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Abstract 
Microcellular aluminium can be produced by replication with pores across a wide range of sizes but 
otherwise identical structures. Compressive tests reveal a plasticity size effect, with samples 
showing higher strengths and higher rates of work hardening for smaller pore diameters. This size 
effect is shown to be dislocational, its main origin being dislocation emission during the composite 
stage of foam processing. 
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The plastic flow stress of metals often becomes size-dependant when this falls below roughly 10 
µm: beyond this point, the finer the microstructure or size of a deforming metal, the higher its flow 
stress. The effect has been documented in many configurations, ranging from wire torsion [1], FIB-
milled micropillar compression [2, 3], nanoindentation [4], dispersion and grain boundary hardening 
[5, 6], to the flow stress of metal matrix composites [7, 8], metal microparticles [9] or thin films [6, 
10].   
 
Plasticity size effects are also manifest in porous metals: when pores of a microcellular metal 
decrease below a certain size (all else constant) its flow stress starts increasing [11]. Microcellular 
aluminium is one of the most convenient materials for the study of this effect. The aluminium 
replication process, described in more detail in Ref. [12], consists of preparing a packed preform of 
NaCl particles, which is infiltrated with aluminium that is then solidified before leaching the salt. 
This leaves a network of interconnected aluminium struts, which delineate pores, or controlled size, 
shape and volume fraction. The flow stress of the resulting microcellular high-purity aluminium 
increases, all else constant, as the pore size falls below roughly 100 µm [13-16]. The oxide layer 
covering the pores exerts a strong influence on its flow stress [17], and thermally activated slip in 
this material is altered by the free surfaces within it [16]. Here, we show that the plasticity size 
effect in these materials is dislocational in nature and that it has the same origin as in metal matrix 
composites.   
 
Foams were made with 99.99% pure aluminium using NaCl particles crushed and sieved to 
produce size ranges with three different mean particle diameters, 400 µm, 75 µm or 26 µm. The 
particles were packed and cold isostatically pressed to produce preforms. These were then 
infiltrated at 710ºC under different argon gas pressures, chosen to drive uniform infiltration of the 
metal into the preform (0.4 MPa for 400 µm, and 8 MPa for the other two sizes), and cooled slowly 
in the furnace before being machined. The salt was then removed by dissolution in ordinary tap 
water, significant corrosion being avoided by frequently changing the water and using the minimum 
amount of immersion time required. Note that, since a corrosion inhibitor was here not used during 



NaCl dissolution, samples of this work are covered by a layer of oxide known to enhance the 
aluminium flow stress within the microcellular metal [17].  
 
Resulting sample microstructures are shown in Fig. 1. Samples of foam of each pore size in the 
form of cylinders of 20 mm height and 20 mm diameter were produced, and tested in compression 
using a screw-driven testing machine with a constant cross head speed of 0.005 mm s−1. Three 
LVDTs were positioned regularly around the specimen and used to measure the strain.   
 
Replication typically produces microcellular metals that display the standard stress-strain curve for 
metal foams as described by Gibson and Ashby [18, 19], except that the plateau region is not of 
uniform stress. Rather, it displays a finite rate of work-hardening, which reflects dual influences of 
hardening in the metal making the foam, coupled with an absence of the collapse bands that are 
observed when most other metal foams are compressed [11, 16, 19-21]. Curves from samples of 
this work are shown in Fig. 2: the flow stress and rate of work hardening of the present 
microcellular metal are significantly raised as the pore size is reduced from 400 to 26 µm. Similar 
trends for tension have been documented previously [13], showing that there is a clearly 
observable size effect in these foams. Note that samples in this investigation have all been treated 
in the same way for the dissolution step, and that even the one with the largest pore size (400µm) 
contains in excess of 100,000 pores (with 50 of them expected along the shortest sample 
dimension, this being far in excess of the level usually required for data to be representative of the 
material free of sample edge effects [11, 19]). The plasticity size effect documented here is thus 
not due to variations in metal surface condition or to variations in the ratio of specimen size relative 
to pore size. 
 
To identify the origin of this effect, additional cylinders of the same materials and same size were 
produced and taken through the treatments depicted schematically in Fig. 3. Treatment 1 involved 
the microcellular material being processed as before, and then annealed in flowing argon at 500°C 
for 2 hours. Treatment 2 was the conventional route used to make the first set of samples, outlined 
above, while Treatment 3 took the as-machined samples, with the NaCl still inside, and cooled 
them to liquid nitrogen temperatures (-196°C) before dissolving the salt at room temperature.  All 
samples were then dried and tested in compression following the procedure previously described. 
 
