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a b s t r a c t 

The impact of a coherent twin boundary (CTB) on the size scaling of the shear stress in micropillar com- 

pression tests has been investigated through microcompression of bi-crystalline pillars containing a verti- 

cal CTB, as well as single-crystalline pillars in three different nominal diameters of 1, 3 and 5 μm. While 

both, single- and bi-crystalline pillar results follow the size scaling trend typically observed in micropil- 

lars, namely “smaller is stronger”, we could identify a size-dependent contribution of the CTB in the 

increase of the shear stress at 2% strain ( τ 2% ). A probabilistic analysis was performed to quantify the 

magnitude of the effect and to separate the CTB contribution from the single crystal size scaling con- 

tribution of the strength increase. The CTB-related strengthening was most prominent for smaller pillars 

and tended to be small for larger pillar diameters. The behavior can be explained by attributing an excess 

dislocation curvature in the scaling law according to the double-hump dislocation line shape model for 

bi-crystals, which requires parallel alignment of the dislocation line and the Burgers vector at the CTB. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Grain boundaries (GBs) mediate the mechanical behavior of 

olycrystalline metals. Employing the idea that GBs serve as obsta- 

les to dislocation motion, the classic Hall-Petch relationship ex- 

lained empirically that the strength is proportional to the inverse 

quare root of the grain size [ 1 , 2 ]. Nonetheless, more recent stud-

es show that GBs do not always act as a barrier to dislocation 

otion. Dislocations can be nucleated [3–5] , absorbed [ 3 , 6 ], re-

ected [ 7 , 8 ], or even transmitted through GBs [ 7 , 9 , 10 ]. In metals

ith grain sizes smaller than 100 nm, GBs can also substantially 

ontribute to plastic deformation by means of GB sliding [11] , grain 

otation [12] , and shear-coupled GB motion [13] . 

�3{111} coherent twin boundaries are ubiquitous in face cen- 

ered cubic (FCC) metals [14] . Arising from the interaction of lat- 

ice dislocations with GBs during deformation, twin boundaries can 

ndow exceptional properties to polycrystalline materials such as 

oncurrent high strength and ductility [15] . Thus, understanding 

he precise mechanisms of twin boundary-dislocation interaction 

s pivotal for improving the mechanical behavior of metals. These 

echanisms include dislocation transmission [3] , detwinning [16] , 
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islocation emission [5] , and/or absorption of dislocations at twin 

oundaries [17] . 

Slip transmission of { 111 } < 110 > dislocations through �3{111} 

oherent twin boundaries (CTB) in FCC crystals can occur via two 

odes, depending on the crystallographic direction of the involved 

rains. In the “hard” mode, the Burgers vector of the lattice dis- 

ocation cannot be conserved in transmission. This leads to com- 

lex transmission states and results in higher transmission stresses 

eading to dislocation pile-ups [ 17 , 18 ]. In the “soft” or “ideal”

ode, the Shockley partials of lattice dislocations constrict to form 

 perfect screw dislocation which is shared by both grains adjacent 

o the twin boundary. The possibility to conserve the Burgers vec- 

or of a screw dislocation in both grains facilitates a cross-slip-like 

ransmission to the other grain [17] . 

Ideal slip transmission can be explained similarly to Friedel- 

scaig-like cross-slip [10] , and has been the focus of much exper- 

mental [ 3 , 10 , 19–24 ] and computational [ 17 , 25 , 26 ] research. Quan-

ifying the stress required for slip transmission can shed light on 

he underlying mechanism of dislocation-CTB interaction. In con- 

rast to a transmission stress of 510 MPa in copper calculated by 

olecular dynamics simulations by Jin et al. [17] , Caillard et al . 

easured the shear stress required for constricting partial dislo- 

ations for cross-slip to be much lower, 24 ± 2 MPa, using a tech- 

ique to produce bursts of cross slip at the yield point [27] . Con-
. This is an open access article under the CC BY license 

https://doi.org/10.1016/j.actamat.2022.117841
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.117841&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:dehm@mpie.de
https://doi.org/10.1016/j.actamat.2022.117841
http://creativecommons.org/licenses/by/4.0/


R. Hosseinabadi, H. Riesch-Oppermann, J.P. Best et al. Acta Materialia 230 (2022) 117841 

s

t

b

a  

s

s

t

s

p

s  

a

a

t

s

t

p

L

p

m

s

p

i

C

p

l  

[

t

t

t

t

c

v

p

c

c

c

a

v

d

T

i

s

t

i

t

e

(  

s

τ

τ

t

w

τ

τ

Fig. 1. Schematic showing the operation of a dislocation source in the slip plane in 

a a) large single crystal; b) a large bi-crystalline pillar containing a CTB; c) a small 

single crystal; d) a small bi-crystalline pillar containing a CTB. In the case of pillars 

with a CTB, dislocation constriction near the CTB is required so that the dislocation 

line aligns parallel to the Burgers vector, so it can cross-slip to the next grain. This 

causes a double-hump shape of the dislocation line that results in an extra curva- 

ture compared to Sxx pillars. The extra or penalty curvature can be interpreted by 

the decrease in the effective dislocation source size like L 1 − ˜ L in (b). In smaller bi- 

crystalline pillars (d), the ratio of the penalty curvature to the existing curvature 

line is larger; therefore, a higher �τ 2% is expected. 
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idering the low stress values for cross-slip, it is understandable 

hat in situ transmission electron microscopy (TEM) compression of 

i-crystalline pillars showed no pile-up of dislocations at the CTB 

t stresses as high as 500 MPa [21] . Due to the sub-micron dimen-

ions of TEM samples, high stresses for the activation of dislocation 

ources are required, which is more than sufficient for transmission 

o occur. 

