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Thermal activation of crack-tip plasticity: The brittle or ductile response of a stationary crack
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Metals with a body centered cubic crystal structure, like tungsten, exhibit a pronounced semibrittle regime
at intermediate temperatures. In this regime their fracture toughness strongly depends on loading rate and
temperature. Crack-tip plasticity has been studied with two-dimensional numerical simulations on different
length scales. The method of discrete dislocation dynamics has been employed to test various assumptions
made on the deformation mechanisms and the origin of the strong loading rate and temperature dependence of
fracture toughness in this regime. A continuum elasticity-viscoplasticity model capable of describing larger
plastic deformations yields complementary information with respect to the discrete dislocation method. Despite
of their fundamental differences, both simulations consistently show that crack-tip plasticity can be described
as a time-dependent microplastic deformation with well-defined activation energy and that the blunting of the
crack tip plays an important role for the transition from semibrittle to ductile behavior. Based on general
findings of the numerical simulations an Arrheniuslike relation between loading rate and temperature at points
of constant fracture toughness is derived. This scaling relation shows the dominance of dislocation mobility as
the rate limiting factor for fracture toughness and for the brittle-to-ductile transition itself. The results of our
simulations are also consistent with experimental data gathered on tungsten single crystals. Thus, the proposed
scaling relation can be used to predict fracture toughnesses in a wide range of temperatures and loading rates,
based on only a small number of experiments.
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[. INTRODUCTION gradient until the BDT occurs and the crack stops. Both
methods are used to reveal material properties like BDT tem-
The investigation of the failure of materials is one of the perature, activated slip systems, etc., and both methods allow
main tasks of materials science, because the failure propethe activation energy of the BDT to be assessed. The station-
ties of a material determine the limits of its technologicalary method, however, seems to be restricted to lower loading
applicability. General failure properties of a material, classi-rates, while the dynamic crack arrest method yields values
fied into brittle and ductile failure, as well as the material'sfor higher loading rates.
reaction to pre-existing flaws are important engineering pa- Classical discrete-dislocation-based treatments of crack-
rameters. Materials with a face centered cubic structure usuip plasticity>® have been restricted to the case where the
ally show ductile behavior at all temperatures and deformasdislocation population is always in equilibrium, which inher-
tion rates. Materials with stronger interatomic forces likeently assumes static or quasistatic loading conditions or very
body centered cubic metals, intermetallic phases, semicorarge lattice friction stresses. In this case, closed form solu-
ductors, and also ionic crystals often show a transition betions of the force balancing equations can be derid.
tween brittleness at low temperatures or high deformatioHowever, under such equilibrium conditions the ductility or
rates and ductility at high temperatures or low deformatiorbrittleness of a material is completely determined by its abil-
rates! Materials with a non-negligible dislocation density ity or inability to generate dislocations below the failure
before testing usually exhibit a more or less pronouncedtress’ The importance of dislocation mobility for fracture
semibrittle regime, where the fracture toughness risebehavior under nonstatic loading conditions has been pointed
steadily with the temperature. The testing of virtually defect-out by Hirschet al.’
free specimens like silicon or alumina single crystals reveals Quasistatic loading conditions or equilibrium of the dislo-
an exceptionally sharp brittle-to-ductile transitiogBDT).!  cations is also implicitly assumed in continuum plasticity or
Despite these peculiarities, especially silicon has often beecontinuum  crystal-plasticity = models of  crack-tip
chosen as model material for studies of fracture and thelasticity®='°In a recent study, dimensional analysis of en-
BDT, because large, defect-free single crystals are easilgrgy dissipating processes at crack tips is used to describe
available. While the main part of the work on the BDT hassuch processes and their influence on fracture toughness in a
been conducted by loading a stationary crack until crack adgeneral frameworf! The influence of time-dependent load-
vance occurs, Gally and Argdhave performed complemen- ing conditions on the evolution of a crack-tip plastic zone
tary experiments by running a crack against a temperaturBas been investigated by Nitzsche and H3im this work,
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the material close to the crack tip has been described as
purely elastic. Around this elastic zone an elastic-viscoplastic dislocation distribution
material was allowed to relax the elastic strains in a time-
dependent manner. This model of crack-tip plasticity exhibits
an extremely sharp transition between brittle and ductile be-
havior. The time-dependent plastic behavior at crack tips has AKa
also been modeled analyticaly}*which led to expressions

for the influence of pre-existing dislocations on the fracture
toughness and for the thermal activation of the BDT in sili- v
con.

In the following sections of the present work, a discrete g, 1. Sketch of the model system of a crack loaded in mode |

dislocation dynamics model of crack-tip plasticity in engi- with stress intensity factok,. Dislocations nucleate at the source
neering materials is developed that assumes a high density gésition and glide on a single slip plane.

dislocation sources close to the crack tip, and thus easy dis-
location nucleation. Such a system is expected to show a ) » . .
smooth transition from brittleness to ductility and thereby a 1 N€ Physical quantitie,, K, andT are the external vari-

pronounced semibrittle regime. The behavior of this modefP!€S determining the state of the model system as well as

system under constant loading rates is investigated and geW-e stgte of experimental fracture samples. Together with the
eral findings of the numerical simulations are put in a theoMaterial parameters and the sample geometry these external

retical framework. Under these nonequilibrium conditions noState variables determine fracture toughness.

