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Abstract
Background  The size effect and deformation instability exhibited by materials at the micro- and nano-scale constrain the 
development and application of miniaturized devices. Introducing different defects in materials through different technical 
means to improve the deformation stability of materials has been the main research point of micro- and nano mechanics.
Objective  This paper presents a novel strategy to completely eliminate the instability of microscopic deformations by the 
introduction of high-density precipitates in aluminum alloys by means of suitable heat treatment.
Methods  A suitable heat treatment is used to introduce a high density of precipitates in the 7075 aluminum alloy. Using 
the Focused Ion Beam technique and in situ micropillar compression tests, micron-sized single-crystal micropillars were 
fabricated and the size dependence of the strength and strain-hardening behavior of 7075 aluminum alloy was systemati-
cally analyzed.
Results  Compared with precipitate-free Al–Mg alloy micropillars, the micropillars fabricated from 7075 aluminum alloy 
exhibited more stable deformation behavior, predominantly due to the impediment of dislocation motion by precipitates. 
The power-law exponent for yield strength relative to pillar size was determined to approach a near-zero value, indicating 
a negligible dependency of yield strength on specimen size. Similarly, the smaller the size of micropillar, the higher the 
hardening rate, which can be rationalized by exhaustion hardening.
Conclusions  The proposed method can eliminate the size effect of materials with pillar size above 0.5 μm and leads to a 
stabilization in deformation behavior. These are advantageous for the application of micro- and nano-sized components in 
advanced engineering systems.

Keywords  Size effect · Aluminum alloy · Yield strength · Strain hardening behavior

Introduction

In contemporary technology, particularly for miniaturized 
devices, a comprehensive understanding of the mechanical 
behavior of materials at reduced specimen sizes is essen-
tial. Unlike bulk metallic materials, where deformation is 
predominantly controlled by forest dislocations, materials 
at nano- and micro-scales exhibit distinctive characteristics. 

These include size-dependent flow stress [1–5], plastic 
instability characterized by strain bursts [6–9], and sto-
chastic deformation patterns [10, 11]. The development of 
small-scale mechanical testing techniques has significantly 
advanced our understanding of these unique deformation 
mechanisms, contributing to efforts to stabilize the inher-
ently unstable deformation behaviors of micro- and nano-
sized materials [12].

The size effect on strength is typically characterized by a 
power-law relationship between the strength and the speci-
men size, described by the equation:

where σ represents the yield strength or flow stress, D the 
specimen size, and m the power-law exponent [13]. Face-
centered cubic (FCC) single-crystal metals exhibit a pro-
nounced size dependence of strength, with m values ranging 

(1)� ∝ D−m
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from 0.6 to 1, influenced by the stacking fault energy (SFE) 
of the material [1, 2, 4, 14, 15]. For instance, Al, with its 
relatively high SFE, exhibits an m value around 0.6, whereas 
Ag, with a lower SFE, shows an m value up to 0.9. Body-
centered cubic (BCC) metals display lower m values, typi-
cally between 0.2 and 0.5, attributed to higher lattice friction 
stresses [16–18]. Several mechanisms have been proposed to 
explain the deformation behavior at reduced scales, includ-
ing dislocation starvation [2], the weakest link [19], source 
truncation or single-arm source [20], and source exhaus-
tion[21]. When the sample size falls below a characteristic 
material length scale [22], unique small-scale phenomenon 
gets activated like the material's plastic zone size or fracture 
process zone size [23, 24], since the role of free surfaces can 
not be neglected. Dislocations may escape from the mate-
rial's surface, perpetuating a dislocation-starved condition 
necessitating higher stresses for the generation of new dis-
locations and subsequent plastic deformation. Furthermore, 
conventional double-ended Frank-Read dislocation sources 
may be truncated by the free surface, resulting in single-
arm sources (SAS) that dominate further plastic deforma-
tion [25].

