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Abstract 

Nanoindentation technique has been used to measure the mechanical properties of aluminium alloy foam 
cell walls. Al-Si-Cu-Mg alloy foams of different compositions and different cell morphologies were produced 
using powder metallurgical method. Cell morphology of the foam was controlled during production by 
varying foaming time and temperature. Mechanical properties such as hardness and Young's modulus were 
calculated using two different methods: a continuous stiffness measurement (CSM) and an unloading stiffness 
measurement (USM) method. Experimental results showed that hardness and Young's modulus of Al-
5%(wt.)Si-4%Cu-4%Mg (544 alloy) precursor and foam walls are higher than those of Al-3%Si-2%Cu-
2%Mg (322 alloy) precursor and foam walls. It was noticed that mechanical properties of cell wall are 
different from those of precursor materials.  

1. Introduction  

Indentation experiments have been being performed 
for over 100 years to obtain hardness of materials (1), 
but the recent years have seen significant improvements 
in indentation equipments (1,2). The most latest of them 
are the nanoindenter machines with which it is now 
possible to monitor both load and displacement of an 
indenter during indentation experiments with high 
precision and accuracy even in submicron range (3-5). 
The technique more commonly known as 
nanoindentation technique has been widely being used 
now a days for measuring mechanical properties of thin 
films and surface layers (2,6). A number of techniques 

have been developed towards the goal of evaluating the 
elastic modulus of thin films from nanoindentation 
load-displacement curve (7-9). Attempts have also been 
made to get more intrinsic properties such as yield (1,10 - 

13) or tensile strength (14) and even flow properties (15-20) 
from indentation tests.  

So far the application of nanoindentation technique 
has been limited to thin films and surface layers but it 
can also be used for measuring the elastic and plastic 
properties of cell wall material of metal foams. 

In this work we have used the nanoindentation 
technique to measure the mechanical properties of cell 
wall material of closed cell Al-alloy foams. The Al-Si-
Cu-Mg alloy foams of different compositions were 
produced using powder metallurgical method. Hardness 
and elastic modulus of the precursors and foam walls 
were measured both from the unloading load-
displacement curve and continuous stiffness 
measurement. The hardness and Young’s modulus 
obtained from continuous stiffness measurement (CSM) 
method  were  higher  than  that otained  from the  
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Fig. 1 Cellular structure of the produced Al-Si-Cu-Mg 
alloy. 

 
unloading stiffness measurement (USM) method. 

2. Experimental 

2.1 Materials and specimens 
The materials used in the study were Al-Si-Cu-Mg alloy 
foam of two different compositions namely alloy 322 
(Al-3%Si-2%Cu-2%Mg) and alloy 544 (Al-5 wt% Si-
4%Cu-4%Mg) foams. Both of the foams were produced 
using powder metallurgical method. Foam samples 
were obtained at different foaming time and different 
temperatures in the range 650 oC to 800 oC. 

Specimens of 10 mm thickness were cut off from 
each of the foam samples and were mounted into 
thermo-set epoxy resin of 30 mm diameter x 15 mm 
thickness. One face of the mounted specimens was 
polished to mirror surface. While preparing the 
specimen, special care was taken so that after final 
polishing the opposite faces of the specimen are 
perfectly parallel to each other. A cellular structure of 
the alloy after foaming is shown in Fig.1.  

 

2.2 Apparatus and indentation procedure 
Experiments were performed using a Nanoindenter® 

XP a schematic illustration of which is shown in Fig. 2. 
At its most basic level the nanoindenter employs a high-
resolution actuator to force an indenter into the test 
surface and a high-resolution sensor to continuously 
measure the resulting penetration. A diamond indenter 
is fixed to the end of the loading shaft that is suspended 
on delicate leaf springs. The leaf springs are compliant 
in the loading direction but stiff in the transverse 
direction. The movement of the indenter toward the 
sample is accomplished by varying the force supplied 
by the magnet-coil assembly while the displacement of 
the indenter is measured by a capacitance displacement 
gage. The system has load and displacement resolutions  

 
 

Fig. 2 A schematic representation of the experimental 
apparatus.   

  
of 50 nN and 0.01 nm respectively while the maximum 
load and displacement that can be applied are 500 mN 
and 500 µm respectively. The indenter was a Berkovich 
indenter which is a three sided pyramid with an aspect 
ratio same as that of a Vickers indenter (22).   

