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Abstract: In the past two decades, small-scale mechanical testing has 

become ubiquitous for mechanical measurements, offering new opportunities 

to quantitatively probe the mechanical behavior of materials. In this 

study, we applied four different small-scale mechanical testing 

techniques - conventional and statistical nanoindentation and micropillar 

compression and splitting tests - to study the mechanical behavior of Al—

Cu intermetallics using a diffusion couple. This allowed the 

determination of the hardness, elastic modulus, yield stress, plastic 

flow behavior, and the critical stress intensity for fracture for nearly 

all of the intermetallic phases. A novel statistical indentation phase 

map plot was introduced, allowing the easy visualization of phases within 

property space. Hardness and elastic modulus results were found to be in 

good agreement with more recent studies and DFT predictions, while 

fracture results suggest the single crystal forms of the intermetallics 

show superior toughness. This work demonstrates that using small-scale 

mechanical testing in a combinatorial manner allows the interrogation of 

intermetallics with large composition ranges in a high-throughput manner 

with high precision and efficiency. 
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Dear Editors, 

Please find attached for your consideration our manuscript entitled "Combinatorial investigation of Al—Cu 

intermetallics using small-scale mechanical testing". In this work, we present a systematic investigation of the 

mechanical behavior of Al—Cu intermetallic phases using four different small-scale mechanical testing 

techniques – conventional and statistical nanoindentation and micropillar compression and splitting tests. To the 

authors´ knowledge, it is the first report which includes the combinatorial application of multiple small-scale 

testing techniques, and it provides a more comprehensive understanding of the mechanical properties of these 

intermetallics using an Al—Cu diffusion couple. Moreover, a novel statistical indentation phase map plot of 

~12,000 indents was introduced, allowing the easy visualization of phases within property space. 

 

This manuscript yielded several novel results. First, we have determined the hardness, elastic modulus, yield 

stress, plastic flow behavior, and the critical stress intensity for fracture for nearly all of the intermetallic phases. 

Hardness and elastic modulus results were found to be in good agreement with more recent studies and DFT 

predictions, which suggests the small scale testing techniques give precise and reliable results. Second, our 

fracture results suggest the single crystalline forms of the intermetallics, usually found as precipitates on the 

aluminum rich side of the phase diagram, show superior toughness than seen before by conventional large-

scale measurements. Moreover, the “Ashby-like” plot obtained from massive nanoindentation analysis illustrates 

the range of mechanical properties in the intermetallic phases, which bridges the gap between the novel small 

scale characterization techniques and the synthesis of alloys.  

 

This manuscript is the authors’ original work and has not been published nor is it being submitted 

simultaneously elsewhere. The authors declare that they have no competing financial interests. All authors have 

checked the manuscript and have agreed to the submission. We believe this will be of considerable interest for 

readers of the Journal of Alloys and Compounds. We look forward to your favorable consideration. 

Yours sincerely, 

Yuan Xiao 

Journal of Alloys and Compounds 
 

 

 

  
Zurich, 20 August 2019 - YX 

Re: Submitted manuscript  

Cover Letter



This manuscript yielded several novel results. First, we have determined the hardness, elastic modulus, yield 

stress, plastic flow behavior, and the critical stress intensity for fracture for nearly all of the intermetallic phases. 

Hardness and elastic modulus results were found to be in good agreement with more recent studies and DFT 

predictions, which suggests the small scale testing techniques give precise and reliable results. Second, our 

fracture results suggest the single crystalline forms of the intermetallics, usually found as precipitates on the 

aluminum rich side of the phase diagram, show superior toughness than seen before by conventional large-

scale measurements. Moreover, the “Ashby-like” plot obtained from massive nanoindentation analysis 

illustrates the range of mechanical properties in the intermetallic phases, which bridges the gap between the 

novel small scale characterization techniques and the synthesis of alloys.  
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Dear Prof. Eiji Abe, 

 

Please find attached for your review our revised manuscript entitled "Combinatorial investigation of Al—Cu 

intermetallics using small-scale mechanical testing”. We would first like to extend our thanks to the Editor 

and Reviewers for their time and kind attention to our paper. The response to the reviewer´s comments 

are as below. Our responses to the reviewers’ comments are in italics. We also have revised our 

manuscript according to the suggestions or given answers to the reviewers’ concerns highlighted in yellow 

in the manuscript.   

 
Reviewer #2: Review of the paper by Xiao et al. on combinatorial investigations of Al-Cu 
intermetallics using small scale mechanical testing. 

 
The paper is concerned with using a diffusion couple approach to fabricate a combinatorial sample of the 
Al-Cu phase diagram and assesses the properties of the forming intermetallic phases using a wide variety 
of small scale mechanical testing approaches. 
The paper is well written and the content is of general interest also for the journal of alloys and compound.   
However, there are important aspects which need to be clarified, in the current status the paper is not 
recommended for publication. 
The results of the individual test are not well presented and the limitations of the current approaches need 
to be clearly stated in the introduction, considering anisotropy in both flow and fracture of the IPs, resulting 
in size and orientation and composition depending behavior. It is also not discussed which type of defects 
are expected for the different phases, considering there large chemical composition, like anti-side atoms 
or vacancies and furthermore the phase identification is not clear. 
 

Many thanks for your kind consideration of our manuscript. We would like to sincerely thank you for the 

valuable feedback. This work is meant to showcase the range of micromechanical capabilities currently 

available for combinatorial properties investigations, which has so far only been limited to conventional 

nanoindentation. Each of these technique has significant promise, but there are still significant limitations 

as the reviewer states. We have added further discussion of these limitations. Their comments have been 

of great value to us in order to improve our critical assessment of the manuscript. Since the reviewer has 

provided a detailed review, we have carefully addressed their comments one by one in the following. 
 
Introduction: 

Journal of Alloys and Compounds  
Editorial Office 
Prof. Eiji Abe 
 

Zurich, 16 November 2019      JW 

Re:  Reviewer's Comments  

Response to Reviewers



Re:  Reviewer's Comments   

 

 Page 2/8 

 The authors claim that significant uncertainties exists about the properties of Al-Cu intermetallics, 
however they do not highlight which properties are reported in literature and which scatter bars 
are found for the different mechanical properties. -> Please include an overview on the reported 
properties of the IPs as a table in the paper. (this is done in the discussion, please make 
reference to it in the intro) 
This is a good point. As advised, we have revised this sentence as “The mechanical behavior of 
Al—Cu intermetallics has been previously evaluated (further discussed in Section 4.2) using 
several techniques: first principles calculations using density functional theory [1, 2], conventional 
microindentation [3-6], nanoindentation [7], conventional tensile and compression tests [3]” in the 
introduction in Page 3 and discussed the mechanical properties from these literature in detail in 
the discussion part (section 4.2). 

 
 
Page 4:  
Sample and sample preparation: 
 

1) Give details on chemical composition, oxygen content of Cu, where did you buy the samples 
from? 
The sentence has been revised as “Cubic samples of pure aluminum (Purity: 99.999%) and 
oxygen-free copper (Purity: 99.99%) acquired from Alfa Aesar (Massachusetts, USA), with side 
lengths of ~1 cm, were lightly compressed at 350 °C for around 10 min in a vacuum environment 
using the Gleeble 3500 dynamic testing system to weld them together with a proper bond” in 
page 4. 

2) Annealing: Which other mechanism occur during interdiffusion besides IP formation? 
The sentence has been revised as “During the annealing, volume diffusion took place leading to 
solid solution and the formation of Kirkendall pores (Figure 1c) and intermetallic phases” in page 
4. 
 