closed form solutions can be derived, but it will be shown _ _ .
that the results of numerical simulations can be described in B. Dislocation activity

a very general form by a scaling relation for the dependence The rate of plastic deformation is limited either by the
of fracture toughness on temperature and loading rate. Th@islocation nucleation rate or by the dislocation velogity
findings of the discrete dislocation dynamics model of crack-Therefore both phenomena are highlighted in this section.
tip plasticity are compared with the results obtained from a The criterion for the nucleation of a new dislocation is
continuum elastic-viscoplastic model of the crack-tip region.that the resolved shear stress at the source posim Fig.
The results of these two complementary methods confirm thg) must be sufficiently large to repel a dislocation from the

mode|—independent Val|d|ty of the Sca”ng relation and a|.|0WCrack_tip against the image forces Stemming from the free
us to draw further conclusions about the nature of the brittlesyrface. The source position is at a distance of 30 Burgers

to-ductile transition. vectors(or 8.2 nm) from the crack tip. In this work, only the
shielding dislocation is nucleated while the bluntienti-
Il. DISCRETE DISLOCATION MODEL shielding dislocation that is absorbed by the crack within

short characteristic times is neglected. For a larger number of

The model of crack-tip plasticity described below is ex- dislocation sources it is useful to take these dislocations into
pected to capture the most important features of fracture praaccount'® however, in this work the blunting of the crack-tip
cesses in real materials. Especially the elastic shielding of & only considered in the failure criterion, as described in the
crack tip by dislocations nucleated nearby is taken into acnext section. In this simple model, the distance between
count. Due to its simplicity this model is very well suited to crack-tip and dislocation source determines the critical stress
be transferred into a numerical simulation scheme. Such nuntensity factor at which the first dislocation nucleation oc-
merical simulations of crack-tip plasticity based on discretecurs. Due to elastic shielding, such a dislocation nucleation
dislocation dynamic¢DDD) in two dimensions have been causes the local stress intensity factor at the crack tip to
developed by Lin and Thoms&hand have been employed dropl®As the dislocation moves away from the crack tip and
thereafter by several groups. A detailed description of thehe appliedstress intensity factor is increased, also ltheal
two-dimensional DDD scheme employed here can be foundtress intensity factor rises again and, finally, assumes a
in Refs. 16 and 17. maximum immediately before a new dislocation is nucle-
ated. This local maximum in the stress intensity factor is the
critical stress intensity factor for dislocation nucleation,
_ _ _ _ _ _ _ which due to the elastic interaction of incipient and existing

In this work an isotropic elastic medium with a semi- gisjocations rises in the course of the simulatioh Fig. 2.
infinite crack subject to pure mode | loading with the stressthe employed nucleation criterion causes dislocation nucle-
intensity factorK, is considered. The load is applied with a ation to occur easily, i.e., without energy barrier, and homo-
constant rat&. The temperatur@& is assumed to be constant geneously along the crack front, which refers to the case of a
during the loading process. For simplicity a single slip sys-high density of imperfections at the crack front acting as
tem is taken into account, considering exclusively slip ofdislocation sources.
edge dislocations on the slip plane with the highest resolved Under this condition one finds that the nucleation rate is
shear stress, which is inclined to the crack plane by an anglémited by the speed at which previously nucleated disloca-
of ¢=70.5°. A sketch of the geometry of the system undettions leave the crack-tip regidr. In body centered cubic
consideration is provided in Fig. 1. materials and also in semiconductors the velocity of both,

A. Geometry
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BT 1 T modulusE=393.9 GPa, Poisson ratie=0.29, and norm of
the Burgers vectob=0.274 nm.
2 va —— _/
- / ,/‘::— """ 1 C. Failure model
g 4 Pt
YT 4 ath ] To determine the fracture toughness from the numerical
= 4 /:." J . . . . . . .
= |7 & simulations, a failure criterion needs to be introduced. This
RV e 7 failure criterion is based on a critical vallg of the local
a(,” == ;E 150K 1 stress intensity factor. In the case of a sharp crack tip this
osfF |- T=280K | ] critical stress intensity factor is expressed in the fdgm
: fodlare criterion =constant, following the Griffith criterion, which only de-
ob— . 1. pends on elastic material parameters and the material’s sur-
0 1000 2000 N 3000 4000 5000

, face energy. In this work the critical stress intensity factor for
a sharp crack tip is set th. .=2 MPa/m, corresponding to
FIG. 2. Local stress intensity factdy (thick lines plotted ver-  the Jow temperature fracture toughness of tungsten single
sus the number of dislocaiorhda for material WN in Table I. The crystals?s
loading rate iK=0.1 MPa/m/s and temperatures are given inthe  The blunting of the crack tip by a number bf; disloca-
Iegend.. The failure criteriorkc (thin solid |Ine is p|0tt9d for tions y|e|ds a notch radiust:b/ZNd sin @, Where<P is the
comparison. inclination angle of the slip plane. Failure of a blunt notch is
assumed to occur when the tensile stress in front of the crack
screw®2% and nonscre®t dislocations, must be considered tip reaches the cohesive strendrpof the material. At this
to be thermally activated. In most of this work dislocation point a sharp crack will be renucleated that immediately
velocity vq is described as function of resolved shear sttess propagates through the material, becakggis exceeded.

