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Weibull master curves and fracture
toughness testing
Part IV Dynamic fracture toughness of ferritic-martensitic

steels in the DBTT-range
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Centre de recherches en physique des plasmas, Technologie de la Fusion, EPFL,
Im Struppen 12, CH 8048 Ziirich, Switzerland

Ferritic-martensitic steels are considered to be promising candidates for structural
materials in fusion technology. However, they are sensitive to irradiation embrittlement,
being characterized by a shift of the ductile-to-brittle transition temperature (DBTT) to
higher values. It has already been shown in an earlier publication, that dynamic

Weibull master curves are useful in estimating the capacity of materials to undergo
stable (micro)cracking prior to brittle failure, if Charpy impact tests are performed

in the DBTT-range. Thus, experimental dynamic Weibull master curves of three
ferritic-martensitic steels, having been obtained by performing series of instrumented
Charpy impact tests at a defined temperature in the DBTT-range, have been evaluated for
subsize and, in the case of the reference ferritic-martensitic steel of the European Fusion
Technology Program MANET I, for normal-size specimens. It has been observed, that the
capacities of stable (micro)cracking of MANET Il are nearly optimal and clearly superior to
those of the other two considered steels. On the other side, the capacity of stable
(micro)cracking prior to failure has been found to be highly specimen-size-dependent,
nevertheless it is thought to be an important factor in predicting DBTT-shifts due to
irradiation embrittlement. © 1999 Kluwer Academic Publishers

Nomenclature line-force built up

c crack length during Charpy impact

o applied failure stress or testing
normal stress built upin = P(Pmax) dynamic,
the process zone two-parameter,

P(o) guasi-static, cumulative Weibull
three-parameter, failure probability
cumulative Weibull distribution function
failure probability Prmax maximum reaction
distribution function line-force at the

m quasi-static Weibull notch-tip arising during
modulus Charpy impact testing

Z distinct value of the Pmaxo normalizing factor in
cumulative failure dimensions of load
probability distribution Praxz threshold load-value,
function below which the

T toughening exponent cumulative probability

P pendulum force acting of failure is 100%
on the Charpy specimen Praxz maximum impact

P’ reaction line-force built line-force
up at the notch-tip of the corresponding to the
Charpy specimens cumulative failure
during testing probability z

m’ dynamic Weibull Pmaxin maximum impact
modulus line-force at the

Prmax maximum impact inflexion point of the
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two-parameter, tivity, when irradiated under a fusion neutron spectra, at

cumulative Weibull least partially by others being characterized by shorter
failure probability activation periods. Thus, low activation steels, known
distribution function as OPTIMAX steels, have been produced. Moreover, it
B P(Pmax has already been shown in part 3 of this series of pa-
P max mean-value of the pers [4], that dynamic Weibull master curves are useful
maximum impact line in estimating the capacity of materials to undergo sta-
force ble (micro)cracking prior to brittle failure, if Charpy
[ (x/, m), K(y', m) three different types of  impact tests are performed in the DBTT-range. These
andM[€(z), m] dynamic, theoretical dynamic Weibull master curves can be obtained, if se-

Weibull master curves ries of instrumented Charpy impact tests with a defined
I exp’, m), K exp(y’, m') three different types of = material at a fixed temperature in the DBTT-range are

andM expl[e/(2), m'] dynamic, experimental  performed, and if the scatter of the pendulum force is
Weibull master curves  studied according to the dynamic Weibull model pre-

x', y and€'(2) different types of scaled sented in part 3 of this series of papers [4]. In this
maximum impact paper, experimental dynamic Weibull master curves
line-forces of MANET Il and two OPTIMAX steels have been

Xerr Yerr €6(2) values of the cross-over evaluated for subsize and, in the case of MANET II,
points formed by the for normal-size specimens. The capacity of stable (mi-
corresponding cro)cracking prior to failure, being evaluated from these
experimental and dynamic Weibull master curves, is considered to be an
theoretical master important factor in predicting DBTT-shifts of ferritic-
curves martensitic steels due to irradiation embrittlement.

H'[€(2)] step function, being In part 3 [4], it has been shown, that it is possible
equal to one for to express the cumulative Weibull failure probability
€(2)<€'«(2) and equal  distributionP (o) also in terms of the maximum impact
to zero fore/'(z) > €,(2) line-force Pnay, if the threshold load-valuéyay, is

FiIM1'[€(2)], FIM2[€(2)], deviation parameters equal to zero [4].

F exp IM'[€(2)], derived from the step

Fexp 2W'[€(2)], function H'[€/(2)] and Prax \™

FiIM1'[€(zin)], from the dynamic P(Pmax) = 1 —exp —( ) 1)

FiM2'[€ (zin)], Weibull master curves max 0

F exp IM'[€/(zin)], , . —

F exp 2M/[€(zin)], dxm, Wherebym denotes a modified, dynamic Weibull mod-

dx; andd xi ulus defined by

, 2r -1
1. Introduction m =Mt @

9-12 wt% Cr ferritic-martensitic steels with fine car-

bide structures are considered as potential candidatd3naxo represents a normalizing factor which has di-
for the blanket and first wall structures of a fusion reac-mensions of loadm denotes the quasi-static Weibull
tor, mainly because of their high strength, low thermalmodulusmandr the toughening exponent, which char-
dilatation and high resistance to void swelling. Exten-acterizesthe rate oftoughening increase with increasing
sive studies have already taken place in Japan, US arfack lengttc [4-7].