3) What are conventional means for sample prep. Clearly sample prep is important for small scale 
testing 
The sentence has been revised as “The sample surface was prepared by conventional 
metallographic techniques: sectioned using an alumina cut-off wheel (Struers 50A 13), then 
polished using successively finer diamond abrasives finishing with a 60 nm SiO2 particle 
suspension.” in page 4. 
 

4) Aged for several years: This sounds like the sample has been found in some university lab and 
was analyzed many years later, without exact knowledge on specimen state, oxidation of 
surface,… this is really strange, doing sample preparation first and then letting the sample sit (in 
which condition?) and then testing its properties? Please clarify. 
This sample has indeed been kept in a university lab at ambient condition for several years. 
Several parallel projects have been peformed and are on-going with this diffusion couple, for 
instance, an investigation of Portevin-Le Chatelier (PLC) effect [8] on the Al side. The sample 
was prepared at another laboratory and transferred to the current laboratory, which lacks the 
facilities to manufacture such samples. Moreover, a long duration of some projects is 
unavoidable in certain conditions, and especially there is the transition between two generations 
of PhD students.  
 
However, we have carefully treated our sample before any characterization or tests. The 
sentence has been revised as “Afterwards, the sample was naturally aged at room temperature 
for several years. Before microstructural characterization and test geometry fabrication, the 
sample surface was polished by Ar

+
 ion milling (IM4000, Hitachi, Japan) for 30 min to remove 

possible surface oxidation and damage layers” in page 4 & 5.  
 
The diverse variety of precipitates in the Aluminum phase are partially responsible for this work 
focusing more on the stable intermetallic phases than the solid-solution/precipitate-containing 
metal phases on either side of the diffusion couple. 

 
P 5: 

 Please clarify the orientation of the tested IPs, the properties depend strongly on orientation and 
maybe even on chemical composition, like reported for Ni, Co, … aluminides. 



Re:  Reviewer's Comments   

 

 Page 3/8 

As suggested by the reviewer, we added the Miller Indices of grain’s orientation where pillars were 
tested in Figure 4a. The sentence has been revised as "SE micrographs of the deformed pillars 
with the Miller Indices on the upper left and their corresponding positions on the EBSD orientation 
map are presented in Figure 4b. It has to be mentioned that the Miller Indices for the grains are 
obtained assuming the crystal structures to be face-centered cubic” in page 14 & 15.  
 
We think the reviewer will agree that the proper and precise way of orientation determination of 
intermetallic phases probably needs the assistance of transmission electron microscopy (TEM). 
Moreover, we do agree with the reviewer that the mechanical properties strongly depend on the 
crystalline orientation, chemical composition, microstructure, etc. This would be a good story for 
several additional full-length manuscripts. However, we would suggest the current one focuses 
mainly on the application of different small-scale testing techniques on the mechanical 
interrogation of intermetallics.  

 

 Please include table on test parameters and results for the different IPs. 
The main testing parameters (e.g. loads for nanoindentation, strain rate for micropillar 
compression, and displacement speed for micropillar splitting) are presented and explained in 
detail in the Materials and Methods section. Due to the different physical meanings for the testing 
parameters of different testing techniques, we believe that it is clearer for readers to look at the 
parameters in the text with more detailed explanations. 
 
The values of mechanical properties obtained are listed in the Figure 8 in comparison with 
literature in section 4.2. 
 

 Please discuss influence of quenching on residual stress. Please discuss influence of vacancies 
on the properties. 
Thank you very much for this comment. Conventionally, at the bulk scale, the mechanical 
methods, for instance, compression, are used to achieve the relief of residual stresses [9]. 
However, when it comes to the free-standing micropillars though attached to the substrate with 
nano-/micrometer dimensions, it is reasonable to assume that the residual stress field is 
completely relaxed during the micromachining process [10]. To clarify this, the sentence “It is 
believed that the influence of residual stresses on small-scale testings are quite small [10]” has 
been added in page 4.  
 
One important feature for micro- and nanomechanical testing methods is using very small volume 
of materials for investigation. Therefore, we assume the defects, like vacancies, are 
homogeneously distributed in our micropillars or underneath the nanoindentation tip.     

 

 Table 1: Please format the table, please include composition in at.-% Cu. 
Thank you very much. This was corrected in page 8.  

 

 Fig. 1:  Phase identification, this is important: In diffusion couples, the phase formation is 
sometimes not taking place, due to nucleation issues. Please discuss how the phases are 
identified, since the chemical composition does not give clear evidence for the presence of all 
phases, specifically gamma 1 and delta. In a two phase region, a step forms in the chemical 
composition, like going from pure Cu to gamma, and the same applies to etha, theta and Al. 
However it is unclear that delta and gamma form, based on the given chemical composition.  The 
change in properties of the gamma phase could also be related to a changing chemical 
composition, rather then having a different crystal structure. 
Thank you for pointing out this question. We have identified our phases by using EDX analysis 
and BSE images. It is very difficult to tell Eta & Zeta and Gamma & Delta phases apart using 
ESBD, since the lattice parameter differences between some phases are very minute, on the 
order of few hundredths of an angstrom, whereas the composition differences are on the order of 
percents. A clear step is usually only observable in line scans using EPMA. EDX data is 
unfortunately more noisy. We do see a step, but it is less clear. For example, a clear contrast is 
observed in the BSE image of the Gamma and Delta phases in Figure R1 below.  
 



Re:  Reviewer's Comments   

 

 Page 4/8 

 
Figure 1: BSE image showing the phase contrast within grains in Delta and Gamma region. 

Moreover, the phases we observed are consistent in order and thickness with findings of Funamizu and 
Watanabe at an identical heat treatment temperature – Figure 2. Some deviation is seen from the 
predictions, but this is unsurprising as we linearly extrapolate the trends seen by Funamizu from 40 hours 
to 312 hours. To clarify the phases identification, we have added the sentence “The order and phase 
widths of all phases are consistent with findings of Funamiza and Watanabe [37” in page 7. 
 

 
Figure 2 – Comparison of Phase widths from BSE and EDS with extrapolations from literature trends. 

 

 Please give a table with the average mechanical properties of the phases. What about Cu and Al, 
apparently tests have been performed on these, but no data is reported. 
We have summarized the average mechanical properties of the phases, in comparison with 
literature, in the discussion section 4.2. Due to the diverse precipitate composition at the Al side, 
we have excluded the data from Al in the current manuscript. To present the aluminum data 
requires an in depth discussion of the precipitate phases as a function of composition and 
extensive TEM characterization. This easily occupies another full-length article and is underway. 
The focus of this work is on the mechanical properties of intermetallic phases. Therefore, we also 
removed the Cu data from parts of the current draft for better consistency. 

 
Page 12:  

 Please give orientations of the pillars tested. If orientations are not available, comment on the 
significance of the observed values with respect to multiple slip or single slip behavior.  
This is indeed a very good point. As suggested by the reviewer, we have added the Miller Indices 
of each pillar tested in Figure 4a. The sentence has been revised as "SE micrographs of the 
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Re:  Reviewer's Comments   

 

 Page 5/8 

deformed pillars with the Miller Indices on the upper left and their corresponding positions on the 
EBSD orientation map are presented in Figure 4b. It has to be mentioned that the Miller Indices 
for the grains are obtained assuming the crystal structures to be face-centered cubic” in page 14 
& 15. 
 
According to the HR SEM images of the deformed images, the Theta, Zeta and Delta micropillars 
exhibit most likely single slip behavior while Gamma phase exhibits multiple slip systems. We 

have added the sentence of “Three independent slip systems of           ,             and 
            are reported for using molecular dynamics method [12]. The slip on the            
plane in the Theta phase is observed to cause the decomposition within the slip plane [12], which 
probably explains the ragged edges observed on the slip lines shown in Figure 4b” in page 15 to 
provide more specific slip systems information found in the literature.  