Although the "smaller is stronger" paradigm can substan-
tially enhance material strength, potentially approaching 
theoretical values, the facile loss of dislocations and dislo-
cation sources from the surfaces of single crystals can lead 
to jerky deformation behaviors and a reduction in plasticity. 
This is particularly problematic for micro-scale structural 
components. Various strategies, including the introduction 
of surface coatings [26], grain boundaries [27], and specific 
dislocation structures [28], have been explored to trap dislo-
cations within the specimen, thereby improving strength and 
mitigating serrated flow. Experimental investigations have 
indicated that the presence of precipitates in alloys such as 
Al-Cu [29], Al-Cu-Mg [30], Mg-Zn [31], Ni-based alloy 
[32], and Ti alloy [33] directly influences the deformation 
behavior of micropillars, affecting size effects, strain hard-
ening rates, and deformation stability. Ng et al. [34]found 
that compared to pure Al micropillars, the plastic instabil-
ity and size effect are suppressed with the introduction of 
Guinier–Preston–Bagaryatsky (GPB) zones or S phase, and 
the suppression effect is related to precipitate diameter ( d ) 
and spacing ( � ). Micropillars with nano-sized and spacing 
(GPB) zones exhibit smaller m values, but still exhibit cer-
tain plastic instability. Bellon et al.[29] obtained slightly 
different results when studying the effect of precipitate type 
on the deformation behavior of Al-Cu alloy micropillars. 
Micropillars containing nano-sized Guinier–Preston (GP) 
zones showed certain plastic instability due to precipitate 
shearing by dislocations. However, when the precipitates 
changed into submicron-sized � phase ( d ~ 400 nm), both 
plastic instability and size effect are well suppressed. Laver-
nia et al. [35] noted that precipitates could exacerbate plastic 

instability in submicron-aged 7075 Al pillars, highlighting 
the ongoing need to clarify the role of precipitates in influ-
encing mechanical properties at micro-scales.

In this study, high-density second-phase nano-particles 
were introduced into an Al alloy through heat treatment. 
Selected grains, capable of activating a single slip system, 
were used to fabricate micropillars. Employing in situ micro-
pillar compression testing, we analyzed the effects of these 
precipitates on both the deformation and strain hardening 
behaviors, elucidating the underlying mechanisms that gov-
ern these phenomena.

Material and Methods

Commercial extruded 7075 Al alloy was used in this study. 
The chemical composition, determined via inductively 
coupled plasma mass spectrometry (ICP-MS), was Al-
5.2Zn-2.3 Mg-1.5Cu. For comparative study, as-extruded 
Al-6 Mg alloy was fabricated and held at 400 °C for 24 h. 
No precipitation phase will be formed inside Al-6 Mg alloy 
after heat treatment (natural aging will still occur after long-
term solid solution of 7075 aluminum alloy), and compared 
with pure aluminum, its dislocation recovery after deforma-
tion will be hindered by solute atoms, which is conducive 
to a more realistic reflection of its hardening behavior. To 
achieve larger grains and eliminate dislocations, the speci-
mens underwent solution treatment at 480 °C for 24 h in 
an air furnace, followed by peak aging at 120 °C for 24 h. 
Mechanical polishing, culminating in a final finish with a 
0.04 μm silica sol suspension, was performed to minimize 
surface stress. The crystallographic orientation and grain 
size of the specimens were characterized using electron 
backscattered diffraction (EBSD) on a Tescan Lyra-3 scan-
ning electron microscope (SEM) equipped with an Oxford 
EBSD detector, operating at an acceleration voltage of 
20 kV and a step size of 4.8 μm. The EBSD data were ana-
lyzed with Aztec Crystal software. A grain with a [-5 4 12] 
orientation, favoring a single slip system, was selected for 
micropillar preparation. Considering that 7075 Al alloy at 
solid solution state will still undergo natural aging, while 
pure Al is prone to dislocation recovery during deformation, 
micropillars fabricated from Al6Mg alloys without precipi-
tates were also examined for comparative purposes.