Europe [1]. Unfortunately, ferritic-martensitic steels In part 3 of this series of papers [4], it has been dis-
are sensitive to embrittlement, if they are irradiated unlayed that the three types of dynamic Weibull master
der a fusion neutron spectra. This irradiation embrittlecurvesM[€(z), m], 1 (x’, m’) and K(y’, m') are eas-
ment is characterized by a shift of the ductile-to-brittleily derived from the two-parameter cumulative failure
transition temperature (DBTT) to higher values [2], Probability distribution functionP(Pmax) by defining
usually being measured with the help of instrumentedhe scaled, dynamic variable%z), x’ andy’ as follows;
Charpy impact tests [3]. These tests are performed for

definite materials at varying testing-temperatures, and ¢(2) = Prax . X = &(zn) = Prmax .
provide the Charpy energies (absorbed impact ener- " Proaxz T T B in

gies) of the specimens as a function of the testing- 3
temperatures. The Charpy energy is obtained by in- y =€) = Prmax

tegration of the measured pendulum fofeerss. time " Pmax

diagrams [3]. Charpy energy vs. temperature diagrams

are generally used in order to characterize the ductilewherebyz, andz are directly defined by Equation 3,

to-brittle transition of ferritic-martensitic steels. Pmaxz denotes the maximum impact line-force corre-
The reference ferritic-martensitic steel of the Euro-sponding to the cumulative failure probabiltyPmaxin

pean Fusion Technology Program, the 10CrMoNbVthe maximum impact line-force at the inflexion point

MANET Il, has been modified by replacing the ele- of P(Pmax) and Pmax the mean-value of the maximum

ments Ni, Nb and Mo, which resultin long term radioac- impact line-force.
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_ 1 1 The dynamic, material-specific double-quotiedtg
Pmax = / PmaxdP = Pmaxor<1 + W) (4)  anddyy for the special, dynamic Weibull master curves
0 I (x’,m)andK(y’, m") are obtained by replacingby
m —17Y™ z» or Zin Equation 9.
I:)maxin = I:)maXO|: ; :|

(5)

M[€'(2), M] and Prax; exist for every real dynamic 2- Experimental _

Weibull modulusm, however| (X', m) andPpaxinare  Subsize 3< 4 x 27 mm impact bend specimens of type
only real and positive fom’ < 0 andm'’ > 1. The com-  DIN 50115 KLST with a V-notch of 1 mm paral-
plete Gamma-functiof(1+ %) has already been dis- |€! to the 3 mm edge forming an angle of*6have
cussed in part 1 of this series of papers [6], wherebypeen tested using afullymstrumepted Mes_,stek—AmsIer
m has to be replaced by in Equation 6 of part 1, PHR1010 Charpy machine equipped with an auto-
if dynamic conditions are considere#.(y’,m’) al- ~ maticloading, heating and cooling system SFL-R1050.
ways exists fom'<—1 andm’ > 0, since the complete The radius at the notch-tip of these subsize speci-
Gamma-function is always real and positive in thesgnens has been 0.1 mm. A tup speed of 3.59 m/s has
cases. The dynamic Weibull master curves are mathdeen chosen for all the Charpy impact tests, having

matically given by been performed with subsize specimens of MANET I,
OPTIMAX Arenorm.and OPTIMAXB. Forthetesting
P(Pma) = M[€(2), m] of the 10x 10 x 55 mm normal-size ISO-V specimens

- with a V-notch of 2 mm forming an angle of 45an

=1 —explin(l - 2)[€R"} instrumented standard H. Schnadt machine, built under

—1-(1- Z)[e’(z)]m' (6) licence by Mohr and Federhaff, has been used. The pen-
dulum allowed testing in the range of 2.23 to 5.0 m/s

by choosing convenient pendulum drop heights. A tup

velocity of 3 m/s has been chosen for the Charpy im-

(l - m/) m’ . . A
P(Pna) = 1(X',m) =1- exp[ —=X m} (7)  pact testing of MANET II. The radius at the notch-tip
m of these MANET Il normal-size specimens has been
0.25 mm.
L, Charpy impact tests at varying testing-temperatures
P(Pma) = K(y', m) have been performed with all the investigated ferritic-

sured Charpy energy (absorbed impact energy) vs.
temperature diagrams are displayed in Fig. 1. More-

Besides, Equations 1-15, 26-34 and 38-43 of part Vel _th_e scatter'of the mgximum pendulum force fqr
[6] as well as Equations 2—16 of part 2 [5], being de-2 definite material at a fixed t.estmg-temperature in
fined for quasi-static constants, quasi-static variabled® DBTT-range has been studied by performing se-
and quasi-static (theoretical and experimental) Weibul[1€S Of instrumented Charpy impact tests. The dynamic
master curves, are also true for dynamic (theoretical any/€ibull master curves, which have been evaluated from
experimental) Weibull master curves, if the quasi-statid'€S€ Series of tests by registering the maximum impact
variables and quasi-static constants are replaced by tHg8€-f0rce Pmax, are depicted in Figs 2 and 3 for sub-
corresponding dynamic ones as described in part 3 of'2€ and normal-size specimens. Besides, the testing-
this series of papers [4]. temperatures and the tup speeds have been chosen in

Under dynamic loading conditions experimental fail- SUCh & way that rupture always occured in a period
ure data of Charpy impact testBay, P(Pmax)) are of time, which made it possible to apply the dynamic

evaluated with the help of a step functioh/[€/(2)], Weibull mode_l (i.e._ the dynamic quasi-equilib_rium ap-

which equals one for¢/(2) <€,(2) and zero for proach (_jescrlbed in part 3 [4]) to the evaluation of the