 

 In the Figure caption, a representative stress-strain curve is promised. Please show and discuss 
that these curves are representative?!  
We measured at least four micropillars for each phase. The stress-strain curves shown in Figure 
4a are representative examples for each case. The small error bars in Figure 8a support this. To 
clarify this point, the sentence of "Variation between tests in each case was significantly less than 
the differences shown between representative curves shown" has been added to the caption of 
Figure 4a in page 14. With curves featuring serrated flow, showing all four curves together on one 
plot makes them hard to distinguish, so it is normal practice in the microcompression community 
to show one ‘representative’ curve instead. 
 

 Clearly single vs. multiple slip is presented, size effects are there, pure Cu with 2 GPa flow stress 
and serrations? Please clarify.  
Apologies, the colors for Theta (dark yellow) and Cu (orange) phases in Figure 4 were very 
misleading. The curve for the Theta phase exhibits the 2 GPa flow stress with serrations. For Cu, 
the stress-strain curve showed a yield strength around 0.3 GPa and a plateau after the yielding 
point. However, for clarity, we have removed the copper data to focus on the intermetallics. 
 

 Cu shows a platau in hardness and delta and gamma exhibit work hardening, indicating 
dislocation dislocation interaction. Please clarify: A plateau does not indicate dislocation 
dislocation interaction? What about taper, please comment. 
Thank you very much for this remark. The stress-strain curve of the Cu phase exhibit very low 
work hardening behavior compared with Delta and Gamma, which is termed “easy glide” and is 
believed being associated with single slip on the system with the maximum Schmid factor 
(consistent with the SE images of Cu pillar). However, for Delta and Gamma, they apparently 
have near metallic mobility and ductility. Multiple slips are observed in the SE images of the 
Gamma deformed pillars, which indicate the activation of additional slip systems. It is believed that 
the dislocation interactions and the additional interaction from non-parallel slip planes account for 
the observed work hardening in Gamma phase. The sentence has been revised as “Both Delta 
and Gamma phases also exhibit apparent work hardening behavior, indicating dislocation-
dislocation interactions and possible interaction from non-parallel slip planes leading to multiple 
slips observed in Gamma phase (Figure 4b)” in page 13 to clarify the deformation mechanism in 
Delta and Gamma phases. 

 
Indeed, the quantitative measurement of the flow stress and strain-hardening behavior from 
experiments that utilize the tapered geometry should be assessed critically with regard to sources 
of error. The effect of taper has been studied analytically [13] and numerically [14]. These studies 
suggested that artificial effects such as pillar buckling can be effectively avoided using the aspect 
ratio between 1:2.5 and 1:3. Further, taper can introduce apparent work hardening, but only in the 
case of homogeneous pillar deformation, not in the case of discrete slip as observed here. 
Moreover, in this study, consistent pillar fabrication method and geometry were applied for all the 
intermetallic pillars. We believe that variations in stress-strain behavior are due to the materials´ 
intrinsic property rather than the geometry issues, since all pillars were manufactured with similar 
taper and geometric tolerances. 

 



Re:  Reviewer's Comments   

 

 Page 6/8 

 P 14: Resolution limits are claimed to be the reason, why the slip planes can not be determined? 
Please clarify, clearly other groups did this analysis on slip planes, presenting images and EBSD 
data with similar resolution as reported here. 
We were discussing a study of Theta single crystals compressions conducted in 1976 where the 
slip traces in the SEM images could not be seen clearly at that time due to their resolution limits. 
This highlights that our current techniques allow us to understand the deformation behavior at the 
intrinsic length scale due to the resolution in the nano-/microscale. Thank you very much for 
pointing this out. We have revised this vague sentence as “For the tetragonal Theta phase, the 
operative slip systems in single crystals have been previously studied at bulk scale [15-17]” in 
page 15. 
 
However, this highlights that slip system analysis on complex intermetallics is non-trivial. 
Determining planes from top-down EBSD orientations on cylindrical pillars is subject to significant 
angular error. We have done this on other materials systems, and unless the slip systems are 
well-established in the literature, the task requires extensive TEM on each phase and in several 
orientations. This is absolutely a limitation to combinatorial application of this technique, as you 
said above. 

 

 P 15: The pillar splitting test does not activate three crack systems at the corners of the cube. This 
may be the case for delta, but more results are required to show this also for theta. Is the data 
reported representative for the behavior of the phases? Does it depend on the orientation of the 
IPs? The evaluation of pillar splitting relies on FE modelling, in which the crack path is quite 
important. Furthermore, the orientation plays apparently a role in the test results. It is unclear that 
fracture toughness values for anisotropic crystalline phase can be determined by this approach 
and that the values from FE modelling can be used to determine fracture toughness. 
 
We completely agree that this range of samples showcases the limitations of the pillar splitting 
technique, and we were careful to state that the data is only the critical stress intensity, not the 
plane strain fracture toughness of the materials. We agree with the reviewer that the 2-way 
splitting invalidates the results for our intermetallics and more analysis is needed to the pillar 
splitting results. We have added further clarification of this in the text. In the current manuscript, 
the Theta and Zeta pillars cleaved rather than fractured, however, they cleaved at higher critical 
stress intensity compared with the literature. We discussed this in section 4.2 in the context of our 
previous observations of this cleavage phenomena in Silicon where the true fracture toughness 
was known for comparison. 
 
We agree with the reviewer that the pillar splitting data is not a full description of the fracture 
behavior of the phases and the crystalline orientations are of vital importance in the fracture 
behavior. We have another study underway on oriented lithography arrays of GaAs and Silicon 
pillars where we will split them with a 4-sided indenter at different orientations to determine the 
sensitivity of this technique to anisotropy, which is currently unknown. 
 
In this study, the micropillars for pillar compression and splitting tests were produced from the 
same grain for each intermetallic phases. The sentence “Micropillars for compression and splitting 
tests were produced from single grains for each intermetallic phase, except for in the Zeta phase 
due to smaller grains.” has been added in the micropillar fabrication method in page 6. The main 
goal for this manuscript is demonstrating that using small-scale mechanical testing in a 
combinatorial manner allows the more rapid interrogation of intermetallics. 
 
As suggested by reviewer, the sentences have been revised as “All these intermetallic phases 
exhibit critical stress intensity values within a similar magnitude, 1.4-3.1 MPa√m, indicating the 
expected brittle behavior”; “However, the 3-sided indenter geometry precludes the investigation of 
anisotropy for most 4-fold cubic orientations”; “This suggests that the critical stress intensity 
values for these phases may be similarly overestimated, and highlights the limitations of applying 
a three-fold symmetry indenter to probe anisotropic fracture intermetallics” in page 23.  

 

 Discussion: Why is the data on Al not presented here, since also Cu is discussed. Is it pure Cu, or 
a CuAl solid solution? Clearly for pure Cu, size effects need to be considered. However here, the 
data of Cu are treated as being representative for the macroscopic behavior of Cu, which is not 
the case. 



Re:  Reviewer's Comments   

 

 Page 7/8 

As we mentioned, due to the diverse precipitate composition at the Al side, we exclude the data 
for Al in the current manuscript. In the Cu side, it is pure Cu. We presented our data obtained from 
pillar compression and nanoindentation in comparison with literature data, which are mainly 
obtained using indentation techniques (Bauer: Knoop indentation; Timsit: Knoop indentation; 
Braunovic and Kouters: nanoindentation; Rabskin: Vicker indentation). The sentence has been 
revised as “Figure 8a-b illustrates the indentation stress, micropillar yield stress, and elastic 
modulus values from conventional and statistical nanoindentation testing in comparison literature 
nanoindentation and microindentation [2-7]” in page 21 & 22. The data for Cu has been removed 
from the current manuscript for better focus on intermetallics. 
 

