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a b s t r a c t 

A microcasting process is used to produce high aspect ratio ( > 30) monocrystalline pure aluminium wires 

with a diameter between 14 and 115 μm. The role of thermal activation in the plastic deformation of 

these microwires is measured by means of (single) tensile stress relaxation tests. The microwires deform 

largely in an intermittent fashion, i.e. , through repeated sudden displacement bursts, also during stress 

relaxation, implying that the bursts can be triggered through thermal activation. By separating the inter- 

mittent and the continuous parts of the stress relaxation load vs . time signal, we measure an activation 

area characteristic of the continuous relaxation mechanism. Haasen plots of the continuous relaxation 

data suggest the presence of a back-stress on the order of 2.5 MPa, which can be attributed to the thin 

layer of oxide covering the metal. Smaller (14–25 μm) diameter crystals oriented for single slip show 

highly scattered activation area values and a steeper rate of increase of data in the Haasen plot than 

all other samples, which conform, save for the back-stress, with what is observed in bulk aluminium. 

Present findings are consistent with data from commensurate aluminium crystals in replicated micro- 

cellular structures. Data of this work show that, in single slip within aluminium crystals, the coupling 

between the activation area and the flow stress is altered when crystals are below 30 μm in diameter. 

The absence of a systematic difference in data between samples produced of 4N or 5N aluminium sug- 

gests that this conclusion is characteristic of the pure metal. 

© 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 

The plastic deformation behaviour of small ( ≤ 100 μm) 

islocation-containing monocrystalline metallic crystals has been 

he focus of extensive research over the past two decades; reviews 

an be found in [1–5] . In such small crystals, both the initial dislo-

ation density and the size of the crystal define the progression of 

lastic deformation [ 4 , 6 ]. With a sufficient number of initial dislo-

ations present (as opposed to a dislocation-starved state found in 

ub-micron diameter samples), the deformation of small crystals is 

ften governed by the action of single arm sources, the length of 

hich scales with dimensions of the crystal [7–9] . 

Most small-scale plasticity studies probe focused ion beam 

FIB) milled micro- and nanopillars [ 2 , 3 , 10–12 ], a method that is

nown to create a specific surface state, comprising notably ion- 

mplantation, in the samples that it produces [13–19] . FIB-free al- 

ernatives for the production of monocrystalline micro-samples in- 
∗ Corresponding author. 
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lude the selective etching of eutectic alloys [ 20 , 21 ], patterned 

lectrodeposition [22–26] , silicon lithography [18] and an emboss- 

ng technique [ 27 , 28 ]. Microcasting, a casting process designed to 

roduce micrometric samples, is another approach for the pro- 

uction of microscopic samples free of surface ion implantation. 

he process has previously been shown to produce net-shape, 

islocation-containing, 99.99% pure monocrystalline aluminium 

icrowires of diameter ( D ) between 7 and 120 μm. When loaded 

n tension, the microwires demonstrate characteristics of the plas- 

icity size effect: their yield strength scales as D 

−1 (as expected for 

ingle-arm dislocation sources) and becomes increasingly stochas- 

ic with decreasing D [9] . Plastic deformation in thinner cast mi- 

rowires progresses largely through sudden displacement bursts, 

isible as quasi-instantaneous load drops, of highly variable ampli- 

ude, the cumulative distribution function (CDF) of which follows 

 power law distribution at smaller amplitudes, followed by an ex- 

onential distribution at larger amplitudes [ 9 , 29 , 30 ]. 

Some explorations of the plasticity size effect address thermally 

ctivated deformation, be it by means of creep, strain-rate jump or 

tress relaxation tests, to find generally that as the sampled vol- 

me decreases, the strain-rate sensitivity increases and the activa- 
. This is an open access article under the CC BY license 
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ion volume decreases [ 5 , 23 , 24 , 26 , 31–45 ]. The thermally activated

eformation of micron-scale aluminium was characterized by Xiao 

t al. [34] using strain-rate jump tests, to find activation volumes 

n the order of 100 b 3 (where b is the burgers vector length) and

 significant influence on data of FIB-induced ion implantation. Ng 

nd Ngan [31] studied the creep deformation of Al micropillars and 

howed that intermittency is also observed during a creep hold. 

t is also relevant to cite the work by Diologent et al. [46] who

erformed stress relaxation tests on open-pore microcellular alu- 

inium, which is a material consisting of many monocrystalline 

icro-struts of diameter that can be made smaller than 100 μm. 

heir data show that below a certain strut size (on the order of 

 few tens of micrometre), one observes in both pure Al and Al- 

wt%Mg a halving of the slope in a plot of the inverse of the (di-

ensionless) apparent activation area versus the stress at which 

tress relaxation is initiated, a frequently used and highly informa- 

ive plot known as a Haasen plot [47–49] . 

