameter D of ltbée in the lower matrix, but depends
significantly on the sample thickness(bee Fig 8.8).
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Fig. 8.8 Effect of the test disc thickness on keel of force k during the penetration
“Bulge” test of 15128 grade steel at room tempeea(u= 1 mm, D= 4 mm)

The maximum load during the penetration test iregeawith an increasing strength of
the material, with an increasing radius r of thegluand with the test disc thickness(ee
Fig. 8.9).
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Fig. 8.9 Effect of the test disc thickness andmutie strength of 15128 grade steel on the
level of force F, during the penetration “Bulge” test at room tenapare (r = 1 mm, - 4
mm).

8.4 CWA 15627 Small Punch Test Method for MetallidMaterials

Practical use of this method was discouraged bgraiesof any standardized procedure.
In September 2004, the European Committee for @tdiwhtion (Comité Européen de
Normalisation — CEIN organisedthe CEN Workshop Agreement 21 “Small Punch Test
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Methods for Metallic Materials”. In December 20@ZEN published CWA 15 627 “Small
Punch Test Method for Metallic Materials®. CEN Wshop Agreement is a technical
convention within CEN, owned by CEN as a publiaatiavhich reflects the consensus of
particular experts and organisations responsible if® contents (participation of 32
organisations from 13 countries). CWA thereforaespnts a lower level of consensus than is
represented by a Europen standard. CWA 15627 idedivnto two separate parts:

s Part A: A Code of Practice for Small Punch Creegtihg.

This part describes the procedure for performimgetdependent penetration tests at
elevated temperatures, which cause the applicatianeep. Furthermore, this part contains
ANNEX Al: “Relationship to uniaxial creep test pespes”, in which the equation proposed
by various authors are specified, describing thetiomship between the uniaxial tensile stress
in the standardized creep test and the force lgaithe@ specimen during the creep penetration
test for the same time to failure.

« Part B: A Code of Practice for Small Punch Tesforglensile and Fracture Behaviour.

This part describes the procedure for performingetindependent penetration tests at
room temperature, increased temperature (up toG)0&id low temperature and determining
the characteristics obtained from the force — pudisiplacement dependence and from the
damaged specimen. Furthermore, this part contaMNEX B1l: “Derivation of tensile and
fracture material properties”, in which the procextufor determining the yield strength,
ultimate strength, ductility and brittle fractureoperties are specified (FATTcXc at room

temperature) from the results of penetration tests.

8.5 Procedure for performing time-independent peneation tests
This procedure gives you instructions for perforgnirme-independent penetration tests
at room temperature, increased temperature (upO@3CG) and/or decreased temperature
Their goal is to determine the characteristics sqbently used to estimate the strength and
brittle fracture characteristics of materials,(Ry, 02 Rm, A, FATT and & or Kic). It was
designed especially for the evaluation of the meitlah properties of metallic materials, but
can also be used for the evaluation of other tgbesaterials. It includes requirements for:
1. test devices, loading system and measurement afetthection of sample,
2. preparation of a test specimen (recommended isse-stiaped test specimen with
a diameter of 8 mm and thickness of 0.5 mm),

3. data collection, and
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4. rate of loading. The rate of punch displacementikhbe in the range 0.2 + 2 mm/min.

During the penetration test, the dependence ofeferpunch displacement or force —
sample deflection to the failure is measured (3ged-10).

load [N]

punch displacement [mm]

Fig. 8.10 The force — punch displacement dependemasured during the penetration test

From the above dependence and damaged test speéoth@ning quantities are
determined that are used for specification of gfitercharacteristics and fracture behaviour of
materials:

Fe [N] the force characterizing the transition frdmearity to the stage associated
with the development of plastic deformation acrbesthickness of the sample,

Fn [N] the maximum force recorded during the penairatest,

Un [mm] the punch displacement correspondingdp F

[mm] the punch displacement corresponding to tipecisnen failure that by
convention corresponds to 20% decrease in the memirforce during the
penetration test (& 0.8.F,),

B [J] fracture energy calculated from the area unlderforce — punch displacement
dependence until the moment of the specimen failure

& [1] g = In(ho/h) — effective fracture deformation(iis the initial thickness of the

sample, his the minimum thickness of the damaged sample).

Figure 8.11 illustrates the procedure for deterngrthe force Efrom the force — punch

displacement dependence. To determine the frastuan¢;, it is necessary to measure the
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minimum thickness of the damaged sample. Procedmredetermining the minimum
thickness of the sample is shown schematicallyigirfé 8.12. To provide sufficient accuracy,
the value his measured using a scanning electron microscogM] (see Fig. 8.13).