 Fig. 7: This is a nice way to present the data! 
Please discuss streaking for Cu, elastic anisotropy, plastic isotropic. 
Thank you very much. This is a good example to illustrate. We have added the statement “An 
example of this can be seen in the copper phase, where the peak is significantly more elongated 
on its modulus axis compared to its hardness axis – indicating greater elastic anisotropy 
compared to relatively isotropic plasticity” in page 19.  
 

 Fig. 8: Conventional indentation data of Cu is missing. Please include. Please discuss evaluation 
of yield stress in micropillar compression. For Cu a value of 0,4 GPa is reported, while ideal 
plastic behavior is presented in your experiments at a stress level of 2 GPa?! 
Since the focus of this work is on the mechanical properties of intermetallic phases, we also 
removed the Cu data from Figure 8 for better consistency. As suggested, we have added the 
following sentence to clarify the evaluation of yield strength in micropillar compression in page 22: 
The yield strength, the stress at which the pillar begins to deform plastically, was determined from 
the onset of general yielding to account for variation in work hardening. Apologies again for the 

misleading colors in the stress-strain curves. The yield strength value of Cu (~0.3 GPa) is in good 
agreement with the pillar compression of pure Cu with same diameter reported by Wheeler et al. 
Philosophical Magazine 96 (32-34), 3379-3395. 

 

 Please comment on the methods used in literature to determine the yield strength of the phases. 
There is a very strong discrepancy of the results from the current study in comparison to literature 
values, but more attention needs to be given based on the limitations of the current test results. 
Thank you very much for this very important comment. Indeed, the large discrepancy of the result 
from our study and literature is observed, which we believe is probably due to different sample 
preparation methods and testing systems. Moreover, the anisotropy of studied samples may have 
a significant influence on measured values. Actually, our data (both from nanoindentation and 
micropillar compression) surprisingly matches well with the recent nanoindentation values from 
Kouters et al. [6] published in 2013 in Figure 8 and our evaluated modulus values show good 
consistent with DFT calculations from Chen et al. [2]. Therefore, we think our values are with high 
precision and provide reliable insights to understand the mechanical properties of these 
intermetallic. We do agree with the reviewer that there are certain limitations of the current test 
results, including the influence of size effect or sample preparation issues-FIB damage, tapered 
geometry. Still, we do believe that our work bridges the gap between the novel small scale 
characterization techniques and the synthesis of alloys, which will be of considerable interest to 
readers of the Journal of Alloys and Compounds. 
 

 The discussion on the anisotropy needs to be given in the introduction and presentation of the 
data. Clearly, the data is not representative, but a more refined analysis is required. 
The order on which topics should be discussed is a question of author style. We consider it poor 
presentation of the work to lead with the shortcomings, as it may discourage a reader from 
reading further and distract from the merits. However, out of respect for the reviewer we have 
added the following statement to the introduction in page 4:  
 
“However, the use of FIB-machined sample geometries restricts the total number of samples 

which can be reasonably tested to a few selected grains in each phase, which currently limits the 
information which can be acquired about plastic and fracture anisotropy in complex intermetallic 
phases. Therefore, we also employ statistical nanoindentation using a high speed nanoindentation 
method, NanoBlitz, to ensure our results are valid for more than just a few grains of material.”   

 



Re:  Reviewer's Comments   

 

 Page 8/8 

 

 Micropillar splitting is clearly not representative for singly crystalline behaviour, since fracture is 
strongly anisotropic and testing this with a three sided pyramide is questionable. Claiming a 
superior toughness of single crystals in the abstract is questionable. 
As discussed above, we agree that micropillar splitting has limitations regarding anisotropy. 
However, testing with a three-sided indenter usually precludes fracture from occuring on easier 
cleavage planes, and this technique has already been demonstrated to give values well within 
literature ranges for Kc in single crystal Silicon, despite its anisotropic behavior. Despite this, we 
observed much higher critical stress intensities in the intermetallics tested in this study, compared 
with indentation cracking in literature. As discussed in page 23, we warned the readers that our 
micropillar splitting results might overestimate the critical stress intensity due to the excessive 
plasticity underneath the indentation during two-way splitting fracture. However, this 
overestimation is a matter of 20-30%, whereas we get Kc values for the single grains ~400% 
greater than observed in by Palmqvist measurements. Based on this enormous disparity, we feel 
the claim that the single crystals are tougher than the polycrystalline samples investigated by 
Palmqvist fracture results (due to weak grain boundaries) to be justified. 

 
 
We look forward to your favorable consideration. 
 
Yours sincerely, 
Jeff Wheeler 
 

-- 

Dr. J.M. Wheeler 

Laboratory for Nanometallurgy 

Department of Materials 

ETH Zurich 
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Abstract 

In the past two decades, small-scale mechanical testing has become ubiquitous for 

mechanical measurements, offering new opportunities to quantitatively probe the mechanical 

behavior of materials. In this study, we applied four different small-scale mechanical testing 

techniques – conventional and statistical nanoindentation and micropillar compression and 

splitting tests – to study the mechanical behavior of Al—Cu intermetallics using a diffusion 

couple. This allowed the determination of the hardness, elastic modulus, yield stress, plastic 

flow behavior, and the critical stress intensity for fracture for nearly all of the intermetallic 

phases. A novel statistical indentation phase map plot was introduced, allowing the easy 

*Manuscript
Click here to view linked References

mailto:yuan.xiao@mat.ethz.ch
http://ees.elsevier.com/jalcom/viewRCResults.aspx?pdf=1&docID=158182&rev=1&fileID=4497854&msid={05F322D9-FBEC-44E2-93B5-8D0B0CB4D20A}


Al-Cu intermetallics – Xiao et al. 

p-2- 

visualization of phases within property space. Hardness and elastic modulus results were 

found to be in good agreement with more recent studies and DFT predictions, while fracture 

results suggest the single crystal forms of the intermetallics show superior toughness. This 

work demonstrates that using small-scale mechanical testing in a combinatorial manner allows 

the interrogation of intermetallics with large composition ranges in a high-throughput manner 

with high precision and efficiency. 

Keywords: intermetallics; mechanical properties; diffusion; microstructure; phase diagrams 

 

1. Introduction 

Small-scale mechanical testing has progressed significantly since the advent of 

nanoindentation, the first automated technique to assess the local mechanical properties of 

materials at the nano- to micro-scale [1-3]. Particularly, the development of micro-

compression testing by Uchic et al. [4], in conjunction with focused ion beam (FIB) specimen 

preparation, could be considered as a milestone in micro- to nano-mechanical testing. This 

subsequently enabled test geometries allowing compression, tension and bending at the sub-

micron length scale [5]. These techniques are particularly effective for ascertaining the 

properties of phases/coatings/structures on the small-scale, which cannot be manufactured at a 

scale sufficient for more conventional large scale testing [6]. The small length scale of these 

methods also enables the rapid, combinatorial interrogation of relatively small composition 

gradients, such as those found in diffusion couples and welds.  