Cylindrical micropillars with diameters of about 0.5, 1, 3, 
and 5 μm and an aspect ratio of ~ 1:2 were fabricated at the 
center of the selected grain using a focused ion beam (FIB) 
in a Tescan Lyra-3 dual-beam SEM with Ga+ ions operated 
at 30 kV. Final polishing was conducted using a 100 pA 
current to minimize surface damage and reduce the taper 
angle. All the micropillars had a taper angle of less than 
2°. In situ micropillar compression tests were performed 
using an Alemnis standard assembly (ASA) nanoindentation 
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platform inside the SEM. A diamond cylindrical flat punch 
with a diameter of 10 μm was used to compress the pil-
lars. All tests were conducted in displacement-controlled 
mode with a nominal strain rate of 0.001 s−1. To ensure data 
consistency, at least five pillars of each size were tested, 
with representative curves presented in this manuscript. The 
engineering stress was calculated by dividing the load by the 
initial cross-sectional area at half-height, and the strain was 
corrected using a Sneddon correction to account for defor-
mation of the substrate and indenter [36, 37].

where xmeas is the displacement and Fmeas is the load, Dtop 
and Dbottom are the diameter at the top and bottom of the 
pillar, Ei and �i stand for the elastic modulus (1140 GPa) 
and Poisson' ratio (0.07) of diamond, while Eb and �b stand 
for the elastic modulus and Poisson' ratio of the 7075 alloy, 
respectively.

The engineering stress and engineering strain were 
converted into true stress and true strain by the following 
equation:

where �e, �t, �e, �t represent engineering stress, true stress, 
engineering strain, true strain, respectively. It should be 
noted that the engineering strain should be a negative value 
during the compression tests.

(2)x = xmeas −
1 − v2

i

Ei

(

Fmeas

Dtop

)

−
1 − v2

b

Eb

(

Fmeas
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)

(3)�t = �e
(

1 + �e
)

(4)�t = ln
(

1 + �e
)

After deformation, thin foils parallel to the (110) slip 
plane of the single crystal were extracted from the micro-
pillars using FIB. Transmission electron microscopy (TEM) 
and scanning TEM (STEM) observations were conducted 
using a Talos F200X G2 microscope at 200 kV to examine 
the distribution of precipitates and the dislocation structure. 
Dislocation types were identified under different two-beam 
conditions, where dislocations became invisible under 
extinction conditions.

Results

After heat treatment, the grain structure of the alloy along 
the extrusion direction exhibited a characteristic banded 
structure with bands approximately tens of micrometers in 
width, as illustrated by the EBSD orientation map in \* 
MERGEFORMAT Fig. 1(a). The orientations along the 
observation direction are represented in the inverse pole fig-
ure (IPF), where a single slip system activation is indicated 
for the selected grain, as highlighted by the black dashed 
line. The primary slip system, identified through Schmid 
factor (SF) calculations, is 

(

111

)

[011] with an SF of 0.46. 
\* MERGEFORMAT Fig. 1(b) to (d) present bright-field 
TEM images, and \* MERGEFORMAT Fig. 1(e) displays 
the corresponding elemental maps of Fig. 1(d). Notably, GP 
zones or η' phases with diameters ranging from 3 to 4 nm 
were uniformly distributed within the grain. Additionally, 
coarse precipitates rich in Cr and Mg, exhibiting various 
shapes, were also observed. No dislocation lines were 

Fig. 1   Microstructure of the peak-aged 7075 alloy. (a) EBSD image showing the grain orientation and the grain selected. (b) bright-field TEM 
image of pillar prior to test; (c) and (d) TEM image showing a high density of second phase particles; (e) the corresponding STEM element 
maps of (d)
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discernible, indicating that the sample was in a dislocation-
free state after solution heat treatment.