The literature on the thermally activated plastic deformation 

f bulk (meaning of diameter on the order of, or exceeding, one 

illimetre) face-centred cubic single-crystals is far more extensive. 

any of those studies were published in the 1950’s and 1960’s, 

nd were often triggered by the seminal work of Cottrell and 

tokes [50] . Basinski and Basinski summarized the most important 

ndings from this period in Ref. [51] . The Cottrell-Stokes relation 

as observed to hold in Stage II of single crystal deformation, a 

eviation therefrom being observed both in Stage I and Stage III. 

he onset of Stage III deformation is typically associated with an 

pward deviation from linearity in the Haasen plot [52–54] . The 

iterature is mixed on the origin and the direction of the deviation 

rom the Cottrell-Stokes relation in Stage I: sometimes data on a 

aasen plot display a higher slope than in Stage II, while in other 

ases a lower slope is reported [55–62] . Those deviations have at 

imes been attributed to impurities, which tended to be more fre- 

uent in samples of earlier work [ 41 , 61 ]. 

Given this known influence of the single crystal deformation 

tage on the thermal activation of plastic flow, and knowing also 

hat microcrystals deform far more in Stage I of single FCC crystal 

eformation than do their bulk counterparts [63–66] , one is en- 

itled to expect a significant influence of sample dimensions on 

he thermally activated plastic flow of microcrystals. Building on 

his observation, we aim here to contribute to our understanding 

f the size effect in thermally activated plasticity using microcast 

luminium microwires that are tested for stress relaxation in uni- 

xial tensile deformation. Unlike most work to date on thermally 

ctived plastic flow in small-scale samples, we use here relaxation 

ests, known to give more precise insight in thermally activated 

lastic deformation than do alternative test methods [ 67 , 68 ]. Other 

istinguishing features of this work are that we explore systemat- 

cally, in terms of the resolved stress and by means of relaxation 

ests conducted on tensile samples unaffected by FIB machining, 

he influence of crystal orientation on microsample plasticity, and 

he correlation between the thermal activation of continuous plas- 

ic flow and the sample flow stress. 

. Experimental procedures 

.1. Microwire preparation and characterization 

Aluminium (99.99 and 99.999%) microwires are prepared 

hrough the microcasting process that is described in Krebs et al. 

9] . In a nutshell, the process consists in pressure infiltrating 

onocrystalline salt (NaCl) moulds containing cavities that have 

he shape of the castings to be produced. The salt moulds are pro- 

uced through slow evaporation of brine baths (Sigma Aldrich NaCl 

99.8 purity in water, 200 g/l) containing a nylon precursor. Fol- 

owing the random growth and retrieval of each salt single crystal 
2

hat will be used to produce a mould, the polymer precursor onto 

hich it grew is removed by pyrolysis (600 °C, 4.5 h). Several salt 

oulds of this kind are then simultaneously pressure-infiltrated 

ith molten Al ( T ∼700 °C) using argon gas (15 bar) followed by di-

ectional solidification. The final aluminium castings are then freed 

hrough dissolution of each infiltrated salt mould in a water-based 

hromate solution (0.84 g/l NaHCO 3 and 1.62 g/l Na 2 CrO 4 ), thus 

eleasing the thin aluminium wires in a gentle, non-invasive man- 

er that minimizes oxidation of their surface. Each microwire is 

hen glued (Loctite 496 TM ) to a holder specifically made for stable 

lacement in a custom-built tensile testing apparatus. 

The crystallographic orientation of the microwires is random; 

t is therefore measured for each microwire. This was done us- 

ng single-crystal X-ray diffraction (Enraf Nonius FR590, by Dr. Kurt 

chenk). Scanning electron microscopy (SEM, Zeiss Merlin) images 

re systematically taken prior to testing to verify the surface qual- 

ty of the microwires, to measure their diameter, and to verify its 

niformity along the gauge length. Following tensile testing, which 

as in all tests reported here performed up to failure, SEM images 

re again taken, now with focus on observation of the slip steps 

hat have formed along the wire surface during deformation. 

.2. Tensile tests 

All tensile and relaxation tests are performed using the custom- 

uilt displacement-controlled tensile machine and procedure that 

re described in Refs. [ 9 , 30 ]. Three different datasets are acquired

uring a typical test: (i) time-displacement-force data acquired at 

0 Hz, (ii) time-force data acquired at 50 kHz and (iii) optical im- 

ges of the gauge length, acquired at 2 Hz. All tensile plots are 

ased on the 50 Hz data, as are the apparent activation area ( a )

alculations (see Section 2.5). The plastic deformation of the mi- 

rowires being intermittent, the high-frequency 50 kHz data are 

sed to capture the nearly instantaneous load drops. 

A 10 g or 50 g Futek (Irvine, USA) LPM200 load cell is used for

icrowires of diameter D below or above 50 μm respectively. For 

ll tests a displacement rate of 300 nm/s is imposed, correspond- 

ng (given that samples are ≈ 1 mm long) to strain rates on the 

rder of 3 . 10 −4 s −1 . To lower the noise level of the load signal, the

0 kHz time-force data are filtered four times by means of a mov- 

ng average filter over 250 points (this approximates a Gaussian 

lter [69] ). 

