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a b s t r a c t

As the intersecting line of three grain boundaries (GBs), triple line is in non-equilibrium

state with large stress concentration and extra energy, which makes it the optimal site

for twin nucleation. However, it is very difficult to verify this conjecture by direct experi-

ments, so no one has done it so far. In present work, we try to use molecular dynamics

(MD) simulation on nanocrystalline Cu to confirm such hypothesis. We found that 25 out of

28 twins were emitted from triple lines. The related atomic micro-mechanism has been

analysed. Stress relaxation and energy reduction were considered to be the driving factors

for twinning from triple lines. This could be proved by changes of dihedral angles, relative

GB energy sum, average atomic von Mises shear stress and average atomic energy.

Experimentally, the transmission Kikuchi diffraction (TKD) characterization on nano-

crystalline Cu revealed that the fraction of the triple junction-twin intersection was 81.7%

in all twinned nanograins. The underestimation of experimental results might be caused

by invisible triple lines in the orientation mapping.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the past two decades, in addition to the grain boundary (GB)

related deformation mechanism, twinning has also been

revealed as one of the main deformation mechanisms for

nanocrystalline (nc) face-centered-cubic (fcc) metals and al-

loys with low to medium stacking fault energy [1]. Twinning

mechanism in nc fcc metals and alloys via partial dislocation
Zhao).

by Elsevier B.V. This is
).
emission from GBs was firstly predicted by molecular dy-

namics (MD) simulation and then firmly verified by high res-

olution transmission electron microscopy (HRTEM) [1e5]. A

large number of subsequent studies show that twinning can

also improve the ductility of nc metals and alloys [1]. Up to

now, it has been widely accepted that partial dislocations

could readily be emitted from non-equilibrium GBs to

nucleate a deformation twin [6e9].
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A triple line is the intersection of three GBs of three adja-

cent grains, which is also called triple junctions when it’s

perpendicular or edge-on to the observation plane [10,32]. As

the intersection of three GBs, triple lines are considered to be

in a severely unbalanced state due to lattice mismatch. Or to

put it another way, as the consequence of lattice mismatch

and surplus defects, large strain and stress concentrate in

triple lines, imposing them high line tension or energy [8e12].

Therefore, triple lines has been revealed as sinks and emitters

of free volumes, dislocations and other defects, [3,8,9]. Since

the total excess free energy of triple lines is enhanced, they are

easier to overcome the energy barrier to participate into the

GB-related deformation mechanisms. It has also been

demonstrated that triple lines are energetically more favor-

able than GBs. They would play increasingly important role as

the grain size gets smaller [11e14].

With high energy non-equilibrium state, triple junctions or

lines have been reported to play a critical role in GB-mediated

deformation mechanisms of nc materials, such as the grain

rotation [15], GB sliding [16] and nucleation of nanovoids [17].

Growth twins have also been observed to nucleate at triple

lines in Ni during annealing [13]. Our earlier work [18] also

discovered that 83% of all characterized nc CueZn grains have

at least one twin being intersected with a triple line. Never-

theless, the distinction between GB and triple line has been

unable to arouse sufficient attention from researchers in

terms of stress and energy. Instead, they were usually bound

together and called interface stress and energy [12]. Such

practice might mask the important role played by the local

stress and energy associated with the triple line in a variety of

issues [12,19]. Therefore, we hypothesized that the triple line

was more effective in promoting partial dislocation emissions

and nucleating twins than GBs during the deformation of nc

fcc metals and alloys.

The hypothesis above remains poorly researched because

vast percentages of twinning from triple lines are opaque to

visible light and electron beams [13]. Firstly, only triple lines

normal in view could be characterized as triple junctions by

standard probes, but those triple lines would stay invisible

when being parallel in view. Furthermore, twinning nucleated

from triple lines is an evolving process with strain in three-

dimensional space and therefore could hardly be captured

by light or electron beam probes as a panoramic view. On the

basis of above problems, in this work we employed MD

simulation to directly visualize twin nucleation and growth

process in nc Cu under shear stress. In addition, we further

employed the transmission Kikuchi diffraction (TKD) charac-

terization to reveal the fraction of the triple junction-twin

intersections in all twinned Cu nanograins.
2. Experimental methods

2.1. MD simulation

Herein, MD simulation was carried out by using the Large-

scale Atomic/Molecular Massively Parallel Simulator

(LAMMPS) code [20]. This work applied the embedded atom

method (EAM) interatomic potential of Cu [21] to describe the
interaction between atoms. The atomic configuration could be

visualized by making use of the Ovito software [22].