and temperaturd@ by the empirical formulation The cohesive strength criterion for the blunted crack can also
m Q be formulated in terms of a critical local stress intensity fac-
vy(7,T) =U0<_) exp(— _> (1) tor, which yields
70 kBT RC
with the pre-exponential factar,, the normalization stress Kep= oo N7 = —S\2mbNgsin . 3

- , 2 4
70, the stress exponent, and the activation energ® (kg is
the Boltzmann constantThe mobility of nonscrew disloca- For crack tips with a small blunting radius, whekg, is
tions in tungsten is described by Hd) using a temperature smaller than the critical stress intensity factor for a sharp

dependent stress exponent of the fanfT)=a/T+b.? crack, obviously the larger value must be employed. There-
A more rigorous thermodynamical treatment of disloca-fore the combined failure criterion is written as
tion mobility yields? <
y y kc {kcvs f Nd < Ngrlt (4)
1-(7/ mn = | ,
ver.T) = voexp<— ARl ) 2 ko else
B

whereN§"=8KkZ / (mbRE sin¢) is the critical number of dis-

for the dislocation velocity, where a second stress expament locations for the transition between failure of the sharp or
is introduced andr is interpreted as the Peierls stress. Thisblunt cracks, respectively. This failure model is qualitatively
formulation is mainly used to describe screw dislocation mo-consistent with atomistic studies of renucleation of sharp
bility in body centered cubic metals. The material parametersracks from blunt notche®¥,where it has been found that for

employed here are given in Table I. All numerical simula-small blunting radii the critical stress intensity factor is al-
tions represented in this work are performed with Young’smost constant. The failure criterion is defined with respect to

TABLE |. Material parameters describing dislocation mobility of nonscrew dislocafiggs(1)] and of
screw dislocation$Eq. (2)]. The parameters for nonscrew dislocations—marked with WN—are chosen to
give a good agreement with the BDT temperatures found in experifRait 23. The values are based on
experimental results from Schadi@ef. 21) and were changed slightly in comparison to earlier wdtkfs.

16, 17, and 2% The parameters for screw dislocations ifla1){110} slip system in tungsten are marked by
WS (Ref. 20. The parameters in the last two rows marked with @&i§nscrevw and AS(screw are employed
in a parameter study represented in Fig. 4.

Type vo [M/s] 70 [GP4 Q[eV] m n
WN 0.32-108 1073 0.35 450K/T+3.5 -
WS 3000 1.3 1.8 1 2.8
AN 0.32-108 103 0.3 5, 10 -
AS 3000 0.4,0.8 0.3 2,4 1
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10.0 f [ ' Y I1l. CRACK-TIP PLASTICITY
I I
! j
8.0 | : | The following analysis of crack-tip plasticity is based on
i | the force balance between the different defects in the crack
’é« 6.0 | (,@D/D’D__"v_#_v..ﬂv---v--'-V"'V"'W- tip region. The mathematical concepts are revisited here for
~ B0 ovV completeness, a more detailed derivation can be found in
= bv : P i . .
‘f& 4.0 | ' O—0O K =0.01 1 Ref. 24. Following the treatise of Weertman, Lin, and
g"é g =$; Thomsorf this force balance for an elastic medium contain-
20 | -0K =1 . ) . ; .
v £ =10.0 ing a crack and a set of dislocations is written as
0'00 100 200 300 400 500 600 700 800 L
T (K) G=g+> 94, (5)

=1
FIG. 3. Relative fracture toughne&s/k. as a function of tem-

; iy ()
peratureT for different loading rates as given in the legend. whereg, is the force on the crack tipgy" is the force on

