TOPICAL COLLECTION: CARL KOCH SYMPOSIUM: MECHANICAL BEHAVIOR OF NANOMATERIALS

In Situ Studies on the Irradiation-Induced Twin
Boundary-Defect Interactions in Cu
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Polycrystalline Cu films with nanoscale annealing twins are subjected to in situ Kr

** ion

irradiation at room temperature inside a transmission electron microscope up to a dose of 1
displacement-per-atom. Radiation induces prominent migration of incoherent twin boundaries.
Depending on twin thickness, three types of twin boundary evolutions are observed, including
rapid detwinning, gradual detwinning, and self-healing. The mechanism of twin thickness-de-
pendent evolution of microstructures is discussed. This study provides further evidence on twin
boundary-defect interactions and may assist the design of radiation-tolerant twinned metallic

materials.
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I. INTRODUCTION

NANOTWINNED (nt) metals have raised significant
attention due to their remarkable electrical conductiv-
ity,l' 3 thermal stability,">) and excellent mechanical
properties.[()*“] Prior studies show that twin thickness
(1), the spacing between coherent twin boundaries
(CTBs), plays a significant role in determining their

- . - [12714] .
physical and mechanical properties. When twin
thickness is reduced to a critical value, nanotwins may
become unstable as shown by detwinning events occur-
ring under high temperature,'' electrical field,'® and
mechanical stress.!!”! The detwinning behavior is directly
correlated to the migration of partials on incoherent
twin boundaries (ITBs).!'"¥ According to the experimen-
tal studies using high-resolution transmission electron
microscogy (HRTEM)'? 2! and atomistic simula-
tions,?>*] ITBs are composed of groups of Shockley
partial dislocations on three successive {111} planes and
tend to glide collectively under shear stress,!!”:?* 2
thereby causing detwinning.*%)

There are increasing investigations on radiation
response of nt metals,m’”] and radiation-induced
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detwinning has also been observed.®¥ Li er alP¥
reported ITB migration in Cu film after Cu®" ion
irradiation, and attributed their migration to the glide of
grain boundary Shockley partial dislocations, driven by
concurrent reduction in radiation-induced defects. Yu
et alB% observed continuous migration and recovery of
ITB steps at the corners of thick twins in epitaxial nt Ag
film under in situ Kr* ¥ ion irradiation and inferred that
the TB evolution is due to defect—ITB interactions. Song
et alB" studied radiation-induced TB migration in Fe
using atomistic simulations and demonstrated that the
migration event might be enhanced by local thermal
spikes and defect clusters. Chen er al.* reported that
the radiation-induced detwinning in nt-Cu depends on
twin thickness: the thinner the twins the faster the
detwinning process. These studies suggest that radia-
tion-induced detwinning is closely associated with the
interaction between ITBs and radiation-induced defect
clusters.

In this paper, we examined the radiation-induced
detwinning for twins of various thicknesses in annealed
Cu subjected to in situ Kr™ " ion irradiation experiment.
Several distinct types of defect—ITB interactions were
identified. The underlying mechanisms of radiation-in-
duced thickness-dependent detwinning are compared.
This study contributes to the further understanding on
heavy ion irradiation response of nt metals.

II. EXPERIMENTAL

Cu films, ~80 nm in thickness, were DC sputter
deposited at room temperature using 99.99 pct purity
Cu target onto sample grids supported with carbon film
for transmission electron microscopy (TEM) studies.
Prior to deposition, the chamber was evacuated to a
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base pressure of ~8 x 10® torr. Isothermal annealing
was then performed for 20 minutes at 573 K (300 °C) in
ultra-high purity Argon gas. After annealing, a large
number of annealing twins with various thicknesses were
introduced in large grains. In situ Kr™ " ion radiation
was conducted at room temperature at the Intermediate
Voltage Electron Microscopy (IVEM) facility at
Argonne National Laboratory. 1 MeV Kr™ ™ ion beam
was utilized for the radiation experiment, during which a
CCD camera was used to capture microstructural
evolution at 15 frames/s. Radiation damage in terms
of displacement-per-atom (dpa) inside Cu film was
calculated using the SRIM (Stopping and Range of
Ions in Matter) simulation with the Kinch—Pease
method.®®3"! The average dose rate was controlled at
2.5 x 1072 dpa/s. The temperature rise of the sample
during irradiation was measured to be less than 283 K
(10 °C)