The simulation model had a dimension of

40 nm� 40 nm� 40 nmwith 6 grains and an average grain size

of about 22.01 nm 5,418,858 Cu atoms in the simulation box

were coded by colors based on common neighbor analysis

(CNA) calculation [23,24]. Green, red, blue and white dots

represented fcc, hexagonal close packed (hcp), body centered

cubic (bcc) and GB atoms, respectively. The initial nc structure

was constructed by the Voronoi tessellation method with

Atomsk software [25]. Each grain in the model had random

center point and crystallographic orientation. Periodic

boundary conditions were then applied along all three di-

rections. The simulation was performed in isothermal-

isobaric NPT ensemble at room temperature (300 K) while

pressure along Z direction was controlled being around 0 GPa.

In the simulation, the initial model was firstly energy mini-

mized by conjugate gradient (CG) algorithm and then relaxed

for about 10 ps to obtain equilibrium structure at 300 K. A XeY

shear deformation was applied to the simulation box at a

constant strain rate (109 s�1). The simulation process ran

about 150 ps and the total shear strain was 0.15.

2.2. Material and TKD characterization

The commercial Cu sheet with the thickness of 1mmwas first

annealed at 973 K for 3 h to achieve homogeneous micro-

structure and then punched into f10 mm disks for high

pressure torsion (HPT) processing. We conducted the HPT

processing at room temperature for 10 revolutions with an

imposed pressure of 1 GPa at a speed of 1.5 rpm. To get

electron-transparent TKD foils, the as-deformed disks were

mechanically grinded and subsequently electropolished by

double-jet electropolishing. The TKD foils were punched from

the disk peripheries which had the greatest degree of grain

refinement. The electrolyte for electropolishing was 1H3PO4:

1C2H5OH: 2H2O. This research carried out the TKD charac-

terization in a Zeiss Auriga scanning electron microscope

under the accelerating voltage of 30 kV. The measurement

step size was set to 6 nm. The noise reduction for collected

datasets could removemis-indexed points and filter out some

non-indexed pixels.
3. Results and discussion

3.1. Twinning from triple lines

Fig. 1 illustrates snapshots on typical sequences of twin

nucleating and emitted from triple line in the MD simulation.

For better vision, green fcc atoms were removed from our MD

simulation results. As shown in Fig. 1(a), there were two tri-

ple lines (TL1 and TL2) and they were bounded by grains of

G1, G2, G3 and grains of G2, G3, G4, respectively. G23 was the

GB between grains G2 and G3. When the shear strain reached

3%, there were many local areas of red atoms with short

range order in G23, some of them (F1 and F2) were originated

from TL1 while some others (F3 and F4) from TL2. Fig. 1(b)

demonstrates that red local areas with short range order

grew and became enlarged when the shear strain increased

https://doi.org/10.1016/j.jmrt.2021.01.033
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to 4%. These local areas (F1eF5) with short range order were

structure or phase fluctuations. Under proper condition,

these fluctuations could develop into twin nuclei as twin

embryos. Twin embryos below the critical size are still un-

stable and will likely disappear. Herein, a lot of red twin

embryos were just energy fluctuations. To grow into a stable

twin embryo and emit a twin, it was indispensable for the

partial dislocation to slip on proper slip system under loading

to meet the requirement of stress and overcome the energy

barrier [26]. Additionally, the total energy after twinning

should be reduced to make the system more stable. Un-

doubtedly, stress concentration could also be relaxed during

twinning [27].
Fig. 1 e The twin nucleated from the triple line TL1. (a) Under 3%

were observed in the crystal plane of G23. G13, G12, G24, G23 an

TL2 were triple lines abounded by GBs of G13, G12, G23 and GBs

local areas grew and became enlarged to be structure fluctuatio

and F2 were emitted from TL1. (c) Under 6% shear strain, the st

TL1. (d) The close-packed plane {111} of the twin (F1) in (c), white

This figure is viewed from the right side of (c). (e) The edge-on v

interior. (f) The zoom-in view of the micro-twin (F1) in (e). The p

is perpendicular to the twin boundary.
In Fig. 1(c-e), when the shear strain was 6%, a stable

deformation micro-twin (F1) was emitted into the grain G2 by

the partial dislocation emissions from the twin nucleus in TL1.