dislocationj, andG is the total force on all defects. We only
consider forces in the direction of crack advance, therefore
the number of dislocations, because this quantity plays a cerd! quantities here are given as real valued scalars. The total
tral role in the following investigations. In this work we de- fOrceG is identified with the energy release rate of the crack,
fine failure of the material as the instance when the failuréVhich is for pure mode | |°ad'”@3:_Ka(l_V2)/E- In the
criterion for thelocal stress intensity factor is met, and refer Same way the force on the crack tip can be writtengas
to theappliedstress intensity factor at this stage as the frac=K (1=v°)/E, with the local stress intensity factéy.
ture toughnesXt. The validity of these equations is strictly proven only for
In Fig. 2 the failure criterion is plotted versus the total & mode lll crack and a population of screw dislocations that
number of dislocations together with results from numericalS Symmetrical with respect to the crack plénelowever,
simulations for different temperatures. The numerical result§lumerical simulations show that in the present case, too, this
are reproduced by lines connecting the maxima of the locdiorce balance is fulfilled to a very good approximatin.
stress intensity factor immediately before a new dislocation The sum over all dislocations in E¢) cannot be simpli-
is nucleated. It is seen that this critical local stress intensitfied without further restricting assumptions, but the analysis
factor for dislocation nucleation continuously rises during©f the results of DDD simulations with a variety of param-
the simulationgas explained aboyend finally exceeds the €ters shows that this term can be expressed as a product of
failure criterionk,. The figure shows further that the failure Powers of the local stress intensity factor and the number of
criterion is only met for the case of a sharp crack tip. If thedislocations in the form
tip is blunted sufficiently and the failure criterion follows Ng
K., the local stress intensity factor always stays below the E S g =K2-K2= C(ﬁ)SNq (6)
critical value. The temperature at which this occurs defines 1 —y2j:1 Y a k) @
the BDT temperature. For these simulations a limiting value
of N§™=3900 has been employed above which crack tipwith three constant€, s, g.
blunting is taken into account. This—rather high—value is  An unexpected and very general result is that these con-
chosen because it yields BDT temperatures in good agrestants are only functions of the material paramekgrs, and
ment with experimental results on tungsten single crystals. b, but neither of the external state variables, like loading rate
The choice of the limit for the number of dislocations alsoor temperature, nor of the parameters or the formulation of
fixes the rupture strength, which will be discussed in detail inthe dislocation velocity law. The interpretation of this finding
Sec. V. In Fig. 3 the resulting fracture toughnesses are plots that the force balance of the crack-tip region is only a
ted versus the temperature. It is seen that the fracture touglfunction of the number of dislocations that itself, of course,
ness rises steadily in the semibrittle regime. When the failurelepends on the state variables and the dislocation velocity
criterion changes to the one for a blunted crack tip, thdaw. On the microstructural level, the shielding of the crack
model predicts ductile behavior and the fracture toughnestp depends only on the dislocation distribution, given by the
jumps to undefined values. This point marks the BDT, anchumber and distances of the dislocations to the crack tip.
consequently defines the BDT temperatligg, which will Therefore, a physical motivation of the finding that the dis-
be used later to calculate the activation energy for the BDTlocation microstructure—in our confined system—depends
Further details of the dependence of fracture toughness amnly on the number of dislocations, but not independently on
temperature and loading rate for different dislocation nuclestate variables or parameters of the dislocation velocity, is
ation criteria and different formulations of dislocation veloc- that the collective dynamics of the dislocation population
ity are reported elsewhet&!”24The following chapter is depends only on the mutual elastic interaction of the defects,
dedicated to the analysis of the force balance of all defectswhich is completely described b, v, andb.*® Therefore,
This force balance is formulated analytically, but depends oithe dislocation population may reach the same total number
results of the DDD simulations, which are needed to evaluatef dislocations at different applied loads, but size and struc-
the equations and to derive a scaling relation for loading ratéure of the dislocation distribution will nonetheless be simi-
and temperature at points of constant fracture toughness. lar.
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FIG. 4. Fracture toughness as a function of the number of dis- T, (K)

locations. The parameters for dislocation mobility refer to Table I. G h | ith led
Parameters that are varied are given in the legend. If not stated FIG. 5. Fracture toughness-temperature plot with rescaled tem-

. . : — . erature axigEq. (10)] for material WN (Table (1)). The basis
otherwise, the loading rate is=1 MPa/ym/s. The theoretical curve Ip di s[ _q_( )] ) 0] (; (D) ) )
according to Eq(7) is also plotted. oading rate |“s_K2—O.1 MPaim/s, a oading rates are given in
units of MPa/m/s. The master curve is given as a mere visual

uide.

In the formalism used here, the fracture toughness is deEi

rived from the right-hand side of E@6) by insertingk,=k.

This yields Ke-k)™_A eXp<_ &) 9
— CYF(K) K keT/'

K= VK + CNJ, (7)

which is only a function of the number of dislocations and TNiS Implicit expression of the fracture toughné$s as a
the failure criterion. In Fig. 4, wherk_ is plotted as a func- function of the state variablés andT is at the same time an
tion of Ny for a number of loading rates, temperatures, acti-Arrheniuslike relation for points of constant fracture tough-
vation energies, and stress exponents, it is verified that theess, where the left-hand side of the equation is constant.
fracture toughness does not depend on these quantities indguch an Arrheniuslike relation has been postulated already in
pendently, but only through the number of dislocations. Forearlier work’ as a hypothesis to explain the observed scaling
this parameter study, the failure criterion has been restricteiehavior of experimental and numerical results. All combi-
to the case of a sharp crack tip, i.k,=k;s. nations(K;,T;), ie{1,2,3,...}, of loading rates and tem-
peratures that lead to the same fracture toughness—and con-
sequently to the same total number of dislocations—must
A. Scaling relations for crack-tip plasticity fulfill the relation

A further general result of the DDD simulations is that the

. -1
disloc_ation nucleatiorj ratblq is dir_ectly_ propor_tional to t_he T,= (ﬁ In ﬁ + i) _ (10)
velocity of the leading dislocation in the inverse-pileup Q K, T,

ahead of the crack tip. The number of dislocations can thus

be expressed as a time integral over the velocity of this disThis relation can be used to rescale the temperature axis of
location. Together with Eq(l), and by making use of the results obtained for different loading rates and activation en-
constant loading rat&=dK,/dt in rewriting the time inte- ~ €rgies, thus projecting these results on a single master curve.
gral into an integral over the applied stress intensity factor,l he scaling is demonstrated here in Fig. 5 for material WN

this gives (Table ), which shows that results obtained for different pa-
rameters re-scale on a single master curve. Further examples
N = A p(— g) Ka (ﬁ)de, ®) for different velocity laws can be found in Refs. 17 and 24,
d— K ex keT/J o\ 7o a’ where also the validity of this scaling relation for experimen-
a

tal data of three-point bending tests on tungsten single crys-
with the proportionality constard. The separability of the tals has been reported.