Knowing the orientation of the crystal making each tensile sam- 

le, stress-strain curves are then converted following standard pro- 

edures [64] to curves of resolved shear stress versus resolved 

hear strain. Given the many interruptions caused by sudden dis- 

lacement events and by relaxation cycles, the (average) work 

ardening rate of the crystals is computed using only stress val- 

es from the upper envelope of the tensile test curves. The slope 

f that curve, or in other words the tensile work hardening rate 

f the microwire, is found to often evolve with deformation from 

 relatively constant low value to higher values, reminiscent of the 

ransition from Stage I to Stage II of FCC single crystal deformation. 

e identify the location of this transition using the inflexion point 

n the plot of (this upper envelope of) stress versus strain. 

.3. Stress relaxation tests 

In a stress relaxation test, the sample is loaded up to a pre- 

efined stress or strain level at which point the cross-head of the 

achine is stopped and the (decreasing) stress is recorded versus 

ime [ 67 , 70 ]. In this work, individual 60 s long stress relaxations

re triggered at predefined load levels. The number of stress relax- 

tions performed on a given microwire therefore depends (among 

ther parameters) on the amount of work hardening during the 

est. The stability of the set-up was initially checked using stiffer 
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Fig. 1. (a) Curve of resolved shear stress curve versus time, containing multiple (single) stress relaxations (60 s) at different stress levels for a Al4N microwire oriented for 

single slip ( D = 14.7 μm). (b) Extract of a selection of the performed relaxations: during stress relaxation, displacement jumps occur along the wire. 
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ummy samples, which showed that the tensile bench is suffi- 

iently stiff and free of time-dependent deformation mechanisms 

or relaxation testing to generate meaningful data. 

The imposed stress relaxations contain sudden displacement 

vents. Those are of somewhat lower frequency than while the 

ample is strained forcibly, yet are still clearly present, Fig. 1: on 

verage 2–3 events are detected per 60 s-long stress relaxation. 

he fact that stress relaxations contain sudden load drops com- 

licates data treatment, because those drops change the shape of 

ormally smooth, continuous stress-relaxation plots into a sloping 

taircase-shaped line, Fig. 1 . To extract from those data a meaning- 

ul activation area, a method was developed, based on the follow- 

ng assumptions: 

i) That continuous relaxation processes within the loaded mi- 

crowires give a signal that follows the frequently observed law, 

in which the stress decrement ( �τ ) varies logarithmically with 

time ( t ) [ 67 , 71 ]: 

�τ = −kT 

ba 
ln 

(
t 

c 
+ 1 

)
(1) 

where a is the activation area defined as: 

a = 

kT 

b 

∂ ln 

(
− ˙ τ

M 

)
∂τ

(2) 

with τ the resolved shear stress measured from the moment 

the load train is stopped during a uniaxial test on a (plastically 

flowing) sample, M the load train rigidity, k the Boltzmann 

constant, T the temperature in Kelvin (293 K here), and b the 

Burgers vector ( = 0.286 nm for Al); 

ii) and that a sudden displacement event does not alter the state 

of the material differently than would continuous relaxation af- 

ter the same stress decrease. This latter assumption is justified 

by the fact that the activation area calculated from (continu- 

ous) stress relaxation data carries information on the motion of 

dislocations moving at numerous locations along the entire mi- 

crowire length, whereas sudden load drops are caused by one 

or a few highly localized dislocation sources. Dislocations not in 

close proximity to the active single arm source(s) will therefore 

sense only the resulting decrease in stress. 

Operationally, the method involves three main steps: (1) bin- 

ing �τ data to smoothen their time derivative, (2) identifying 
3

nd discarding bins that correspond to sudden displacement jumps 

nd (3) calculating the apparent activation area based on the re- 

aining data bins, taking into account the progressive error on 

he datapoints. Once the data are collected, the apparent activation 

olume is derived from a linear regression through data points that 

ave been tagged as relevant. A full description of the method is 

iven in Ref. [30] , which also gives access to full datasets for all

amples of this work (listed in Table 1 of Ref. [30] ). 

. Results 

Monocrystalline aluminium microwires of 99.99% purity (4N) 

ere produced to have a diameter of 14.2 ± 0.6 μm (10 mi- 

rowires), 23.5 ± 1.0 μm (6 microwires) or 118 ± 4 μm (2 mi- 

rowires). A second series of higher 99.999% purity (5N) alu- 

inium microwires were produced similarly, with a diameter of 

3.5 ± 1.3 μm (4 microwires) or 116 ± 4 μm (5 microwires). Only 

icrowires with a regular cross-section along their complete gauge 

ength ( ∼1.5 mm) were retained for testing. Fig. 2 shows a por- 

ion of as-cast microwires in each of the three different diame- 

er ranges. Using atomic force microscopy scans along the surface 

f three undeformed microwires, the root mean square roughness 

as found to be 5.2 ± 1.2 nm. 