600

500

400

300

load [N]

200

100

0 0,1 0,2 0,3 0,4 0,5

punch displacement [mm]

Fig. 8.11 Procedure for determining the forgdrém the force — punch displacement record

Direction of the cross section

Fig. 8.12 Procedure for determining the minimunckhess of damaged sample h
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x386 S ey

Fig. 8.13 Procedure for determining the minimunckhess of damaged penetration disc

The dependence of the force — punch displacemerdigsificantly affected by
temperature (see Fig. 8.14). For this reason, ¢hetpation test must be performed at constant
temperature. For heating or cooling the samplendupenetration tests at elevated or low
temperatures any method may be used that reliatslyres that the above requirement is met
and allows measurement of sample temperature vatifeient accuracy.

=17552

=100+
1500

IH]

&H0HT

| Fatalsl

00

=] (=23

Punch dizplacement ==

Fig. 8.14 Influence of temperature on the shapgb@force — punch displacement dependence

Figure 8.15 shows the test equipment for penetratésts at elevated temperatures

(400°C) and its placing within the frame of theotdlemechanical test equipment INOVA
TSM 10.
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Fig. 8.15 Test equipment for penetration testdeatated temperatures
(up to 400°C)

Diagram of equipment used for testing at nega&weperatures up to about -193°C is shown
in Figure 8.16. Figure 8.17 then shows its placinipin the frame of the electromechanical
test equipment INOVA TSM 10.
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Fig. 8.16 Diagram of equipment used for penetratisits at low temperatures

supporting frame of
the testing machine

crozshead of the
testing machine

measiring
thermocouple

load cell

cooling vessel

Fig. 8.17Test equipment for penetration tests at low tempezat
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8.6 Determination of mechanical characteristics frm the results of
penetration tests
The result of a penetration test is the dependehtee force — punch displacement. All
guantities obtained from this dependencg B, Un, W, Esp are more or less dependent on
the punch radius r, the diameter of the lower supppmatrix D and the initial thickness of
the test sample gh The methods used to determine the strength aittle bfracture

characteristics from the results of these testd thesefore respect this fact.

8.6.1 Determination of the yield strength R(R, 0.2 and the ultimate
strength R,, of steel from the results of penetration tests

There are two significantly different approachesthe determination of the yield
strength and the ultimate strength of the matefrain the force — punch displacement

dependence:

1. Determination of the yield strength and the ultienatrength of the material from the
empirically established correlations between theulte of standard tensile tests and

parameters of penetration tests.

2. Methods making use of mathematical modelling ughe finite element method and

neural networks.

Figures 8.18 and 8.19 show correlation dependdncdise yield strength and ultimate strength
determined in the company MATERIALOVY A METALURGICK VYZKUM s.r.0., for
15 128 grade steel.
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Fig. 8.18 Correlation dependence between the gidohgth and size of force Eetermined
for 15 128 grade steel
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Fig. 8.19 Correlation dependence between the uiéisiaength and parameters of penetration
test determined for 15 128 grade steel

Given that the quantities,H+, and , are significantly affected by both the equipment
used for penetration testing and thickness of #reepration sample, the published correlation
dependences are not generally applicable and neudetermined for a given test equipment
and used shape of the test sample.
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8.6.2 Determination of the transition behaviour ofsteel from the results of
penetration tests

Based on the results of impact bending tests aadebults of penetration tests in the
temperature interval from -196°C to +60°C, it hagm clearly demonstrated that in steels, in
which the temperature dependence of notch toughdessrmined on Charpy V-notch
specimens exhibits a transition behaviour, thesiteom behaviour can also be observed in the
temperature dependence of the fracture energyeqgbe¢hetration test (see Fig. 8.20). This fact
is utilized for determining the transition temperat DBTT (Ductile Brittle Transition
Temperature) of the brittle—ductile fracture tréiosi from the results of penetration tests.
Transition temperature may be determined eithegemperature FATT (Fracture Appearance
Transition Temperature) or,f; i.e. the temperature corresponding to impact gandilJ.
Figure 8.21 shows temperature dependences ofdhtife energy determined by penetration
tests in the material of turbine casing (42274@J turbine rotor made from CrMoV steel.
The fracture energy gradually increases with theredesing temperature until it reaches
a maximum value, and in further reducing the terafee it begins to decline significantly.
Transition temperaturesf is defined as the temperature corresponding totfalsum of the
highest and lowest fracture energy in the transitimea determined from experimentally

measured data using the method of least squares.