For many industrial sectors, with the demand of increasingly complex designs in real 

applications, the welding of dissimilar materials is an indispensable technique. It does not 

only offer technical advantages, such as desired product properties, but also provides the 

benefits in terms of production economics [7]. Al—Cu joints are a good example, which are 

widely used in microelectronic packing applications, and could serve as an alternative to 

conventional aluminum-to-gold joints by virtue of the superior mechanical, electrical, and 
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thermal properties of copper [8, 9]. Such Al—Cu joints, usually made by friction stir welding, 

pressure welding, diffusion and roll bonding, flash welding and explosion welding, are 

characterized by a relatively stable joint interface and negligible volume fraction of 

intermetallics [10]. The formation of intermetallics is due to the incompatibility and the high 

diffusion affinity between Al and Cu at temperatures above 120 °C [11]. In general, 

intermetallics have good phase stability, corrosion resistance and high strength but very poor 

ductility and fracture toughness [12, 13]. For instance, the Al2Cu intermetallic compound 

particles (Theta phase) have been used as reinforcing particles in metal matrix composites [14, 

15]. Still, the structural application of Al—Cu joints has been limited due to uncertainty 

regarding the intermetallics´ mechanical behavior, since intermetallics can weaken the tensile, 

shear, and impact strengths of the joints [11]. The mechanical behavior of Al—Cu 

intermetallics has been previously evaluated (further discussed in Section 4.2) using several 

techniques: first principles calculations using density functional theory [9, 16], conventional 

microindentation [17-20], nanoindentation [21], conventional tensile and compression tests 

[17]. However, significant variation is seen between results from these studies, so significant 

uncertainty exists about the properties of individual Al—Cu intermetallics due to the 

difficulties in sample preparation and limitations of testing techniques [11]. 

To address this uncertainty, in this work, we employ four different small-scale mechanical 

testing methods to combinatorially evaluate the properties of the Al—Cu intermetallic phases. 

The first of these techniques is conventional nanoindentation. Several studies have also used 

nanoindentation of diffusion couples to directly investigate the properties of intermetallics 

phases in the Mg-Zn [22], Cu-Sn and Ni-Sn [23], and Au–Sn [24] systems. To examine the 

flow behavior of the intermetallics in the absence of the confining pressure of the indentation 

geometry, we next employ micropillar compression. This allows direct measurement of the 

uniaxial compressive failure and yield strength of the micro-scale intermetallic phases [25]. 

Lastly, to investigate the fracture behavior of the nominally brittle intermetallic phases, we 
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employ micro-pillar splitting. This allows us to more rapidly assess the fracture behavior in 

each phase than more complicated micro-geometries like micro-cantilevers, which were 

recently utilized to combinatorially investigate the composition- and crystal-structure-

dependence of the fracture toughness of NbCo2 Laves phases [26]. However, the use of FIB-

machined sample geometries restricts the total number of samples which can be reasonably 

tested to a few selected grains in each phase, which currently limits the information which can 

be acquired about plastic and fracture anisotropy in complex intermetallic phases. Therefore, 

we also employ statistical nanoindentation using a high speed nanoindentation method, 

NanoBlitz, to ensure our results are valid for more than just a few grains of material.  The 

results of these small-scale mechanical tests will then be summarized and compared with the 

existing literature. 

2. Materials and Methods 

2.1. Diffusion couple preparation 

Cubic samples of pure alumnium (Purity: 99.999%) and oxygen-free copper (Purity: 

99.99%) acquired from Alfa Aesar (Massachusetts, USA), with side lengths of ~1 cm, were 

lightly compressed at 350 °C for around 10 min in a vacuum environment using the Gleeble 

3500 dynamic testing system to weld them together with a proper bond. After cooling to room 

temperature, the Al—Cu joint was encapsulated in an argon-purged quartz tube and then 

annealed at 500 ˚C for 312 hours (13 days), followed by a water quench. It is believed that the 

influence of residual stresses, as might result from quenching, on small-scale testing are quite 

small [27].  

During the annealing, volume diffusion took place leading to solid solution and the 

formation of Kirkendall pores (Figure 1c) and intermetallic phases. The sample surface was 

prepared by conventional metallographic techniques: sectioned using an alumina cut-off 

wheel (Struers 50A 13), then polished using successively finer diamond abrasives finishing 
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with a 60 nm SiO2 particle suspension. Afterwards, the sample was naturally aged at room 

temperature for several years. Before microstructural characterization and test geometry 

fabrication, the sample surface was polished by Ar
+
 ion milling (IM4000, Hitachi, Japan) for 

30 min to remove possible surface oxidation and damage layers. The microstructure and 

composition of the Al—Cu diffusion couple were characterized using electron backscatter 

diffraction (EBSD) technique and energy-dispersive X-ray spectroscopy (EDX) (EDAX, UK) 

using a scanning electron microscope (Lyra FIB-SEM, Tescan, Brno, Czech Republic). Beam 

conditions were 200 kV and 5 nA with the sample tilted at 70°. 

2.2. Nanoindentation tests: H- E-mapping and statistical analysis 

The ex situ nanoindentation measurements were made using an iNano nanoindenter 

(Nanomechanics, Inc, Oak Ridge, USA) using a diamond Berkovich indenter. This system 

uses a continuous stiffness measurement (CSM) technique, which measures the hardness from 

the stiffness measured via a small oscillation applied continuously during loading. A 

minimum of three indentation tests were performed on each Al—Cu intermetallic phase.  

A high-speed mechanical property mapping technique, NanoBlitz, wherein each test takes 

less than 1 second - which includes positioning the testing region under the tip, surface 

approach, loading, unloading and retracting. This novel fast testing technique offers 

indentation property mapping over relatively large areas through arrays consisting of 

thousands of indentations, each assessed by the Oliver and Pharr method [28, 29]. Five large 

indentation maps (~12,000 indents in total) were conducted in different areas of the Al—Cu 

intermetallic region of the diffusion couple for statistical analysis at a maximum load of 15 

mN. On the one hand, a larger indentation density improves the resolution and accuracy of 

indentation hardness and elastic modulus maps, moreover it also supplies greater numbers of 

indentations for statistical analysis. On the other hand, indentation spacing is a critical 

parameter, which has to be taken into account in order to avoid any overlapping effect of 
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neighboring indentations. Indentations were spaced at an interval of 5 µm to ensure the 

suggested indentation depth/spacing ratio of 10 was maintained [30] . 

2.3. Micropillar fabrication 

For in situ micropillar compression tests, pillars were fabricated with a target diameter of 

~1 µm and an aspect ratio of ~3 at an accelerating voltage of 30 kV using a Ga
+
 focused ion 

beam (FIB) system (Helios 600i, Thermofischer Scientific). A two-step milling method was 

employed with milling currents of 0.79 nA for coarse milling and 24 pA for fine polishing. A 

minimum of four pillars were produced within single grains of each individual intermetallic 

phase, previously identified using EBSD mapping. For in situ splitting tests, pillars with 

diameter of ~10 µm and an aspect ratio of ~1 were FIB machined, to minimize the influence 

of FIB damage on toughness [31]. Initially, probe current of 9.7 nA was used to mill the rough 

pillar shapes and 40 pA was used for the final polishing to obtain smooth surfaces and to 

remove the possible Ga damage layer [32]. Micropillars for compression and splitting tests 

were produced from single grains for each intermetallic phase, except for in the Zeta phase 

due to smaller grains. The morphologies of the pillars were characterized using a high-

resolution SEM (Magellan, Thermofischer Scientific) before and after micro-mechanical 

testing.   

2.4. Micropillar compression and splitting tests 

Micropillar compression testing was performed using an in situ Indenter system (Alemnis 

AG, Thun, Switzerland) inside a Vega 3 (Tescan, Brno, Czech Republic) SEM [33]. A 

diamond flat punch tip with a 3 µm diameter was used. All pillars were compressed at a 

constant displacement rate of 2×10
−3 

s
−1

 to ~10% strain. The engineering stress was calculated 

using the top surface of the pillar, and the yield strength (the stress at which the pillar begins 

to deform plastically) was determined from the onset of general yielding to evaluate the 

mechanical properties.  
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All pillar indentation splitting tests were carried out using the same testing system as used 

for the micropillar compression tests. A diamond cube corner indenter was used to perform 

the splitting at a speed of 0.1 µm/s in the displacement control mode. The critical stress 

intensity for fracture,   , was determined from the relationship:  

    
  

                (3), 

where   is a dimensionless coefficient between 0 and 1 determined by finite element analysis 

from the material’s elastoplastic properties,    the critical load at failure, and   the radius of 

the pillar [34]. The ratios of the elastic modulus to the hardness (E/H) of individual phases 

obtained from our nanoindentation tests were used to calculate the correct value of   for each 

phase using the relationships Ghidelli et al. [35] determined for pillar splitting using a cube 

corner indenter.  

