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Outline
• Focus on cleavage fracture in brittle to 

ductile (BDT) transition in bcc alloys:
- characterize resistance to crack
propagation by fracture
toughness KJc(T)

- apparent universal KJc(T-To) curve shape
- neutron embrittlement
- size-geometry effects on
measured toughness

- statistical effects and
intrinsic scatter
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Fracture and Fracture Toughness
• Fracture - failure by crack propagation with damage => 

material separation in high σ−ε crack tip process zone

• Relate applied P(σ)-Δ(ε) => loading                       
parameter like KI => crack tip fields σij(r,θ)

• Coupon tests =>  fracture toughness* KIc => 
fracture P(σ)-Δ(ε) in complex structures.

*many types

P-load, σ-stress

Δ-displacement, ε-strain

P

Δ

Linear Elastic Fracture Mechanic SIF
KI = σaf(geometry)√crack length

Propagating σij−εij
concentration

propagating 
crack

propagating damage
process zone

 σij−εij concentration damage process zone



Classical Fracture Mechanics
• Computable load parameter - like elastic stress intensity 

factor KI => characterize crack tip dominated fields

Same fields at same KI and KIc

structure

specimen

σ22 = [KI/(2πx)1/2]

x

y

*Mode 1 (opening)
plain strain

sharp fatigue crack

elastic singularity fields

LEFM
KI* = σaf(geometry)√crack length

KI (structure at fracture) = KIc (coupon - material property)
σf = [f(geometry)KIc]/[√crack length]

r

σ 22 1/√r singularity



KI versus KIC

• KI is like an applied stress in a tensile test - a measure of 
the loading on a cracked body

• KIc is like the yield stress in a tensile test - under limited 
conditions - it is a material “property” specifying the 
condition for crack propagation

Loading Property

Deformation or Fracture



Elastic Fields and Stress Intensity Factor

SIF: I
P aK f

WB W
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K

plastic zones

Effects of Plasticity
• Elastic fields occur only in most brittle materials 
• Non-linear processes => plastic zone-blunting => reduce fields
• Measured-computed elastic-plastic                                            

KJ and δ still valid for small scale yielding (SSY)
- small embedded plastic zones
- deep cracks in bending
- high strain hardening helps

P

Δ

LE

EP-SSY

LSY

δ

δ - crack tip opening displacement

Fracture at: KJ = KJc and δ = δc

SSY

LSY



KJc

• Elastic-plastic J-integral: J  ≅ 2σyδ
• KJ = [E’J]1/2

• J = Jel + Jpl

• Jel = KI
2/E’ = f(a, Pe) 

• Jpl = ηApΔ/bB

ApΔ

P

Δ

Pe



Small Scale Yielding (SSY) Fields
• Pure boundary layer model: 

stresses (and displacements) at 
the nodes on the boundary Ro
are defined by K and θ only:

, ( , ) ( )
2ij boundary ij

o

KK f
R

σ θ θ
π

=

σ22 at the crack tip

Stress at any point: σij= σij(r, θ, K, σy, σpl(ε))

Dimensional analysis and Buckingham theorem
yield:

σij/σy = [σij(r/K2/σy
2, θ, σpl(ε)/σy)]/σy

Ro

Unod = Unod(K)



Small Scale Yielding (SSY) Fields
• Deep cracks with T stress field = 0 

• SSY fields - self-similar in r/δ (δ ≈ 0.5KJ
2/σyE’)

• The σij stress fields and KJ functions of material σ (ε, Τ, ε')
• Finite element (FE) simulations of σij[r/δ, θ, σ (ε), δ]
• Peak σ22max/σy = 3-5 for plane-ε SSY

Constraint Effects -
Tresca yielding @

σmax - σmin > σy
σmax >> σy for large σmin

σ22

σ11

σ33
constraint



Small Scale Yielding (SSY) Fields
• High σ22 required for cleavage
• Critical σ22 = σ* over a critical                                            

volume - V*

σ(ε)

ε

yield stress σy

x/2δ

σ22/σy

θ = 0

σy

T

Increasing ε’

To(ε1’) To(ε2’)

athermal

thermal
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Critical structural fracture
loads & displacements
controlled by σ(ε), KJe

FE models

Crack tip stress & strain fields
controlled by σ(ε), KJ & 

cracked-body size & geometry
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Critical crack tip stress fields
controlled

by microstructure & 
microcrack arrest toughness

FE & dislocation models

Microcrack arrest toughness
controlled by cleavage energy

and ‘intrinsic’ toughness 
of the bcc ferrite lattice

FE, dislocation and 
molecular dynamics models

Multiscale Cleavage Fracture Processes

σn¦ (2dp/š ) < Kμ

σn

σn¦ (2dp/š ) � Kμ

σn

a. b. c.