Using in situ μLaue diffraction to investigate the micrometer- 

ized samples containing a CTB, Malyar et al. also observed no 

ile-up at the CTB and stated that the ideal transmission occurs at 

hear stresses as low as 17 MPa [22] . Malyar et al. tested single-

nd bi-crystalline pillars (Sxx and Bxx, respectively) with a di- 

meter of 3 μm to measure the shear stress difference due to 

he presence of the CTB [10] . The micropillars deform at shear 

tresses higher than what is required for ideal cross-slip-like slip 

ransmission, so a similar stress for single and bi-crystalline sam- 

les (Sxx, Bxx) could be expected (similar to the observations of 

iebig et al. in bi-crystalline micropillars for < 112 > oriented sam- 

les [23] ). However, increasing the number of tested samples to 

ore than 120 facilitated a statistical analysis that resulted in a 

hear stress difference ( �τ 2% ) of 5-7 MPa between Sxx and Bxx 

illars at a nominal sample diameter of 3 μm [10] . The small �τ 2% 

ndicates that the dislocation source size is not truncated by the 

TB and expands from one grain to another. This is in contrast to 

illars containing a large angle grain boundary [28] , where the pil- 

ar strength is increased with regards to d /2 due to the size effect

29] . Malyar et al. proposed a double-hump shape of the disloca- 

ion line to explain the unexpectedly low �τ 2% [10] . In this model, 

he dislocation experiences an additional curvature (penalty curva- 

ure) near the CTB in Bxx pillars due to the parallel alignment of 

he dislocation line to the CTB plane, required to form a pure screw 

haracter to cross slip ( Fig. 1 b and Fig. 1 d). 

Direct observation of dislocation transmission at low stresses 

ia the double-hump was so far impossible, and as such, no ex- 

erimental verification exists to support the assumption of dislo- 

ation curvature effects in micropillars. However, if the additional 

urvature is responsible for the strength increase of Bxx pillars, it 

an be expected that �τ 2% increases with decreasing pillar sizes, 

s the additional curvature compared to the whole dislocation cur- 

ature is relatively larger. Therefore, a larger strengthening effect 

ue to the CTB (a larger �τ 2% ) is expected in smaller diameters. 

he effect of the pillar geometry on different dislocation line shape 

n Sxx and Bxx pillars based on the double-hump model is shown 

chematically in Fig. 1 . 

The expected size-dependence of �τ 2% can be understood using 

he analogy of dislocation curvature controlled dislocation sources, 

n the simplest case to a Frank-Read source. In a Frank-Read source 

he critical shear stress τ required for the spontaneous source op- 

ration is inversely related to the distance of the pinning points 

 2 L in Fig. 1 a and 2( L 1 − ˜ L ) in Fig. 1 b) following Eq. (1) using the

hear modulus G and the Burgers vector b , 

Sxx ∝ 

Gb 

2 L 
(1a) 

Bxx ∝ 

Gb 

2 

(
L − ˜ L 

) (1b) 

In the pillar source-size dominated regime one can assume 

hat the dislocation source size scales with the pillar diameter ( d), 

hich can be used to rewrite Eq. (1) , 

Sxx ∝ 

Gb 

d 
(2a) 

Bxx ∝ 

Gb 

d − ˜ d 
(2b) 
2 
Notably, Eq. (2) uses the pillar diameter d as the characteristic 

ength scale instead of the actual dislocation source size 2 L (which 

s not accessible in micron-sized pillars). The shear stress differ- 

nce of Sxx and Bxx ( �τ ) can then be written as: 

τ = τBxx − τSxx = 

Gb 

d − ˜ d 
− Gb 

d 
= 

Gb ̃  d 

d 
(
d − ˜ d 

) (3) 

The term d − ˜ d (and not ˜ d ) is the characteristic length scale of 

he Bxx pillars, which is smaller than d in Sxx pillars. No direct 

easurement of ˜ d (or better to say d − ˜ d ) is currently possible, 

s during compression, the bowing of the dislocation takes place 

ithin the microscale pillar volume. Based on Eq. (3) and assum- 

ng a constant ˜ d (as a first order approximation), one expects a 

egligible �τ for large pillar diameters, where ˜ d / ( d − ˜ d ) is rela- 

ively small. In contrast, a larger �τ is expected for pillars with 

mall diameter. 

Since a direct observation of the double hump in micron sized 

amples remains impossible, we aimed to measure the size-scaling 

ehavior of the shear stress difference at 2% strain ( �τ 2% ) of Sxx 

nd Bxx pillars. As micron-sized compression tests of metals shows 

tochastic behavior due to the distribution of dislocation sources, 

ultiple measurements for each size were required. For this pur- 

ose, 63 copper Sxx and 19 Bxx (containing CTB) micropillars were 

abricated and compressed at three different nominal diameters 

f 1, 3, and 5 μm. To obtain the �τ , a statistical analysis was
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erformed to decouple the additional strengthening effect of the 

TB in Bxx from the size-effect seen for both, Sxx and Bxx. Subse- 

uently, the experimental findings were compared to the physical 

odel derived from the double-hump shape to get a quantitative 

nsight into the role of geometrical constraints on the dislocation 

hape during ideal slip transmission through CTB. 

. Experimental details and data analysis 

.1. Sample fabrication 

The Bridgman technique was employed to fabricate a bulk bi- 

rystalline sample containing a vertical �3{111} CTB from 99.88 

t.% pure copper. Electro-discharge machining was used to cut 0.5 

m thin slices of the bi-crystalline sample with a nominal sur- 

ace normal of < 123 > also corresponding to the compression di- 

ection. Slices were next ground, polished, and electrochemically 

tched using phosphoric acid at 15 V for 45 s to achieve a flat 

urface without GB grooving as described in Ref. [30] . Cylindri- 

al micropillars were milled using a focused ion beam (FIB, Zeiss 

uriga®) workstation in three steps with milling currents ranging 

rom 16 nA to 240 pA. The micropillars were fabricated at nomi- 

al diameter sizes of 1, 3, and 5 μm, with an aspect ratio of 2-3

o suppress buckling instabilities. The pillars were milled within 

ne of the two single crystalline regions (Sxx) or at the coherent 

win boundary (Bxx). There were in total 96 pillars produced, out 

f which 82 were tested successfully (63 Sxx and 19 Bxx micropil- 

ars milled at the twin boundary). 

.2. Mechanical testing 

Compression of 3 μm and 5 μm pillars was performed using an 

SMEC UNAT 2, while due to increased load resolution a Bruker 

ysitron PI 88 was employed to compress the 1 μm pillars. All 

ests were performed in displacement controlled mode at a strain 

ate of 10 −3 s −1 . To reduce the effect of lateral constraints, each 

illar was unloaded at about every 5% of strain to reduce the in- 

trumental constraints [ 22 , 31 , 32 ]. All tests were conducted in situ

nside the Zeiss Gemini 500® scanning electron microscopy (SEM), 

nd were followed by post mortem imaging using secondary elec- 

rons in an in-lens detector with the acceleration voltage of 5 kV 

o verify the slip traces on the surface. The post mortem images 

ere used to validate that slip occurred on one single slip system 

t each grain, which has the highest Schmid factor. 