Figure 2 presents the stress–strain curves for micropil-
lars of Al–Mg and 7075 Al alloy. In comparison to pure 
Al single crystals, which demonstrate a 5% flow stress of 
approximately 50 MPa [38], Al–Mg micropillars exhibit 
a considerably higher flow stress of 300 MPa. Micropil-
lars of 7075 Al alloy show a more substantial increase, 
with flow stresses reaching up to 600 MPa. As depicted 
in Fig. 2a, Al–Mg micropillars of all sizes exhibit jerky 
deformation behavior, with stress drops frequently 
exceeding 30 MPa. Notably, as the pillar size increases, 
the stress–strain curves become significantly smoother. 
Figure 2c reveals a similar trend for 7075 alloy micropil-
lars; however, a distinct characteristic is observed when 
the micropillar size is increased to 5 μm. At this size, the 
jerky deformation features are completely eliminated, and 
the overall deformation behavior closely approximates that 

of bulk samples [39]. Figure 2(b) and (d) show the rela-
tionship between the 0.2% offset yield stress ( �0.2 ) and 
5% flow stress ( �5% ) with pillar diameter (D) for Al–Mg 
and 7075 Al alloy, demonstrating an approximate power-
law dependence. For the Al–Mg alloy, the exponent m for 
the 5% flow stress is determined to be 0.37. In contrast, 
for the 7075 alloy, the size effect exponents are markedly 
lower, recorded at 0.038 for yield stress and 0.017 for the 
5% flow stress. These near-zero values suggest that the 
size effect on yield strength is essentially negligible in the 
7075 Al alloy.

Further analysis was conducted on the strain hardening 
behavior of the 7075 Al micropillars, revealing a notable 
dependence on pillar size. The hardening rate ( Θ ) was 
calculated based on the true stress–strain response, under 
the assumption of homogeneous deformation and volume 
conservation [40]:

Fig. 2   (a) and (c) the stress-stain curves of AlMg with diameters of 1, 3 and 5 μm and 7075 micropillars with diameters of 0.5, 1, 3 and 5 μm. 
(b) 5% flow stress of AlMg micropillars versus pillar diameter. (d) the yield strength and flow stress at 5% compressive strain (σ5%) of micropil-
lars versus pillar diameter
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This calculation was performed over a true strain range 
of 0.04 to 0.10, where a linear-plastic deformation was 

(5)Θ =
Δ�true

Δ�true

observable. The resulting values of Θ are illustrated in 
Fig. 3, showing a significant variance with D, similar to the 
aforementioned independence of yield stress on pillar size. 
The hardening rate peaked at 3.7 GPa for a pillar diameter 
of 0.5 μm, whereas it was lowest at 2.14 GPa for the 5 μm 
pillar.

An additional noteworthy observation is the presence 
of a distinct inflection point on the stress–strain curves for 
the 3 μm and 5 μm pillars in 7075 Al micropillars, indica-
tive of an abrupt increase in the strain hardening rate—a 
phenomenon rarely reported in micropillar compression 
tests across various alloy systems [34, 41]. This increase 
in strain hardening accelerates the flow stress to 1 GPa 
for the 3 μm pillars and 1.3 GPa for the 5 μm pillars at 
18% strain. Figure 4 presents typical scanning electron 
microscope (SEM) images of the pillars before and after 
deformation. For the 1 μm pillars, only parallel slip steps 
with a uniform distribution are observed across the pillar 
surfaces at both low and high strains (also see Supplemen-
tary Movie 1). Slip trace analysis demonstrates that these 
slip traces correspond to the primary slip system (1–11) 
[10-1], which exhibits the highest Schmid factor (SF) of 
0.46. In contrast, the 5 μm pillars at 5% strain show more 
densely distributed slip steps, aligning with their smoother 
stress–strain response. As revealed by in situ SEM video 
analysis (Supplementary Movie 2), the appearance of a 

Fig. 3   Hardening rate determined from true stress–strain curves for 
micropillars of various size

Fig. 4   SEM images of compressive 7075 micropillars of (a) 1 μm, (b) 3 μm and (c) 5 μm diameter. (a)-(a1), (b)-(b1), (c)-(c1) were taken along 
Y and X direction corresponding to the EBSD maps after 5% strain. (a2)-(a3), (b2)-(b3), (c2)-(c3) were taken along Y and X direction after 20% 
strain. (a4), (b4), (c4) are enlarged view of the area arrowed in (a3), (b3), (c3), respectively. All the images were taken at 45° titling angle
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new set of slip steps intersecting the initial ones occurs 
around 10% strain. This development coincides with the 
inflection point on the stress–strain curves and signifies 
the activation of a secondary slip system.