σn/σy

x/δ

- 3-5
σn

σn�σ*

cleavage crack

secondary micro-
crack arrest

particle micro-
crack arrest

T, Kμ

blunting-arrest

brittle cleavage

Kμ

T(d)

ε’ 

Molecular and Dislocation Dynamics

Trigger particle mechanics

Dislocation emission



The SSY Master Curve - KJc(T - To)
• Microstructure => σ(ε) + local fracture properties => KJc(T)
• Wide range KJc(T) for various alloys and conditions 
• But approximately universal KJc(T) shape (Wallin)
• KJc(T-To) collapses data - To usually taken at KJc =100 MPa√m

- Universal shape? 
- If so - why? 
- Treatment of size effects? 
- Embrittlement - ΔTo



Micromechanical Models
• Critical stress (σ22 = σ*) - critical distance (λ*) (RKR)
• Critical stress (σ22 = σ*) - critical area (A*)/volume (V*)
• Statistical (Weibull) Pf = 1- exp([-σw/σo]m) => σw = 

volume averaged power (m) weighted (σ22
m)1/m stress

• A*/V*, σ*, m and σo => local                                          
fracture properties controlled by                          
microstructure and ferrite lattice                              
properties

σ22≥ σ*
A = A*

σ22≥ σ*
V = V*



Universal SSY MC Shape?
• Why universal shape for wide range of microstructures & To?
• A=A*, σ22=σ* ≠ f(T) => SSY master curve KJc(T-To) low To

• KJc(T) shape due to σy(T)
• Magnitude σy(T) sensitive but shape insensitive to microstructure
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Embrittlement - ΔTo
• Embrittlement - Δσy > 0 (or Δσ* < 0) => ΔTo

• Large ΔTo up to > 300°C observed for large Δσy

• If σ* ≠ f(T) => KJc(T) ≠ master curve shape for To > 0°C
• Universal shape requires σ*(T) 
• But σ* depends on microstructure?
• Intrinsic property => universal KJc(T-To)?
• Intrinsic lattice micro-arrest toughness Kµ
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σ*(T) and Kµ(T)
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KJcKµKg

σ*(T) Controlled by Arrest Kµ(T)

Temp
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Ka(T)
• Two low toughness cleavage orientations
• Two test methods
• For (100) mean Ka(T) increase from ≈ 3.5 

MPam1/2 @ -196°C to ≈ 9 MPa-m1/2 @ 0°C 
similar for both orientations and methods

• At lowest T-minimum Ka values ≈ 2 MPa-m1/2
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• Test in 4-point bending
• Explore KI ~ 0.1-2x104 MPa-m1/2/s @ -196°C to 
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Activation Energy - U*
• K’ and T dependence -> thermally activated process - U*(σ)
• U* increases with decreasing σy & increasing T (and Ka)
• Dynamics very similar to yield dynamics
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σyth(T, ε’)
• σy = σyth(T, ε’) + σyat

• Dislocation dynamics σyth(T, ε’) -> controlled by stress 
(temperature) dependent activation energy - U*(σ)

• U*max ≈ αkTo where σyth = 0 at T > To(ε’)
• σyth data for various ε’ collapses on a strain rate compensated 

T’ scale for selected reference εr’: T’ = T[1 - (1/α)ln(ε’/εr’)]

σy

T

Increasing ε’

To(ε1’) To(ε2’)

ε2’> ε1’

athermal

thermal



Double Kink Nucleation
• σyth primarily depends on double kink nucleation on screw 

dislocations
• Double kink nucleation also governs U*max

and the shape of the σth(T’) curve
• Total of 19 alloys

slip un-slipped

edge kinks

screw
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• Adjusted rate dependent data will also yield an estimate of U*max
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Deformation-Cleavage Dynamics
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Strain rate compensated temperature

0

200

400

600

800

0 100 200 300 400 500 600 700 800

ε  <10 -3  (s -1 )

10 -3  < ε  < 1 (s -1 ) 

1  < ε  < 100 (s -1)

σ
yd

 ( ε  -15 s -1 )

σ yt
(M

Pa
)

T' ( ε=2x10 -4s-1)  (K)
.