.3. Analysis of compression data 

The pillar diameter was measured at both top and bottom 

ross-section. An average of the top and bottom diameters of each 

illar was used to determine the engineering stress. A Mathemat- 

ca® script was utilized to calculate the stress-strain data from 

he force-displacement input. The stress at an engineering strain of 

% was chosen for analysis to minimize the impact of dislocation- 

islocation interactions, which becomes more prominent at higher 

trains. The highest Schmid factor for each grain was calculated 

nd used to obtain the shear stress at 2% engineering strain, de- 

oted as τ 2% . This was done to remove the impact of the slight de- 

iation from the nominal compression direction. In the case of Bxx 

illars, the average value of the Schmid factor of the two grains 

as utilized for shear stress calculation. The error bars of the 

tress, resulting from uncertainties in force and displacement mea- 

urements were calculated for each data point. This is explained in 

etail in the supplementary file (see S1). 

To fit the stress data over the whole pillar diameter range, a 

ontinuous analysis was conducted. Applying the approach of Dou 
3 
nd Derby [33] , a power-law formulation was used to describe mi- 

ropillar size effects: 

2% = τ0 + 

k 

d n 
(4) 

here τ 0 is the bulk yield shear stress, k is the strengthening co- 

fficient, and n is the size scaling exponent. A weighted non-linear 

east squares (NLLSQ) analysis was used to determine the param- 

ters of the power-law relation. Uncertainties resulting from force 

nd diameter recordings for the stress measurements of each ex- 

eriment were taken into the account through a weighted sum-of- 

quares criterion. The uncertainties of the power-law fit were cal- 

ulated in terms of confidence bands around each fit. To separate 

he size-effect from the strengthening caused by the presence of 

TB, a joint model was developed to take the two effects on the 

ifferent diameters into account. 

. Results 

Single crystalline micropillars (Sxx) or micropillars containing 

 CTB (Bxx) parallel to the loading direction were compressed to 

 final strain of ca. 5 - 15% and then imaged using SEM. Post 

ortem imaging for the Sxx pillars of different sizes (not shown) 

howed the expected parallel slip traces, indicating that only the 

rimary slip system was activated. In the case of Bxx pillars shown 

n Fig. 2 , the glide traces of the two grains meet at the CTB and

orm a dove-tail shaped slip pattern at the pillar surface, irrespec- 

ive of the pillar size. This is well known and agrees with the ob- 

ervations of other studies on bi-crystalline micropillar specimens 

 10 , 22 , 23 , 28 , 34 ]. 

The shear stress at a strain of 2% ( τ 2% ) was then determined for 

ach pillar from load-displacement data based on the micropillar 

eometries determined by SEM imaging. The stress-strain curves of 

he 3 representative Bxx pillars with different diameters are shown 

n Fig. 2 d. The curves exhibit size-scaling and load drops typical 

or small scale mechanical testing. The single data points of both 

xx and Bxx with their individual error bars, as well as the best 

ower-law fit for Sxx and Bxx and their 68% confidence belts are 

hown in Fig. 3 . For the nominal pillar sizes of 3 and 5 μm, the

tandard error bars from measurement are smaller than the plot- 

ing symbols. As shown in Fig. 3 , for all performed tests, the dia-

ram τ 2% versus diameter highlights a clear size effect of “smaller 

s stronger”, along with a more stochastic response in the flow 

tress for smaller micropillars with approximately 1 μm diameter. 

omparing the two curves against pillar diameter, it is evident that 

 significant non-zero �τ 2% is present at smaller diameters, while 

he fitted curves and their confidence belts overlap at larger pillar 

iameters. 

The data presented in Fig. 3 was then fitted with the power- 

aw model based on Eq. (4) for the shear stress of Sxx and Bxx 

 τSxx , 2% , τBxx , 2% , respectively). The resulted parameters are shown 

n Table 1 . Table 1 additionally gives the 95% confidence limits of 

he best fit parameters that are obtained from the non-linear least 

quares analysis. 

While the best fit parameter estimates and their estimated un- 

ertainties provide some information on the overall quality of the 

LLSQ approximation, we would rather have some information 

bout the uncertainty in the fitting curve itself. For this purpose, 

e calculate the probability that a future measurement will lie 

ithin a certain distance above or below our predictive curve. This 

robability depends on the global approximation error of our fit 

in terms of the mean sum of squares, MSS) and on the covariance 

atrix of the estimated model parameters as well as on the local 

erivative of the model function with respect to the parameters. 

he calculations are provided in the supplementary file (see S2). 

his probability can be visualized in terms of e.g. 68% prediction 
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Fig. 2. Post mortem SEM micrographs of Bxx pillars with nominal diameter of 1 μm (a), 3 μm (b), and 5 μm (c) compressed at a strain rate of 10 −3 s −1 . Nominal compression 

direction is < 123 > . (d) shows the strain-stress curves of three representative Bxx pillars that are 1, 3 and 5 μm in diameter. 

Table 1 

Optimized fit parameters for Sxx and Bxx pillars from the NLLSQ analysis based on Eq. (4) . The 

optimized parameters for the joint analysis (see Eq. (6) ) are also shown in the table. 

Number of samples τ0 (MPa) k n (1) ˜ d (μm) 

τSxx , 2% 63 23.6 ± 7.2 82.7 ± 6.7 1.10 ± 0.30 - 

τBxx , 2% 19 28.7 ± 6.7 112.3 ± 12.5 1.38 ± 0.33 - 

τjoint , 2% 82 23.8 ± 5.8 82.0 ± 6.1 1.10 ± 0.24 0.27 ± 0.08 

Fig. 3. The shear stress at 2% strain vs. pillar diameter for Bxx and Sxx pillars with 

their individual error bars. The best fit model of each pillar type and the 68% con- 

fidence belt (corresponding to the standard error of the fit) are also shown. 
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4 
ands around the model prediction curve as a function of the pil- 

ar diameter d. Fig. 4 . shows the probability density function (PDF) 

urves P rob[ τSxx ] as well as P rob[ τBxx ] from which these bounds 

re obtained for two diameter values, d = 1 μm and d = 5 μm. 

hile the two PDF curves for 5 μm are nearly identical (see also 

he overlap of the 68% confidence belts in Fig. 3 at d = 5 μm), a

ronounced shift towards higher strength is observed for the PDF 

urves at d = 1 μm (corresponding to the separation of the predic- 

ion belts in Fig. 3 at d around 1 μm). 