Figure  5 presents bright-field TEM images of the 
1 μm and 5 μm pillars after 5% strain. In the 1 μm pillar 
subjected to 5% strain, the dislocations were distributed 
homogeneously with a low density. Under the [11-1] two-
beam condition, no dislocations were visible, indicating 
that most dislocations likely correspond to the same type, 
consistent with the single slip system favored by this pil-
lar orientation. In contrast, the dislocations in the 5 μm 
pillar were distributed inhomogeneously. A region with a 
high density of dislocations (HDDS) was observed. Dur-
ing the TEM tilting process, the deformation zone (upper 
part in Fig. 5b) and the matrix (bottom part in Fig. 5b) 
reached the [110] zone axis successively. The tilt angles (α 
and β) exceeded 10°, indicating a misorientation angle of 
approximately 10° between these two regions. Compared 
to the dislocation starvation observed in pure Al micro-
pillars [42], the dislocations were more effectively retained 
in both the 1 μm and 5 μm 7075 alloy pillars.

Discussion

The Effect of Precipitates on the Deformation 
Behavior

Plastic instabilities characterized by strain bursts and strain 
softening are significant issues for micro- and nano-sized 
specimens, adversely affecting the application of minia-
turized components. Experimental results [43] and three-
dimensional discrete dislocation dynamic simulations [9, 
44] have demonstrated that strain bursts arise from the col-
lective, avalanche-like motion of dislocations. A jammed 
configuration forms when dislocations become trapped 
by each other. When subsequent dislocations disrupt this 
jammed configuration, internal dislocations quickly annihi-
late through the pillar free surface in the form of dislocation 
avalanches, leading to large slip steps on the pillar surface. 
Another mechanism, the single-arm source mechanism, 
may also contribute to plastic instability [25]. A significant 
discrepancy exists between the dislocation nucleation rate 
generated by a single-arm source and the dislocation escap-
ing rate. When single-arm sources leave the pillar surface, 

Fig. 5   TEM image showing the dislocation structures of (a) 1 μm and (b) 5 μm after 5% strain. (a) and (b) were taken under [110] zone axis, 
(a1) and (b1) were taken under g = [002] two-beam condition, and (a2) and (b2) were taken under g = [1–11] two-beam condition, respectively
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the dislocation escaping rate exceeds the nucleation rate, 
causing strain bursts.

Compared to pure Al micropillars, the introduction of sol-
ute atoms (as in Al–Mg alloys, Fig. 2a-b) improves both the 
strength and deformation stability to some extent. However, 
even with larger micropillar sizes, deformation still exhibits 
jerky features, and strength shows a significant dependence 
on micropillar size. This suggests that solute atoms play a 
limited role and provide insufficient obstruction of disloca-
tions and storage capacity. The introduction of dense pre-
cipitates in the 7075 alloy results in a near-zero size effect 
exponent while maintaining stable deformation with no 
strain bursts in stress–strain curves and faint slip steps on 
the pillar surface. The fine and dense �′ precipitates act as 
strong barriers to dislocation motion, preventing dislocations 
from escaping the surface and leading to significant dislo-
cation storage inside the pillars. As shown in TEM results 
(Fig. 5), a relatively high density of dislocations is observed 
in the 1 μm and 5 μm pillars after deformation. As pillar size 
decreases, mobile dislocations have a shorter path to the free 
surface with fewer encountered precipitates, explaining the 
consecutive stress drops in the 1 μm pillars. Lavernia [35] 
concluded that  �′ precipitates magnify the dislocation star-
vation mechanism, leading to more severe plastic instability 
in 7075 Al than in pure Al single crystals. The distinction 
between this work and our observation is likely due to the 
difference in pillar size. Compared to micro-sized pillars, 
the free surface of submicrometer pillars imposes a greater 
image force, attracting dislocations outward. Once precipi-
tates fail to pin dislocations, more dislocations will be emit-
ted from the surface.