.

.

.

.

=



(100)[011]

Observed x-section slip trace patterns

[011] Cross Section Slip Traces
surface pattern

Additional vertical crack x-section slip 
traces attributed {110} systems

bridge specimen

{110}line of sight 
on a {110} 

plane

{110} plane

Slip traces confirm both {110}<111> and {211}<111> systems active



Does Total σy(T) Mediate Ka(T)?
• Ka(T)σy(T) ≈ Csc

• Fit σy
-1(T) to Ka(T) data assuming arrest ε’ = 5x103/s for 

single crystal with σath = 100 MPa
• Ka(T) for σath ≥ 100 is also Csc/σy(T)

• Reasonable fits Fe-3Si (Argon)

& W (Gumbsch)
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Master Curve Model
• Ka(T) = Csc/σy(T,ε’) for Ka(T) > Kamin

• Kamin = 3.25 MPa-m1/2 for polycrystalline Fe alloys
• KJc - σ*(T) [from Kµ = Ka(T)], A* model
• KJc(T) too steep at low To and ΔTo/Δσy increases with  Δσy

• Οversimplified/incomplete - T effect on strain hardening….?
• “Better” results for previous empirical Kµ curve 



Size Effects on KJm

B2

= V

B1

B KJc

A α KJ
4

V α AB α KJ
4B

W

small b, - LSYlarge b, SSY

larger
deformation:

KJ, δ
for same stressed

volume

b b

• Statistical -- weakest link statistics

• In-plane constraint Loss -- SSY size deformation limits 



Deviations From SSY
• SSY crack tip dominance not norm - short, shallow cracks, ..
• SSY deformation limit δc < ≈ (a, b, B)/100
• If not => lower σ22 - lose tri-axial                                       

constraint => size-geometry effects                                         
=> measured KJm > KJc (SSY)

• Use local crack tip process zone
micromechanical model

Bb =W-a

a
2

3
1

W = 20 mm 2a = xx mm

θ = 0, pε

x/δ

δ =



Statistical Size Effects
• Large intrinsic scatter in cleavage KJc

• Cleavage initiation => weakest link in                          
brittle trigger particle distribution (Pf)

• KJm => critical stressed volume V(σ22)
• SSY: V(σ22) = C(σ22)BKJ

4 =>

• Modified scaling - generally not a single event?
- Kmin > 0 at Pf -> 0
- Upper and lower B1/4 scaling limits?
- Sympathetic versus single events
- Damage accumulation-critical point instability

KJm ≈ α B-1/4
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Size and Geometry Effects
• Use models to understand-treat size effects:

KJm (coupon test) => KJc (SSY) => KJr(Br) => P-Δ (structure)
• Assess individual-combined constraint loss-statistical effects
• No previous ‘single variable’ database - predominant self-

similar specimens => b α B
• H. Rathbun - first single-variable                               

experiment designed  to decouple sources                            of  
size effects B = 8-254 and b = 3-25mm
- seek large (≈ 2x) effects
- multiple tests a/W ≈ 0.5 
- same steel* & test conditions
- comprehensive ancillary database
- model based analysis *from unused Shoreham vessel plate

b

B



Test Matrix

B = 8 to 254 mm and W = 3 to 25 mm
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Results
• Rich KJm database with targeted effects of both CL and SSV for 

model based analysis.

b = 25.4 mm
b = 12.7 mm
b = 6.3 mm
b = 3.2 mm

0                          10                         20        30
b (mm)

Significant constraint loss for M 
value greater than 30.



KJm => KJc => KJr Adjustment
1. CL - FE KJm/KJc at common A(σ∗)
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Adjusted Shoreham Database
• KJm => KJr entire Shoreham database (≈ 500 data points) 

=> master curve To = -84°C
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Advanced 9Cr tempered martensitic steels 

• Since 80s, development of 9/12Cr TM steels within international 
fusion programs.