Tensile curves of the 4N and 5N Al microwires are given in Figs. 

 and 4 , respectively. Plots are separated based on the microwire 

iameter and the horizontal axis gives the microwire plastic shear 

train. The onset of each stress relaxation is marked by an inverted 

black) triangle along the stress-strain curve. The initial crystallo- 

raphic orientation of each microwire is shown in the accompa- 

ying standard stereographic triangle. Coloured arrows are added 

bove the curves to mark the strain where the upper envelope of 

he stress-strain curve features an inflexion point. 

All deformed microwires show slip steps along their surface; 

ig. 3 d gives an example. The density and visual aspect of those 

lip steps vary overall as expected given the initial crystallographic 

rientation of the microwires, namely: (i) wires oriented for single 

lip show clearly visible slip steps corresponding to one predom- 

nant glide system, while (ii) several glide systems are generally 

isible along wires initially oriented for multiple slip. Fewer and 

maller steps are visible along the surface of the sample oriented 

long < 111 > , denoting that this sample has deformed in nearly 
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Fig. 2. SEM images of undeformed 4N microwires of diameter (a) 13.2 μm, (b) 21.6 μm and (c) 107 μm. 

Fig. 3. Resolved plastic shear strain-shear stress curve of aluminium (4N) microwires with a diameter in the range (a) 12.7–14.7 μm (“∼14 μm”), (b) 22.2–25.0 μm (“∼22 μm”) 

and (c) 115–121 μm (“∼115 μm”). Triangles denote the onset of relaxation events; arrows denote an inflexion point in the upper envelope of the curve. (d) Portion of deformed 

microwires oriented (from top to bottom) for multiple slip, coplanar double slip or single slip. 
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niform fashion. Exception made for the neck region, secondary 

lip steps are essentially absent along the surface of 4N Al mi- 

rowires oriented for single slip, see Fig. 3 d (and Supplementary 

nformation Figs. S1 and S2). The 5N Al microwires oriented for 

ingle slip, which reached higher strains before failing than did 4N 

ure microwires, show in post-mortem SEM examination the pres- 

nce of a few secondary slip steps along their surface in addition 
4 
o those corresponding to the primary slip system (see Supplemen- 

ary Information Figs. S3 and S4). 

During a stress relaxation hold, while the stress decreases, 

he deformation of aluminium microwires combines periods 

f continuous deformation interrupted by sudden displacement 

vents. From each stress relaxation, an apparent activation area 

as extracted (as described in Section 2.3 and in Ref. [30] ). 
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Fig. 4. Resolved plastic shear strain-shear stress curve of aluminium (5N) microwires with a diameter in the range (a) 21.6–24.3 μm (“∼22 μm”) and (b) 112–125 μm 

(“∼115 μm”) respectively. Triangles denote the onset of relaxation events; arrows denote an inflexion point in the upper envelope of the curve. 
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n Figs. 5 and 6 the inverse of the (dimensionless) measured ap- 

arent activation area ( b 2 / a ) values are plotted in the coordinates

f a Haasen plot [47–49] for the 4N and 5N wires, respectively. In 

he figures, the data are separated based on the wire diameter and 

he number of slip systems activated in the wire upon its initial 

eformation. 

. Discussion 

.1. Tensile behaviour 

The tensile deformation of the microcast Al 99.99% wires is con- 

istent with what is observed in prior studies; see Refs. [ 9 , 29 , 72 ].

he yield stress varies, within significant scatter, roughly as the 

nverse of the wire diameter (see Fig. 2 of Ref. [29] ), and the

isplacement burst intensity cumulative distribution functions are 

imilar to those measured during monotonic wire testing [8] (those 

urves are given in Ref. [72] ). There is furthermore no measur- 

ble difference in plastic deformation behaviour (flow stress, curve 

hape, dependence on the crystallographic orientation or the mi- 

rowire diameter) that can be linked with the metal purity of the 

icrowires; compare (i) the dark green curve in Fig. 3 b to the yel-

ow and orange curves in Fig. 4 a; (ii) blue curves across Figs. 3 b

nd 4 a, or (iii) curves in Figs. 3 c and 4 b. The only discernible differ-

nce is a somewhat higher strain to failure ( i.e., a greater deforma- 

ion range; note the difference in strain scale between Figs. 3 and 

 ) for 5N Al microwires compared to 4N Al microwires. Impuri- 

ies present in the 4N aluminium thus exert little influence on the 

lastic deformation of the present microwires. 

Aluminium microwires with a diameter > 100 μm were all ori- 

nted for single slip. Their plastic deformation shows the three 

lassical stages of FCC monocrystal deformation ( Figs. 3 c and 4 b), 

ith the transition from Stage I to Stage II relatively well cap- 

ured by the inflexion point (see arrows over the curves) [ 63 , 73 ].

he main noticeable difference compared with (macroscopic) alu- 

inium bulk crystals [ 63 , 73 ] is that the present microwires show

ore extended Stages I and II. This observation is consistent with 

arly work on single crystalline copper crystals of diameter down 

o 100 μm [ 64 , 74 ]. 