€(2) > €,(2); €,(2) is representing the/(z)-value cor-  Charpy impact testing data.

responding to the cross-over point of the experimen- Alloy preparations and heat treatments of the

tal dynamic Weibull master curvd exple/(z), m’] and referencg ferrltlc—mar_tensltlc stc_ec_el MANET_ _II, the

the corresponding theoretical dynamic Weibull mastef€normalized low activation ferritic-martensitic steel

curveM[€/(2), m]. The two areas formed between the OPTIMAX A renorm. and the low activation ferritic-

step funCtiorH/[e/(Z)] andM[e((Z), m/] are denoted by marte_nSItIC steel OPTIMAX B have_ already b_e_en

FiM2[€(2)] and FiM 2[€(2)]. F exp IM'[€(2)] and descr_lbed_elsewhere [8, 9]. The chemical compositions

F exp 2M'[€/(2)] represent the two areas formed be- '€ given in Table I.

tweenM explg'(z), mMlandM[€(z), m']. With the help

of FiIMY[€(2)], FIM2[€(2)], F expIM’[€(2)] and

F exp Z\/'/[e((Z)] material-specific dOUbIe-quotientS 3. Dynamic deviation parameters

dxwm, characterizing the dynamic toughening potentialThe step functiorH’[€/(z)] was introduced, because it

of the investigated materials, can be defined [4]: represents formally an ideal material undergoing 0%
_ unstable crack extension prior to rupture. Furthermore,

_ FiMT[€(2)] | F exp IM'[€(2)] (9) ideal materials fail ak/(2) in a deterministic man-

" FiM2[e€(2)] ~ F exp2M'[€(2)] ner without undergoing any brittle cleavage fracture,

1\1™ martensitic steels using subsize specimens. The mea-
=1- exp{—[l“<1+ W)} y'™m } (8)

dxm
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Figure 1 (a) Absorbed Charpy impact energy vs. testing-temperature diagram for subsize specimens of the reference steel MANET Il [12]; (b)
absorbed Charpy impact energy vs. testing-temperature diagram for subsize specimens of the low activation steel OPTIMAX B; (c) absorbed Charpy
impact energy vs. testing-temperature diagram for subsize specimens of the renormalized, low activation steel OPTIMAX A renorm.

and they give rise to the identitidSexp IM'[€/(z2)]=  steels, this property is equivalent to ideal plasticity.
FiM1[€(2)] and Fexp2M'[€(2)]=FiM2[€(2)]. Thus, the maximum impact line-forces, which are
The latter two identities always reveal types of frac-achieved prior to rupture, are independent of the initial
ture, which are characterized by the absence of unstalefect-size distribution for ideal materials, i.e. the frac-
ble crack propagation; in the case of ferritic-martensiticture processes leading to failure are fully controlled by
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Figure 2 (a) Dynamic Weibull plot of Charpy impact tests of MANET Il being performee-&6°C with normal-size specimens; (b) Thick, dashed
line: Theoretical dynamic Weibull master curM&’, m" = —16.9) of normal-size specimens of MANET Il. Thin, dashed line: Experimental dynamic
Weibull master curvé exp’, m" = —16.9) of normal-size specimens of MANET II; (c) Dynamic Weibull plot of Charpy impact tests of MANET I
being performed at85°C with subsize specimens; (d) Thick, dashed line: Theoretical dynamic Weibull masterl §urve’ = —2.0) of subsize

specimens of MANET Il. Thin, dashed line: Experimental dynamic Weibull master duexp(x’, m" = —2.0) of subsize specimens of MANET II.

the toughening mechanisms being responsible for thaitial defects, being intrinsic or being produced by
occurence of stable crack growth. Possible tougheningradiation, prestraining, preloading etc., always rep-
mechanisms might be crack-deflection, crack-bridgingresent the potential starting points for the nucleation
crack-branching, network-formation and microcrack-of microcracks. On the other side, finite values of
ing, mechanically induced phase-transformationsF exp IM’[€(2)] andF exp 2M'[€/(2)] refer to fracture
martensitic transformations, twinning, plastic matrix- events with a limited percentage of stable crack exten-
yielding, (micro)crack-induced localized plasticity, sion, whereas pure brittle cleavage fracture is charac-
ductile tearing, interface- or grainboundary-sliding etc.terized byF exp IM’[€/(z)] andF exp 2\'[€/(2)] being

as well as combinations of mechanisms of this seequal to zero.

lection. The toughening mechanisms might be rele- In part 3 [4], it has already been proved, that the
vant in the reduction of the nucleation-rate of (mi- two-component model of Cook and Clarke (CCM) can
cro)cracks from initial defects, in crack-tip shielding be used to interprete the Weibull parameters, which
and the consequent arrest of large cracks and/or in thwere evaluated as well from quasi-static tensile or
promotion of the stable growth of (micro)cracks. Thebend tests as from dynamic Charpy impact tests. The
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Figure 3 (a) Dynamic Weibull plot of Charpy impact tests of OPTIMAX A renorm. being performedds°C with subsize specimens; (b) Thick,
dashed line: Theoretical dynamic Weibull master cure, m’ = —3.3) of subsize specimens of OPTIMAX A renorm. Thin, dashed line: Experimental
dynamic Weibull master curdeexpx’, m" = —3.3) of subsize specimens of OPTIMAX A renorm.; (c) Dynamic Weibull plot of Charpy impact tests of
OPTIMAX B being performed at-68°C with subsize specimens; (d) Thick, dashed line: Theoretical dynamic Weibull mastet ¢xinve’ = —7.5)

of subsize specimens of OPTIMAX B. Thin, dashed line: Experimental dynamic Weibull master eexpé’, m' = —7.5) of subsize specimens of
OPTIMAX B.

