Dislocation-Stacking Fault
Tetrahedron Interactions in Cu
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B. D. Wirth In copper and other face centered cubic metals, high-energy particle irradiation produces
V. V. Bulatov hardening a_nd s_he_ar localization. Post-_irradiation micros_‘,tructural examina_tion in Cg
B reveals that irradiation has produced a high number density of nanometer sized stacking
T. Diaz de la Rubia fault tetrahedra. The resultant irradiation hardening and shear localization is commonly

attributed to the interaction between stacking fault tetrahedra and mobile dislocations,
although the mechanism of this interaction is unknown. In this work, we present results
from a molecular dynamics simulation study to characterize the motion and velocity of
edge dislocations at high strain rate and the interaction and fate of the moving edge
dislocation with stacking fault tetrahedra in Cu using an EAM interatomic potential. The
results show that a perfect SFT acts as a hard obstacle for dislocation motion and,
although the SFT is sheared by the dislocation passage, it remains largely intact. How-
ever, our simulations show that an overlapping, truncated SFT is absorbed by the passage
of an edge dislocation, resulting in dislocation climb and the formation of a pair of less
mobile super-jogs on the dislocatiofDOI: 10.1115/1.1479692
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Introduction [13] and are assumed to rapidly migrate away from the vacancy
rich cascade region. The clustered vacancies then collapse to form
éFTs, which occurs within a few picoseconds at room temperature
B?/' a dislocation mechanisifi4], consistent with that first pro-

; posed by Silcox and HirscfL7]. Interestingly, a number of MD
energy, face centered culfiicc) metals, stacking fault tetr"’memasimuIations predict that the SFT structure will not consist of per-

(SFT) are the primary defect observed following high-energy Pakact tetrahedron, but in most cases, will actually consist of trun-

tlclz_e |rrad|at|on. For e>_<amp|e, post-irradiation microstructural e “ated tetrahedrofil4,1§ and in some cases, overlapping, trun-
amination of copper irradiated at temperatures between 20 ed SFT3[14]

100°C and doses between T0and 16 dpa reveals that approxi- |, this paper, we will present some of our recent MD simulation

mately 90% of the high number densitabout 16°m™%) of resuits to understand the mobility of edge dislocations in Cu at

radiation-induced defects are SFTs and that the average SFT $igh strain rate and their interactions with the principle defects

remains constant at about 2.8.5 nm([3,6]. _ observed under neutron irradiation, namely, stacking fault tetrahe-
When deformed a.fter |rrad|at|0n, Cu and Other IOW StacklnGron and Overlapping’ truncated Stacking fault tetrahedra.

fault energy fcc metals exhibit significant mechanical property

degradation, including a sharp increase in yield stress, a decrease

in ductility and often, plastic flow localization in the form of

defect-free dislocation channgg,5]. The formation of disloca- Simulation Methodology

tion channels is commonly attributed to dislocation absorption of

the vacancies contained in SHI&8]. However, a concise atom-eg

It is well established that irradiation of metals by high-energ
neutrons and ions produces significant changes in material mic;
structure and mechanical propertigs-5]. In low stacking fault

MD simulations of the interaction and fate of moving edge
islocations in Cu were performed using the MDCASK cp@)

istic picture of the SFT absorption mechanism is lacking. Thu hd an embedded atom meth6BAM) potential [20,21. The

the objective of this work is to obtain atomistic insight into th

interaction of SFTs with dislocations, necessary to understaﬁlg?tsetr']%;Iogrséanrt,zv‘”’ilggdsﬁﬁc.:f;ﬁefﬁultlteir;eirn%ygrk:g’:]'tn?: r\%vgrrlt?gﬁ tEhAa';/l
radiation-induced mechanical property changes. P P : P