III. RESULTS

A. Radiation-Induced Detwinning

To explore the detailed morphology evolution pro-
cess, large Cu grains with numerous annealing twins of
various thickness were selected for examinations.
Figure 1(a) shows a typical example where 7 well-de-
fined twins (labeled by arrows) in a Cu grain were
monitored during their irradiations. All of these twins
have one of their ITBs terminated in grain interior, and
they are oriented in two sets of {111} planes at an
interception angle of 71 deg. Figures 1(b) through (d)
show morphology evolutions for several twins up to 1
dpa. Several ultrafine twins 1, 2, and 7 with thickness
t < 10 nm, underwent drastic ITB migration and com-
pletely detwinned (after irradiation in Figure 1(d)).
Meanwhile, twins 4 and 5 with intermedium thickness
(10 <t <20 nm) experienced incomplete detwinning,
shortened from their original lengths of 203 and 108 to
168 and 82 nm (see Figure 1(d)), respectively. However,
thicker twins, 3 and 6 (¢ > 20 nm), survived the heavy
ion irradiation with little ITB migration. The detwinning
events are summarized and schematically illustrated in
Figure 1(e), where the areas arising from ITB migra-
tions are outlined by dashed lines. It is worth noting that
no significant CTB migrations were observed, and the
twins with both ends of ITBs anchored at the grain
boundaries remained stable after irradiation.

In situ TEM studies enable us to track the ITB
migration processes in real time. The reduction of twin
length shown in Figure 2(a) is a direct consequence of
radiation-induced detwinning. Furthermore thinner
twins have higher ITB migration velocity (Vytg) as
shown by the red circles in Figure 2(b), which is
consistent with the data (shown as blue squares) derived
from our previous studies on radiation-induced detwin-
ning in epitaxial nt-Cu films.**! Moreover, radiation-in-
duced detwinning also depends on dose rate. The dose
rate in the current study is K; = 2.5 x 10 dpa/s,
higher than our previous study, K, = 0.43 to
1.98 x 1072 dpa/s.*>) A comparison of these two sets
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of studies reveals that Vitg increases with increasing
dose rate for the twins that are less than 20 nm in
thickness. However, when the twins are thicker than
20 nm, there are little ITB migration. In fact, ITBs tend
to migrate at room temperature even without irradia-
tion, which is driven by the excess energy stored in
CTBs. Atomistic simulations have revealed that when
the twin thickness is less than 2 nm, the driving force
becomes so large that detwinning process can easily
occur (in Cu) at room temperature (without irradia-
tion).“x] The value of Vitg of the non-irradiation case
can be calculated based on annealing experiment,!" and
it is also plotted as a black reference line in Figure 2(b).
At room temperature, TBs in Cu barely migrate unless
they are extremely fine. In contrast, radiation has
prominently accelerated detwinning velocity for twins
of various thickness.

B. Defect—ITB Interactions and Morphology Evolutions

Heavy ion irradiation induces a large number of
defect clusters in annealed Cu, and Figure 3 shows the
statistics on the distributions of size (D) and lifetime (7)
of defects. The defects have an average diameter (D,ys)
of 4.4 nm and an average lifetime (7,) of 15.0 seconds.

In addition, frequent defect-ITB interactions were
observed by carefully examining the in situ TEM videos.
Figure 4 shows two distinct types of defect-ITB inter-
actions for a twin T4, consisting of an ultrafine tip T4"
with a thickness ¢} of 8 nm, and a medium-thick twin
base T4" with a thickness ¢ of 17 nm. The defect-ITB
interactions led to the removal of T4* through two steps:
a sharpening process as shown in Figures 4(a) through
(c), and a collapse process as shown in Figures 4(d)
through (f). At 78 seconds in Figure 4(a), T4" had a flat
end and a dislocation loop L1 was formed in its vicinity.
At 80 seconds in Figure 4(b), L1 began to grow and
approached T4, and a direct contact (DC) occurred
afterwards. At 94 seconds in Figure 4(c), L1 was
entirely absorbed and T4 became pointed. The tip
remained sharp for ~46 seconds, see Figure 4(d). How-
ever, once L2 emerged near T4* at 139.13 seconds in
Figure 4(e), the sharp T4" collapsed as evidenced by
instant detwinning at 139.40 seconds in Figure 4(f); in
other words, a non-contact (NC) defect-TB interaction
had occurred. The detwinning velocity is ~80 nm/s.
More details related to the DC and NC interactions can
be found in Supplementary Video SV1 and SV2,
respectively.