functions containing stress and temperature in the velocity The scaling procedure defines the apparent activation en-
law has been used for the derivation of H§). For the ergy for crack-tip plasticityQs., The derivation above has
velocity law in Eq.(2) or a temperature dependent stressshown that this apparent activation energy for crack-tip plas-
exponent, stress and temperature are not separable functiotisity is identical to the activation energy for dislocation mo-
However, the exponential term can always be extracted, button if stress and temperature contribute to the dislocation
temperature dependent term under the integral remains. Welocity as separable functions. If this condition is not met,
any case, the integral cannot be evaluated further at thisowever, the slight temperature dependence of the function
stage, because the dependence'Bfon K, is unknown. In  F(K,) in Eq. (9) causes the apparent activation energy for
the further, the integral is written as an unknown functioncrack-tip plasticityQ.., used in the scaling relation to be
F(K,. Inserting Eq(8) atK,=K_ into Eq.(7) and separating somewhat smaller than the activation energy for dislocation
all terms containind<,. yields motion. Furthermore, the quality of the scaling onto a single
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FIG. 6. 2D finite element model to describe crack-tip plasticity . _ _ _ )
and the BDT. The viscoplastic zone is shaded light gray, the elastic FIG- 7. Local stress intensitly, versus applied stress intensity
zone dark gray. Plane strain is assumed for all elements. Details df, for different temperaturesT. The loading rate isK
the model are given in the text. =1.0 MPan’?/s. The critical local stress intensity ik,

o =2.0 MPa 2 (thick lines.
master curve is inferior to the case of a constant stress

exponent’ The reduction amounts t®.,~=0.17 eV for oD oD
tungsten nonscrew dislocatio®/N with Q=0.35 eV} and & =bpyw exp(— g)(l) e (T)<1> (12)
to Qsca=1.4 €V for screw dislocation®Vs withQ=1.8 eV). m-o keT/\ 7 0 0 '

The scaling relation has been derived here based on the

force balance of discrete defects in the crack-tip region. In _
the following section its validity is demonstrated on a con-for the the strain rate, where the temperature dependent stress

tinuum model that is based on different assumptions anéxponentm is defined asn(T)=«/T+ 8. The form of this
simplifications. viscoplastic law resembles the common formulations of
power law creep. The material parameters are the same as
IV. CONTINUUM PLASTICITY MODEL those for the DDD simulationgsee Table )l to ensure the
A two-dimensional (2D) finite element model of the comparability of both methods. The densjty, of mobile
crack-tip region is set up, with a purely elastic zone aroundislocationsp,=3.5x 101° m/m? is assumed, because this
the crack tip and an elastic-viscoplastic material elsewheresalue gives good agreement of the numerical results for the
Compared with the 2D-DDD method the viscoplasticity de-BDT temperatures with experimental dataf the disloca-
scription is not limited to single slip planes and small plastiction density is higher, the BDT occurs at lower temperatures

model represent two extreme cases of descriptions of cracligher than that determined by x-ray topography of specimen
tip plasticity. The constitutive law of the continuum plasticity . aterial of the cited WOrKpeyp=5.0X 10° m/m?) 2728

description captures activity on multiple slip planes and Similar to the 2D-DDD model, the numerical simulations

cross slip as well as dislocation multiplication in an ::weragegtart with a zero applied stress intensiy, which is raised
sense. The model employed here has been developed by :

Nitzsche and Hsfg to describe the sharp BDT of silicon With a constant rat&. The temperature is assumed to be
single crystals. constant during each simulation. The applied load is in-
The geometry of the finite element model employed herecreased in equidistant stepd<,. The system is allowed to

is a half-circle of radiuRR (see Fig. . Following Ref. 12, relax for the timeAt=AK,/K after each step. The conver-
the linear elastic displacements of a piiefield are applied gence of the finite element calculation is verified by control-
as nodal displacements at the outer boundary of the modeing the relaxation of the nodal forces.
Free boundary conditions are active on the left-hand side of The simulation is stopped either when the failure criterion
the symmetry axis, thus being the free crack plane. Perperer a sharp crack is met or when the applied loadKgf
dicular nodal displacements are blocked along the right-hand 40 MPa n¥'2 is reached. In the latter case, the local stress
side of the symmetry axis, which yields a mirror symmetryintensity factor stays constant below the critical value al-
in this part. Plane strain conditions are assumed for all elethough the applied load is rising, as seen in Fig. 7. The first
ments. The size of the elastic zone surrounding the crack occurrence of such a flag,—k;-curve defines the BDT.
tip amounts to im and is smaller than the crack lendrtby Fracture toughness versus temperature is plotted for sev-
a factor of 20. eral loading rates in Fig. 8. The fracture toughness remains
The material behavior outside the elastic zone is ratealmost constant up to the BDT temperature, where it rises
dependent viscoplastic. The strain ratéollows the Orowan  sharply. These results are consistent with the observations of
law Nitzsche and His& The apparent activation energy of the
& = bprvg(n,T) (11) BDT of Up=0.17 eV, d_eriyed_from an Arrhenius analysi; of
medi the BDT temperature, is significantly lower than the activa-
in which the dislocation velocity according to E@) is in-  tion energy of the underlying viscoplastic deformation law
serted. This yields the power law (Q=0.35 eV}, but on the same order as the apparent activa-
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tion energy for crack-tip plasticity obtained from the scaling
of the DDD resultdcf. Fig. 10.