Several works have reported that introducing different 
types of internal or external defects can alleviate the insta-
bility of deformation and the size effect of strength [26–28], 
but can never eliminate them. Our results demonstrate that 
the deformation behavior of single-crystal 7075 Al alloy 
micropillars is more stable than that of duralumin, which 
has precipitation of the S phase (Al2CuMg) and GPB zones 
[34]. This results in relatively homogeneous deformation 
with minimal strain bursts and good strain hardening abil-
ity. Overall, the introduction of a high density of precipi-
tates into micrometer-scale pillars is a good way to improve 
the deformation stability. When the size or spacing of the 
precipitates is small enough relative to pillar diameter (i.e., 
D∕d ≈ 1000 in present study), the deformation behavior can 
even be representative of bulk single crystals.

Origin of Non‑Size Effect in 7075 Al Alloy

The dependence of �Y ( �CRSS ) on D is determined by the com-
petition between the extrinsic length scale (i.e., the pillar diam-
eter) and intrinsic microstructural length scale (i.e., grain size 
for polycrystal, dislocation cell size for pre-strained specimen, 

and precipitate size and spacing for heat-treated alloys) [23]. 
It is generally recognized only when the external length scale 
is 6 times greater than the internal length scale, the size effect 
can be effectively suppressed [45–47]. Variations in � with D 
of pure Al, bi-crystal Al, pre-strained Al, cold-rolled Al and 
precipitation strengthened Al and the calculated m value are 
summarized in \* MERGEFORMAT Fig. 6.

Pure Al holds the highest size effect exponent of about 0.85. 
In previous works, with the introduction of defects such as 
coatings, alloy elements and initial dislocations, the m value 
of Al alloys can be decreased from 0.8 to about 0.06. Our 
effect of introducing dense nano-precipitates further reduces 
the number to 0.003, suggesting that the Al pillars can have a 
size-independent deformation. For micro-scaled single crys-
tals, single-arm dislocation sources (SASs) proposed by Par-
thasarathy [25] can describe the size dependence of strength, 
in which the critical resolved shear stress �CRSS to initiate mac-
roscopic plastic deformation from a truncated weakest SASs 
with a statistical average length �max is described with the fol-
lowing equation:

where �0, �p, �D and �S are the friction stress, stress contrib-
uted by precipitation strengthening, elastic interaction stress 
generally approximated as the Taylor hardening stress, and 
the source activation stress, respectively. Ks is the aniso-
tropic shear modulus, b is the magnitude of Burgers vector, 
� is the total dislocation density, � is a geometrical constant. 
In previous studies, the sum of the first terms, �0+�p + �D 
is normally assumed to be pillar size independent (bulk 
strength).

(6)