15 128
longitudinal direction

2400
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E 1500 # ponctratons tects E
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::_ 200 - o
2 4w @ 0w
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Fig. 8.20 Comparison of the temperature dependehitacture energy during the ball
“Bulge” test and the temperature dependence obtbportion of ductile fracture
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Fig. 8.21 Temperature dependence of the fractueeggrof the penetration test for turbine
casing and turbine rotor made of CrMoV steel

Many works prove the existence of a simple relaiom between the transition
temperature dp (Small Punch Ductile Brittle Transition Temper&umdetermined on the
basis of the results of penetration tests, and FAIETermined on the basis of impact bending

tests on Charpy V-notch specimens in the form:
FATT =a . Tsp (8.1)
or FATT=a.Tspt+ f (8.2)

Figure 8.22 illustrates the correlation dependdreteveen FATT and g determined in
the company MATERIALOVY A METALURGICKY VYZKUM s.r.o for carbon and low-

alloy steels.
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Fig.8.22 Correlation dependence between FATT apdi@termined for carbon and low-alloy
steels. Ep was determined in the ball “Bulge” penetration test

8.6.3 Estimation of the fracture toughness from theesults of penetration

tests

There are three approaches to estimate the fratdughness (KK and &) of the material
from the results of penetration tests. Two of tham based on empirical correlations, the
third, designed by EPRI, is based on an analysithefresults of a penetration test and
determination of the strain energy density corregpw to the crack initiation in the

penetration test.

8.6.3.1 The two-stage method to determine,K
Estimate of fracture toughness in this case is nvadée basis of:

1. determination of the empirical interdependence betwthe transit temperaturepl
determined from the results of the penetrationstesthe temperature range -185°C +
+20 °C and FATT determined from the results of iotptests on Charpy V-notch

specimens,

2. knowledge of empirical interdependence between FART Kc.

8.6.3.2 Direct estimation of the fracture toughnesgom the results of
penetration tests

For cases, where the fracture behaviour of strattiteels is described by parameters of
elastoplastic fracture mechanics, the relationbleipveen ¢ and equivalent fracture stragh
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was derived. The value okJs correlated with the fracture straihof the sample using the

relation:

ICJ: K L& - Jo (83)

where K and Jare constants. Effective fracture strgiis expressed by relation

£ =1n(;l;} (8.4)

Figure 8.23 shows the empiric correlation for deiaing the fracture toughness expressed by

parameterghg, for 15 128 grade steel.
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Fig. 8.23 Empiric correlation for determining thradture toughness from the results of
penetration tests for 15 128 grade steel.

8.6.3.3 EPRI-FAA innovative approach to the estima of the fracture
toughness

This approach, designed for EPRI by FAA (Failurealdmis Associates, Inc.), evaluates
the fracture behaviour based on the density ofstten energy required to initiate cracks in

the penetration test. The procedure used to daterthie fracture toughness of the material

from the result of a single penetration test ifodews:

s recording the dependence of load — punch displacemaing the penetration test,

while monitoring the surface of the specimen tatdg the moment of crack initiation,

+ determining the dependence- ¢ for tensile test from the dependence of load rcpu

displacement obtained during the penetration sest Sec. 4.1.2),
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+ determining the density of strain energy correspantb the crack initiation during the
penetration test,

+ determining the fracture toughnesgs ffom the estimate of the force, at which the
critical density of the strain energy is reachedha crack face with a standard test

specimen for determining the fracture toughness.
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2 Summary of terms

After studying the chapter, following terms shouldbe clear to you:
Penetration test

Punch with a hemispherical head

Bulge test, shear test, bending test

CEN Workshop Agreement

Transition temperature of the penetration test
FATT

Stages of the ball penetration test

Fracture energy £

V V V V V V V V V

Fracture straig;.

?
2 Questions about the curriculum learnt
1) What are the actual mechanical properties?

2)
3)
4)

5)

6)

7)

8)

What is the principle of the penetration test?
What is the difference between “Bulge” test andashest?
What mechanical characteristics are determinecebgfpation tests?

What methods of determining the yield strength guedultimate strength from the results

of penetration tests do you know?

What methods to estimate the fracture toughness fin@ results of penetration tests do

you know?
How is the fracture energy’Eof the penetration test defined?

How is the fracture straigy of the penetration test defined ?
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