In a perfect fcc lattice, the close-packed planes {111} are

stacked in the sequence ABCABCABC … as green fcc interior

atoms in Fig. 1(f). In Fig. 1(f), themicro-twin (F1) was generated

by the emission of three stacking faults SF1-SF3. According to

atom sites in the three-dimensional space of MD simulation,

the first stacking fault SF1 in Fig. 1(f) was emitted as the initial

layer A atoms slipped in the <112> direction to a B layer po-

sition (i.e. the first row of red atoms on the left in Fig. 1(f)). In

the same way, the next initial layer B atoms slipped to a C

layer position (i.e. the row of green atoms in themiddle of two
shear strain, local areas of red atomswith short range order

d G34 were GBs between grains G1, G2, G3 and G4. TL1 and

of G23, G24, G34, respectively. (b) Under 4% shear strain, red

ns. There were 5 structure fluctuations in G23, of which F1

ructure fluctuation F1 grew and formed a micro-twin from

and blue arrows represent <110> and <112>, respectively.
iew of (c) to show micro-twin with green fcc atoms at grain

lane is {110}, and the yellow arrow represents <111> which
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rows of red atoms in Fig. 1(f)) and the initial layer C atoms

slipped to an A layer position (i.e. the row of red atoms on the

right in Fig. 1(f)). This process thus formed the stacking fault

SF1, two partial dislocations and the new stacking sequence

ABCkBCABCA … (k stands for the stacking fault location). The

slipping process cannot be fully characterized by the view of

{110} plane as in Fig. 1(f), while it was more evident from the

view of {111} plane as in Fig. 1(d). The second stacking fault SF2

started one layer after the first one ABCkBCABCA … and

changed the stacking sequence to ABCkBkABCAB …. The twin

in Fig. 1(f), with the stacking sequence ABCkBkAkCABC…, was

formed by the third stacking fault SF3. The short range BCB

(ABCBACABC …) and ACA (ABCBACABC …) stacking se-

quences were where the twin boundaries located. In the MD

simulation, they were labeled as red hcp atoms inside grains.

Fig. 1(e) is the edge-on view of the twin in Fig. 1(c). It was

composed by three layers (ABCBACABC …, one fcc layer and

two hcp boundary layers) of atoms as green fcc atoms were
Fig. 2 e (aef) 28 twins in 6 nc grains of the simulation model. 1e

twinning from traditional GBs (feh) Detwinning process of twin

(h).
displayed in Fig. 1(e). Individual stacking faults may or may

not grow into a twin, depending on the stress condition. In

polycrystalline Cu, irrespective of nano or coarse scale, the

majority of stacking faults cannot develop into twins. On the

basis of atom sites, the partial dislocation is 1/6<112>
Shockley partial dislocation. Ref. [1] recorded two dislocation

reaction and cross-slip mechanisms to supply or emit

continuously twinning partials from the adjacent slip planes

at the GBs to grow a twin. Dislocation reactions behind twin

growth are out of the scope of discussion.

We inspected nucleation sites of all twins in 6 nc grains of

the model by considering the twinning as an evolving process

with time and shear strain in three-dimensional space. There

were 28 twins in total formed in the simulation and 27 of them

were depicted in Fig. 2(a-e). Arabic numbers from 1 to 22

indicated twins nucleating and then being emitted from triple

lines, while Roman numerals from I to V implied twins

nucleating and being emitted from traditional GBs. The last
23 represented twinning from triple lines, IeV represented

No. 23 under the shear strains of 6.5% (f), 6.8% (g) and 7.4%

https://doi.org/10.1016/j.jmrt.2021.01.033
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one (twin No. 23), as shown in Fig. 2(f-h), was emitted from

triple line, but gradually detwinned and consequently dis-

appeared as the strain reached 7.4%. In some cases, two

ending twin faults coincidedwith each other and deceived the

twin as the illusion of one layer stacking fault in Fig. 2.