�CRSS = �0+�p + �
D
+ �S = �bulk + �S ≈ �0+�p + 0.5Ksb

√

� +
�Ksb

�max

Fig. 6   The yield strength �
0.2

 as a function of pillar diameter in 7075 
Al (this study), pure Al [28], Cold-rolled Al [28], Bi-Crystal Al [3], 
Duralumin [34], and pure Ni [14], respectively
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Combined with Eq. (1) and (6), It can be inferred that the 
m value is determined by �bulk and �S , and we first consider 
the impact of precipitates on �bulk and m . The bulk CRSS 
value of pure Al single-crystal was conventionally used as 
1 MPa [48], �CRSS was approximately 28 MPa for a D value 
of 1.4 μm and decreased with increasing D until saturation 
to 5 MPa at a critical diameter of 10 μm, much higher than 
the bulk strength [28]. Therefore, for pure Al single crys-
tal pillars, size dependent �S dominates the pillars strength, 
resulting in a large size effect exponent. Combing Eq. (1) 
and Eq. (6), the m value of pure Al is about 0.72, which is 
in good agreement with the experimental results (0.6 ~ 0.9). 
With the introducing of dense precipitates, the yield strength 
of 7075 Al alloy increases significantly to 500 MPa. Consid-
ering that the alloy in this study has been sufficiently solu-
tion heat treated and all the micropillars were all fabricated 
in a single grain, solid solution strengthening and precipitate 
strengthening are supposed to be the major contributors of 
the yield strength, with grain boundary strengthening and 
dislocation strengthening being negligible. The predomi-
nant strengthening mechanism in peak-aged 7075 alloy has 
been determined to be precipitation Orowan strengthening, 
which contributes a strength increment of 414 MPa while 
the contribution from solid solution is below 82 MPa [39]. 
Summarizing the contributions of different strengthening 
mechanisms, the upper limit of the single crystal micropillar 
strength is supposed to be 525 MPa, close to the measured 
strength of the micropillars in this study. Taking the Schmid 
factor of pillar orientation into account, the theoretical value 
of m is calculated at 0.05. Good consistence between theo-
retical calculation and experiment demonstrates that the 
increase of the bulk strength caused by the introduction of 
dislocations or precipitates dominates the change of the size 
effect exponent.

Secondly, precipitates will have an effect on �S . From 
Eq. (6), �S is inversely proportional to the statistical aver-
age length �max , and  �max is a function of pillar size R and 
the number of pinning points n. The effective �max can be 
derived from the probability ( p(�max) ) of having a pin with 
a single-arm dislocation source in a cylindrical micropillar 
with a certain radius (R) as follows:

(7)�max = ∫
R

0

�maxp
(

�max
)

d�max = ∫
R

0

[

1 −
�
(

R − �max
)(

b − �max
)

�Rb

]n−1

×

(

�
[(

R − �max
)

+
(

b − �max
)]

�Rb

)

n�maxd�max

(8)
p
(

�max
)

d�max =
[

1 −
�(R−�max)(b−�max)

�Rb

]n−1(
�[(R−�max)+(b−�max)]

�Rb

)

nd�max

n = Integer
[

�mob
�R2h

Lseg

]

where �max is the effective source length, R is radius of 
cylindrical specimen, h is the micropillar height, Lseg is the 
average length of the single arm dislocation source, �tot and 
�mob are the total dislocation density and mobile dislocation 
density, respectively. The solute atoms and precipitates will 
serve as additional pinning points for SAS, resulting in a 
larger amount of pinning points ( n ) than that in pure Al, as 
illustrated in Fig. 7. The increment of  n leads to an increase 
in �max and decrease in �S , which means that the stress con-
tributed by single-arm dislocations in 7075 cannot be higher 
than that in pure Al. Therefore, the upper value 28 MPa was 
taken as the strength of single arm dislocation source. As a 
result, the size-effect exponent m should be smaller than 0.05 
and the measured value (7075 Al) is only 0.038. The above 
two factors cause the size-independent behavior of strength 
of the 7075 alloy.

In fact, it has been reported [23] that when the internal 
scale parameter is one order of magnitude smaller than the 
micropillar size, the size effect on strength will be sup-
pressed. In this paper, the size of the precipitated phase 
is nanometer-scale, and its spacing is only about 5 nm. 
In the range of micropillar sizes selected in this paper, 
d/D = 0.001 ~ 0.01, that is, the internal size parameter (d) is 
two to three orders of magnitude smaller than the external 

(9)�mobile =
�tot

s

Fig. 7   Schematic illustration of the increment of �
max

 because of the 
introducing of dense precipitates
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size parameter (D). Therefore, it is reasonable that the size 
effect is completely suppressed, that is, the strength of the 
micropillar is completely controlled by the precipitates and 
is basically not affected by the size of the micropillars.