• Compositions selected to minimize the long-lived radioactive 
isotopes produced by neutron fusion transmutation reactions.

• Mo, Nb, Ni replaced by W, V, Mn, Ti.

• F82H steel (8Cr2WTa,V), IEA heat

• Eurofer97 steel, reference steel for blanket of future fusion 
reactor.

• Growing fracture toughness databases analyzed according to the 
RPV master-curve methodology.



Toughness database in the transition F82H 

Statistical stressed volume adjusted data to 1T, without CL correction



Fully adjusted F82H database

Reasonable description of 
the data and scatter with a 
RPV-Master Curve 
indexed at To=-103 °C.

KJc(med) = 30 + 70 exp((0.019(T-To))



Eurofer97 toughness in the transition

The K(T) curve appears abnormally steeper than the conventional 
RPV MC. 

KJc(med) = 30 + 70 exp((0.04(T-To))
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K(T) shape versus microstructure 

Eurofer97
PAG 10 μm

F82H
PAG 80 μm

Big inclusions >10 μm in F82H

√dEurofer < √dF82H or σ*Eurofer > σ*F82H

KJc(med) = 30 + 70 exp((α(T-To))

α = 0.019 for F82H
α= 0.04 for Eurofer97

K(T) shape mediated by σ* with:
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Modeling the lower bound – Eurofer97
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σ*-A* criterion applied to notched 
tensile specimens – Eurofer97.

Experimental P-Δ curves and FE simulations.
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Stress around the notch

Evolution of the stress profile ahead of the notch with deformation.
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Transferability of the σ*-A* criterion 
to notched tensile specimens.

Good prediction of the load/displacement at failure based upon
the σ*-A* calibrated on the pre-cracked specimens.
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F82H - 60°C irradiation at 2.3 dpa
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350°C proton-irradiation at 0.5 dpa – Eurofer97

1 mm x 1 mm pre-cracked bend bar, nominal a/W=0.5, have been 
irradiaed with 590 MeV protons He effects studies in a 590 MeV
proton spectrum.

Small mass reduces beam heating.



350°C proton-irradiation at 0.5 dpa – Eurfoer97
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Δσy - ΔTo
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Strain Hardening Effects
• Effects of irradiation on strain hardening are important
• Minimal σsh(ε) in low dose RPV steel irradiations: Δσy ≈ Δσflow

• Large σsh(ε) decrease/strain softening in high dose TMS alloy 
irradiations: Δσy >> Δσflow
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Effects of Δσsh on ΔTo/Δσy
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Universal Hardness Relation

FE simulation
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Experimental validation

• The average strain hardened flow stress from ≈ 0 to 10%ε is 
the best measure of local “strength” in the process zone

• FE simulations and experiments on materials with an 
enormous range of s(e) laws shows H also is closely related to 
average strain hardened flow stress from ≈ 0 to 10%ε



Summary
• Measured fracture toughness KJm on usual laboratory specimens 

is mediated by statistical and constraint loss effect associated
with specimen sizes and crack length.

• The individual and coupled CL and SSV effects on KJm were 
discussed. KJm were adjusted to a reference Kr in SSY with a two 
step adjustment procedure: i) CL are first account for with a σ*-
V* calibrated model, ii) the statistical effects are considered with 
a Kmin-modifed criterion of equivalent stressed volume.

• The critical stress σ* to propagate a microcrack scales with the 
arrest toughness of the ferritic matrix Kμ.

• Kμ was shown to be T-dependent with Fe single crystal initiation 
and arrest fracture  toughness experiments.



Summary

• The dynamics of cleavage of Fe single cleavage mimics that of 
thermally-activated motion of dislocations.

• The Ka, hence, σ* temperature dependence result in the 
approximate invariance of the MC KJc(T-To) shape.

• Application of the master-curve methodology to advanced high-
Cr tempered martensitic steels is a very promising approach.

• There are many unresolved issues including differences in the 
MC shape, shallow crack effects, specimen constraint-size limits 
especially for irradiation testing, non-hardening embrittlement
including possible He effect, etc…
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