In addition to the drastic detwinning at the tip of the
ultrafine twin T4, a gradual detwinning event was
observed. Figures 5(a) through (c¢) demonstrate the
morphology evolution of twin T1 (#; = 10 nm) with
increasing dose. At 50 seconds in Figure 5(a), T1 was
60 nm long. During irradiation, it was shortened to
41 nm in 30 seconds (Figure 5(b)), and then shrank to
18 nm in length at 370 seconds as shown in Figure 5(c).
Meanwhile, frequent defect—ITB interactions were also
captured, and two typical defect clusters that interacted
with ITB are marked as L3 and L4. The average
detwinning velocity for T1 is calculated to be ~0.12 nm/
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Fig. 1—In situ TEM snapshots and schematic illustration showing detwinning for various annealing twins inside a large Cu grain subjected to
Kr* ™" ion irradiation up to 1 dpa at room temperature. (a through o) Sequential TEM micrographs taken at different doses showing the mor-
phology evolution of several twins labeled as 1 to 7. The insets in (b) and (d) show the enlarged images of the end of twin 4, and the inset in (¢)
shows the remaining section of twin 1 at 0.5 dpa. (e) Schematic illustration depicting the morphology variation of the labeled twins (Color
figure online).

s. In comparison, a thick twin T6 (fg = 25 nm) showed became blunted at 86 seconds (Figure 5(¢)). By 156 sec-
self-healing capability. As shown in Figure 5(d), the onds as shown in Figure 5(f), the two blunted corners
corners of T6 were very sharp at 50 seconds, but they became sharp (orthogonal) again. More details related
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Fig. 2—The dependence of ITB migration on twin thickness and dose rate at room temperature. (¢) The plot of twin length over radiation dose
for numerous twins. (b) The average ITB migration velocity (Vi) of the current study (plotted in red) decreases rapidly with increasing twin
thickness at a high dose rate of K; = 2.5 x 107> dpa/s. The reference data of a low dose rate®! (K, = 0.41 to 1.98 x 107> dpa/s) and non-irra-
diation™ (K5 = 0 dpa/s) are also plotted in blue and black, respectively (Color figure online).
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Fig. 3—Histograms showing the statistics of («) diameter D and (b) lifetime 7 of radiation-induced defect clusters in twinned Cu. The average
defect size (D,y,) and lifetime (7,,,) are measured to be 5 nm and 15.0 s, respectively.

to the gradual detwinning of T1 and the self-healing
capacity of T6 can be found in Supplementary Video
SV3 (accelerated by 5 times) and SV4 (accelerated by 5
times), respectively.

IV. DISCUSSION

A. Irradiation-induced Detwinning

To understand the detwinning behavior under irradi-
ation, it is necessary to examine the I'TB microstructure
and its migration mechanism. Most twinning or detwin-
ning processes typically occur via collective glide of
multiple twin dislocations (TDs) in ITBs.!'2*4 In
face-centered cubic (FCC) metals, ITBs are composed of
a set of three Shockley E)artial dislocations 1/6(112) on
adjacent {111} planes.” These partials can migrate
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under apglied shear stress, resulting in ITB migra-
tion!'7>33% with a velocity 7 that can be expressed as!'>:

V= ?Moe(_%), [1]

where 7 is the twin thickness, AQ is activation energy, k

is Boltzmann’s constant, and 7 is temperature. Moe(*ﬁ_(f))
is defined as the ITB migration mobility, and ? is the net
pressure or the main driving force of detwinning arising
frorgg}the excess CTB energy 7, about 24 mJ/m? for
Cu.t

For the case of non-irradiation detwinning at room
temperature as shown in Figure 2(b), its activation
energy has been measured as ~0.90 eV/atom.["” Under
irradiation, ITB migration velocity accelerates signifi-
cantly, especially for the twins thinner than 20 nm.
Using Eq. [1], we can determine that the average
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Fig.4—A series of TEM snapshots taken during in situ irradiation of nt-Cu over 0.1 to 0.2 dpa, showing the detwinning process for twin T4. Its
tip section T4 has a thickness of 8 nm, whereas the base portion, T4®, is 17 nm thick. Two radiation-induced dislocation loops interacting with
the ITB are indicated by L1 and L2. (a through ¢) The sharpening process of T4* caused by its direct contact (DC) with L1. (d through f) The
subsequent collapse of T4® triggered by its non-contact (NC) interaction with L2. See Supplementary Videos of SV1 and SV2 for more details.