The plastic strain at the boundary at radiRsremains
below 5% up to applied loads df,=20 MPa nt’2, which
provides a justification for applying the elasHefield solu-
tion as boundary condition.

A detailed analysis of the spatial distribution of the plastic
strain at different stages of the loading reveals that the plastic
zone starts to develop close to the elastic zone around the
crack tip in the region between 45° to 135°, where the high-
est stresses are fourffig. Aa)]. During plastic relaxation
these high stress levels are diminished and the plastic zone
expands continuously around the elastic z[fig. 9b)]. Fi-
nally, the location of the highest plastic strain moves towards
the intersection of the elastic zone with the crack pldfigs.

During the simulations where the critical stress intensity
at the crack tip is exceeded, the expansion of the plastic zone
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FIG. 9. The von Mises equivalent plastic strain at different applied Idap®.3 MPant’?2 (b) 2 MPant2 (c) 4 MPant’? (d)

6 MPant’?) of the simulation withk=0.1 MPan#’?/s andT=285 K, i.e., immediately after the BDT. The color scales for the stress
contours are identical in each plot. The plastic zone expands from the highly stressed regions toward the crack planéMMavafrthe
plastic strain are indicated in each graph.
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toward the crack plane is not complete. In these cases thgerature at the given loading rate matches roughly that of
load is transmitted to the elastic zone by the material in thexperimental data. The resulting crack tip blunting of all
vicinity of the crack plane, which behaves almost elasticallyNg"=3900 dislocations i =0.5 um. Since the values ¢
Only when this load transmission is delayed or even interand k., must be equal at this blunting radius, the rupture
rupted by viscoplastic relaxation the elastic zone, and thustrength of the material follows from E¢3) as R.=E/123

the crack tip, is efficiently shielded from the applied load.=3.2 GPa, which is an order of magnitude smaller compared
Since the time needed for the viscoplastic zone to expan¥ith the usual estimatR.=E/10. However, this value agrees
toward the crack plane depends on temperature, the wholgasonably well with fracture toughness measurements of
process is thermally activated as described by (E8). tungsten specimens with a blunt notch at low temperatures,

The size of the elastic zone has a quite pronounced influ¥hich yieldsR.=1.7 GPa as rupture strength according to

ence on the resulting fracture toughness and BDT temper%q' (3) (Ref. 29 and is also consistent with breaking stresses

; L reported for low-temperature tensile tests on tungsten single
:]u;;(';S;nn?jllel’gvs:;sch?ro?;n:ezgtir'gsh'?:ecrofr:?r(::tre;ﬂ:?hcrystalsz.o For dislocation-free silicon single crystals Gally
P ' ' 9%nd Argort estimated the total number of nucleated disloca-

elastic zone decreases the fracture toughness and increag@s< 4t the BDT asN,=14 500 and estimated a critical
the BDT temperature. This is e>_<pected because the Stres?’ﬁhﬁnting radius on the order of 1 tom, thus obtaining
are higher closer to the crack tip, and therefore the plastigy higher figures than in this work. However, it is noted
relaxation at the perimeter of a smaller elastic zone is fastepgre that in the simple 2D model employed here all disloca-
tions are perfectly shielding and blunting the crack tip, a
V. DISCUSSION situa?ipn that is unlikely to be reached under experimental
conditions.

We start the discussion with a critical assessment of the The simplicity of the model and especially that of the
limitations and simplifications of both numerical models in failure criterion applied here does not allow for the calcula-
the light of results published in the literature. The compari-tion of quantitative fracture toughness-temperature curves.
son between the complementary DDD and continuum mod©ur treatment of crack-tip blunting merely shows that shield-
els shows a consistent scaling behavior, which is interpreteihg of a crack tip in combination with blunting can cause a
in the following. We conclude with a model of the BDT in transition to ductile behavior, while crack-tip shielding alone
single crystals and by giving the prevailing rate-limiting pro- always results in final fracture and thus in semibrittle behav-
cesses in the different temperature regimes. ior.

More sophisticated approaches by Deshpaatal 830
describe crack-tip opening, crack-tip blunting, and crack ad-
vance with cohesive zone models. The combination of DDD

The observation that the total force on the dislocationwith a finite element model allows these authors to describe
population on a single slip plane can be expressed as a prothe effect of crack-tip blunting quantitatively. With the help
uct of powers of the number of dislocations and of the localof this model the interaction of crack-tip blunting and elastic
stress intensity factor has been motivated by a physical reahielding with crack advance were studied under static and
soning, but certainly this has to be subject to further investicyclic loading conditions. This work is focused on intrinsi-
gations. A comparison with experimental data would be ofcally ductile materials, where a large number of dislocation
special interest and is possible via HE) which states a sources is homogeneously distributed within the material and
relation between the fracture toughness and the total numbelislocations glide easily. Therefore many slip planes become
of dislocations in form of a power law. The empirical con- activated and a plastic zone develops that can be compared
stants of this power law are only functions of the elasticwith the predictions of continuum crystal plasticity. This
properties of a material and the Burgers vector, but not ofvork thus contrasts work on the BDT, where intrinsically
external state variables or the dislocation velocity law. brittle materials with a lack of dislocation sources and low

