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Abstract

Inspired by recent multiscale modeling of void/microvoid interaction in ductile
fracture, a new analysis of literature data on ultrahigh strength martensitic steels
shows that Jic toughness normalized by primary incluson mean spacing is
parabolically related to the measured critical primary void size ratio. Interpreting
this critical ratio as a measure of the critical intervoid ligament strain for
primary void coalescence by finer scale microvoid instability, calculation of the
critical strain from Rice-Tracey void growth shows that Jic toughness is
exponentially related to the critical microvoid instability strain. This represents a
far stronger sensitivity to critical strain than the previously assumed linear
scaling. An approximate correlation of this critical strain to macroscopic fracture
ductility allows an estimate of fracture toughness.

1. Introduction

Prediction of ductile fracture toughness, numelycadr analytically, from
microstructural and constitutive parameters has l@etong-standing goal of the
materials science and solid mechanics communitietallographic studies and
recent multiscale simulations [1-6] show that 3Dctde fracture starts with
plastic deformation followed by nucleation and gtiovof primary voids, and
completes through primary void coalescence by ahamsem of intervoid
ligament mechanical instability driven by interaetimicrovoiding on submicron-
scale particles. New mechanistic insights provida apportunity for
reinterpretation of available literature data.

The mode | J-integral ductile fracture toughnesgrigportional to the critical
crack tip opening displacememd, and the flow stresgy (usually taken to be the
average of the yield strength and UTS) [7]:

Jic = d_n51cao
whered,~0.6 depending on material deformation propertiése Rnd Johnson [8]
were the first to relate the crack tip opening Bispment, g, to inclusion
microstructure. Based on a rigorous mechanics aisagt the crack tip, they
derived that the true strain ahead of a crackstip function of a paramet/4,
where X is the distance of a material point from the tigfdoe deformation.
Adopting a simple idea that some critical matrixchure strain must be achieved
at a material point initially at a distané® from the crack tip, they concluded
from numerical calculations that



Ac ~1.0to 2.7Xo

and identifiedX, as the mean nearest neighbor spacing of primarysions
responsible for ductile fracture.

Since Xp and op are experimentally measurable, it is tempting tihat ductile
fracture toughness might be predicted from terte¢ and inclusion analysis. A
widely cited model in the literature is the HahnsBofield model [9], derived
directly from the R-J model by using the correlaidetweerd,c anddc, Jic and
Kic, and takingXe=(4773f)*r, whereXyis defined a8D spacing and andr are
the volume fraction and the mean radius of the anjninclusions, respectively.

A complete ductile fracture toughness model mushuthe parameters related to
both primary and secondary voids. Building on thehirtRosenfield framework,
Ritchie et. al. proposed that at the onset of ductile fractureltical equivalent
plastic strain ahead of the crack tip must exceettitecal strain, &, over a
characteristic distanck, [10]. Based on this suggestiaky for ductile fracture is

Jic= &lo

i.e.,, the ductile fracture toughness linearly relates critical straing. Further,
Garrison proposed that the tewqy is equivalent to the critical size of primary
voids and the mean spacing of primary inclusiof$ g$uch that [11-17]:

R
gclo~Xo (_>

which implies
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where R/Ry is the ratio between the final dimple size and iean size of the
primary inclusions. The ductile fracture toughness thus be related to the

mechanical behavior of the material, the primargiusion distribution and the
measured growth of primary voids.

To check this relation, significant efforts werevded to measure final dimple
sizes at fracture surfaces of various types olst®ased on data available in the
literature [11-13, 18-25], the present work shovwsttthe ductile fracture
toughness normalized by the flow stress and theisga®f the primary inclusions
is a power function of the void growth ratR'R,, instead of the previously
proposed linear relation. Applying the void grovidlv of Rice and Tracey [26],
we conclude that the ductile fracture toughnesslated exponentially, instead of
linearly, to the critical strairg, i.e., exhibits a much stronger sensitivity to the
critical strain. A stronger correlation of ductflacture toughness is thus feasible
by quantifying the critical level of primary voidragwth. Inspired by recent
simulations of ductile fracture as a multiscale gass [1-6], we also explore
correlation of the critical primary void growth i@twith the critical strain for



finer scale microvoid localization, as estimatednir measures of macroscopic
fracture ductility.