Contrary to their larger > 100 μm diameter counterparts (and 

o bulk aluminium crystals), the single slip oriented microwires 

ith D ∼14–25 μm, Figs. 3 a,b and 4 a, do not display deformation
5 
tage transitions that are as clear as those seen with larger wires 

r with bulk crystals. Examination of their post-mortem wire sur- 

ace reveals that their deformation proceeded essentially in single 

lip, see Fig. 4 d and figures in the Supplementary Information. The 

redominance of single slip (Stage I) deformation in those samples 

grees with the relatively high strain at which the upper envelope 

f the tensile curve of those samples shows an inflection point, 

igs. 3 a,b and 4 a. It also agrees with the comparatively low rate of

ork hardening of those wires, on the order of 5 MPa, or G/50 0 0,

ypical of Stage I deformation of FCC single crystals [ 75 , 76 ]. 

Thinner microwires ( D ∼14–25 μm) oriented near the multiple- 

lip < 111 > direction deform with a higher rate of work harden- 

ng, Fig. 3 a,b, and tend to display far fewer and much shallower 

lip steps along their surface, Fig. 3 d. Two microwires oriented for 

oplanar double slip were also tested (one of each metal purity, 

igs. 3 b and 4 a). This is a metastable orientation: two different 

lip systems with a common slip plane, or alternatively only one 

f those two slip systems, is initially activated in such wires [1] . 

EM images of the deformed microwires show in some locations 

hat separate regions have deformed differently within the same 

ire cross-section, giving it a heart-shaped cross-section after de- 

ormation ( Fig. 3 d; see also Figs. S1 and S3 in the Supplementary

nformation). Tensile curves of those microwires show a long re- 

ion of low work hardening rate before the inflexion point is ob- 

erved, Figs. 3 b and 4 a. 

.2. Thermally activated deformation 

That intermittent plastic deformation also occurs during stress 

elaxation implies that thermal activation can aid the mechanism 

hat initiates sudden displacement events, even though the applied 

tress is steadily decreasing to values lower than the instantaneous 

ow stress. This agrees with findings of Ng and Ngan [31] who 

ave reported that sudden displacement jumps occur during creep 

olds in compression-tested ion-milled aluminium micropillars. 

From the continuous part of each single stress relaxation an ap- 

arent activation area a can be measured once the effect of sudden 

isplacement jumps is removed as described in Section 2.2 . The 

esulting activation area is tagged here as “apparent”, in keeping 

ith the terminology of Ref. [49] and also because we could not 

erform repeated stress relaxations [ 67 , 77 , 78 ], for two reasons. The

rst is the presence of the sudden displacement jumps also dur- 
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Fig. 5. Haasen plot of Al4N microwires (a) oriented for single slip, (b) oriented for multiple slip (note the different scale) and (c) oriented for metastable double slip; (d) 

gives data for thick ( > 100 μm) microwires oriented for single slip, plotted together with (blue) line for data for the same 4N aluminium in bulk form from Ref. [46] . Red 

line is a line with twice the slope of the blue line that intercepts the stress axis at 2.5 MPa. 
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ng reloading, which makes it difficult to reload the samples quasi- 

lastically. The second difficulty is that it is nearly impossible to 

roduce repeated relaxations of equal amplitude, either in terms 

f stress amplitude (since jumps are sudden and of unknown size) 

r in terms of strain amplitude (given the variability, after elim- 

nation of jumps, of the strain range covered by continuous pro- 

esses during each 60 s long relaxation). We therefore make do 

ere with single relaxation testing. We are, however, entitled to 

xpect that single and repeated relaxation testing will give similar 

esults in present samples, by drawing on an earlier study of the 

hermally activated deformation behaviour of compression samples 

ade of the same 4N aluminium as was used here, in (i) bulk 

old-rolled and annealed form, and also (ii) in open pore micro- 

ellular form produced by replication, a process close to that used 

ere (namely, pressure infiltration of the molten metal into a pre- 

orm of packed NaCl powder, which was then removed by leaching 

n the same chromate solution) [46] . In replicated microcellular 4N 

luminium, individual struts are also monocrystalline and can be 

ade to have a diameter similar to that of the microwires stud- 

ed here. It was found that the load relaxation signal is smooth 

oth for the dense and for the microcellular metal (where signal 

manates from many thousand struts deforming simultaneously). 

or both 4N aluminium (bulk and microcellular) sample types, re- 
6 
eated stress relaxation tests were possible: activation areas cap- 

ured respectively by repeated and single relaxation testing were 

easured and found to be essentially the same. This lends cre- 

ence to our assumption that the difference is likely to be neg- 

igible also in the present microwires. 