While the prediction bands give some qualitative insight into 

he strength behavior of single- and bi-crystalline pillars in the ob- 

erved diameter range, a quantitative analysis is preferable in order 

o assess the strength of the CTB effect for a given pillar diameter. 

n other words, we want to know how plausible it is that the Bxx 

DF shown in Fig. 4 for τ 2% at two diameters is located towards 

arger values compared to the Sxx PDF. We aim to obtain this in- 

ormation in the whole range of pillar diameters. 

This can be done with the help of the predictive probability 

urves that are obtained from the predictive probability distribu- 

ions P rob[ τSxx ] , P rob[ τBxx ] as function of the diameter d . Since the
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Fig. 4. Probability density function of the predictive distribution around the fit 

curve, corresponding to Sxx (blue) and Bxx (red) at 1 and 5 μm. The peak of each 

curve (corresponding to the fit curve) is marked by vertical dashed lines, and the 

68% prediction tail areas of each distribution are also shown. Comparing the two 

sizes of each pillar type indicates that smaller pillars of each type are stronger. 

However, the shift between Bxx and Sxx shear stress for the two diameters is much 

larger for the 1 μm pillars. 
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Fig. 5. Probability of τ Bxx being larger than τ sxx + �τ n versus the pillar diameter. 

The red curve shows this probability for �τ n = 0, indicating the probability of Bxx 

pillars being stronger than their Sxx counterparts. The orange curve predicts the 

probability of τ Bxx being at least 5 MPa stronger than the Sxx pillars, which inter- 

sects with 50% probability at 3 μm. The other colors represent the other values for 

�τ n . This shows that �τ 2% increases with decreasing pillar diameter. 
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illar data are independently obtained, their joint probability is 

ust the product P rob[ τSxx ] ∗ P rob[ τBxx ] of the two individual proba-

ilities. To obtain the probability of a strengthening caused by CTB 

eing larger than a prescribed �τ 2% (which we call �τ n ), we have 

o integrate the joint predictive probability over a [ τ Sxx , τ Bxx ] re- 

ion with τ Bxx > τ Sxx + �τ n : 

 rob [ τBxx > τSxx + �τn ] 

= 

∞ ∫ 
0 

∞ ∫ 
τSxx +�τn 

P rob [ τSxx ] ∗ P rob [ τBxx ] d τBxx d τSxx (5) 

Setting �τ n = 0 in Eq. (5) , we obtain the probability of hav- 

ng any CTB-caused strengthening at all. Increasing �τ n to values 

arger than zero allows the assessment of positive strengthening 

ffects of CTB. A series of such probability curves with different 

alues for �τ n as a function of the pillar diameter is depicted in 

ig. 5 . 

The intersection of the 50% probability gridline with the calcu- 

ated probability curves provides the desired prediction of �τ 2% . 

he 50% selection was considered appropriate for two reasons: a) 

or large diameters it corresponds to �τ n = 0 (disappearing twin 

oundary strengthening); b) the 50% level intersects with all �τ n 

 0 curves. The 50% probability meets the dark orange curve (cor- 

esponding to �τ n = 5 MPa) curve at 3 μm and therefore predicts 

hat for diameters below 3μm it is more likely to have a �τ 2% of at

east 5 MPa than less. Notably, Malyar et al. measured the �τ 2% for 

 μm pillars to be 5-7 MPa [10] . It is worth mentioning that prob-

bilities in diameters less than 1 μm and larger than 5 μm cor- 

espond to extrapolation beyond the data range, and due to high 

ncertainties in diameters less than 1 μm, the model is considered 

nvalid for this regime. 

From Fig. 5 it can be concluded that �τ 2% is not constant in 

he range of the 1-5 μm pillar diameter. The probability of having 

 large �τ 2% is higher at 1 μm and tends towards zero as the pillar

iameter increases. This matches our initial assumption based on 

he double-hump shape of the dislocation line in the Bxx pillars, 

s the penalty curvature that dislocation needs to pay for ideal slip 

ransmission depends on the characteristic length scale, i.e. pillar 

iameter. 

Next, we aimed to relate the experimental results to the phys- 

cal understanding of the double-hump shape in the ideal slip 

ransmission Eq. (2) . was re-formulated with an indicator variable 
5 
Flag” and added to Eq. (4) to describe the shear stress of both Sxx 

nd Bxx in Eq. (6) . In this formulation, all data points contribute 

n the same way to the determination of the parameters; there- 

ore, Eq. (6) is valid for both types of pillars. When Flag = 0, it

orresponds to Sxx, while with Flag = 1, the second part of the 

elation is included, which describes the additional stress caused 

y the penalty curvature in the Bxx case. This is called the “joint 

nalysis” model and it separates the known size-effect (first term) 

rom the dislocation curvature penalty near the CTB (second term), 

ssuming that they do not interact with each other. 

( d ) = 

(
τ0 + 

k 

d n 

)(
1 + 

˜ d ∗ Flag 

d − ˜ d 

)

= 

(
τ0 + 

k 

d n 

)
( for Sxx pillars ) (6) 

= 

(
τ0 + 

k 

d n 

)(
1 + 

˜ d 

d − ˜ d 

)
( for Bxx pillars ) 

Eq. (6) was then fit to the micropillar data using the shear 

tress at 2% strain, pillar diameter, and Flag value ( Fig. 6 ). Joint

nalysis parameters obtained from fitting all datasets are reported 

n Table 1 . The weighted sum of squares of the joint analysis auto- 

atically take the number of samples (63 Sxx and 19 Bxx) into ac- 

ount, and gives more weight to the larger data set. The additional 

onsideration of the Bxx data in the joint analysis leads to a re- 

uction in the parameter uncertainties compared to the analysis of 

he individual data sets, i.e. the (smaller) Bxx data but also to the 

larger) Sxx data. More importantly, it can clearly be seen that the 

oint analysis retains the estimators for the parameters τ 0 , k and 

 obtained from the Sxx data, and the Bxx strengthening effect is 

olely described via the ˜ d parameter. It must be noted that all data, 

egardless of being Sxx or Bxx, can contribute to the joint analysis, 

eaning that the analysis fit parameters ( τ 0 , k, n, and 

˜ d ) are valid

o describe either pillar type. (For more information regarding the 

oint analysis, refer to the S3 in the supplementary file) 