activation energy for the current irradiation-induced TB
migration is much lower, ~0.42 eV/atom. The reduced
activation energy is attributed to the local shear stress t
arising from radiation-induced defect clusters.*"
According to the defect reaction rate theory,*”) AQ
can be expressed in terms of shear stress 7 as:

840 =80o(1- )", 2]

where AQy is the activation energy at t = 0, and € is the
critical stress and o is a dimensionless exponential
factor. MD simulations have revealed that the activation
energy barrier and critical activation stress can be
lowered in the existence of irradiation-induced defect
clusters.® Under heavy ion irradiation, numerous
defect clusters are generated, and they can continuously
impinge ITBs (see Figure 4) and apply shear stress on
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Shockley partials along ITBs. Consequently, the activa-
tion energy is reduced and the I'TB migration velocity
increases.

B. Defect—ITB Interactions

Figure 4 shows two distinct types of defect-ITB
interactions that are defined as DC and NC. On the
one hand, DC occurs when a defect cluster is in direct
contact with an ITB and is subsequently absorbed by the
ITB. In FCC metals, heavy ion irradiation generates
point defect clusters in the form of dislocation loops,
stacking fault tetrahedron (SFT), and voids.*!™*
Among them, dislocation loops are the most commonl
observed, including both faulted and perfect loops.[*+ !
The perfect dislocation loops are glissile and able to
diffuse very fast in the closely packed (110) direction

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig.5—In situ TEM observations showing the gradual detwinning of twin T1 and the self-healing capability of twin T6. (a through ¢) The length
of twin T1 (thickness 7; = 10 nm) decreased from 66 to 41 nm by 230 s, and to 18 nm by 370 s. Meanwhile, two typical defect clusters that
interacted with the ITB were captured, marked as L3 and L4. (d through f) Twin T6 (¢, = 25 nm) had two sharp corners at 50 s, and by 86 s
both corners became blunted. By 156 s, the TBs with blunted corners have recovered, exhibiting a self-healing ability. See Supplementary Videos

of SV3 and SV4 for more details.
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Fig. 6—Schematics illustrating how a thick twin engages defect clusters (not shown here) and starts its detwinning from the corner. (a¢) Four poten-
tial scenarios of ITB migration are presented, including A—corner twinning, B—middle detwinning, C—middle twinning, and D—corner detwin-
ning. (b) The corner detwinning of scenario D is more energetically favorable than the others, and it occurs more frequently in experiment.

along their Burgers vector.*”>!! The mobility of perfect

dislocation loops inevitably facilitates their interactions
with ITBs, which may lead to the formation of Frank
partials by:

Lriio) + Ly = L. 3]

2 6 3
The Frank partials formed in ITBs are sessile and can-
not glide under shear stress, but they may migrate
back and forth via dislocation climb by absorbing
vacancies or interstitials. This mechanism can partially
explain the ITB’s sharpening process observed in
Figures 4(a) through (c) and its self-healing capacity as
shown in Figures 5(d) through (f). On the other hand,
these Frank partials can further absorb perfect loops
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with the opposite Burgers vector, resulting in their
reverse transformation into Shockley partials through
the following reaction:

Yoo+ it — Ly 4]

5 + 3 — 6 .
When ITBs are decorated by Shockley partials, they
become mobile again and can migrate rapidly through
stress-driven dislocation glide. NC can now occur
through the mechanical impingement of adjoining
defects on ITBs, as shown in Figures 4(d) through (f).

In addition, it is worth pointing out that the charac-

teristic of defect size and lifetime plays an important role
in defect—ITB interactions. Statistic studies in Figure 3
show that the dimension of defect clusters is smaller
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Fig.7—Schematic illustration of twin thickness-dependent detwinning during radiation. Two types of defect-ITB interactions, direct contact
(DC) and non-contact (NC) interactions are marked. (a/), (a2) The drastic detwinning of ultrathin twins (¢ < 10 nm) occurs via the glide of
Shockley partials on ITBs. (b1), (b3) The gradual detwinning of medium-thick twins (10 < ¢ < 20 nm), which starts from corner (sharping or
thinning of the twin) and subsequent collapses of the sharpened tip. (c¢/ through ¢3) The self-healing capacity of thick twins (z > 20 nm) occurs
through negative or positive Frank climb at corners along thick ITBs or glide of Shockley partials from their ITB corners.