A total of  16 indentations were made in each of the 
specimen as shown in Fig. 3 and after analysis, result of 
those 16 indentations  were  averaged  to obtain the 
mechanical properties of each of the specimen. It is 
suggested (21) that the successive indentations should be 
at least 20 times the maximum penetration depth when 
using the Berkovich indenter. The maximum 
penetration in our tests was 2000 nm, so we kept the 
distance between successive indentations to be 50 µm 
which is 25 times the maximum penetration. 

 

2.3 Continuous stiffness measurement (CSM ) 
The contact stiffness between indenter and the 

specimen was continuously measured during 
indentation. The continuous measurement of stiffness 
was accomplished by applying a small oscillation to the 
force signal at a relatively high frequency (45 Hz). The 
amplitude of the force oscillation was 2 nm which is so 
small that the deformation process is not significantly 
affected by its addition. The corresponding 
displacement oscillation was monitored at the excitation 
frequency and the contact stiffness, S was calculated 
from the amplitude of the displacement signal. From 
this continuously measured stiffness the hardness and 
Young’s modulus of the specimens were obtained 
continuously against the depth of indentation. 

 

2.4 Unloading stiffness measurement (USM ) 
The unloading stiffness  measurement is performed 
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Fig. 3 Nanoindentation marks on the foam cell walls                         

of alloy 322 foam, T = 800oC / t = 4.5 min 
 

by obtaining a complete set of (both loading and 
unloading) load – displacement data and measuring the 
slope of the initial portion of the unloading curve, S = 
dp/dh. also known as the elastic stiffness of contact. 
From this elastic contact stiffness, it is possible to 
determine the hardness and elastic modulus of the 
material being tested. The equations used for this 
purpose are given by: 

 

ArEdh
dpS

π
2==            (1) 

iE
i

ErE

21211 νν −
+−=                (2) 

A
PH =                            (3) 

 
Where S is the experimentally measured stiffness of 

contact, Er is the reduced modulus (a parameter defined 
to account the effects of non rigid indenter on the load-
displacement behavior) A is the projected area of elastic 
contact and β is a constant that depends only on the 
geometry of the indenter. The quantities E and υ are the 
Young’s modulus and Poisson’s ratio for the specimen, 
Ei and υi are the same parameters for the indenter, H is 
hardness, P is the applied load and A is the projected 
area of indentation. Incorporating the values of Er 
(obtained from Eqn. 1), Ei, υi and υ in equation 2 gives 
the Young’s modulus of elasticity of the material being 
tested while Eq. 3 gives the value of hardness. 

  

3. Results and Discussion 

Fig. 4 represents experimental load-displacement 
curves for alloy 322 foams. The indenter load was 
increased gradually starting from the surface of the 

specimen up to a maximum indenter tip displacement of 
2000 nm. The load was then held constant for a period 
of 10 second. Peak load hold period in the load 
sequence diminishes the time dependent plastic effect 
and thus error caused by non elastic effect is minimized 
(8). Peak load hold period also provides a means for 
accounting the thermal effect in terms of drift rate (21).  

In the load displacement curve of Fig. 4. The 
differences in hardness of the materials are apparent 
from the difference in the peak load needed to attain 
maximum indentation. From the figure it is apparent 
that as the foaming time is increased at any foaming 
temperature, the load–displacement curve shifts upward 
indicating that a higher load is required for same 
indentation. 

The Young’s modulus of alloy 322 and alloy 544 
precursors (material before foaming) are shown in Fig. 
5 while the hardness of both precursors are shown in 
Fig. 6. It is evident from Figs. 5  and  6 that alloy 544 
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Fig. 4 The load-displacement curves of Alloy 322 

foams obtained from nanoindentation test.  
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Fig. 5  Young’s modulus of Al-Si-Cu-Mg alloys before            

 foaming 
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Fig. 6 Nanoindentation hardness of the Al-Si-Cu-Mg 

alloys before foaming  
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Fig. 7 The Young’s modulus versus displacement 

curves of precursor and foam cell walls of Alloy 
322 specimens obtained from CSM method. 
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Fig. 8 The hardness versus displacement curves of 
precursors and foam cell walls of Alloy 322 
specimens obtained from CSM method. 
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Fig. 9 The Young’s modulus versus foaming time 

curves of foam cell walls (a) Alloy 322 
specimens (b) Alloy 544 specimens. 

 
precursor has higher Young’s modulus and hardness 
than alloy 322 precursor. The higher hardness and 
Young’s modulus of alloy 544 precursor is associated 
with the higher alloying element effect in 544 alloy. 