CCM is always significant, if residual stress fieldsvalue of the material, although it is specimen-size-
arise because of localized deformations or localizedlependent. In the case of Charpy impact testing, the
loadings [10]. If the CCM is used to interprete the localized component of the stress intensity factor in the
areasF exp IM’'[€(2)] and Fexp2V'[€(2)], it can  CCM [4] is attributed to the maximum impact reaction
be seen that, within the framework of this approachine-force Py, at the notch-tip of the specimens pro-
values, shapes and positions of these areas are onilucing the residual stress fields inside the process zone.
dependent on the toughening exponentescribing These residual stress fields are expected to determine
the rising R-curve behaviour [4,10], and on the mainly the€e, (z)-value as well as the shape, value and
type, localization and number of residual stress-fieldgosition (relative to the'(z)-axis) of F exp IM'[€/(2)],
existing in the process zone. The toughening exponenwhereast is assumed to influence predominantly
7 is uniformally valid and is, therefore, a characteristicthe value ofF exp 2V'[€/(2)]. Under Charpy impact
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TABLE | Chemical analysis of the alloys in wt % terpreted in a similar way as the dynamic deviation
parameters [5]. However, a negative shift of the dy-
namice,(z)-value corresponds to a positive shift of the

MANET I [12] OPTIMAX A renom. OPTIMAX B

Al 0.006 <0.02 <0.02 guasi-statie;(z)-value and vice versa. This asymme-
As 0.010 <0.005 <0.005 try is the consequence of the indirect correspondence
B 0.0089 0.0061 0.0061 between the dynamic variabR,axand the quasi-static

E' o011 069554 Od%); variableo being expressed by Equation 20 of part 3 of
Ce _ 0.036 0.033 this series of papers [4]. Thus(x{, M) =0.5 means

cr 10.3 9.24 9.42 that the cumulative probability of failure due to scaled
Fe Basis Basis Basis maximum impact line-forces’ > x{ is equal to 50%,

Mn 1.22 0.56 0.037

wheread (xi, m) = 0.5 means that the cumulative prob-

'\N/'O g'ggg 8‘8237 %‘%%29 ability of failure due to scaled, applied uniaxial tensile
Nb 014 ~0.005 ~0.005 stresses < x; is equal to 50%.

Ni 0.62 <0.01 <0.01 The positions of FexpIM'[€(z)] and

P 0.005 0.007 0.008 F exp 2W'[€(2)] relative to theg'(z)-axis, their shapes
-Sr; 027 <%-%f3 <00-0028 and values as well as theé (2)-value, could provide

v 0.20 0.24 0.23 additional information about the toughening mecha-

W — 0.96 0.97 nisms operating in macroscopically homogeneous ma-
terials undergoing stable crack growth prior to failure,
if experimental data of materials of known toughening
conditions, being typical for the DBTT-range of mechanisms are available as calibration curves. On
ferritic-martensitic steels, the localized stress-fieldsthe other side, it is obvious th&t exp IM'[€/(2)] and
inside the process zone and, therefoeg(z) and Fexp2M'[€(2)] of ferritic-martensitic steels are

F exp IM’[€/(2)], are believed to determine, in a first highly testing-temperature-dependent in the DBTT-
approach, the dynamic toughening behaviour of brittlerang, i.e. both deviation parameters are clearly decreas-
materials with respect to stable microcracking in theing with decreasing testing-temperature indicating a
mediumée'(z)-range (see Fig. 2); for the stable growth general increase of brittleness.

of microcracks in the process zone is controlled by mi- In the case of metals, the-value is an indicator
crostructural features. The toughening expongmin  for the capacity of the investigated materials to un-
the other hand, is thought to determine predominantlylergo stable crack-growth prior to failure, if the mo-
the toughening behaviour (i.e. the increased fracture rebility of glissile dislocations is heavily reduced, for
sistance with increasing crack-size) of relatively large-instance by high densities of small irradiation defects
and medium-size cracks in the highefz)-range; for  or by low testing-temperatures. The toughening expo-
the stable propagation of the large, critical cracks beingent r is evaluated from the lowePa-range, cor-
the origin for the final brittle fracture events after hav- responding to brittle cleavage fracture events starting
ing undergone a considerable amount of stable crackirom a minimum process zone. Besides, the testing-
growth, might be mainly controlled by the continuum temperature must be chosen high enough in order to
properties of the material. In agreement with the CCM &acilitate the formation of at least a minimum process
high F exp 2V'[€/(z)]-value can be considered as a re-zone; for only a process zone enables the occurrence
liable shielding of the crack-tips of large- and medium-of stable crack growth and, therefore, the evaluation
size cracks. Moreover, a high exp IM'[€/(z)]-value  of m' and t by using the dynamic quasi-equilibrium
being combined witle;,(z) ~ 1 indicates ahuge amount approach (DQEA) presented in part 3 [4]is approxi-