2. Toughness and thevoid size

Garrison’s proposed correlation between the cflitczack tip opening and the
parameteiXo(R/Ro) is represented in Fig. 1. Examination of the fegsuggests
- that a rough correlation may be
1.510 I found for each type of steel, but no
collective correlation exists.
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© o) Figure 1 the critical crack tip opening

displacement vs. Xo(R/Ry). Red circle:
C%‘fc o AF1410, black triangle: AerMet100, blue
| diamond: UHS martensitic steels, green
4 e full diamond: HP9-4-10 and HP9-4-20
steels, open purple triangle: HY 180. The
Xo(R/Ry), M symbolsarethesamein all figures
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With multiscale dilatational plasticity constitudvmodels, relations between
toughness and microstructural details have now Ineenerically calculated for
ductile materials [1-6]. The main results of thesalies suggest a dependence of
the toughness on the initial microstructural para&msein a general form

Jic 0o
o =F (F,n, £, Wo, o)
whereE is Young's modulusn is the apparent strain hardening expon@ftand
Ao are the shape and spacing parameters of the Jgiusting the shape effect,
the data collected here show a simple power lawetairon with critical void
growth ratio represented in Fig. 2. The fractunggttness normalized by the flow
stress and the spacing of primary inclusions iateel in a power law to the ratio
of the radius of the critical voids to the initraldius,R/Ry, such that

p
1.103 I Jic — CO (i)
00Xo Rg
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whereCy is the value of)c/avXo at RIRy
=1. The initial radius of the void®y, is
assumed as the radius of primary
inclusions. Fitting the data in Fig. 2 finds th@=0.23, p=2. The parabolic
dependence of ductile fracture toughness on thegoyi void growth ratio is thus
stronger than the previously proposed linear sgalin



3. Void growth and the phenomenological toughness model

The proposed power law correlation suggests a damirole of the critical value
of the primary void growth ratio in ductile frac&urRice and Tracey [26] were the
first who proposed the constitutive growth law ofd/growth in an infinite solid
under a remote tensile mean stregs

R 30m
—=Cexp (—)
eR 20,
whereé is the true strain rate ar@l= 0.283. The Rice-Tracey model predicts that
the strain rate normalized void growth rate is gpomential function of the stress
triaxiality, on/ gy, at a distance from the crack tip where voidgatet Integrating
under constant strain rate, the Rice-Tracey maslates the void growth ratio to

the straincin the matrix:
2o = ex [ceex (G2
R, = exp |Ce exp 20,

Since the normalized ductile fracture toughndggdoXo, is a power function of
R/Ry, the Rice-Tracey model suggests that ductile dracttoughness is an
exponential function of the critical strain. Thadl value ofR/R; is reached when
the matrix straine reachesg. the critical strain for primary void coalescence,
where the matrix is softened by secondary micrasolthis critical strain is then

_ ll <RC> ( 30m>
& = C n R, exp 20,
Based on the Ritchiet.al. proposal, ductile toughness would then be liiyearl
related to the critical strain and hence

Jic (R )
< In|—
Xo0o Ry
A semi-logarithmic plot of the normalizedl: vs. (R'Ry) is shown in Fig. 3. In

contrast to the power law behavior demonstratdeign 2, the proposed linear in
the semi-logarithmic plot correlation does not appe
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oet - 3D numerical simulations demonstrate that
gé the stress triaxiality at the intervoid
ligament varies during void growth [6]. A
value of og/o~2.1 in the intervoid
R/Ro ligaments is typical at the onset of void

coalescence. With th&{R,) data available,



the critical strain can then be calculated. Thenradized ductile fracture
toughnesslic/opXo Vs. the critical strain so obtained is shown in Fig. As
expected, an exponential correlation is observaech that

]IC

aoXo

= Coexp(agc)
whereCp= 0.23 is the value of the normalized toughness=al and

30m
a = 2Cexp (200)
This leads directly tar =13.208, while data fitting to the computedof Fig. 4a
gives a=13.03. The data exhibit a much stronger sengitiot normalized
toughness to critical strain than the previouslypmsed linear scaling. As shown
by the log-log plot of Fig. 4b, a power law repmasgion would correspond to a
power of 3.5 compared to the value of 1 proposetheyld model.
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Figure 4 The normalized ductile fracture toughness J.c/GoX, VS. the matrix critical strain g
obtained based on Rice-Tracey growth model, a) semi-logarithmic plot showing the
exponential correlation and b) double-logarithmic plot showing the far stronger dependence
than linear

4. Thematrix critical strain for ligament instability

The critical strain characterizes the onset of primvoid coalescence, which
consists of deformation localization at the micedscinside the intervoid

ligament between neighboring primary voids. Ascdssed in detail in [1,2],
depending on the position and orientation of tgarhent relative to the principal
straining axis, both normal separations and sheealikations are possible.
Recent modeling has addressed the role of submigasticles in microvoid-

driven localization of plastic deformation duringiatile fracture [3-5]. The

critical strain is greater if formation of secongamicrovoids is delayed as the
result of reducing secondary patrticle size andmeldraction.