There were two different phenomena when discussing

about twins being emitted from GBs. As shown in Fig. 3(a,b),

the first phenomenonwas about the nucleation of twins No. I-

III from GBs. Taken the twin No. I for example, its nucleation

site located at the GB gapped between two parts of twin No. 6.

That site once was the joint of a GB and the twin No. 6

boundary. Detwinning process left the GB gap along the twin

No. 6 boundary. It has been reported that detwinning process

could be the result of partial dislocation migration along

coherent and incoherent twin boundaries [28] and it just

required a relatively small reverse resolved shear stress by

comparing to twinning [29]. The other phenomenon could be

extracted from twins No. IV and V in Fig. 3(c,d). As demon-

strated, new triple lines were formed next to twins No. 10 and

16 in Fig. 3(c,d), respectively. As in the case of twin No. 16, it

has already separated its parent matrix into two parts (one

part between twins No. 10 and 16, the other part between

twinsNo. 16 and 17), these two parts and the twin No. 16made

the yellow line as a new triple line along the grain next to twin

No. 16. Therefore, the twin No. V was emitted from the

nucleation site along the new triple line formed by the joint of

twin boundary and GB. It has been reported that triple line

could be formed by adjoining twin boundary in nc Pd [27]. As

classified by Louisette Priester [14] on the basis of the coinci-

dence concept, triple junctions/lines can be sorted into three
Fig. 3 e (a) Twin No. I was emitted from the GB which has been t

twins No. II and III were emitted from GB; (c) twins No. IV and

emitted from the new triple line (denoted by the yellow line) fo
types: general junction/line between three general bound-

aries, mixed junction/line between general and coincidence

(or near coincidence) site lattice (CSL) boundaries and special

junction/line between three special CSL boundaries. In all 28

twins, twins No. 1e23 were emitted from general triple lines,

twins No. IV and V were emitted from mixed triple lines,

nucleation sites of twins No. I-III were located at traditional

GBs [14,31]. Therefore, 25 out of 28 twins were emitted from

triple lines after nucleation in our MD simulation.

3.2. Driving factors

To investigate the driving factor for above phenomena, the

method of Herring’s equilibrium rule was adopted to explore

the variations of dihedral angles and relative GB energy

around a triple line before and after twinning [13,14]. Fig. 4

captures the triple line which is the connection of GBs

belonging to grains G1, G2 and G3. It emitted twins No. 10 and

13e16. Before twinning, dihedral angles around the triple

junction/line were q13 (145�), q12 (137�) and q23 (78�), the GB

energy per area were g13, g12 and g23. According to Herring’s

equilibrium rule, the balance of interfacial energy at an

equilibrated triple junction/line was thus given by:

g13

sin q13
¼ g12

sin q12
¼ g23

sin q23
(1)

After twins being emitted, corresponding dihedral angles

were q013 (140�), q1T (135�) and q3T (85�), the grain and/or twin

boundary energy per areawere g13, g1T and g3T. Assuming that

the local thermal equilibrium would be fulfilled at the triple

line regardless of twinning, Herring’s equilibrium rule could
he gap between two parts of twin No. 6 after detwinning; (b)

V were emitted from new triple lines; (d) twin No. V was

rmed by twin No. 16.

https://doi.org/10.1016/j.jmrt.2021.01.033
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Fig. 4 e Illustrations of dihedral angles and relative GB energy around the triple junction/line which emitted twins No. 10

and 13e16. (a) Before twinning, the dihedral angles q13, q12, q23 and their relative GB energy per area g13, g12, g23. (b) After

twinning, the dihedral angles q13’, q1T, q3T and their relative GB energy per area g13, g1T, g3T.
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be applied to describe the relationship between energy and

geometry of the interface before/after twinning [13,14]. As

stated in [13,30], a decrease in the total energy should lead to

observable changes in dihedral angles such that q013 < q13 and

q12 þ q23 < q1T þ q3T, this observation agreed well with results

herein. It has been noted that there was no necessary for each

single boundary to reduce its energy, however, the energy

sum (g1T þ g3T) after twinning should be less than its coun-

terpart (g12 þ g23) [13]. From Eq. (1), the energy sum could be

deduced:
Fig. 5 e Evolutions of average atomic von Mises stress (red

line) and average atomic energy (blue line) with the shear

strain.