of simultaneous, stable growth of microcracks as wellmately temperature-independent, if the DQEA is valid;
as a narrow initial defect-size distribution [7, 11]; for for z denotes the rate of toughness increase with in-
if the initial defect-size distribution had not been nar-creasing crack lengthin the low temperature regime
row, e,(z) would have been increased clearly aboveof the investigated ferritic-martensitic steels. This low
one because of predominant rupture at quite ki¢t)-  temperature regime is characterized by the absence of
values being caused by the defects undergoing stabksignificant testing-temperature-dependent toughening
growth during loading and belonging to the large-sizemechanisms, being the result of an efficient immobi-
tail of the initial defect-size distribution. However, a lization of the glissile dislocations in the glide planes
€.(2)-value, which is clearly larger than one, togetherat temperatures clearly lower than the DBTT. Thus, the
with a high F exp IM’[€/(2)]-value is assumed to be toughening exponentis a low-temperature value with
the consequence of a wide initial defect-size distri-respect to the Charpy energy vs. testing-temperature
bution and an intense, simultaneous, stable growth ofliagrams depicted in Fig. I. is related to fracture
(micro)cracks of a wide size-range. This situationprocesses being characterized by toughening mecha-
is typically expected, if debonding occurs along in- nisms, which work in the absence of any plastic matrix-
homogenities, such as grain-boundaries, interfacegielding, i.e. in the absence of any mobility of glissile
triple-point etc, being characterized by local, detri-dislocations. Therefore, is a significant magnitude in
mental defect-size distributions or even increasedrder to estimate DBTT-shifts due to irradiation em-
concentrations of defects. Besides, the quasi-statibrittlement; for the high densities of small defects in
deviation parameters exp IM[e(2)], FiM1[e(2)], metals having been irradiated by fusion neutron spec-
F exp 2M[e(z)], FiM2[e(z)] and xm have been in- tra or equivalent proton spectra, mainly result in a
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reduction of the mobility of glissile dislocations, i.e. a remaining mobility of glissile dislocations due to lo-
in a reduced ductility in tensile tests [12, 13]. calized, adiabatic heating. Because of the local, tempo-
The dynamic quotientdyy are also assumed to be ral, partially adiabatic regime, a minimum dislocation
temperature-independent at least in the DBTT-rangemobility is still existing near the notch-tip in the whole
if the DQEA is valid. The DBTT-range is defined by DBTT-range, atleastduring the earliest inertia-affected
the requirement that the inherent scatter-range of thiad stage of Charpy impact tests.
measured maximum impact line-forcBgax (and frac- In order to determinél v, the testing-temperature
ture energies) of series of Charpy impact tests, havshould be chosen high enough to guarantee detectable
ing been performed at any fixed testing-temperatur@eviation areaf exp 2M’[€/(z)] andF exp IM'[€(2)].
in the DBTT-range, must be clearly larger than theOn the other side, the testing-temperature should be
changes of the corresponding mean-values, which oalso low enough to facilitate the evaluation of the full
cur if the testing-temperatures are varied in the DBTT-shapes of exp 2M'[€/(2)] and F exp IM’[€/(2)] with-
range. This criterium is equivalent to the fact, that thereout exceedingly high statistical requirements [5]. In ad-
exists a considerable scatter Bf,ax being mainly a  dition, the testing-temperature should also be quite low
function of the initial defect-size distribution. It guar- in order to obtain a sufficiently large low&,a-range
antees, that brittle failure occurs in a time-range, wherdeing characterized by purely brittle fracture, thus en-
stable crack propagation in the process zone is duabling the evaluation of the dynamic Weibull moduls
to a nearly constant normal stress which is acti- m'. However, direct comparisons of the dynamic quo-
vating the same toughening mechanisms for crack-tigientsdxy of different materials with heavily varying
shielding (of large- and medium-size cracks) and stablen’-values remain to be difficult, as long as calibration
microcracking. Both fracture processes, being relatedurvesdyy(m’) are not available and as long as it is
to F exp 2M'[€/(2)] or F exp IM'[€/(2)], respectively, not clear up to which degrekyy is shape- and, (z)-
lead to stress-release in the process zone and, therefodspendent.
to a delay of brittle failure. On the other side, the local
stress-fields around initial defects and (micro)cracks in-
side the process zone differ considerably, since they aré. Results and discussion
the result of a geometrical sensitive interaction with the4.1. Charpy impact testing in the
local reaction line-forcé®’. Thus,P’ is responsible for DBTT-range
the formation of the process zone inthe early load stageBhe results of the Charpy impact tests, being performed
of the Charpy impact tests, and it also affects the fi-with normal-size and subsize specimens are gatheredin
nal, dynamic cumulative critical crack-size distribution, Table Il. All the experimental results have been evalu-
which is strongly related to the local residual stress-ated on the basis of the special dynamic Weibull master
fields around the initial defects in the process zonecurvesl (x’, m') and | exp’, m’) for reasons already
The assumption of a testing-temperature-independementioned in part 3 of this series of papers [4]. Simple,
dxm-value implicitly presumes the activation of the optical inspection of the fracture surfaces of normal-
same toughening mechanisms for crack-tip shieldingize specimens, which had been tested by performing
of large-size cracks and stable microcracking, resultingcharpy impacttests in the upper DBTT-range of the cor-
in the required weak and nearly identical temperatureresponding materials, confirmed that fracture has taken
dependence of the two processes. Therefore, it iplace predominantly under plane strain conditions; for
also probable that (z) is only slightly temperature- mainly square fracture was observed, whereas the shear
dependent. Nevertheless, all the local stress-fielddips were negligible [14]. On the other side, it had been
which have been built up during the formation of the found that the fracture surfaces of subsize specimens,
process zone bP’, are expected to be highly sensitive which had been tested under similar conditions as the
to the testing-temperature even in the DBTT-range; fomormal-size specimens, always showed considerable
they are formed near the notch-tip under the influencehear-lips. This fact indicates, that a significant part
of intense longitudinal waves by dynamic, partially adi- of the fracture process of subsize specimens occurred
abatic and plastic processes [4] being mainly based ounder plane stress or transitional conditions [14].