The proportionality between the dislocation nucleationdislocation mobility are investigated. In fact, Ky§ashowed
rate and dislocation velocity is nontrivial even under the pre-by dimensional analysis, that dislocation nucleation in virtu-
requisite that dislocation nucleation occurs easily and homoally defect-free materials should occur preferably at the crack
geneously along the crack front. If dislocation nucleation it-tip.
self is a thermally activated process, it is possible— The 2D elastic-viscoplastic model of crack-tip plasticity
depending on the activation energy—that dislocationthat has been adapted to tungsten showed basically the same
nucleation is the rate limiting process. In this case, the apfeatures as the original work on silicdf,namely, a very
parent activation energy for crack-tip plasticity can be assharp BDT with a well-defined activation energy. The main
sumed to be related to the activation energy of dislocatiomifference to this work lies in the applied constitutive rela-
nucleation rather than to the activation energy for disloca-tion for viscoplastic material behavior, where we employed a
tion motion There is, however, experimental evidence that intemperature dependent stress exponent to adapt the constitu-
tungsten single crystals dislocation mobility is in fact the ratetive law to tungsten. This temperature dependent stress ex-
limiting process, at intermediate and at elevatedponent effectively reduces the apparent activation energy of
temperature$? the BDT, as described in Sec. Il

The number of dislocations below which the crack is still A closer investigation of the loading of the elastic zone
considered sharp has been chosen such that the BDT terambedded in the viscoplastic material shows that the plastic

A. Limitations of the employed models
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the rate depend plastic deformation of the crack-tip region. It

ODDD, WN is noted here that these results on thermal activation of the

O FEM, WN ; )

A Experiment BDT temperature are in e>_<c_e||ent agreement with the results
of an analytical viscoplasticity model by Argaeet al,'® see

also Fig. 7 in Ref. 14, which is based on different assump-

tions and approximations.

The activation energy for crack-tip plasticity and the BDT
in tungsten—as derived from the scaling procedure—is one
order of magnitude lower than the activation energy for
screw dislocation motion, which is usually considered to be
the rate determining process in bcc metals. However, the
total plastic strain needed to achieve a BDT in the viscoplas-

FIG. 10. Arrhenius plot of the loading rate versus the inverset'c'ty r_nodel remains below 10%'. This a"?ount Of. plas_tlc
BDT temperature for data obtained from DDD and FEM models asstran"] |'n bce materials pan be ascribed to mlcrop'lastlcny, 1.e.,
well as from experimentRef. 23. p!astlcny that occurs Wlthpu_t the Iar_ge scale motion of screw
dislocations. If the crack tip is a fertile source of dislocations,

: . whose screw parts only move in the highly stressed crack-tip
zone expands around the elastic zone and the region of tqggion, creating nonscrew dislocations on blunting  slip

highest plasti_c str_ains MOVeS towa_rd the crack surface. Sim"b'lanes plastic strains of 5-10 % seem to be achievable with-
lations resulting in ductile behavior always show that theOut the’ motion of screw dislocations in the far field

highest plastic strains occur close to t.he corner of thg elastic The stress dependence of the thermal activation term in
zone on the crack plane. The evolution of the plastic zonig

f th . f highest sh { i d th e velocity law(2) requires an effective stress of 7y/2 to
rom the region of highest shear Sresses towar € crac plain the experimentally observed apparent activation en-
plane yields an effective blunting of the crack tip and leads

to the BDT. The absence of a semibrittle regime in thisergy for crack-tip plasticity that is an order of magnitude

. . ) A smaller than the activation energy for screw dislocation mo-
model is explained by the absence of plastic shielding at lOVYion. This defines a length scale around the crack tip on