Notably, n (both in separate and in the joint analysis) is close 

o one, which indicates that our micropillar compression tests are 

n a dislocation curvature-controlled regime. Fig. 6 shows both the 

eparate power-law fits for each pillar type and the joint analy- 

is (once for Flag = 1 and once for Flag = 0) with a very good

verlay. This indicates that with the added term of the penalty 

urvature, the joint analysis predicts the Bxx behavior extremely 
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Fig. 6. Shear stress at 2% strain vs pillar diameter of both Bxx and Sxx pillars. The 

best power-law fits for the Sxx data set (blue curve) and Bxx (red curve) is also 

shown. The green curves correspond to the joint analysis of the whole data set at 

Flag = 0 for Sxx pillars, and Flag = 1 for Bxx pillars. The good match between the in- 

dividual fits and the two branches of the joint analysis shows that the joint analysis 

could predict the behavior of the Bxx pillars by adding an additional term to de- 

scribe the penalty curvature of the dislocation under ideal slip transmission. 

c

h

d

d

m

t

t

s

o  

fi

j

s

b

4

4

i

B

t

d

p

v

T

i

a

q

b

p

B  

p

a

d

w

t  

a

a

l

t

4

p

b

p

i

C

i

s

C

c

�

t

i

r

i

t

c

d

t

t

h

h

c

a

c

t

t

d

o

s

i

t

4

5

w

h

t

t

e

t

i

c

i

s

t

i

e  

s

s

o

p

e

e

losely. Therefore, it can be concluded that the predicated double- 

ump shape and the dislocation curvature theory can successfully 

escribe the different �τ 2% values obtained from our experimental 

ata. 

An interpretation of the reported value of ˜ d in Table 1 can be 

isleading and caution should be applied, as it is only intended 

o model the penalty curvature of dislocations in Bxx compared to 

he Sxx samples. As discussed in the introduction, a direct mea- 

urement of the penalty curvature ˜ d or the effective source size 

f Bxx pillars ( d − ˜ d ) was not possible in microscale pillars. As a

rst order approximation 

˜ d was assumed to be constant. While our 

oint analysis ( Eq. (6 )) describes our experimental data with a con- 

tant ˜ d in the investigated size regime well, this assumption might 

reak down at smaller pillar diameters. 

. Discussion 

.1. Size scaling behavior of bi-crystalline pillars 

It is evident from our work, that the general trend of “smaller 

s stronger” holds true also for CTB containing pillars. Moreover, 

xx pillars are stronger than the Sxx ones across the entire inves- 

igated size range. The NLLSQ analysis was employed to obtain the 

ifference of the shear stress at 2% strain between Sxx and Bxx 

illars ( �τ 2% ). The analysis removed the concerns about diameter 

ariations, which affects the pillar strength due to the size-effect. 

he result of the probabilistic analysis (See Fig. 5 ) show that �τ 2% 

ncreases with decreasing pillar diameter. At the largest pillar di- 

meter of 5 μm, �τ 2% reaches values smaller than 5 MPa. Conse- 

uently, Sxx and Bxx pillars exhibit differences in their size scaling 

ehavior on the first glance. 

The changes of �τ 2% within the diameter range can be ex- 

lained using the double-hump shape of the dislocation line in the 

xx pillar, which has been introduced by Malyar et al. [10] . In the

resence of a CTB in Bxx pillars, the dislocation needs to fall par- 

llel to the twin boundary. This geometrical constraint requires ad- 

itional curvature (i.e. additional stress) in order to reorient along 

ith the CTB, so it has a pure screw character and can cross-slip 

o the next grain (as illustrated in Fig. 1 ). In smaller diameters, the

dditional stress compared to the dislocation line tension is rel- 

tively large; therefore, a larger strengthening due to CTB (i.e. a 
6 
arger �τ 2% ) is present. This finding is qualitatively in line with 

he existence of the double-hump shape. 

.2. Decoupling size-effect from CTB-strengthening 

While the varying �τ 2% points towards the double-hump, the 

enalty curvature of the dislocation line could be better examined 

y comparing a model, driven from the double-hump, to the ex- 

erimental data. In such model, the separation of the strengthen- 

ng mechanisms (namely size-effect and strengthening caused by 

TB) is vital to fundamentally and quantitatively understand the 

mportant role of CTBs in the mechanical properties at the micron 

cale. 

It is notable that other models based on possible dislocation- 

TB interaction scenarios were also considered. These models in- 

lude: (i) CTB being no barrier to the transmission, in this case 

τ 2% would be zero; (ii) CTB requiring a fixed stress value to allow 

he transmission to happen, in other words τBxx = τSxx + τtran smis sion , 

n which τtransmission is a constant value; (iii) CTB being a hard bar- 

ier that does not allow the ideal transmission. The small and vary- 

ng �τ 2% across the studied diameter range rejects all 3 models; 

herefore, only the model driven from the double-hump shape was 

hosen for further analysis. Section S4 of the supplementary file 

iscusses these models based on the calculated probability func- 

ion. 

We assume that in the Sxx pillars, the strength is dictated by 

he ease of operating a dislocation source. According the double- 

ump mechanism, the same should hold for twin boundary pillars, 

owever, the effective source size is smaller due to the dislocation 

urvature near CTB. Given that the two strengthening mechanisms 

re independent, i.e. there is no mutual interaction, this separation 

an be done in the joint analysis based on Eq. (6) . 

Remarkably, the joint analysis can successfully describe both 

he Sxx and Bxx data. The observation is remarkable because both, 

he dislocation source size effect as well as the double-hump are 

ominated by dislocation curvatures, and an influence of one effect 

n the other seems to be reasonable. Nevertheless, the joint analy- 

is describes the data well and one can conclude, that the mutual 

nteraction of the two mechanisms can be neglected in the inves- 

igated size regime. 

.3. Extrapolation towards smaller and larger dimensions 

�τ 2% was investigated in the pillar diameter range from 1 to 

 μm. While describing our data within this size regime worked 

ell (see Section 4.2 ), an extrapolation of the twin boundary be- 

avior to larger and smaller twin spacing remains challenging. At 

he upper size limit, at 5μm, �τ 2% is as low as 5 MPa. We pos- 

ulate, that further increasing the pillar diameter results in an 

ver smaller �τ 2% , as long as the shear stress on the transmit- 

ing slip system exceeds the value for cross slip of pure copper, 

.e. 24 ± 2 MPa [27] . The reduction of �τ 2% is rationalized by any 

urvature penalty due to the double hump, which vanishes with 

ncreasing pillar size (see Eq. (3) ). As soon as the minimum shear 

tress for dislocation cross-slip is not reached anymore, disloca- 

ions will not be able to transmit through the boundary and an 

ncreased difference of Sxx and Bxx could be prognosticated. How- 

ver, based on Eq. (4) and the data in Table 1 , the aforementioned

cenario does not happen for pillars smaller 200 μm. In such large 

amples however dislocation sources are easily activated and may 

bscure the effect of a CTB. 