TABLE |l Dynamic Weibull parameters derived from Charpy impact tests

Normal-size Subsize Subsize specimens Subsize
specimens of specimens of of OPTIMAX A specimens of
MANET II MANET Il renorm. OPTIMAX B
Testing-temperaturé C) -55 -85 -85 —-72
DBTT (°C) — —45[12] -82 —-55
F exp IM'[€/(zn)]
— 0.215 ~0 ~0 ~0
F xp M (5 (on)
exp 2V'[€ (zin
— 0.833 0.913 0.902 0.895
FiM2[e'(zn)]
dxi 3.874 00 00 00
Xy 1.05 0.94 0.90 0.97
m -16.9 -2.0 -3.3 -75
T 0.07 0.42 0.37 0.25
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In order to calculate the toughening exponemtith  in DIN 50115 KLST subsize specimens thanin normal-
the help ofnY, the quasi-static Weibull modulus has  size ISO-V-specimens. Moreover,s about six times
to be known. Anm-value of 22 has been used, sincelarger in the case of subsize specimens of MANET Il
this value has been found to be typical for nuclear(see Table Il). The low -gradient and the relatively
pressure vessel steels [15]. Furthermorenthealues  large volume of the process zone of normal-size speci-
of the three investigated ferritic-martensitic steels arenens favour simultaneous stable growth of defects and
expected to differ only very weakly, since their mi- microcracks of various sizes, resulting in the observed
crostructures, especially the carbide densities and cahigh F exp IM'[€/(z,)]-value, whereas the opposite is
bide size-distributions, are very similar, as a result oftrue for subsize specimens; for largegradients com-
specially designed heat treatments [8, 9]. Consequentifagined with small process zones only provide statisti-
the same might also be expected for the correspondzally insufficient numbers of initial defects being ex-
ing inhomogeneities in flaws to trigger fracture and,posed to nearly equivalent normal stress conditions in
therefore, the width of the (normalized) initial defect- order to enable the application of the dynamic Weibull
size distributions being characterized by the quasi-statitheory. Thus, theF exp IM’[€(z,)]-value of subsize
Weibull modulusm [16-18]; for Cr-rich carbides are specimens merely represents a lower limit. However,
mostly considered as being the initial defects acting ashe F exp IM’[€/(z)]-value might even be underesti-
sources of microcracks in Cr-rich ferritic-martensitic mated in the case of normal-size specimens, since the
steels like MANET Il and the OPTIMAX steels [19]. number of the involved defects could still be statis-
According to Table Il, the MANET Il steel shows tically insufficient in order to represent the full shift
a high testing-temperature-independdny -value, if  of the dynamic, cumulative initial defect-size distri-
normal-size specimens are tested. Moreowgr,is  bution function. Besides, this shift can arise, if stable
clearly larger than one. Both results might be inter-(micro)cracking occurs prior to brittle failure. The
preted as the result of debonding, occuring along thehifted dynamic, cumulative initial defect-size dis-
crystallographically sharp interfaces of the marten-tribution represents the dynamic, cumulative critical
site laths mainly under bulk-specific plain strain con-(micro)crack-size distribution [7, 10].
ditions [11, 14]. Nevertheless, the nucleation sites of The F exp IM’'[€/(zn)]-value of subsize specimens,
(micro)cracks might still be related to carbides as reds nearly zero according to Table Il. Therefore, it can
ported by Curry and Knott [20]. The large value of be concluded, that the initial defect-size distributions
F exp IM'[€(zn)] marks a reduced influence of the of subsize specimens are hardly altered by stable mi-
initial defect-size distribution because of the strong cacrocracking during Charpy impact testing. A further
pacity to undergo stable microcracking prior to fail- consequence of the geometrical restrictions of subsize
ure. The high capacity of microcracking is even sup-specimens is the impossibility of evaluating the testing-
plemented by an efficient shielding of crack-tips of temperature-independent double-quotdknt (dyx, be-
large- and medium-size cracks, being quantified bycomes always infinite in the considered cases, because
the quite highF exp 2M'[€/(z,)]-value. Thus, it is as- theF exp IM’[€/(z,)]-value of the tested subsize spec-
sumed that irradiation of ferritic-martensitic steels withimens is equal to zero). The increagedalues of sub-
neutrons, protons etc. producing microstructures withsize specimens (see Table II) can be explained by the
high defect-densities [13] results in a smaller DBTT-increased influence of plane stress and transitional con-
shift due to irradiation embrittlement, if the capacity ditions being most important in the near-surface re-
of stable (micro)cracking in the DBTT-range is con- gions of the process zone [14]. On the other side, de-
siderable; for the irradiation-induced reduction of theviations from the bulk-specific plane strain conditions
mobility of dislocations by high defect-densities being are thought to be negligible in the case of normal-size
detrimental for the capacity of shielding of crack-tips specimens.
by dislocation mechanisms [21] and probably being The F exp 2V'[€/(zin)]-values are related to the re-
the main reason for high DBTT-shift due to irradiation, liability of shielding of large- and medium-size cracks
could in this case, at least partially, be compensated bwithout explicitly revealing the role of plastic matrix-
shielding mechanisms, which are based on stable (miyielding. The F exp 2V'[€/(zin)]-value is dependent
cro)cracking or by (micro)crack-induced, local plastic- on both the toughening exponentand the plastic
ity. These considerations are experimentally supportedatrix-yielding, which takes place at the crack-tips of
by the fact that the irradiation-induced DBTT-shifts of large- and medium-size cracks. The latter, is also in-
MANET Il are quite small in comparison, for exam- fluencing the cross-over valua$. Consequently, the
ple, to iron [12]. Pure iron is expected to have a clearlygeometrical restrictions of subsize specimens are ex-
minor capacity to undergo stable (micro)cracking thanpected to affect the,-value. Furthermorex;, might
the ferritic-martensitic steel MANET II. also be slightly testing-temperature-dependent, espe-
cially under the plane stress and transitional conditions
of subsize specimens. The measurements of the cross-
4.2. Discussion of the dynamic deviation over valuesc,, being often shifted to values below one
parameters of subsize specimens in the case of subsize specimens (see Table II), may be
The gradient of the normal stregs which is built up  explained in this way.
during Charpy impact tests according to the DQEA, is The shielding of large- and medium-size cracks in
larger is subsize specimens than in normal-size specthe absence of matrix-plasticity, being characterized
mens, whereas the volume of the process zone is smalléy 7, is usually highly increased in subsize specimens;
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for the highz-value is equivalent to a stedp-curve, only a week formation of residual stress fields in the
which guarantees increased stable (micro)cracking angrocess zone by dynamic, partially adiabatic and plas-
(micro)crack-induced shielding. Furthermore, it is alsotic deformations during the early inertia-affected load
probable that the crack-tips of large- and medium-stage [4].
size cracks are additionally shielded in subsize spec- x/,>1 in combination with a largeF exp 1M’
imens, because there always remains some localizefg'(z)]-value indicates simultaneous stable growth of
(micro)crack-induced plasticity in the near-surface re-a wide size-range of defects and (micro)cracks prior to
gions, even in the lower DBTT-range. This localized brittle failure. This interpretation is valid for normal-
plasticity, which is possibly decreasing thg-value size as well as subsize specimens. The described char-
of subsize specimens, might be so extraordinary efacteristics is typical for debonding phenomena, such
ficient in shielding crack-tips of the large, critical as intercrystalline cracking, (micro)cracking along
cracks, since it is strongly interacting with other tough-boundaries of different phases, martensite laths or
ening mechanisms under plane stress or transitionains, (micro)cracking along interfaces or domains etc.
conditions. Significant debonding is thought to take place only in
normal-size specimens of MANET II, but not in the
corresponding subsize specimens; for only in the case
. . of normal-size specimens intense, stable microcrack-
4.3. Dynamic Weibull master curves ing, which could trigger debonding along martensite
Inthe case of quasi-static Weibull master curves, asmalhths has been observed to occur prior to rupture, if the