Estimation of the matrix critical strain for microd instability from macroscopic
fracture stain measures is confounded by the dmriions of primary voiding in
macroscopic fracture. The recent model of macrascdmcture strain by
Nahshon and Hutchinson accounts for the quantgatiects of both the stress
triaxiality and strain statee. plane strainvs. axisymmetric) as represented by



the third invariant of stress [27]. Measurementsnstability strain in pure shear
have the advantage of a reduced role of primargingi and the plane strain
condition of a crack tip, but are far removed frtme triaxial tension stress state
of mode | fracture. Fracture ductility data for axial tension are more abundant
and reflect the tensile stress state of a neck, shiffer from both a strong
contribution from primary voiding and an axisymniestrain state. Nonetheless,
empirical correlation of the critical microvoidirggrain measured by primary void
growth with these macroscopic fracture ductilityamgres can provide a useful
guide for estimating fracture toughness throughrmwr correlations.

Data of instability strain under pure shear areilake for the secondary
hardened (stage IV temper) AF1410, AerMetl00 steeld other ultrahigh

strength martensitic steel under stage | and stAgempering conditions as

plotted against the modulus normalized UTS in Big.[28,29]. Based on these
data a model of shear instability strain has bemreldped correlating with UTS
and elastic properties as [30]

(1 - U)au
YVin = Qexp _ﬁT

whereg, the UTSE, Young’'s moduluspand @ are fitting constant for secondary
hardening alloys and UHS low alloy steels undegestatemper conditions. Shear
instability strain is related to the microstructanmed strain hardening behavior as
well as the UTS. The uniaxial tensile fracture isgaare plotted in Fig. 5b. Both

the shear instability strain and fracture strairiension decrease with increasing
UTS. This trend is expected to maintain for thermatritical strain as supported

by Fig. 5c.
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The critical strainvs. the estimated shear instability strain and theasueed
fracture strain are plotted in Fig. 6a and b, respely. In Fig. 6a, the stage |
steels and secondary hardening steels form segag®ups but a rough
correlation betweerg, and K, can be found. In Fig. 6b, a linear correlation
between the critical stain and tensile fracturaistrs found & = 0.285), except
for a few data points for stage | steels. Considgtihat fracture strain under plane
strain conditions is in the range of 0.15~&43he factor 0.28 is a reasonable
value for the matrix stress triaxiality of 2.1 akpted in the present work.
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Figure6 Critical strain vs. calculated instability strain in shear, a) and fracture strain, b)

As the critical strain is defined, it is feasible éstimate the ductile fracture
toughness base on the phenomenological model. 8hts are shown in Fig. 7.
Considering the approximation in the model andekgerimental deviations, the
estimated values by the phenomenological modetesasonably well consistent
with the data.
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Figure 7 Estimate of the normalized ductile toughness based on the phenomenological model

5. Discussion

5.1. Ductile fracture toughness and the strength
The fracture toughnesgs. the flow strength for the ultrahigh strength Kee
considered here are shown in Fig. 8, with the gdneend that the toughness

decreases with increasing strength. Despite tHengaat J,c with ¢ in Fig. 2, the



final behavior of Fig. 8 reflects a dominance of 8trength dependence g, &
andg&, in Fig. 5.
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Figure 8 Fracture toughness vs. g,. Additional data points are added. Brown square: 9% Ni
steelsand solid purpletriangle: HY 180 with Ti.

5.2. A phenomenological ductile fracture toughness model
A phenomenological ductile fracture model is dedias

=C,

and

&= P&
whereCy =0.23, @ =13, & is the fracture strain in uniaxial tension afie¢t0.28.
Coalescence of primary voids is dominated by irdehligament instability. As

the ductile fracture toughness is an exponentiattfon of the critical strain, the
critical strain thus plays a dominant role in digctracture toughness.

6. Conclusion

Based on a new analysis of literature data inspingdecent simulations, it is
found that the ductile fracture toughness normdlibg the flow stress and the
spacing of the primary inclusions is a parabolioction of the critical primary
void growth ratio. Solving a Rice-Tracey type eguatunder constant strain rate,
the critical void growth ratio is an exponentiah@ition of the matrix critical strain
for microvoid instability. This can in turn diregttorrelate the toughness with the
critical instability strain and from this, a phenenological model is suggested
that the ductile fracture toughness is exponegtialated to the critical strain,
rather than a linear relation as previously assumBoe inverse strength
dependence of this critical strain dominates tmength dependence of ductile
fracture toughness. Control of the critical streirough microvoiding resistance
is a significant opportunity for toughness enhaneetm
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