As mentioned above, Haasen plots are a convenient and enlight- 

ning way to interpret activation area data: the plot carries, in its 

hape, intercept and slope, information on the mechanism(s) ruling 

hermal activation. The plot is linear and passes through the origin 

or a single phase material free of back-stress and in which only 

imple forest dislocation-to-dislocation interactions control plastic 

ow [ 48 , 79 ]. The slope of the line then equals ( b 3 / �W’ ) where

W’ is the ( apparent in the terminology of Ref. [49] ) work done by

he applied stress in aiding dislocations overcome obstacles with 

ssistance from thermal activation [ 46 , 49 ]. The Haasen plot can 

lso give information when more than one type of obstacle con- 

ributes to the measured flow stress [ 4 8 , 4 9 ]. The linear relation-

hip is maintained for systems with one additional type of obstacle 

f the contribution to the flow stress of both obstacles is additive 

nd they have a very different strength or density. If the second 

ype of obstacle is more rate-sensitive ( e.g. , solid solution atoms) 

hen the Haasen plot is shifted upwards, giving it a positive inter- 

ept with the y-axis. In contrast, if there is a constant athermal 
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Fig. 6. Haasen plots of Al5N microwires; (a) ∼22 μm diameter samples oriented for single slip, (b) ∼115 μm diameter samples oriented for single slip and (c) ∼22 μm 

diameter sample oriented for metastable double slip. Blue line is a linear fit of data for the same 4N aluminium in bulk form from Diologent et al., Ref. [46] ; red dash-dot 

line has twice the slope of the blue line. 
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ontribution to the flow stress (meaning a fixed back-stress) this 

esults in a line that has a positive intercept with the horizontal 

stress) axis [ 4 8 , 4 9 , 79 ]. 

Figs. 5 and 6 show the measured Haasen plots of the Al4N and 

l5N microwires, respectively, with data combined according to 

he metal purity and the number of activated slip systems upon 

nitial deformation. On the plots in both figures the continuous 

lue line corresponds to the line that fits through data of Ref. 

46] for the same 4N aluminium metal in bulk form tested af- 

er rolling and annealing. The line is extended in dotted form to 

ero stress, and plotted in present graphs after conversion of ten- 

ile stress values of Ref. [46] to resolved shear stress data using the 

aylor factor (3.06). The following observations emerge: 

1) Data points from each of the 4N aluminium 14–25 μm diam- 

eter samples having their axis oriented near the < 111 > direc- 

tion, Fig. 5 b, align relatively well along a straight line that has 

roughly the same slope as data for the same metal in bulk form, 

save for a shift to the right, suggesting the presence of a (re- 

solved shear) back-stress in the range 0–5 MPa. 

2) The same can be said for larger samples, of diameter near 

100 μm, whether cast of 4N ( Fig. 5 d) or 5N ( Fig. 6 b) aluminium.

3) 14–25 μm diameter samples oriented for single slip ( Figs. 5 a 

and 6 a) show a far higher degree of scatter, so much so that 

one cannot say (without some form of data averaging) that 

they delineate a straight line. Overall, as found for multislip or 

100 μm diameter samples, data tend to converge to meet the 

horizontal (stress) axis at τ o = 2.5 MPa, suggesting the pres- 
7 
ence of a back-stress having that value. The values and overall 

rate of increase of b 2 / a with the flow stress are higher than

shown by the blue line, i.e., than is observed for bulk alu- 

minium and for multislip or 100 μm diameter samples of this 

work. Rather, the trend is toward a rate of increase of b 2 / a with

stress that is twice as high if not steeper. To guide the eye we 

have added to the figures a dash-dotted red line that has a 

slope twice that of the blue (bulk Al) line and cuts the hori- 

zontal axis at τ o = 2.5 MPa. 

4) The 14-25 μm diameter sample oriented along the < 011 > - 

< 111 > line ( Fig. 5 c), which deforms by unstable double slip,

also shows highly scattered and somewhat more steeply ris- 

ing data, compared to the bulk metal (blue line), at lower re- 

solved stress values ( τ ≤ 7.5 MPa). At higher stress values data 

then remain relatively close on average to the line for bulk alu- 

minium. The data also cut the abscissa axis at τ o ≈ 2.5 MPa. 

The behaviour of those microcast crystals is thus intermediate 

between that of samples of the same size that are (i) oriented 

for single slip and (ii) those that are oriented near < 111 > , i.e.,

for (stable) multiple slip. 

5) Finally, there is no noticeable systematic difference between 

data for 4N and 5N purity aluminium. This implies that impu- 

rities, known to potentially affect, even at low concentrations, 

plasticity in unalloyed metal deformation (e.g., [ 51 , 61 , 80 , 81 ]),

are here of no consequence. 