cross-over valug, < 1 means a low failure rate atlow charpy impact tests are performed in the DBTT-range
applied normal stresses, wheregs< 1 means arela- (see Fig. 2).

tively decreased failure rate at high maximum impact
line-forcesPmay, if dynamic Weibull master curves are
concernedx;, < 1 always indicates a microstructure,
which is favourable with regard to the shielding of 4.4. Geometrically induced DBTT-shifts
crack-tips of large- and medium-size cracks, if normal-The DBTT is shifted to lower temperatures for geomet-
size specimens are tested. On the other side, the laclcal reasons, if subsize specimens are tested instead of
of stable microcracking in subsize specimens mighnhormal-size specimens. This geometrical shift is sup-
be a reason for the geometrically induced reductiorposed to be the consequence of a strongly improved,
of the x{,-value being observed for MANET Il (see temperature-sensitive, plastic shielding of the crack-
Fig. 2). Furthermorex;, <1 might also be the result tips of large- and medium-size cracks, if they become
of plane stress and transitional conditions in the nearlarge enough to contact the near-surface regions of the
surface regions of the process zones of subsize spegirocess zones of subsize specimens after having un-
mens, giving rise to high toughening exponentkigh  dergone an amount of stable crack-growth. The crack-
F exp 2M'[€(zn)]-values, steefr-curves and, conse- tip shielding by dislocations is highly temperature-
quently, additional shielding of large- and medium-sizesensitive inthe DBTT-range [21], and itis more efficient
cracks in the upper and lowé,a-range. The geomet- in subsize than in normal-size specimens, especially
rical shielding effect in subsize specimens is increasin the lower DBTT-range; for the near-surface re-
ing with decreasing distance from the surfaces of thagjions of the process zone, which are only relevant
specimens [14]. It is best modelled by additional residfor subsize specimens and which give rise to plane
ual stress fields, which have high compressive comstress and transitional conditions, in a significant vol-
ponents in the near-surface regions and which overlapme of the process zone [14], probably undergo plas-
the corresponding bulk-material being characterized byic matrix-yielding down to clearly lower tempera-
plane strain conditions [10, 14]. Therefore, the eval-ture than bulk-material being characterized by plane
uated toughening exponent of subsize specimens strain conditions [14]. The fracture process of normal-
merely represents a material- and geometry-specifisize specimens, on the other side, essentially takes
mean-value. place under plane strain conditions. The described
If a small F exp IM'[€/(zin)]-value and a cross-over geometry-effectis quite strong, since the critical cracks,
valuex;, ~1 is evaluated from tests with normal-size which trigger brittle failure, extend over the whole
specimens, it mostly means that stable growth of dewidth of the process zone, at least close to the on-
fects and (micro)cracks only occurred at a low levelset of final, brittle fracture. Consequently, it can be
during the Charpy impact tests. Howeverxff~1is assumed that the geometrically induced DBTT-shifts
combined with a considerable highexp IM'[€/(z,)]-  of irradiated steels are less striking than the corre-
value in the case of normal-size specimens, it mighsponding DBTT-shifts of unirradiated ones, because
indicate intense, stable microcracking as well as a narirradiated specimens are generally characterized by
row initial defect-size distribution. Besides, the initial a strong reduction of the highly testing-temperature-
defect-size distributions is also characterized by thelependent dislocation mobility, as a result of irradiation
quasi-static Weibull modulus [16-18]. embrittlement. Therefore, stable (micro)cracking and
Xi,>1 being combined with an insignificant (micro)crack-induced shielding mechanisms, which
F exp IM’[€/(z)]-value indicates lack of microcrack- are less sensitive to testing-temperature and geomet-
ing as well as a weak shielding of crack-tips of large-rical effects than matrix-plasticity, turn out to be much
and medium-size cracks for both normal-size and submore important for irradiated steels than for unirradi-
size specimens. In addition, there might have also beeated steels with respect to fracture toughness.
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4.5. Charpy impact tests of subsize in the absence of matrix-plasticity being quantified by
specimens 7, IS positively correlated to the capacity of stable mi-