The extrapolation to smaller sizes is more challenging; a com- 

arison is best made to nanotwinned materials. Lu et al. reported 

levated yield stress of 900 MPa in nanotwinned Cu [35] . Kini 

t al. recently suggested that the pillar strength scales inversely 
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[

ith twin spacing. They showed the dislocation curvature in nan- 

twinned Ag thin films from cross-slip of dislocations across nu- 

erous twin boundaries in twin spacing down to 15 nm [24] . Ob- 

iously, the dislocation line shape is not a single double-hump in 

hese cases, but rather a periodic bowing out of the dislocations at 

ach grain boundary to facilitate the cross slip. The extrapolation 

f our data is dangerous because (i) the mechanisms at play might 

hange and (ii) larger scatter of stress data obtained from 1 μm 

ized pillars render a prediction to smaller diameters challenging: 

i) CTBs frequently contain defects like ledges or Frank partial dis- 

locations, which can act as dislocation sources at high stresses 

[5] . In the underlying case, we did not see evidence of exten- 

sive dislocation source activation at the twin boundary, e.g. by 

multiple small slip steps. In contrast, in all our cases compat- 

ibility of slip with large slip steps is observed. Assuming the 

model and data in Eq. (1) and Table 1 , as well as a dislocation

source activation strength in the CTB of 2500 MPa [5] , disloca- 

tion source activation at the CTB would not happen for pillars 

larger than ∼50 nm. Such small pillars cannot be tested with 

high confidence (and low scatter) by micro pillar compression. 

Besides, as soon as the dislocation splitting width is close to 

the pillar diameter, partial slip activation is expected and the 

deformation behavior might be considerably different. 

ii) The scatter in the data is likely not caused by instrumental scat- 

ter, rather by the stochastic nature of dislocation slip at the mi- 

cron scale [36,37] . A significant increase of the sample num- 

ber is required to understand the strength distribution of even 

smaller pillars tested here. This, however, is hardly possible be- 

cause of FIB time required to get sufficient statistics. 

.4. A comment on the probabilistic analysis scheme 

A highly detailed probabilistic analysis of the Sxx/Bxx strength 

ould be obtained based on the full analysis over the experimen- 

al pillar diameter range, as opposed to a separate analysis of the 

trength distribution for each nominal pillar diameter. Using the 

ouble hump CTB strengthening approach, we obtained predictive 

robability distributions for the strengths as function of the pil- 

ar diameter, from which we could directly calculate (via Eq. (5) ) 

he probability of prescribed CTB strengthening amounts �τ n , as 

hown in Fig. 5 . Such a direct probability cannot be obtained from 

he comparison of credibility bands based on a pre-specified credi- 

ility level as is common in conventional statistical analysis proce- 

ures. We also want to emphasize that this type of analysis can be 

eneralized to multi-twin systems, provided a suitable strengthen- 

ng model is available or can be hypothesized. 

. Summary and conclusions 

Conducting micropillar compression in different nominal diam- 

ters showed that Bxx pillars containing a coherent twin boundary 

CTB) follow the “smaller is stronger” paradigm, as it has been pre- 

iously reported for Sxx pillars. The �τ 2% is larger at smaller diam- 

ters, and it tends to values close to a few MPa at 5 μm diameter. A

odel based on the penalty curvature in double-hump shape was 

eveloped to compare with the experimental data. This model in 

he “joint analysis”, could successfully describe the data. Therefore, 

e conclude that the geometric constraints (and not the CTB itself) 

mposed by the transmission slip geometry causes a penalty curva- 

ure of the dislocation, which is responsible for the size-dependent 

trength increase �τ 2% in CTB containing pillars. 

Quantifying the increase of pillar strength, due to the presence 

f the CTB, �τ 2% , remains challenging, as it requires the separation 

f the CTB-related contribution from the general size-effect present 

n both, Sxx as well as Bxx pillars. This separation could success- 
7 
ully be done by our probabilistic analysis, which provided proba- 

ility curves for the prediction of plausible �τ 2% amounts over the 

hole range of the pillar diameters in the experiments. For pillars 

arger than 5 μm in diameter, the CTB strengthening is expected to 

e marginal. The extrapolation of the probability curves towards 

iameters smaller than 1 μm bears large uncertainties to it. The 

redictive function might be used to determine the strengthen- 

ng in other CTB-containing systems, for example in nano-twinned 

tructures. Likewise, the probabilistic tools used in the joint analy- 

is can be employed for other similar experimental settings, e.g. in 

tudies that aim at separating the GB strengthening contribution 

rom the general size-effect in case of other GBs. 

eclaration of competing interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

cknowledgments 

The authors gratefully thank Jürgen Wichert and Dr. Nataliya 

imbach-Malyar for producing the Cu bi-crystals and Leon Chris- 

iansen for assistance in pillar milling. GD acknowledges the 

uropean Research Council for funding part of this project (Grant 

o. 787446-GB-CORRELATE ). Financial support by the Robert Bosch 

oundation is gratefully acknowledged by CK. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.actamat.2022.117841 . 

eferences 

[1] E.O. Hall, The deformation and ageing of mild steel: II Characteristics of the 
Lüders deformation, Proc. Phys. Soc. Sect. B. 64 (1951) 742–747, doi: 10.1088/ 

0370-1301/64/9/302 . 
[2] N.J. Petch , The Cleavage Strength of Polycrystals, J. Iron Steel Inst. 174 (1953) 

25–28 . 

[3] J. Kacher, B.P.P. Eftink, B. Cui, I.M.M. Robertson, Dislocation interactions with 
grain boundaries, Curr. Opin. Solid State Mater. Sci. 18 (2014) 227–243, doi: 10. 

1016/j.cossms.2014.05.004 . 
[4] G. Bäro, H. Gleiter, E. Hornbogen, Korngrenzen als Versetzungsquellen, Mater. 