Atomistic simulations can provide significant insight into th thel EAM potential usc;ed in th's. work Iglvels a very low sta.cllang
mechanisms of dislocation motion and interaction with defe%lutenergy compared to experimental values. At present, it is not

clusters at high strain rates. Such insight is of practical importan gtirely clear what effect the low stacking fault energy has on the

e . S - -
for developing quantitative structure-property relationship 'gf#'atﬁﬁoifns’ggiv{ﬁ,p;’;t%mera Qﬁgf'&gﬁ” ‘ic‘\'gsuftrfgé ?é;lir;?i\(l:v
mechanistic understanding of plastic flow localization and predi é\lug gf the stacking fault ene? and will bg reported in a future
tive models of mechanical behavior in metals under irradiation. lication 9 9y P

Computer simulation studies have been used to successf H}r)he simulations were performed in a cubic cell bounded by
model the production and accumulation of damage in irradiat 11, (110 and (112 faces, as sketched in Fig. 1. Periodic

Cu [8-15, as well as the interaction between dislocations a o . T
self-interstitial clusters in Nj16]. Some key results of our Work’rboundary conditions are applied in the=[110] andZ=[112]

focused on the dominant defects produced in irradiated Cu, &Hections, while thex=[111] faces are free surfaces during
briefly summarized here. Molecular dynami@dD) simulations €quilibration at 100 K and then traction controlled with a constant

of displacement cascade evolution in Cu reveal the formation 8pplied force. L _ _ )
large vacancy and self-interstitial loop8—12. The self- An edge dislocation is introduced in the simulation cell by re-

interstitial cluster loops undergo easy, one-dimensional transpBHeVving two(220) half-planes and equilibrating the system at 100
K to allow the edge dislocatiorh=a/2(110)(111), to split into

1—C0rresp0nding author. Contact information: phd8@5 424-9822, fax(925 two Shockley partial dislocation$)=a/6<112)(111), separated

423-7040, wirth4@lInl.gov. -
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Table 1 Elastic constants (Cy1, €12, C44 and shear modulus, w) a)
and stacking fault energy obtained from the EAM Cu potential T e

[17,18] used in this work “ - e AN L
Ci1 176 GPa . R { {
Cia 129 GPa ' .
Cua 82.3 GPa |
o 58.8 GPa
Stacking fault energy 11.4 mJfm

by a stacking fault. SFT and overlapping, truncated SFTs we
also inserted into the simulation cell on thel() glide plane
ahead of the dissociated edge dislocation.

Following equilibration at 100 K, a constant shear stregs, is
applied by superimposing a constant force in th#0] direction
on the atoms in the two (1) surfaces. In the results reportec |
here, the simulation cell was 31.2 nmXn25.5 nm inY and either
14.0 or 38.8 nm inZ (along the dislocation line which corre-
sponds to a dislocation density of about 80'* m~2 and a SFT
density of 3 to <107 m 3. Simulations have been performed
using cells of different size and dimension, but have not resultt
in any qualitative difference from the results described here. Tl
dislocation and SFT are visualized by plotting the location ¢
atoms with high potential energy.

R N

Results and Discussion

_Figure 2 shows a series of MD simulation snapshots of tr ’ | ‘
(111) glide plane(in [111] projection of the motion of an iso- I TR '},,

lated edge dislocation under stress of 300 MPa at 100 K. The ec - # w,@ax.;m_ o

dislocation is noticeably split into two Shockley partial disloca . o

tions, with a mean separation 6f8.5 nm. This large value of the \

equilibrium separation results from the very low value of th |

stacking fault energy of this Cu EAM potential, as shown in Tabl -l - . ) \

1, relative to experimental values of 30—45 m%l/Approxmately [ e

5 ps after application of the applied stress, the partial dislocatio -

begin to move, and pass through the cell many times as th wa%,,w, m;,,;.’w» |

quickly reach a steady velocity. The motion of the leading parti : - Vg . |

through the periodic boundaries occurs between 15 and 20.5 ps | I ; } \ fffff R

shown in Figs. &) and 2d). To date, the motion and steady state [ IS IS

velocity of dissociated edge dislocations have been measui.. """ SN

from the MD simulations for applied stresses between 45 and 375

MPa. Fig. 2 Near [111] projection of MD simulation snapshots
Figure 3 shows the steady state velocity of an isolated ed owing the motion of an isolated edge dislocation. The dislo-