than 10 nm and their lifetime is shorter than 60 seconds.
This observation leads us to hypothesize that the
influence of a defect cluster on an ITB may be limited
by both space and time scale. For a thick twin, larger
than 20 nm in thickness, there would be 4 representative
scenarios of defect—ITB interactions, shown schemati-
cally in Figure 6(a), including A—corner twinning,
B—middle detwinning, C—middle twinning, and
D——corner detwinning. Here twinning (detwinning)
refers to the extension (contraction) of an existing twin.
Note that the first three scenarios, A, B, and C, lead to
the increase of the length of CTBs. Considering the
small size and short lifetime of defect clusters, the
scenarios of A, B, and C are less energetically favorable
than the scenario D in Figure 6(a). Consequently, the
defect-ITB interactions for a thick twin may lead to
detwinning process from the corner, as shown in
Figure 6(b).

C. Thickness-Dependent Detwinning

We finally discuss the thickness-dependent detwinning
mechanism for twinned Cu under Kr* ™ irradiation.

5178—VOLUME 48A, NOVEMBER 2017

The mechanism is schematically illustrated in Figure 7
and summarized as follows:

(1) The ultrathin twins (¢ < 10 nm) in Figures 7(al),
(a2), with a thickness comparable to the size of
radiation-induced defect clusters, may be more
likely to undergo drastic detwinning via the glide
of Shockley partials on ITBs. The drastic detwin-
ning event may be triggered by local shear stress
(7) arising from a dislocation loop that is not in
direct contact with the ITB (NC mode).

(2) The twins with medium thickness
(10 < t < 20 nm) shown in Figures 7(b1) through
(b3) may first experience a thinning process at
twin corners. Then the sharpened tip may go
through a rapid collapsing process resulting in a
gradual detwinning.

(3) The thick twins (#> 20 nm) shown in Fig-
ures 7(cl), (c2), are only subject to detwinning
at twin corners through DC or NC interactions.
After DC interactions, Frank partials are formed
in ITBs, which are immobile and can slow down
the detwinning process significantly. Meanwhile,
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Frank partials can have positive or negative climb
by absorbing vacancies or interstitials, and Shock-
ley partials can glide back and forth in accordance
with the direction of local shear stress. As a result,
thick twins can recover from their blunted outli-
nes and possess a self-healing capacity.

The aforementioned detwinning mechanism is con-
cluded based on defect-ITB interactions, which implies
that the defect density around an ITB plays an impor-
tant role in its migration. There are two factors that can
influence the defect density. First, increasing dose rate
can induce more defects, accompanied with more
frequent defect—ITB interactions and faster ITB migra-
tion velocity as shown in Figure 2(b). Second, TBs and
grain boundaries (GBs) can act as effective trapping sites
that can influence defect formation and distribu-
tion.®? % For instance, T1, T7, and T5 have similar
twin thicknesses, ~10 nm, but they have different length
reductions after irradiation. Note that T5 is sandwiched
between two TBs, but only one side of T1 and T7 has a
TB. It can be inferred that less defects were formed in
the matrix around TS5, causing less detwinning, while
more defects interacted with T1 and T7, leading to their
full detwinning. In addition, thinner twins of T1, T2,
and T7 in Figure 2(a) became rather unstable when their
lengths were shortened down to 25 nm. As they became
shorter, their I'TBs migrated rapidly towards the GBs.
Twin TS had an original length over 100 nm, and it
detwinned much less than the shorter twins (T1 and T7
with a length of ~63 and 35 nm, respectively) did under
the same irradiation condition.

V. CONCLUSION

Using in situ Kr™ " ion irradiation, we have studied
the radiation-induced detwinning in Cu containing
high-density annecaling twins. The detwinning event
exhibits dose rate-dependence and thickness-depen-
dence. Higher dose rate accelerates detwinning. More-
over, for thinner twins, less than 20 nm in thickness,
radiation significantly accelerates the TB migration
velocity. However, when the twin thickness exceeds a
critical value, ~20 nm in the current study, twins tend to
show self-healing capability as evidenced by back-
and-forth migration of ITBs from corners. Two types
of defect-ITB interaction modes, direct and non-direct
contact, have been observed and account for the
thickness-dependent detwinning mechanism.
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