3. Results 

3.1. Phase analysis 

The phase diagram of the Al—Cu system has been previously studied in great detail. A 

summary of the Al—Cu intermetallic phases expected [36] in the diffusion couple after 

quenching from 500˚C is presented in Table 1 and Figure 1a. To determine the lateral spacing 

of these phases within the diffusion couple, energy-dispersive X-ray spectroscopy (EDX) 

elemental composition analysis of the intermetallic phases and the corresponding back-

scattered electron (BSE) micrograph was performed - Figure 1b and 1c respectively. All five 

low temperature phases in the Al—Cu phase diagram were identified within the interdiffusion 

zone, namely   , δ,   ,   , and θ. Small compositional gradients are still observed within each 

phase, which are larger than their ambient temperature literature values as a consequence of 

the quenching from 500 °C shown in Figure 1a. The compositional ranges observed in the 

intermetallics instead correspond to their higher temperature stoichiometry ranges on the 

phase diagram. From the BSE micrograph in Figure 1c, it is difficult to determine the phase 
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boundaries between the δ and    phases due to the lack of contrast, which was also the case in 

[20]. By combining EDX measurements and Table 1, the δ and    phases were identified for 

subsequent micromechanical testing micropillar fabrication. The order and phase widths of all 

phases are consistent with findings of Funamiza and Watanabe [37].    

Stoichiome

try 

Name Symbol Crystal Structure Composition 

Range (at.-% Cu) 

Cu Alpha     Face-Centered Cubic >80.31 

Cu9Al4 Gamma 1    A12 Cubic 59.8-70 

Cu3Al2 Delta   A7 Rhombohedral 59.3-61.9 

Cu4Al3 Zeta 2    Body-Centered 

Orthorhombic 

55.2-56.3 

CuAl Eta 2    Monoclinic 49.8-52.3 

CuAl2 Theta   Body-centered 

Tetragonal 

31.9-33.0 

Al Alpha     Face-centered Cubic 0-2.48 

Table 1: Summary of the nomenclature, structure and compositional ranges of the Al—Cu 

intermetallic phases in the diffusion couple, as suggested by Murray [36]. 
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Figure 1: Phase analysis of the Al—Cu couple: (a) Al—Cu phase diagram [36] with  

investigated intermetallic phases indicated; (b) the copper concentration profile measured by 

EDX and (c) a BSE micrograph showing a crack in the Theta phase illuminated by silver 

paint. 
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3.2. Indentation 

 

 

Figure 2: Representative load-displacement and hardness and modulus values from 

indentation tests of Theta, eta, Zeta, Delta and Gamma phases using a Berkovich indenter at a 

maximum load of 50 mN. 

After the identification of the zones for each phase by EDX, conventional nanoindentation 

testing was applied to determine the hardness and modulus of each of the Al—Cu 

intermetallic phases. Figure 2 displays the applied load, and measured hardness and modulus 

curves as a function of displacement into the surface for Theta, Eta, Zeta, Delta and Gamma 

phases, obtained from indentation data. It can be seen that the Eta and Zeta phases show the 

highest hardness and modulus values, while the Theta phase displays the lowest values. 

However, the differences between hardness values for the Eta, Zeta and Delta phases appear 

rather small, as do the modulus values of the Zeta, Delta, and Gamma phases. Moreover, it 

can be seen that H and E curves for all the phases are discerned to follow trends towards 

plateau level when the penetration depth exceeds 150 nm. Therefore, it demonstrates that 
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obtained mechanical properties of these phases are not dominated by any indentation size 

effect (ISE) for penetration depths greater than 150 nm [38]. 

  

Figure 3: Indentation map of an Al—Cu intermetallic region with an area of 300×400 µm 

(~5,000 indents): (a) BSE after indentation, (b) hardness, (c) modulus, and (d) H/E maps. 

After conventional indentation testing was performed to determine a first estimate of the 

values for each phase and to determine the appropriate load to achieve a representative depth, 

indentation mapping was performed using the NanoBlitz module to statistically evaluate the 

mechanical properties. Rather than one large single map, several maps were performed in 

different locations along the couple to avoid existing conventional indentations, and areas 

where EBSD and micromechanical testing were performed. Figure 3 shows a BSE micrograph 



Al-Cu intermetallics – Xiao et al. 

p-12- 

of one of the mapped areas after indentation and the resulting extracted hardness, modulus and 

H/E ratio maps from the ~5000 indentations performed in this area. The Theta, Eta, Zeta and 

copper phases can be easily differentiated in the BSE image (the spot contrast in Figure 3a is 

due to the indents), while Delta and Gamma are less distinct. Local drops in hardness and 

modulus can be seen to correlate to porosity at the Matano interface (porosity at the initial 

location of the surface of the Al and Cu prior to diffusion) and possibly additional subsurface 

porosity. The Young´s modulus and the hardness maps have similar appearances but with a 

slightly higher variation in modulus values as compared to the hardness values within the Eta 

and Zeta region - Figures 3b & 3c. In general, it is clear that the indentation mapping results 

are consistent with electron microscopy and exhibit values which are consistent with those 

from the conventional indentation values of each of the intermetallic phases shown in Figure 

2.  

3.3. Micro-pillar compression 

To further investigate the mechanical behavior of the intermetallic phases under uniaxial 

straining, micro-pillar compression tests were performed within single grains of the 

intermetallic phases. Characteristic stress-strain curves of Theta, Zeta, Delta and Gamma 

phases are shown in Figure 4a (Eta is not included due to the crack occurred shown in Figure 

1b). Generally, intermetallic phases are very hard and brittle at room temperature, and show 

little ductility during deformation in bulk tests. However, in this study, all brittle intermetallic 

phases demonstrate significant plasticity during micro-scale testing. This results from a well-

known size-induced brittle-to-ductile transition in brittle materials [39], which has been 

previously observed in semiconductor materials such as silicon [40, 41] and even 

quasicrystals [42].  

It is interesting to observe the serrated stress-strain curves during the deformation of Zeta 

and Theta phases. Similar serration behavior has also been seen in the deformation of  Fe7Mo6 

and Mg2Ca intermetallics [43, 44]. In the case of Eta and Theta phases, the dislocation 
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mobility is very limited due to their low symmetry crystal structures: body-centered 

orthorhombic for Zeta and body-centered tetragonal for Theta. Such structures only allow 

dislocation motion on relatively few slip systems, as observed in Figure 4b. Similar serrated 

behavior is also observed in the conventional nanoindentation load-displacement curves in 

Figure 2 as pop-ins or displacement bursts, due to the system’s load-controlled operation.  

In contrast to the large load drops observed in the stress-strain curves of Zeta and Theta 

phases, the slightly intermittent plastic flows of Delta and Gamma phases (rhombohedral and 

cubic crystalline structure, respectively) are believed to be associated more with dislocation 

avalanches, where the dislocations nucleate from a single, or very few, dislocation sources 

then pile-up at the pillar surface before escaping and annihilating – intermittently causing 

stress increases and then sharp decreases [45]. Gamma and Delta apparently have near 

metallic mobility and ductility, where the dislocation motion can easily occur and lead to 

plastic deformation. Both Delta and Gamma phases also exhibit apparent work hardening 

behavior, indicating dislocation-dislocation interactions and possible interaction from non-

parallel slip planes leading to multiple slips observed in Figure 4b. 
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Figure 4: (a) Representative stress-strain curves of Zeta, Delta, Theta and Gamma from 

micro-pillar compression tests (Variation between tests in each case was significantly less 

than the differences shown between representative curves shown.), and (b) the corresponding 

SEM images of the deformed pillars with the Miller Indices on the upper left and their 

positions in the EBSD orientation map. 