. : . . . - “ation is visualized by plotting atoms with high potential en-
dislocation obtained from the computer simulations. It is |mpoergy_ Dislocation positions are shown at  (a) 0.0 ps, (b) 7.0 ps,

(c) 15.0 ps, and (d) 20.5 ps after applying a 300 MPa shear

stress.
120110] Periodic
Y boundaries
i Tgﬁ{tra}?ﬁm tant to note that, as a consequence of the periodic boundary con-
X urfaces ditions, the dislocation is not actually isolated, but the simulations
12[112) \/ v are performed for an array of infinitely straight edge dislocations

z ' P with a mean spacing of 25.5 nm, which corresponds to a disloca-
N . — Vi tion density of about & 10" m~2. The results show an apparent

saturation in steady state velocity of about 1500 m/s for applied
stresses above about 200 MPa, which corresponds to a strain rate
of ~3x10® s™1. The saturation velocity is about 55% of the
calculated transverse shear wave speed 2800 m/s for this Cu
EAM potential. As reported in Ref.16], the saturation velocity
depends on the applied boundary conditions. Our value%5%
agrees well with the value 0f-59% obtained by Rodney and
Martin for edge dislocation saturation velocity in Ni, with compa-
rable boundary condition$16]. Simulations are currently in
progress to extend the simulations of dislocation mobility to
< T > higher applied stresses.

' _Figure 4 shows a series of MD simulation snapshots of the
Fig. 1 Schematic view of the simulation cell and dimensions (111) glide plane(in [111] projection of the interaction between
used in this work a moving, dissociated edge dislocation and a perfect SFT, whose

255
nm
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Fig. 3 Steady-state velocity of an edge dislocation as a func-
tion of the applied shear stress

base lies on the dislocation glide plane. The simulation was per-
formed at an initial temperature of 100 K and an applied shear
stress of 300 MPa. Figurg@ shows the initial configuration of
the edge dislocation, which is split into the two Shockley partial
dislocations, and the SFT, which consists of 6 stair-rod disloca-
tions when viewed using high potential energy atoms. Although
not seen in this projection, the base of the SFT lies just above the
glide plane of the edge dislocation. Following application of the
shear stress, the two Shockley partial dislocations are driven to-
wards the SFT. Figure(B) shows the position of the partial dis-
locations 9 ps after application of the 300 MPa shear stress. By
this time, the leading Shockley partial dislocation has reached the
SFT, felt a repulsive force and bowed back away from the SFT. As
the trailing partial approaches, the leading partial slips past the
SFT basdFig. 4(c)). The SFT acts as a hard barrier to dislocation
motion and in order for the leading partial to shear past the SFT, it
must noticeably bow around it, finally releasing at a critical angle
of about 80 degFig. 4(d)). By 15.5 ps(Fig. 4(e)) the trailing
partial shears the SFT, as the leading partial continues to move
ahead with significant remaining curvature along its line. Interest-
ingly, the SFT provides less resistance to the passage of the trail-
ing partial and the shape of the trailing partial shows only a slight
perturbation immediately after passing the SEFIg. 4(f)). The

a) 0.0 ps » b)9.0ps
A 388nm - - \
25.5nm & &

o

€) 15‘.5 ps

) 18.5 ps

Fig. 4 [111] projection of MD simulation snapshots showing the interaction between a mov-