svmðiÞ¼
�
1
2

h�
sxxðiÞ � syyðiÞ

�2 þ �
syyðiÞ � szzðiÞ

�2 þ ðsxxðiÞ � szzðiÞÞ2 þ 6
�
s2
xyðiÞ þ s2

zyðiÞ þ s2
zxðiÞ

�i�1=2

(3)
g12 þg23 ¼ g13 �
sin q12 þ sin q23

sin q13
(2)

Because g13 stayed the same before and after twinning, the

quantity (sinq12 þ sinq23)/sinq13 and (sinq1T þ sinq3T)/sinq’13
could be used to compare the relative GB energy sum before

and after twinning. The former onewas 2.89 and the latter one

was 2.65. This implied that twinning from triple line had

reduced the relative GB energy. It was consistent with earlier

work [13]. Partial dislocation emission, forming either stack-

ing faults or twins in neighboring grains, was proposed to

trigger GB relaxation via GB dissociation processes to lower

energy states [13,33].

As each single twin in coarse grain could induce more

concentrated stress, it would be easier to recognize changes of

dihedral angles and relative GB energy sum in coarse grains.

To better understand this change in nc grains, this work

analyzed on the triple line which has nucleated and emitted

multiple twins No. 10 and 13e16. In fact, Eq. (1) highly depends

on thermal equilibrium condition and neglects the existence

of a torque term [14]. It was imperfect to be applied to the

junctions/lines between the coherent and incoherent twins,

whichwere frequently presented in fccmetals [14]. Therefore,

cases of twinning from mixed triple lines (twins No. IV and V)

called for a more general explanation.
As grain cell remained nearly unchanged during twinning,

local stress and energy should be affected by typical micro-

structural entity (GB, triple line and newly formed twin). The

more general explanation for driving force of above phe-

nomena could be obtained by calculating the change of

average atomic stress and potential energy of the referred

microstructural entity during twinning. Atomic stress and

potential energy could be calculated by the position and ve-

locity of each atom obtained from MD simulation. The von

Mises stress representing the shear stress on each atom could

be simplified as [12]:
Fig. 5 illustrates the average atomic von Mises stress and

the average atomic energy imposed on each atom of the

https://doi.org/10.1016/j.jmrt.2021.01.033
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microstructural entity above. As discussed, the microstruc-

tural entity was composed by three GBs and the triple line

before twinning, while twins No. 10 and 13e16 would gradu-

ally be included in the microstructural entity with the evolu-

tion of strain and twinning. The average atomic von Mises

stress and the average atomic energy were 12.99 GPa and

�3.452 eV at the strain of 5.0% before twinning. They

decreased to 12.41 GPa and �3.459 eV by twinning (Fig. 6(a)) at

the strain of 6.0%. Then twin No. 16 began to detwin (Fig. 6(b)),

which caused raises of the average atomic von Mises stress

and the average atomic energy to 12.77 GPa and �3.455 eV at

the shear strain of 6.1%. Finally, many twin embryos turned

into nuclei and it promoted twins being emitted from the

triple line, as shown in Fig. 6(c) under the shear strain of 6.6%.

Multiple twinning drastically reduced the average atomic von

Mises stress and the average atomic energy when the strain

surpassed 6.2%.

3.3. TKD characterization

Fig. 7(a) illustrates the orientation mapping of Cu after HPT,

inset is the IPF-Z (inverse pole figure) color code legend which

relates the orientation and color. In the IPF-Z color code

legend, red, green and blue indicate grains having <001>,
<101> and <111> directions parallel to the axis Z (being

perpendicular to the orientation map). The black, silver and

red lines in Fig. 7(a) represent the high angle GBs (>10�), low
angle GBs (from 2� to 10�) and twin boundaries, respectively.

Letters A-C highlight three typical twin morphologies

which highly depended on the twin thickness and TKD step
Fig. 6 e Evolutions of typical microstructural entity correspondin

(detwinning process of twin No. 16) and (c) 6.6% (formation of t
size. In fact, to be characterized by the TKD, the twin should be

detected having misorientation across its boundary against

the grain matrix. If its thickness were smaller than the TKD

step size, it would be missed due to the limitation of resolu-

tion. When the twin thickness was around or slightly larger

than the TKD step size, the twin domain could be resolved as

pixels by the TKD. The twinwould entirely be represented by a

single red
P

3 line bounded by two separate matrices with

identical orientation as in the case A. Secondly, when the twin

thickness was much larger than the TKD step size, it could be

characterized as a twin domain with two bounding red
P

3

lines (case B). Lastly, the case C occurred when the twin

propagated to the GB and grew to cover part of the grain. In

this case, only a single red
P

3 line split the grain, half being

the grain matrix and the other half being the twin domain.