Sci. Eng. 3 (1968) 92–104, doi: 10.1016/0025-5416(68)90023-2 . 
[5] J. Li, G.M. Pharr, C. Kirchlechner, Quantitative insights into the dislocation 

source behavior of twin boundaries suggest a new dislocation source mech- 

anism, J. Mater. Res. (2021), doi: 10.1557/s43578- 021- 00253- y . 
[6] D.J. Dingley, R.C. Pond, On the interaction of crystal dislocations with 

grain boundaries, Acta Metall 27 (1979) 667–682, doi: 10.1016/0 0 01-6160(79) 
90018-X . 

[7] Z. Shen, R.H. Wagoner, W.A.T. Clark, Dislocation and grain boundary interac- 
tions in metals, Acta Metall 36 (1988) 3231–3242, doi: 10.1016/0 0 01-6160(88) 

90058-2 . 

[8] T.C. Lee, I.M. Robertson, H.K. Birnbaum, An in situ transmission electron mi- 
croscope deformation study of the slip transfer mechanisms in metals, Metall. 

Trans. A. 21 (1990) 2437–2447, doi: 10.1007/BF02646988 . 
[9] W.A.T. Clark, R.H. Wagoner, Z.Y. Shen, T.C. Lee, I.M. Robertson, H.K. Birnbaum, 

On the criteria for slip transmission across interfaces in polycrystals, Scr. Met- 
all. Mater. 26 (1992) 203–206, doi: 10.1016/0956-716X(92)90173-C . 

[10] N.V. Malyar, B. Grabowski, G. Dehm, C. Kirchlechner, Dislocation slip transmis- 

sion through a coherent �3{111} copper twin boundary: strain rate sensitivity, 
activation volume and strength distribution function, Acta Mater 161 (2018) 

412–419, doi: 10.1016/j.actamat.2018.09.045 . 
[11] H. Van Swygenhoven, P.M. Derlet, Grain-boundary sliding in nanocrystalline fcc 

metals, Phys. Rev. B - Condens. Matter Mater. Phys. 64 (2001) 1–9, doi: 10.1103/ 
PhysRevB.64.224105 . 

12] E. Ma, Watching the nanograins roll, Science 305 (2004) 623–624, doi: 10.1126/ 
science.1101589 . 

[13] M. Legros, D.S. Gianola, K.J. Hemker, In situ TEM observations of fast grain- 

boundary motion in stressed nanocrystalline aluminum films, Acta Mater 56 
(2008) 3380–3393, doi: 10.1016/j.actamat.2008.03.032 . 

[14] D.M. Saylor, B.S. El Dasher, A.D. Rollett, G.S. Rohrer, Distribution of grain 
boundaries in aluminum as a function of five macroscopic parameters, Acta 

Mater 52 (2004) 3649–3655, doi: 10.1016/j.actamat.2004.04.018 . 

https://doi.org/10.13039/501100000781
https://doi.org/10.13039/501100001646
https://doi.org/10.1016/j.actamat.2022.117841
https://doi.org/10.1088/0370-1301/64/9/302
http://refhub.elsevier.com/S1359-6454(22)00227-0/sbref0002
http://refhub.elsevier.com/S1359-6454(22)00227-0/sbref0002
https://doi.org/10.1016/j.cossms.2014.05.004
https://doi.org/10.1016/0025-5416(68)90023-2
https://doi.org/10.1557/s43578-021-00253-y
https://doi.org/10.1016/0001-6160(79)90018-X
https://doi.org/10.1016/0001-6160(88)90058-2
https://doi.org/10.1007/BF02646988
https://doi.org/10.1016/0956-716X(92)90173-C
https://doi.org/10.1016/j.actamat.2018.09.045
https://doi.org/10.1103/PhysRevB.64.224105
https://doi.org/10.1126/science.1101589
https://doi.org/10.1016/j.actamat.2008.03.032
https://doi.org/10.1016/j.actamat.2004.04.018


R. Hosseinabadi, H. Riesch-Oppermann, J.P. Best et al. Acta Materialia 230 (2022) 117841 

 

 

 

[

[

[

[

[

[

[

[

[

[

[

[

[

[  

[

[

[

[

[15] M. Dao, L. Lu, Y.F. Shen, S. Suresh, Strength, strain-rate sensitivity and ductility 
of copper with nanoscale twins, Acta Mater 54 (2006) 5421–5432, doi: 10.1016/ 

j.actamat.2006.06.062 . 
[16] J. Wang, N. Li, O. Anderoglu, X. Zhang, A. Misra, J.Y. Huang, J.P. Hirth, Detwin-

ning mechanisms for growth twins in face-centered cubic metals, Acta Mater 
58 (2010) 2262–2270, doi: 10.1016/j.actamat.2009.12.013 . 

[17] Z.H. Jin, P. Gumbsch, E. Ma, K. Albe, K. Lu, H. Hahn, H. Gleiter, The interac-
tion mechanism of screw dislocations with coherent twin boundaries in dif- 

ferent face-centred cubic metals, Scr. Mater. 54 (2006) 1163–1168, doi: 10.1016/ 

j.scriptamat.2005.11.072 . 
[18] Z.H. Jin, P. Gumbsch, K. Albe, E. Ma, K. Lu, H. Gleiter, H. Hahn, Interactions

between non-screw lattice dislocations and coherent twin boundaries in face- 
centered cubic metals, Acta Mater 56 (2008) 1126–1135, doi: 10.1016/j.actamat. 

2007.11.020 . 
[19] V. Samaee, M. Dupraz, T. Pardoen, H. Van Swygenhoven, D. Schryvers, 

H. Idrissi, Deciphering the interactions between single arm dislocation sources 

and coherent twin boundary in nickel bi-crystal, Nat. Commun. 12 (2021) 962, 
doi: 10.1038/s41467- 021- 21296- z . 

20] P.J. Imrich, C. Kirchlechner, G. Dehm, Influence of inclined twin boundaries on 
the deformation behavior of Cu micropillars, Mater. Sci. Eng. A. 642 (2015) 65–

70, doi: 10.1016/j.msea.2015.06.064 . 
21] P.J. Imrich, C. Kirchlechner, D. Kiener, G. Dehm, Internal and external stresses: 

In situ TEM compression of Cu bicrystals containing a twin boundary, Scr. 

Mater. 100 (2015) 94–97, doi: 10.1016/j.scriptamat.2014.12.023 . 
22] N.V. Malyar, J.S. Micha, G. Dehm, C. Kirchlechner, Dislocation-twin boundary 

interaction in small scale Cu bi-crystals loaded in different crystallographic di- 
rections, Acta Mater 129 (2017) 91–97, doi: 10.1016/j.actamat.2017.02.067 . 