ing, dissociated edge dislocation and an SFT, whose base lies just above the dislocation glide
plane, as visualized by plotting atoms with high potential energy. Dislocation positions are
shown at (a) 0.0 ps, (b) 9.0 ps, (c¢) 11.0 ps, (d) 14.0 ps, (e) 15.5 ps, and (f) 18.5 ps after applying
a 300 MPa shear stress. Note, the use of high potential energy atoms for visualization intro-
duces thermal noise (isolated points ) into the snapshots.
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Fig. 5 Near [111] projection of MD simulation snapshots showing the interaction between a
moving, dissociated edge dislocation and an SFT which lies across the dislocation glide
plane, as visualized by plotting atoms with high potential energy. Dislocation positions are
shown at (a) 10.0 ps, (b) 19.5 ps, (c¢) 23.3 ps, and (d) 115.0 ps after applying a 300 MPa shear
stress. Note, the edge dislocation has passed through the SFT six times, shearing the top
portion of the SFT away from its truncated tetrahedron base.

SFT is not absorbed by the moving edge dislocation, but insteadFollowing each passage of the dislocation through the SFT, the
acts as a rather hard obstacle to dislocation motion. In this capertion of the SFT lying above the dislocation glide plane is
with the dislocation shearing the perfect SFT, with its base on tseeared by a Burgers vector, and thus has a surface(letige
dislocation glide plane, the entire SFT is sheared by a completlong three of its fou{111} faces, but remains largely intact.
Burgers vectofa/X110) by the passage of the edge dislocationQualitatively similar results are observed in simulations of the
_Figure 5 shows a series of MD simulation snapshots of tleige dislocation-SFT interaction performed with a range of ap-
(111) glide plane(in near[111] projection of the interaction plied stress from 50 to 300 MPa, different SFT separation along
between a moving, dissociated edge dislocation and a perfect SHE dislocation line and slightly different interaction geometry. In
which lies across the dislocation glide plane. Again, the simulall cases, the SFT acts as a hard barrier and despite the formation
tion was performed at an initial temperature of 100 K and aof surface steps, remains intact following dislocation passage. In-
applied stress of 300 MPa. Figurébshows the configuration of deed, as shown in Fig(&) even after 6 dislocations have sheared
the edge dislocation, which is split into the two Schockley partidhe SFT it remains largely intact, albeit with further dislocation
dislocations, and the SFT, which in this case lies across the disfmssage, it will ultimately be separated into a small perfect SFT
cation glide plane, 10.0 ps after applying the shear stress. Figmesar a truncated tetrahedron base.

5(b) shows the position of the leading and partial dislocations 19.5 However, dislocation absorption of an SFT-type defect has been
ps after applying the 300 MPa shear stress. By this time, tlobserved in the case where the SFT is not perfect, but rather
leading partial has just by-passed the SFT, producing a shearcofsists of overlapping, truncated SFTs. As mentioned previously,
a/6(112) in the portion of the SFT which lies above the glideoverlapping, truncated SFTs are the predicted defect from MD/
plane. Again, the SFT acts as a hard, shearable obstacle andKMC simulations of damage accumulation under irradiafibal.
critical angle of the leading partial immediately after it bypassdsigure 6 shows the results of a simulation between a dissociated
the SFT is~80 deg. The trailing partial shears through the SF&dge dislocation and overlapping, truncated SFT at 100 K in Cu.
23.3 ps after applying the shear stress, and again, the SFT offierghis simulation, an overlapping, truncated SFT, with a spacing
significantly less resistance to the trailing partial, shown in Figf 14 nm(along the dislocation lineis placed on the glide plane
5(c). This simulation was run for longer times to allow the disloof a dissociated edge dislocation, which moves under an applied
cation to pass through the SFT five additional times. Notably, tieshear stress of 300 MPa. Figur@pshows the initial configura-
SFT was neither destroyed nor absorbed, but although consid@n of the edge dislocation, split into two Shockley partial dislo-
ably sheared, as shown in Figidh, was largely intact. cations, and the overlapping, truncated SFiost easily visual-
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a) 0.0 ps b) 11.0 ps c) 16.0 ps d) 19.0 ps
<111> projection