Compared with single-crystalline aluminium data of Ref. [34] , 

ctivation volumes (or areas) measured in this work tend to be 
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1 Footnote: in the last line of p. 6877 of Ref. [46] , the word “halving” should be 

converted to “doubling”. 
omewhat higher (nearer 10 0 0 b 3 than 100 b 3 ); however, this is

n part due to the different reference stress used (the von-Mises 

tress in Ref. [34] , the resolved shear stress in the present work). 

resent data do not fit a trend according to which the strain-rate 

ensitivity of the flow stress (and with it the inverse of the activa- 

ion area) increases as the samples diameter decreases; rather, the 

ependence on flow stress, and hence on the overall plastic strain, 

s stronger than any noticeable systematic size-dependence of a , 

ee Figs. 5 and 6 . 

The positive intercept in the Haasen plots with the x-axis near 

o = 2.5 MPa reveals the presence of an athermal contribution to 

he flow stress, i.e. , of a back-stress. In the present microwires, such 

 back-stress has a likely origin, namely the thin oxide layer that 

ines the microwire surface. Oxide is always present along the sur- 

ace of aluminium, including in aluminium dissolved from an NaCl 

ould in a chromate-solution [82] . The actual thickness of the ox- 

de layer on the present microwires was not measured; however, 

y analogy with observations in Ref. [82] for replicated 4N alu- 

inium leached from its NaCl mould using the same chromate so- 

ution as was used here, we expect an oxide layer with a thick- 

ess of < 10 nm to line the surface of the microcast wires. Such 

 thin oxide layer is not load-bearing: the uniform (elastic) strain 

f the microwire as it deforms is on average ≈ 2 •10 −4 . A quick

alculation of the force exerted by the oxide layer when deformed 

lastically up to such strains, assuming a thickness of 10 nm and 

 Young’s modulus of 370 GPa [83] gives for the thinnest wires 

 D = 14 μm) a force in the cross-section of the order of 30 μN.

his is negligible compared with the total load carried by the plas- 

ically deforming microwire of similar diameter ( > 1 mN). The ox- 

de layer (which in addition does not support large tensile strains 

efore cracking) will thus not shift the wires’ flow stress much by 

irect load-bearing. The back-stress is therefore likely caused by 

he well-known capacity of the oxide layer to block or hinder the 

scape of dislocations through the surface of aluminium crystals (a 

0 nm thick alumina layer of – moderate - shear strength 1 GPa 

an withstand a linear shear force of 10 N/m, which is well above 

he shear force exerted by dislocations moving in the present crys- 

als). That the oxide layer covering the wires is the source of this 

ack stress is confirmed by data from similar wires after anneal- 

ng, where the back-stress and the flow stress both increase af- 

er growth of the oxide, causing Haasen plot data of two annealed 

amples similar to those of this work to shift towards the right and 

ntersect the horizontal (stress) axis near τ o = 9.5 MPa [ 29 , 30 ]. 

Two aspects of the present data are the most intriguing, namely 

hat, in thinner microcast crystals oriented for single slip, (i) the 

catter is far higher, and (ii) the average rate of increase of b 2 / a

ith τ is noticeably steeper than data for the metal in bulk form, 

r in other samples of this work (multiple slip-oriented or larger 

icrocast crystals), Figs. 5 and 6 . 

The scatter can be explained by the fact that deformation along 

he wires is highly inhomogeneous, particularly when they are ori- 

nted for single slip. Differences in the local environment of dis- 

ocation sources can therefore be invoked to explain differences in 

ndividual measured activation area values gleaned from relaxation 

urves that are, each, likely to be driven by a limited number of 

ignificantly different discrete dislocation sources within the wire. 

The steeper rate of increase of b 2 / a with τ bears resemblance 

ith (i) similar observations in crystals of FCC metal upon the 

ransition from Stage I (single slip) to Stage II deformation that can 

e found in some of the older literature (where it is typically re- 

erred to as a small-strain deviation from the Cottrell-Stokes law) 

 58 , 60 , 62 ], and (ii) to data from replicated microcellular aluminium

ade of the same 4N metal [46] . The latter data (Fig. 7 of Ref.

46] ) align along straight lines, with a �W’ decreased by half (and 

ence a slope twice as high) when the diameter of the (monocrys- 
8

alline) deforming struts falls below roughly 25 μm, compared with 

oarser microcellular metal struts, which give �W’ values similar 

o what is measured on the same 4N aluminium metal in bulk 

orm. The same halving of �W’ was also observed for an Al-5 wt. 

ct. Mg alloy in microcellular form [46] . The red dash-dotted line 

situated so as to intercept the x-axis at τ o = 2.5 MPa) in Figs. 5 a,c

nd 6 a has a slope twice that of the blue line for bulk pure alu-

inium and thus corresponds to data for the finer microcellular 

tructures of Ref. [46] : that line captures better the initial rate of 

ncrease of b 2 / a with τ than does the blue line. A steeper rate of

ncrease of b 2 / a with τ than is shown by the blue line or by data in

igs. 5 b,d and 6 b is also suggested (but with an offset to intercept

he horizontal axis at τ o = 9.5 MPa) by the data for two similar 

ut annealed wires; see Fig. 4 of Ref. [29] . 