Fig. 7 represents the Young’s modulus versus 
indentation curves of alloy 322 foam cell walls which 
were obtained from continuous stiffness measurement 
method. All of the curves showed that Young’s modulus  
of the cell walls changes with indentation depth. 
Initially the value of Young’s modulus rises sharply and 
reaches a very high value. As the indenter penetrates 
into the specimen, the value of Young’s modulus 
decreases gradually finally reaching a nearly constant 
value after a certain depth. 

We accepted the average Young’s modulus in the 
range 1000 nm to 1500 nm indentation depth as the 
Young’s modulus of the specimens because in this 
range the Young’s modulus and hardness showed 
minimum  sensitivity to the indentation depth.  
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Fig. 8 represents the nanoindentation hardness versus 
indentation curves of alloy 322 precursor and foam 
cell walls obtained from continuous stiffness 
measurement method. The hardness of precursors and 
foam specimens also presented a similar trend as 
Young’s modulus with respect to indentation depth, 
with a clear evidence that nanoindentation hardness 
value depends on the indentation depth. The Young’s 
modulus (Fig. 7) and the hardness value (Fig. 8) of 
specimens decreased as indentation depth increased, 
with the decrease being more pronounced at low 
indentation depth. This is due to the reason that the 
penetration depth is obtained by considering the shape 
of the indenter tip to be an ideal triangular pyramid, 
but the real indenter tip is slightly spherical (22). 

Although at sufficiently high load the tip radius in 
comparison to indentation depth is negligible, when the 
penetration depth of the indenter is very small the effect  
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Fig. 10 The foaming time versus nanoindentation 
hardness curves of foam cell walls (a) Alloy 322 
specimens (b) Alloy 544 specimens 

of the radius of this spherical tip is not negligible. Thus 
recorded indentation depth is lower than the real 
penetration and hence hardness value is much high. 

The sharply rising initial portion of Young’s 
modulus-displacement and hardness-displacement 
curves is a reflection of the surface roughness of the 
specimen (23) 

The variations of Young’s modulus of 322 and 544 
specimens with respect to foaming time period are 
shown in Figs. 9 (a) and (b) respectively while the 
variations of hardness with respect to foaming time and 
temperature are shown in Figs. 10 (a) and (b). In these 
figures, remarkable increase in Young’s modulus and 
hardness value is observed with increase of foaming 
time period at all foaming temperatures. A comparison 
of Young’s modulus and hardness of the precursors and 
foam walls obtained from the unloading stiffness meth 
(USM) analysis and continuous stiffness measurement 
(CSM) method reveal that the result from CSM method 
is always higher than that obtained from USM method. 

4. Conclusions 

Nanoindentation tests were conducted to verify the 
applicability of nanoindentation method for measuring 
material properties of foam cell walls and to 
characterize the mechanical properties of Al-Si-Cu-Mg-
TiH2 alloy foam cell walls of two different compositions. 
The following results can be summarized: 

1. The hardness and Young’s modulus of specimens 
decrease with increasing indentation depth, and tend to 
converge at sufficiently high loads. An average result in 
the range 1000nm to 1500nm was considered to be the 
representative data for the specimens in case of CSM 
method. 

2. Alloy 544 precursor and foam cell wall showed 
higher hardness and elastic modulus than alloy 322 
precursor and foam cell wall regardless of measurement 
method. 

3. The elastic modulus and hardness obtained from 
continuous stiffness measurement are higher than those 
obtained from unloading load displacement curve 
analysis i.e. unloading stiffness measurement method.  

4. Both Young’s modulus and hardness increased 
with increase of foaming time which indicates that the 
mechanical properties of foam cell walls are not exactly 
same as those of the precursor materials from which 
foams are made. 
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