The twin morphology is consistent with our earlier work [18]

which was supported by the evidence from high resolution

transmission electronmicroscope. Fig. 7(b) is the histogram of

grain size distribution in Fig. 7(a). Since the step sizewas 6 nm,

we excluded the data of grain size smaller than 30 nm.

On the basis of statistical data, the HPTed Cu was mainly

composed of nc grains. According to our MD results, the twins

should tend to intersect with the triple lines of the nc grains.

Triple lines could hardly be captured or could be merely

characterized as the existence of triple junctions in the EBSD

orientation map, as it was just two-dimensional map. We

inspected nc grains and twins from TKD data, 197 twins were

identified in nc grains. As discussed, TKD in this research was

unable to characterize stacking faults and micro-twins whose

sizes were less than the 6 nm step size (about 20 layers of
g to strains of (a) 6.0% (twin No. 16 began to detwin), (b) 6.1%

wins No. 10 and 13e15).

https://doi.org/10.1016/j.jmrt.2021.01.033
https://doi.org/10.1016/j.jmrt.2021.01.033


Fig. 7 e (a) The orientation mapping of Cu after HPT, inset

is the IPF-Z color code legend. The black, silver and red

lines represent the high angle GBs (>10�), low angle GBs

(from 2� to 10�) and twin boundaries, respectively. Letters

A-C highlight three typical twin morphologies. (b) The

grain size distribution of (a).
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atoms). Therefore, the characterized twin density was less

dense than the real condition. Though the absolute values of

twins and triple junction-twin intersectionswere reduced, the
Table 1 e Statistical data of triple junctions intersected
with twins. Y and N in this table denote whether a twin
(boundary or domain) was connected to a triple junction.

Twinned nanograins
(Counts)

Y N

Counts Fraction
(%)

Counts Fraction
(%)

197 161 ~81.7 36 ~18.3
relative value or fraction of triple junction-twin intersections

was hardly affected.

The statistical date of the triple junction-twin intersection

is listed in Table 1. The fraction of the triple junction-twin

intersection was 81.7%, being lower than our MD prediction.

The underestimation should be caused by the invisible triple

lines in the orientation mapping. No matter MD simulation

but also TKD characterization demonstrated the preferred

twining from triple lines. On the basis of thermodynamics,

twinning fromboth triple lines andGBswould help the system

reduce energy and stay in an equilibrium position. As stated,

however, triple lines are energetically more favorable than

GBs. From the perspective of kinetics, it would be easier,

faster, more frequent and probable to emit twins from triple

lines. The higher probability could be caused by either more

structure fluctuations, twin embryos and nuclei or higher

energy reduction.
4. Conclusion

To conclude, from MD simulation of nc Cu, we found that

twins No. I-III were emitted from traditional GBs (non-CSL

boundaries), while twins No. IV, V and 1e23 were emitted

from mixed triple lines between traditional and CSL/near CSL

boundaries, and from general triple lines between three

traditional boundaries, respectively. The atomic map of

microstructure evolution on twinning process has been dis-

cussed. Before twinning, the stress concentration and extra

energy made triple lines the preferred nucleation sites for

twin embryos. During twinning, the stress relaxation and

energy reduction provided the driving force for twins being

emitted from triple lines. Twinning from general triple lines

could be supported by the reduction of dihedral angle (q13 -

q013) and relative GB energy sum [(sinq12 þ sinq23)/sinq13 -

(sinq1T þ sinq3T)/sinq’13]. Furthermore, more general expla-

nation for twins being emitted from either general or mixed

triple lines could be ascribed to the average atomic von Mises

stress and the average atomic energy of typical microstruc-

tural entity, which had the tendency to decrease during

twinning. The twinning from triple lines was further verified

by the TKD characterization of nc Cu after HPT. It under-

estimated the phenomenon because triple lines parallel to the

vision were invisible.
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