The explanation that was offered in Ref. [46] 1 to explain why 

W’ is halved in finer microcellular metal struts might therefore 

pply here. It was proposed in Ref. [46] that near a free surface 

mage forces might effectively duplicate (virtually, across the free 

urface) the operating dislocation obstacle bypass mechanism. This 

ould cause in turn the work effectively contributed by the ap- 

lied stress as the dislocation overcomes obstacles situated at, or 

ear, the strut surface to be halved; however, if that mechanism 

ere the underlying cause in the present samples then it should 

ertain regardless of microwire orientation – which is contradicted 

y present data since it is not observed in multislip. 

Why then is there a decrease, by a factor near two, of �W’ in 

hinner aluminium single crystals when they deform in single slip 

ear a free surface ? The operative mechanism must have the fol- 

owing features: (i) it must be specific to easy glide (Stage I, sin- 

le slip), (ii) it must be specific to small-scale samples or in other 

ords it must operate near a free surface (since it is not observed 

n 100 μm wires oriented for single-glide nor in coarser, 400 μm 

iameter pore, microcellular aluminium), (iii) it must operate also 

n the presence of solution hardening (since it also obtains in fine- 

cale Al-5wt%Mg). 

It is known that in bulk aluminium both the flow stress and 

he measured activation area values are consistent with the Taylor 

quation assuming an interaction strength ( α) value of 0.3 [ 1 , 84 ].

his consistency between flow stress and activation area values 

s in accord with data for present microwires when they deform 

n multiple slip [ 9 , 29 , 72 , 85 ]. Present data suggest that, when alu-

inium deforms in easy glide near a free surface, this consis- 

ency is broken in a way that lowers �W’ by a factor near two. 

EM data [ 51 , 64 , 84 , 86–90 ], theoretical analysis [ 62 , 91 , 92 ] and 3D

islocation dynamics simulations [ 9 , 84 , 93 , 94 ] show that in easy

lide FCC crystals contain long braids of parallel multipolar groups 

f edge dislocations lying along the glide plane and intersected 

y, or connected to, superjogs, with which they interlock via the 

strong) colinear interaction. Documenting how a free surface in- 

eracts with those structures is beyond the scope of this work, if 

nly because detailed TEM observations would be required. One 

ossibility is that image forces, exerted either on gliding edge seg- 

ents intersecting the free surface or on superjogs in their vicin- 

ty, amplify the contribution of the applied stress toward reducing 

he activation energy required for a gliding dislocation to bypass 

hreading superjogs or other forest dislocations along their glide 

ath. Such a mechanism would be consistent with the strong in- 

uence that is exerted by free surfaces on Stage I dislocation glide 

 e.g., [95–98] ), and would indeed alter the otherwise observed cou- 

ling of the measured activation area with the resolved shear flow 

tress. 
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. Conclusion 

Microcast aluminium microwires of 99.99 and 99.999% pure Al 

ith a diameter of ∼14, 25 and 115 μm and having different crys- 

alline orientations are tested in tension with periodic 60 s stress 

elaxations. The plastic deformation behaviour of the microwires is 

trongly influenced by both their diameter and their orientation. 

t is on the other hand not altered by an increase in metal purity 

rom 99.99 to 99.999% pure Al, leading to conclude that impurities 

o not affect the deformation of the 4N aluminium used here or 

n Refs. [ 9 , 29 , 30 , 46 , 82 , 85 ]. 

Intermittent plasticity is observed in all microwires of this work 

nd accounts for a significant fraction of the total plastic defor- 

ation when microwires deform by single slip. Such intermittency 

s also observed during stress relaxation, while the applied stress 

ecreases. Data collected during relaxation events show, within 

reater scatter, no marked departure from data collected during 

onotonic deformation, other than the fact that sudden strain 

ursts are less frequently initiated when the applied stress falls be- 

ow the instantaneous flow stress of the metal. 

Separating the continuous part from the intermittent part of 

he load signal during stress relaxation, apparent activation area 

alues are measured for processes that cause continuous, non- 

ntermittent, wire deformation. Collecting results in Haasen plots 

hows that, for small ( D ≤ 25 μm) microwires deforming in sin- 

le slip, b 2 / a data are more highly scattered and increase more 

teeply, by a factor near two, with the flow stress compared to 

hat is documented for (i) similar wires in multiple slip, (ii) larger 

 D ∼100 μm) microwires, or (iii) the bulk metal. The steeper in- 

rease observed when smaller microwires deform by single slip 

arallels what is observed in microcellular aluminium when the 

ore size is sufficiently small for metal struts to have a diameter on 

he order of 25 μm or below; likely the same size-effect operates 

n both. Present data thus show that it is when micron-scale alu- 

inium deforms by easy glide that the thermal activation of dislo- 

ation motion driving continuous plastic deformation departs from 

ulk behaviour, to show a reduction by a factor near two of the 

pparent work done by the resolved applied stress in overcoming 

bstacles to dislocation motion. 
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