None of the tested materials showed significant microcracking, since both processes are expected to be
crocracking prior to failure, if subsize specimens werebased on the same toughening mechanisms. Neverthe-
tested, sinceF exp IM’[€(zi)] 0 was always true less, the capacity of undergoing stable microcracking
according to Figs 2 and 3. Therefore, the testingrior to failure has not been measured explicitly for the
temperature-independent double-quotiehts always ~OPTIMAX steels, because only Charpy impact tests
became infinite. These discoveries are in strong contrastith subsize specimens have been performed.
to the results evaluated from normal-size specimens of
MANET II, being characterized by a much larger pro-
cess zone, a smaller-gradient and neary pure plane 5. Conclusions
strain conditions. Moreover, th& exp 2V'[€/(zn)]- A high capacity of stable (micro)cracking prior to fail-
values are strongly dependent on the exact testingire may be an important mechanical property for struc-
temperature and are, therefore, not convenient in ordeural steels in fusion technology, since it possibly de-
to compare alloys with different DBTTSs, especially iffi- creases the DBTT-shifts of ferritic-martensitic steels,
nite testing-temperature-independent double-quotient@hich result as a consequence of (neutron)irradia-
dy, cannot be evaluated. tion embrittlement. On the other side, there might

MANET II, the ferritic-martensitic steel containing exist alloys undergoing quite an amount of stable
clearly higher nitrogen- and manganese-contents buimicro)cracking prior to failure, by activating such
lower tungsten-contents than the OPTIMAX steels, istypes of toughening mechanisms, which reduce their
thought to be highly efficient in shielding of crack- DBTT-shifts due to irradiation embrittlement, but af-
tips of large- and medium-size cracks in the absencéect their creep and fatigue properties in an essentially
of matrix-plasticity; for itsc-value is nearly maximum, negative manner; for the reduction of the DBTT-shifts,
if subsize specimens are tested. Kjjevalue is clearly  being measured by performing Charpy impact tests, is
below one, possibly indicating that the excellent shield-a highly dynamic, short-term effect, whereas the creep
ing of large- and medium-size cracks might also be aand fatigue properties are the consequence of long-term
consequence of (micro)crack-induced, localized plasprocesses. Thus, (micro)crack-nucleation, crack-tip
ticity in the near-surface regions of the subsize specishielding, stable (micro)cracking, crack branching etc.
mens. The~ exp 2M'[€/(zih)]-value is strongly depen- occurs in creep and fatigue tests under completely dif-
dent on the exact testing-temperature and is, thereforéerent physical conditions than in Charpy impact tests.
not convenient in order to compare alloys with differ- It is very likely, that DBTT-shifts due to irradiation
ent DBTTs. OPTIMAX B, being mainly characterized embrittlement are minimum for steels with high capaci-
by the lowest manganese-content of all the investigatetles of both stable (micro)cracking and crack-tip shield-
steels, shows a clearly lower capacity of shielding tharing in the lower DBTT-range; for the lower DBTT-range
MANET Il, because itsc-value is much smaller and is characterized by the absence of matrix-plasticity.
its x;,-value larger than the corresponding values of The amount of crack-tip shielding of large- and
MANET IIl. OPTIMAX Arenorm., being characterized medium-size cracks in the absence of plastic matrix-
by the lowest nitrogen-content of all considered steelsyielding, being quantified by the toughening exponent
shows clearly the narrowest DBTT-range (see Fig. 1), seems to be crucial for subsize specimens in order to
and the lowesk;,-value. The very narrow DBTT-range estimate irradiation-induced DBTT-shifts, whereas for
could be the result of high cleanliness, whereas th@ormal-size specimens both the amount of stable mi-
low x;,-value indicates that shielding is probably duecrocracking prior to failure and the amount of crack-tip
tointense, localized, (micro)crack-induced plasticity inshielding are supposed to be essential for this purpose.
the near-surface regions of the process zone. The total
shielding effect in the absence of any matrix-plasticity,
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