23] J.P. Liebig, S. Krauß, M. Göken, B. Merle, Influence of stacking fault energy 
and dislocation character on slip transfer at coherent twin boundaries stud- 

ied by micropillar compression, Acta Mater 154 (2018) 261–272, doi: 10.1016/j. 

actamat.2018.05.037 . 
24] M.K. Kini, G. Dehm, C. Kirchlechner, Size dependent strength, slip transfer 

and slip compatibility in nanotwinned silver, Acta Mater 184 (2019) 120–131, 
doi: 10.1016/J.ACTAMAT.2019.11.042 . 

25] J.B. Jeon, G. Dehm, Formation of dislocation networks in a coherent Cu �3(1 1 
1) twin boundary, Scr. Mater. 102 (2015) 71–74, doi: 10.1016/j.scriptamat.2015. 

02.016 . 

26] M. Chassagne, M. Legros, D. Rodney, Atomic-scale simulation of screw disloca- 
tion/coherent twin boundary interaction in Al, Au, Cu and Ni, Acta Mater 59 

(2011) 1456–1463, doi: 10.1016/j.actamat.2010.11.007 . 
8 
27] D. Caillard, J.L. Martin, Some aspects of cross-slip mechanisms in metals and 
alloys, J. Phys. 50 (1989) 2455–2473, doi: 10.1051/jphys:019890 050 018024550 0 . 

28] P.J. Imrich, C. Kirchlechner, C. Motz, G. Dehm, Differences in deformation be- 
havior of bicrystalline Cu micropillars containing a twin boundary or a large- 

angle grain boundary, Acta Mater 73 (2014) 240–250, doi: 10.1016/j.actamat. 
2014.04.022 . 

29] C. Kirchlechner , Dislocation Slip Transfer Mechanisms : Quantitative Insights 
from in situ Micromechanical Testing, Habilitation Thesis, Montanuniversität 

Leoben, 2017 . 

30] N.V. Malyar, H. Springer, J. Wichert, G. Dehm, C. Kirchlechner, Synthesis and 
mechanical testing of grain boundaries at the micro and sub-micro scale, 

Mater. Test. 61 (2019) 5–18, doi: 10.3139/120.111286 . 
31] C. Kirchlechner, J. Keckes, C. Motz, W. Grosinger, M.W. Kapp, J.S. Micha, O. Ul- 

rich, G. Dehm, Impact of instrumental constraints and imperfections on the 
dislocation structure in micron-sized Cu compression pillars, Acta Mater 59 

(2011) 5618–5626, doi: 10.1016/j.actamat.2011.05.037 . 

32] D. Kiener, C. Motz, G. Dehm, Micro-compression testing: A critical discussion 
of experimental constraints, Mater. Sci. Eng. A. 505 (2009) 79–87, doi: 10.1016/ 

j.msea.20 09.01.0 05 . 
33] R. Dou, B. Derby, A universal scaling law for the strength of metal micropillars

and nanowires, Scr. Mater. 61 (2009) 524–527, doi: 10.1016/j.scriptamat.2009. 
05.012 . 

34] L.C. Lim, R. Raj, Continuity of slip screw and mixed crystal dislocations across 

bicrystals of Nickel at 573 K, Acta Metall (1985) 33, doi: 10.1016/0 0 01-6160(85) 
90057-4 . 

35] L. Lu, X. Chen, X. Huang, K. Lu, Revealing the maximum strength in nan- 
otwinned copper, Science 323 (2009) 607–610, doi: 10.1126/science.1167641 . 

36] P. Sudharshan Phani, K.E. Johanns, E.P. George, G.M. Pharr, A simple stochas- 
tic model for yielding in specimens with limited number of dislocations, Acta 

Mater 61 (2013) 24 89–24 99, doi: 10.1016/j.actamat.2013.01.023 . 

37] T.A. Parthasarathy, S.I. Rao, D.M. Dimiduk, M.D. Uchic, D.R. Trinkle, Contri- 
bution to size effect of yield strength from the stochastics of dislocation 

source lengths in finite samples, Scr. Mater. 56 (2007) 313–316, doi: 10.1016/ 
j.scriptamat.2006.09.016 . 

https://doi.org/10.1016/j.actamat.2006.06.062
https://doi.org/10.1016/j.actamat.2009.12.013
https://doi.org/10.1016/j.scriptamat.2005.11.072
https://doi.org/10.1016/j.actamat.2007.11.020
https://doi.org/10.1038/s41467-021-21296-z
https://doi.org/10.1016/j.msea.2015.06.064
https://doi.org/10.1016/j.scriptamat.2014.12.023
https://doi.org/10.1016/j.actamat.2017.02.067
https://doi.org/10.1016/j.actamat.2018.05.037
https://doi.org/10.1016/J.ACTAMAT.2019.11.042
https://doi.org/10.1016/j.scriptamat.2015.02.016
https://doi.org/10.1016/j.actamat.2010.11.007
https://doi.org/10.1051/jphys:0198900500180245500
https://doi.org/10.1016/j.actamat.2014.04.022
http://refhub.elsevier.com/S1359-6454(22)00227-0/sbref0029
http://refhub.elsevier.com/S1359-6454(22)00227-0/sbref0029
https://doi.org/10.3139/120.111286
https://doi.org/10.1016/j.actamat.2011.05.037
https://doi.org/10.1016/j.msea.2009.01.005
https://doi.org/10.1016/j.scriptamat.2009.05.012
https://doi.org/10.1016/0001-6160(85)90057-4
https://doi.org/10.1126/science.1167641
https://doi.org/10.1016/j.actamat.2013.01.023
https://doi.org/10.1016/j.scriptamat.2006.09.016

	Size scaling in bi-crystalline Cu micropillars containing a coherent twin boundary
	1 Introduction
	2 Experimental details and data analysis
	2.1 Sample fabrication
	2.2 Mechanical testing
	2.3 Analysis of compression data

	3 Results
	4 Discussion
	4.1 Size scaling behavior of bi-crystalline pillars
	4.2 Decoupling size-effect from CTB-strengthening
	4.3 Extrapolation towards smaller and larger dimensions
	4.4 A comment on the probabilistic analysis scheme

	5 Summary and conclusions
	Declaration of competing interest
	Acknowledgments
	Supplementary materials
	References