<110> projection

<

Fig. 6 MD simulation snapshots showing the interaction between a moving, dissociated edge
dislocation and an overlapping, truncated SFT in Cu. The high potential energy atoms are
visualized in (111) (top) and (110) (bottom ) projections and show the motion of the two Shock-

ley partials and interaction with the overlapping, truncated SFT at (a) 0, (b) 11.0, (¢) 16.0, and
(d) 19.0 ps after application of a 300 MPa shear stress. See text for additional details.

ized in (110 projection, as represented through visualization ofact. However, our simulations show that an overlapping, trun-
the atoms with high potential energy. Figurd)6shows that upon cated SFT is absorbed by the passage of an edge dislocation,
contact, the leading partial absorbs vacancies from part of thesulting in dislocation climb and the formation of a pair of less
overlapping truncated SFT and climbs, forming a pair of supemobile super-jogs on the dislocation. Additional simulations are
jogs that effectively pin the leading partial as the trailing partiainderway to characterize the matrix of possible dislocation-SFT
approaches. Figure(® shows that the trailing partial catches thanteractions, including the effect of applied stress and the use of
leading partial at the location of the overlapping SFT and superjegother EAM potential to determine the effect of stacking fault
pair, climbs through absorption of the remaining vacancies in tlemergy, and provide rules for dislocation dynamics simulations
defect and constricts at the location of the superjogs. Followirgat can provide insight into the mechanisms responsible for flow
defect absorption, the dislocation continues to m@vig. 6(d)), localization in irradiated metals.
but with a decreased mobility associated with the superjogs.

The detailed absorption mechanism is complicated and has not
yet been completely analyzed. It is clear that passage of a singieknowledgment
dislocation through a perfect SFT will not lead to its absorption, This work was performed under the auspices of the U.S. De-
but it is not yet known how many dislocations are required tpartment of Energy by University of California Lawrence Liver-
completely shear a SFT, or what degree of SFT truncation withore National Laboratory under contract No. W-7405-Eng-48.
result in absorption. However, it is clear that defect absorption
produces dislocation climb and the formation of superjog pair
which have decreased mobility. Similar dislocation climb behayi€ferences
ior resulting from defect absorption was observed by Rodney and1] :vlar}slglrl, L. K3 a;\;dtBI;fm, Eé?I’E.,3 1982, “Radiation Effects in Reactor Struc-

i H i " i P ural Alloys,” J. Met., 34, pp. 23-31.

ma{tm n tflﬁ aké.s?rptlct).n of l;elfk;ln(jtgrsttlﬂal CIUSte-rtS Ig. [\]'I6t] Inf [2] Lucas, G)./ E._,.1993: “ThepEvolution of Mechanical Property Change in Irradi-

at case, . e disloca |on_ climbed In the OppO;I € direction rom" = o4 Austenitic Stainless Steels,” J. Nucl. Mat@0g, pp. 287—305.
the absorption of vacancies from the overlapping, truncated SFT3] Singh, B. N., and Zinkle, S. J., 1993, “Defect Accumulation in Pure FCC
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_y 0 ne)/ an artir 16]. € constricte Super_JOg. IS essen Cascade Induced Interstitial Loops at Dislocations: Possible Effect on Initia-
tially sessile, but can transform to a more favoraglssile) con- tion of Plastic Deformation,” J. Nucl. Mater251, pp. 172—187.
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energy atoms seen below the left superjog in Figl ®ias been ties of Copper Single Crystals Irradiated With 600 MeV Protons,” Mat. Res.
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[7] Ghoniem, N. M., Tong, S.-S., and Sun, L. Z., 2000, “Parametric Dislocation
i Dynamics: A Thermodynamics-Based Approach to Investigations of Mesos-
Conclusions copic Plastic Deformation,” Phys. Rev. B391), pp. 913-927.

. . 8] Diaz de la Rubia, T., Zbib, H. M., Khraishi, T. A., Wirth, B. D., Victoria, M.,
MD simulation results have been presented of the steady Stat% and Caturla, M. J., 2000, “Plastic Flow Localization in Irradiated Materials: A
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