The first two treatments show the plasticity size effect is dislocational: it disappears in samples that 
have been annealed at high temperature after processing. This suggests that the size-effect is due 
to a high density of dislocations initially present in the metal when pores are small (if it were due to 
an oxide layer developed on the surface, for example, it would remain after annealing); 
transmission electron microscopy confirms this [16, 17]. This in turn raises the question of how a 
sufficient number of dislocations to cause hardening would be created in a sample that was 
processed through a solidification route. This is solved by analogy with metal matrix composites: 
before leaching, the metal is the matrix of a NaCl/Al composite. It is well known that when metal 
matrix composites are cooled from processing temperatures, differential thermal contraction 
between the metal and its reinforcing phase often causes significant dislocation emission within the 
metal [7, 8]. Here, NaCl particles indeed have a different thermal expansion coefficient than 
aluminium (CTENaCl = 4.05×10-5 K-1 [22] and CTEAl = 2.36×10-5 K-1 [23]). Thermal phase strains 
therefore develop during cooling (note that here, unlike most ceramic reinforced metals, it is the 
metal that has the lower CTE: NaCl particles “pull” on the metal during cooldown, and emit 
vacancy loops). The purpose of the third treatment was to amplify this effect, by increasing the 
thermal excursion while the NaCl particles are still contained within aluminium.  
 
To quantify the results, the foam stresses at 0.2%, 2% and 5% plastic deformation were measured 
for each sample, following the method used in Ref. [20]. This value is strongly affected by the foam 
relative density Vs, which in the present series of samples varied from 0.19 to 0.28. To remove this 
factor, we have simply scaled the microcellular metal yield or flow stress σ* using a power-law 
relation deduced by a mean square regression of data for 400 µm pore size replicated foams [24]: 



  (1) 

where σ0 is the yield or flow stress of the dense metal (estimated for Al in 400 µm Al foam by 
microindentation of larger foam struts in undeformed material). If the dislocations generated 
increase the metal strength according to the classical Taylor relationship, then the global density of 
dislocations in the (highly pure) aluminium, ρd, can be found through: 

  (2) 

where αT = 1.25 for aluminium [25], b is the magnitude of the Burgers vector (2.86×10-10 for Al) and 
G is the shear modulus (26 GPa for Al) [26]. 
 
The average surface-to-surface mean free path in the metal, λ, can also be calculated as a 
function of Vs and the pore diameter D, assuming that pores are spherical [27]: 

  (3) 

 
The top graph in Figure 4 shows the plot of ρd against λ calculated from the (yield) stress 0.2% 
plastic strain using these equations, for samples from each of the three treatments. The plot 
agrees (within experimental error typical of investigations on metal foams) in each series with a 
linear relation. This is as expected if the size effect is attributable to Taylor hardening from an 
emission of geometrically necessary dislocations. The equations of the linear regression lines of 
best fit are given on the graph.  
 
The slope for the samples taken through Treatment 1 (annealing) is slightly negative and, 
comparatively, of small value; within experimental error this is consistent with an absence of a size 
effect in these samples. With Treatments 2 and 3 (conventional infiltration processing and cooling 
during the composite stage), a clear size effect is seen, with the magnitude measurably increased 
by the cooling step in Treatment 3: the slope is higher by a factor of almost 4. All data thus confirm 
the above interpretation. 
 
The density of dislocations induced by the thermal expansion mismatch can be estimated by 
finding an expression for the density of dislocations, ρT with Burgers vector b needed to 
compensate for a volumetric strain mismatch ΔeV (which, if caused by differing thermal expansion, 
is 3 ΔCTE ΔT) between hard spherical particles of diameter D and volume fraction 1-Vs, assuming 
that dislocations are emitted as loops of diameter D/√2: 
 

    (4) 
 

This equation can be used to predict the expected slope of the ρT against 1/λ plots for Treatments 
2 and 3, where in the first case the thermal excursion is taken as being 200 K (assuming as in Ref. 
[28] that above approximately 500K dislocations will be removed by annealing in pure aluminium) 
and for the second 600K (from approximately 500K down to 77K then back to room temperature, 
assuming that the effect of both positive and negative temperature changes is additive). This gives 
predicted slopes of 1×108 m-1 for Treatment 2 and 3×108 m-1 for Treatment 3, to be compared 
respectively with experimental values of 3.4×107 and 1.2×108 m-1 respectively, see Fig. 4.  
Measured slopes are thus roughly one-third the predicted values, while the relation between them 
(a factor of 3) is similar. That the values of dislocation density predicted by this simple approach 
should too large can be explained by several arguments: the model assumes hard spheres and 
perfect interfacial adhesion, whereas some of the mismatch will be taken up by elastic deformation, 
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and stresses could be relieved in part by interfacial NaCl/Al decohesion. Also, the model is very 
simple, given that it assumes simple circular dislocation loop emission and neglects the effect of 
work hardening during emission (known to affect the dislocation punching process [29]). 
 