Strain Hardening Behavior of 7075 Al Alloy

Our experimental results show that the hardening rate of 
7075 Al micropillars increases with decreasing size. The 
0.5 μm micropillars exhibit the highest hardening rate 
(3.37GPa); while the 5 μm micropillars exhibit the lowest 
hardening rate (2.14 GPa). Similarly, Kiener et al. [40] 
have demonstrated through both experimental and simula-
tion studies that smaller pillar sizes correspond to higher 
hardening rates, attributable to the increased density of 
geometrically necessary dislocations (GNDs) within 
smaller pillars.

Yield stress or critical resolved shear stress is associated 
with the generation of the first mobile dislocation or the 
activation of the primary slip system, and is thus directly 
linked to the activation of dislocation sources. Strain harden-
ing behavior, on the other hand, is primarily governed by the 
capacity for dislocation storage, which in turn relates to the 
balance between dislocation multiplication and annihilation.

Based on present results and previous studies, two mecha-
nisms are considered to be the possible origin of the size 
effects on hardening behavior—the progressively harder 
operation of dislocation sources with decreasing size, and 
the loss of dislocation sources in small volumes due to the 
more pronounced influence of surfaces [2], especially in 
the submicrometer regime (dislocation starvation/exhaus-
tion) [20, 49]. Firstly, the smaller the size of the micropil-
lar, the fewer the number of dislocation sources inside. As 
the deformation progresses, the dislocation sources will be 
constantly consumed, higher stresses are required to acti-
vate new dislocation sources. Secondly, as the size of the 
micropillar decreases, the role of the free surface becomes 
more and more prominent. The mobile dislocations within 
the micropillar only need to move a shorter distance to reach 
the free surface and then annihilate, making it increasingly 
difficult for dislocations to be stored within the micro-pillar 
through dislocation interactions. This is confirmed by the 
larger stress drop in the stress–strain curve (Fig. 2) and the 
lower dislocation density (Fig. 5) of the smaller micro-pil-
lar. Once the mobile dislocations are annihilated through 
the free surface, higher stresses are required to generate 
new mobile dislocations. Dislocation starvation and the 
source exhaustion mechanism lead to the size dependence 
of the micropillar work hardening behavior. Indeed, factors 
such as crystal orientation, precipitate characteristics, and 
micropillar fabrication techniques also influence hardening 
behavior, suggesting that a more systematic investigation 

is required to fully understand strain hardening behavior at 
the micro-scale.

Conclusion

In this study, uniaxial compression tests were performed 
on single slip-oriented micropillars of Al–Mg and 7075 Al 
alloy. Analyzing the in situ test results and TEM dislocation 
characterizations, we investigated the size effects on defor-
mation behavior, strength, and strain hardening ability. Our 
findings can be summarized as follows:

1.	 The introduction of solute atoms effectively suppresses 
the size effect and enhances deformation stability, 
although complete elimination of the size effect remains 
challenging.

2.	 With the incorporation of dense nano-precipitates, sin-
gle crystal micropillars ranging from 0.5 µm to 5 µm 
in diameter exhibited enhanced plasticity and superior 
strain hardening capabilities. Remarkably, the size 
effect was virtually absent, with a size effect exponent 
of 0.017.

3.	 The independence of yield strength from pillar size in 
7075 Al micropillars can be attributed to two main fac-
tors: (i) the strengthening effect of precipitates, which 
mitigates the influence of single-arm dislocation sources 
on overall strength, and (ii) the dense precipitates that 
provide additional pinning points for dislocation sources, 
thus increasing the average length of single-arm sources.

4.	 The size dependence of strain hardening ability is 
explained mainly by exhaustion hardening. The smaller 
the size of the micropillar, the fewer the number of dislo-
cation sources, and the easier it is for the mobile disloca-
tions to be annihilated through the free surface. Higher 
stress is required to generate new mobile dislocations to 
sustain plastic deformation.

The presence of finer and denser precipitates not only 
eliminates the commonly observed size effect of strength 
in microscale deformation but also provides a robust strain 
hardening capability. These attributes are advantageous for 
the application of micro- and nano-sized components in 
advanced engineering systems.
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