SE micrographs of the deformed pillars with the Miller Indices on the upper left and their 

corresponding positions on the EBSD orientation map are presented in Figure 4b. It has to be 
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mentioned that the Miller Indices for the grains are obtained assuming the crystal structures to 

be face-centered cubic. To understand the possible mechanisms that might cause the 

variations of the stress-strain curves, it is instructive to examine the deformation morphologies 

of the pillars. A few large slip offsets are observed in the Zeta and Theta pillars, indicating 

relatively few dislocation sources and slip systems could be activated [43]. However, a larger 

number of smaller slip traces are observed along the Delta and Gamma pillars, similar to 

previously observed slip behavior of cubic metals [4]. These slip offsets or slip lines indicate 

the activated slip systems in crystals and are found to be oriented at approximately 45° from 

the loading axis, which is believed to relate to their slip planes. For the tetragonal Theta phase, 

the operative slip systems in single crystals have been previously studied at bulk scale [12, 13, 

46]. Three independent slip systems of           ,             and             are reported 

for using molecular dynamics method [47]. The slip on the            plane in the Theta 

phase is observed to cause the decomposition within the slip plane [47], which probably 

explains the ragged edges observed on the slip lines shown in Figure 4b. 

3.4. Micro-pillar splitting 

 

Figure 5: (a) Representative load-displacement curves and (b-e) SEM images of the different 

failure morphologies observed of Delta, Gamma, Zeta and Theta phases. 

Although Al—Cu intermetallics have been studied since a long time, our knowledge about 

the fracture behavior of each phase is still quite limited due to the difficulty and cost of 

producing sufficiently large samples for conventional mechanical tests. So far, it is reported 
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that the phenomenon of the transformation of fracture mechanism is dominated by the 

interfacial structures in Al—Cu joints [48]. In this study, we implemented the indentation 

pillar splitting test, developed by Sebastiani et al. [49] to measure toughness of brittle 

materials [31, 50], to investigate the fracture behavior of the individual Al—Cu intermetallic 

phases. Due to the narrow width of Eta phase (Figure 1), which limited the pillar size for 

splitting test in the area of interest, we focused on the fracture behavior of Theta, Zeta, Delta, 

and Gamma phases. Figure 5 shows the representative load-displacement curves of Theta, 

Zeta, Delta, and Gamma phases tested at room temperature and the corresponding SE 

micrographs of the fractured pillars. Since indentation was performed under displacement 

control, load drops (shown in Figure 5a) occurred in the load-displacement curve when the 

pillars fractured, rather than the catastrophic pop-in behavior usually seen under the load 

control.  

In Figure 5, all the pillars were fractured by indentation splitting tests. A clear maximum 

load is observed according to the load drop shown in Figure 5a, which allows simple 

quantification of the critical load at failure. Zeta and Theta pillars have a lower critical load 

than that of Delta and Gamma pillars, which agrees well with the general trend of higher 

strength – lower toughness (Figure 4a). In real application, Eta, Zeta and Theta phases are also 

observed to be more sensitive to fracture than Gamma and Delta phases [11, 16, 20, 48] due to 

the difficulties in nucleating dislocations and the low initial dislocation density [11].  

Different crack morphologies were seen for several of the phases shown in Figure 5 (b-e). 

In the Delta and Gamma phases, the pillars fractured by 3-way splitting, where three cracks 

starting from each corner of the indenter nucleate during indentation and suddenly propagate 

to the edges of the pillar at the critical load. However, in the harder phases, both the Zeta and 

Theta phase pillars fractured by cleavage, ignoring the stress concentration of the indenter 

corners, suggesting a crystallographic direction of easy crack propagation and significant 

fracture anisotropy. The Gamma pillar (Figure 5e) shows a pronounced localized plastic zone 
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at the top of the pillar, while the fracture surface of Delta phase (Figure 5b) exhibits a quasi-

cleavage feature with slightly river markings. Cleavage fracture in the Theta phase has been 

previously reported using bulk three point bending tests at room temperature [51] and results 

from crack propagation initiating and extending along the (001) cleavage plane.  

4. Discussion 

4.1. Statistical indentation analysis 

 

Figure 6: (a)Hardness and (b) elastic modulus histograms for Al—Cu intermetallic phases, as 

well as copper, determined from 12,000 indents performed to maximum applied load of 15 

mN. 

 

Since the variation between conventional nanoindentation results was quite small for 

several phases (Figure 2), and micropillar testing is limited to a relatively small number of 

grains with different crystallographic orientations; statistical sampling of the intermetallic 

phases with hundreds of interrogated grains was performed using the NanoBlitz indentation 

mapping technique. The statistical method employed to assess the H and E response of each 

intermetallic phase in the Al—Cu diffusion couple was first proposed by Ulm and co-workers 

[52-55]. In this method, the investigated sample were considered to contain various (  ) 

constitutive phases, which are chemically and mechanically distinct [53-56]. In this regard, six 

different phases were considered for the investigated sample: copper, Theta, Gamma, Delta, 

Eta and Zeta. The aluminum side of the couple was excluded due to a fracture in the Theta 

phase positioning the two sides of the couple at different heights, precluding safe indentation 
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mapping over the area. The Ulm method assumes that the distribution of mechanical 

properties (  ) of each phase follows a Gaussian distribution: 

   
 

     
 
     

      
 

   
           (1), 

where    is the standard deviation and    is the arithmetic mean (H or E) for number of 

indentations exerted on different constitutive phases ( ).   values were plotted by cumulative 

distribution function (CDF), while density functions were fitted by Gaussian distributions. 

Therefore, the corresponding CDF using a sigmoidal shaped error function may be fitted by 

following equation:     

     
 

 
        

    

    
  

         (2), 

where    corresponds to the relative function occupied by each individual phases. The fitting 

process was considered to be successful when a    tolerance of less than 1×10
−15

 was 

achieved. The total volume fraction of constitutive phases was fixed at 1. 

 Figure 6 shows hardness and elastic modulus histograms for Theta, copper, Zeta, eta, Delta 

and Gamma phases generated from 12,000 indents using the CDF analysis. We were able to 

successfully extract the hardness and elastic modulus values for each phase from the peak 

analysis of the CDFs. These values are compared to values from the literature and the other 

employed micromechanical investigation techniques in the following section. 

In the employed statistical analysis, hardness and elastic modulus are considered separately. 

However, in reality, these two properties are closely interrelated for each phase and share 

similar anisotropy due to their parent crystal structure. A novel way to examine these 

properties together for phase identification and analysis is presented in Figure 7, which 

displays the values from the ~12,000 indents performed as a 2D histogram map of hardness 

vs elastic modulus, which each shaded “pixel” represents the number of indentations 

contained within the 2D bin within a range of hardness and modulus. Darker shaded bins 

correspond to a greater number of indents contained within the bin. This produces a “heat 
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map” where darker regions correspond to 2D histogram peaks. In appearance, this statistical 

indentation phase map is similar to an Ashby property map [57] and allows phases to be 

grouped by intensity. As with all statistical methods, the accuracy and clarity of this 

indentation phase map improves with the increasing sample numbers.  

 

Figure 7: Statistical indentation phase map of the Al—Cu intermetallic region: 2D histogram 

of hardness versus modulus extracted from ~12,000 indents with ellipses labeling each 

phases’ H and E values with errors as obtained from the conventional statistical analysis. 