The exercise was repeated for the measured microcellular aluminium flow stress σ* values at 2 or 
5% strain, after correcting  σ* for the effect of internal damage using Eq. 4 of Ref. [30] (i.e., using 
Lemaître’s approximation, which equates the fractional damage-induced decreases in flow stress 
or Young’s modulus) [24]. One obtains the two lower plots in Fig. 4. As seen the result is 
qualitatively similar as for the flow stress: the annealed samples still show no size effect, while 
samples initially hardened by thermal dislocations (Treatments 2 or 3) again give a linear relation. 
The slope, however, is greater by roughly an order of magnitude compared with data for the yield 
stress (Fig. 4, top).  
 
The strong increase in ρd that this implies is interesting, given how small the strains are (2 and 5%). 
Being absent in the annealed samples the effect is not caused by strain gradients (a simple 
bending-beam back-of-the-envelope calculation confirms this [24]). High work hardening rates in 
fine-scale replicated pure aluminium thus also have their origin in thermal dislocations present 
before samples yield. These dislocations either multiply at a very high rate, or alternatively pile-up 
against barriers, creating a back-stress in the matrix, which in turn will raise the apparent metal 
rate of work hardening (and back-calculated ρd values). The obvious barrier to dislocation motion is 
here the oxide layer covering the pore surface, known to influence strongly the strength of 
replicated microcellular aluminium, particularly if samples are produced (as here) by dissolution in 
simple water [17]. This interpretation is also consistent with the relatively straight post-yield stress-
strain curves displayed with finer pores, Fig. 2, which suggest kinematic (or back-stress) 
hardening, and with observations made recently on surface-coated FIB-milled micropillars [3, 31, 
32]. 
 
In conclusion, evidence is presented for a plasticity size effect in replicated microcellular high-purity 
aluminium. Three thermal treatments show that size-dependence in the microcellular metal yield 
stress is dislocational, and has its origin in thermal dislocation emission during the manufacturing 
process. A simple model of the density of dislocations thus injected into the metal explains the 
scale-dependent 0.2% offset yield stress of replicated microcellular aluminium. Rates of work 
hardening after further deformation of the material also increase as the pore size decreases. This 
work-hardening size effect would require a deeper investigation to be fully understood; what 
emerges here is that it is likely linked with image forces along the many free surfaces present 
within the material when its pores fall below roughly 100 µm in diameter. 
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Figure 1 – Scanning Electron Microscope images of (a) foam with 25µm mean pore diameter and 
porosity of 80%, and (b) foam with 400µm mean pore diameter and porosity of 85%. Struts that 
intersect with the cut surface are indicated in red.  
 
Figure 2 – Example compressive stress-strain curves obtained for replicated aluminium foams of 
different mean pore size but similar density. 
 
Figure 3 – Schematic diagram depicting the 3 heat treatment routes used. 
 
Figure 4 – Back-calculated global density of dislocations, ρd, in the aluminium of the different metal 
foams and treatments examined here at three values of plastic strain: 0.2% (top), 2% (middle), 5% 
(bottom), versus mean free path in the matrix, λ. Linear best fit lines and equations are indicated. 
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Figure 1 – Scanning Electron Microscope images of (a) foam with 25µm mean pore diameter and 
porosity of 80%, and (b) foam with 400µm mean pore diameter and porosity of 85%. Struts that 
intersect with the cut surface are indicated in red.  
 

 
 
Figure 2 – Example compressive stress-strain curves obtained for replicated aluminium foams of 
different mean pore size but similar density. 
 

 
 
 
Figure 3 – Schematic diagram depicting the 3 heat treatment routes used. 
 



 

 
 
Figure 4 – Back-calculated global density of dislocations, ρd, in the aluminium of the different metal 
foams and treatments examined here at three values of plastic strain: 0.2% (top), 2% (middle), 5% 
(bottom), versus mean free path in the matrix, λ. Linear best fit lines and equations are indicated. 
 
 