and intermediate temperatures, due to the _spatigl S.epa“’?‘“%hich screw dislocations can be considered mobile. With
of the plgstlc zone from the crack tip. This shielding, N typical values for tungsten, this length scale is on the order
contrast, is taken into account by the ZD.'D.DD moqlel, Wh'Chof 30 um at the BDT. The actual plastic zone size at the
consequently shows a pronounced semibrittle regime. BDT is at least one order of magnitude larger, which shows
that the motion of screw dislocations cannot be the limiting
B. Interpretation of the scaling behavior factor for crack-tip plasticity in tungsten. Consequently the
For the simple dislocation model of crack-tip plasticity PPD simulations based on the mobility of screw disloca-
considered in this work the BDT occurs at a constant criticafions (WS) show much larger values for the BDT tempera-
number of nucleated dislocatiofgielding a critical blunting ~ ture and also for the activation energy of crack tip plasticity
radiug and therefore at a constant fracture toughriess (see Sec. Il This reasoning also justifies the use of the
Fig. 3 and Eq.7)]. Consequently, the activation energy of dislocation velocity law for non-screw dislocations in our
the BDT derived by the scaling procedure is identical to themodels.
activation energy obtained by an Arrhenius analysis of the A practical use of the derived scaling relation is that for a
BDT temperatures at different loading ratesee Fig. 1~ given material the fracture toughness in the semibrittle re-
However, it seems interesting to note that both analyses a@ime can be predicted for different temperatures and loading
plied to experimental data of tungstmlso yields identical rates. This requires the knowledge of a fracture toughness-
activation energies for crack-tip plasticity and for the BDT. temperature curve for a single loading rate and the apparent
For this experimental data both activation energies amount tgctivation energy for crack-tip plasticity, which can be de-
Qeca=0.18 eV. rived from single experiments for at least two different load-
The viscoplastic continuum model does not show a proind rates. Such a model-based extrapolation of experimental
nounced semibrittle regime, such that only an activation endata can save a large number of experiments and, moreover,
ergy for the BDT can be determined by an Arrhenius plot, aghe fracture toughness can be predicted for temperatures or
shown in Fig. 10. It is seen that although the quantitativeoading rates that are not easily established in experiments.
values for the BDT temperatures for given loading rates dif-
fer somewhat from model to model and also from model to
experiment the slopes of the curves and thus the activation
energies for the BDT are almost identical. Of course the The results presented in this work allow us to derive a
value of this quantity is strongly influenced by several modelrheological model of the BDT as shown in Fig. 11. The stiff
parameters, however, the Arrhenius scaling of the inversereakable springg, is loaded in series with the dashpot
BDT temperature with loading rate is a non-trivial result of Spring S,, which is unbreakable and less stiff th&, is
our models. Moreover, the good agreement of the activatiofoaded parallel to the systeB-S,;. SpringS; can be ration-
energies of these complementary models shows, that thalized as the elastic zone around the crack tip. The dashpot
scaling behavior is a generic, model independent feature afonsequently relates to the viscoplastic zone. Sp8ngor-
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C. Model for the BDT
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tures; (ii) mobility controlled regime at intermediate and
high temperatures; angii ) transition to ductility by crack-
tip blunting at the BDT temperature. Crack-tip plasticity and
the BDT itself can be described as thermally activated pro-
D cesses with identical activation energies. The formulation of
the force balance at the crack tip shows how this activation
energy is related to the activation energy of dislocation mo-
tion.
31 32 The models presented in this work describe the plastic
zone in a single crystal. The reasoning derived from the find-
ings is consequently also valid only for the case of single
crystals. When the grain size of a polycrystal becomes
smaller than the plastic zone, i.e., smaller than 1 mm, the
interaction of dislocations with the grain boundaries will ef-
FIG. 11. Rheological model of crack-tip plasticiy; represents ~ fectively block the dislocation and thus disturb the buildup of
a stiff, breakable springs, is a less stiff, unbreakable spring, abd ~ an inverse pileup. For such fine grained material the scaling
is a dashpot. relations derived in the present work will not be valid. Even
more so, because grain boundaries may also change the
responds to the elastic material around the viscoplastic zon@ittle fracture path and dislocation-grain boundary interac-
for which the deformation rate is virtually zero. This spring tions leads to microcrack nucleation and may thereby yield a
is considered unbreakable and can transmit any given loagompletely different failure mode.
The stress that drives the viscoplastic relaxation is always
equal to the stress transmitted by spriSg If the stress
relaxation in the dashpot occurs slowly, almost all the load is The modeling of crack-tip plasticity by discrete disloca-
transmitted to the crack tispringS;) which fails at a given tion dynamics models on one hand and by elastic-
load. If, in contrast, the plastic strain of the dashpot increasegiscoplastic continuum models on the other hand, reveal the
with a sufficient rate, the surrounding elastic matesaring  importance of crack-tip blunting for the brittle-to-ductile
S,) transmits the main part of the applied load and thus retransition (BDT). The discrete dislocation model yields a
lieves the crack tip. good description of the early phases of crack-tip plasticity
The loading of “spring” and “dashpot” of the real crack and the semibrittle regime, whereas crack-tip blunting and
problem occurs in a geometrically complex manner. How-the resulting BDT are modeled in a simplistic manner. The
ever, the key of this rheological model is that the BDT occurscontinuum plasticity model, in contrast, exhibits quite natu-
when the stress relaxation in the plastic zone takes place wittally a transition from brittle to ductile behavior, but the
the same rate at which the applied load is increased, whiceemibrittle regime is not well captured in this model. How-
should also hold for the real case. The rate of the relaxatioever, the results of both complementary models show a con-
depends on temperature and stress, as described 2 q. sistent scaling behavior of crack-tip plasticity and the BDT
The maximum stress that can occur is given by the failurdemperature that is also in good agreement with experimental
criterion. Thus, the BDT takes place if the temperature idata.
high enough such that the rate of plastic relaxation at or The theoretical analysis of this scaling behavior reveals
below the failure streséor the critical local stress intensity that crack-tip plasticity and fracture toughness in the
factor for crack advange&eeps pace with the applied loading semibrittle regime as well as the BDT temperature are ther-
rate. As motivated by the DDD results discussed abovenally activated with a constant activation energy. This acti-
crack-tip blunting is a dominant factor for the transition to vation energy for crack-tip plasticity and the BDT is identical
ductile behavior, because it increases the effective fractureiith or—depending on the stress dependence of the disloca-
toughness and thus allows the surrounding material to deion velocity—at least closely related to the activation energy
form at a higher rate. for dislocation motion. An analytical scaling relation for
In previously published wof€ we have shown that the loading rate and temperature at points of constant fracture
dislocation nucleation rate limits plastic relaxation of thetoughness is derived based on the treatment of crack-tip plas-
crack tip at low temperatures. Together with the present wortticity as a thermally activated process. This scaling relation
it is now possible to name the rate limiting factors of the also describes experimental results very well, and thus can be
BDT in three stages referring to three different temperaturemployed for a model-based extrapolation of fracture tough-
regimes: (i) nucleation controlled regime at low tempera- nesses of engineering materials.

VI. CONCLUSIONS
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