Several interesting features emerge from a map of this type. Porosity or roughness causes 

streaks or trails of the phase peak in the direction of the origin along the slope of their H/E 

ratio, as indents into porosity represent a composite of the phase and a void. Adjacent phases 

produce streaks between their peaks, as several indentations which overlap both phases 

produce composite values of the two neighboring phases. Isotropic phases would show 

perfectly circular or elliptical distributions, whereas anisotropic phases show skewed peaks 

with a slope aligned with their H/E ratio. An example of this can be seen in the copper phase, 

where the peak is significantly more elongated on its modulus axis compared to its hardness 

axis – indicating greater elastic anisotropy compared to relatively isotropic plasticity. Some 
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phases in Figure 7, such as copper and Theta, can be clearly distinguished due to their 

significantly different properties from the other phases, while it is harder to distinguish the 

peaks for the Delta, Eta and Zeta phases due to overlapping properties. Using the results from 

the statistical analysis employed in Figure 6, the H and E values for each phase are plotted in 

Figure 7 as ellipses centered on the mean values with axis lengths scaled to the standard 

deviation of the fitted peaks. Good agreement can be seen between these elliptical labels 

assessed by the statistical analysis and the peaks seen in the 2D histogram. The relatively 

large ellipse of the Zeta phase is due to its higher standard deviations, which are due either to 

high anisotropy, insufficient number of indentations or to local porosity in the phase. 

It is not surprising that significant anisotropy can be observed in the Al—Cu intermetallics’ 

mechanical properties, which have been reported to be strongly dependent on crystallographic 

orientation [16]. This anisotropy is most pronounced in Figure 7 in the Theta and copper 

phases, as manifested by their elongated shapes and wide scattering in modulus histogram. In 

industrial applications, this anisotropy is important for Al—Cu joints, since it has an influence 

on the electronic nature of Al—Cu intermetallic compounds [9]. However, since a three-sided 

Berkovich indenter is used, and the indentation properties are extracted from multi-axial 

expanding cavities for the plastic and elastic zones; it is expected that the observed anisotropy 

is far less than the actual values [58]. Therefore, this type of mapping can currently only 

provide qualitative indicator of anisotropy, rather than quantitative values. Future work using 

alternative indenter geometries may be able to improve upon this. 
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4.2. Mechanical properties overview and literature comparison 

  

Figure 8: Mechanical properties of the Al—Cu intermetallics and copper phase in 

comparison with literature values [16-21]: (a) indentation stress (H/2.8) and the micro-pillar 

yield strength, (b) elastic modulus, and (c) critical stress intensity from micro-pillar splitting 

and from Palmqvist indentation toughness [20]. 

As several different methods were employed to characterize the mechanical properties of 

the intermetallic junction of the phase diagram, a comparison of the various methods is 

warranted. This is provided in Figure 8 along with literature values for additional comparison. 

Figure 8a-b illustrates the indentation stress, micropillar yield stress, and elastic modulus 

values from conventional and statistical nanoindentation testing in comparison with literature 
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nano- and micro-indentation values [16-21]. For comparison with uniaxial microcompression 

yield stress values, the hardness values were converted into representative indentation stress 

values by dividing them by a confinement parameter of 2.8 [59]. The yield strength, the stress 

at which the pillar begins to deform plastically, was determined from the onset of general 

yielding to account for variation in work hardening and scatter from serrated flow. It can be 

seen that our statistical nanoindentation values fall between the conventional nanoindentation 

and micropillar values, which indicates they represent the average properties over a large area. 

The indentation stress and evaluated E from both conventional and statistical nanoindentation 

from the current work match well with the recent nanoindentation values from Kouters et al. 

[20] as well as DFT calculations of E from Chen et al. [16]. Slightly higher variations in 

stresses and E values are observed from Braunovic et al. [21], who reported lower values for 

many phases. It seems that lower values for the intermetallic phases are obtained using micro-

Vickers testing reported by Bauer et al. [18] and Timsit et al. [19], possibly due to the 

influence of cracking. The scatter in the reported values for both H and E values could be 

related to testing and/or manufacturing methods, moreover anisotropy of studied samples may 

have a significant influence on measured values [9], which was mentioned in last section.  

If we compare these indentation stress values to the uniaxial yield strength values from 

micropillar compression, Figure 8a, we can see that the indentation stresses/yield strengths of 

intermetallic phases are one order of magnitude greater than that of pure copper phase, which 

indicates good agreement between the micropillar and nanoindentation tests. However, within 

the intermetallic phases, we can see some significant differences between the values from 

micropillar compression and nanoindentation. This is possibly due to anisotropy between the 

few selected grain orientations used for micropillar compression and the averaged values from 

numerous grains in statistical nanoindentation. Since microcompression allows targeting of 

individual slip systems, it is possible that weaker or stronger slip systems were inadvertently 
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targeted relative to the overall response given by indentation testing, which activates all 

possible slip systems. 

Considering the fracture behavior of the intermetallics, the calculated critical stress 

intensities,   , for Theta, Zeta, Delta and Gamma phases are plotted in Figure 8c. All these 

intermetallic phases exhibit critical stress intensity values within a similar magnitude, 1.4-

3.1 MPa√m, indicating the expected brittle behavior. However, our pillar splitting values are 

~ 4× higher than those estimated from Palmqvist measurements from indentation cracking 

[20]. While both techniques are subject to some sources of error, e.g. FIB damage or tip 

blunting effects on pillar splitting and crack shape uncertainty for indentation cracking, in 

general the primary difference between these techniques is the scale. Indentation cracking 

methods required high loads using a Vickers indenter to achieve fracture in many cases [20], 

which suggests that these values may represent more bulk fracture behavior with effects from 

grain boundaries and porosity. In this case, the micropillar splitting tests can be considered to 

be more representative of single crystalline behavior. However, the 3-sided indenter geometry 

precludes the investigation of anisotropy for most 4-fold cubic orientations. Previous results 

using micropillar splitting within a similar range of toughness have been validated against 

bulk test methods and found to be in good agreement with bulk values: ~0.7 MPa√m for 

(100) silicon in [31, 60] and 2-4.5 MPa√m [35, 50]. Therefore, the values seen for the studied 

intermetallic phases falls between the validated range for the technique. However, the two-

way cleavage fracture observed for the Theta and Zeta phases was also previously observed in 

pillar splitting of silicon at elevated temperatures [31], where it coincided with a 20-30% 

overestimation of the critical stress intensity due to excessive plasticity underneath the 

indentation. This suggests that the critical stress intensity values for these phases may be 

similarly overestimated, and highlights the limitations of applying a three-fold symmetry 

indenter to probe anisotropic fracture in intermetallics. Though, higher values of fracture 

toughness in the range of 4.5-6.2 MPa√m have been observed in bulk three-point bending of 
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Theta-based alloys due to extra toughening from the eutectic lamellar phases [51], we would 

suggest the actual, single-crystalline values of toughness may lie between our values and 

Kouters.  

5. Summary 

In this work, we successfully applied four different small-scale mechanical testing 

techniques on a diffusion couple sample to combinatorially investigate the mechanical 

behavior of Al—Cu intermetallics. These techniques included conventional and statistical 

nanoindentation as well as micro-pillar compression and splitting tests. This enabled us to 

determine the hardness, elastic modulus, yield stress, plastic flow behavior, and the critical 

stress intensity for fracture for nearly all of the intermetallic phases. Hardness and elastic 

modulus results were found to be in good agreement with more recent studies and DFT 

predictions, while fracture results suggest the single crystal forms of the intermetallic phases, 

frequently used for precipitate strengthening of aluminum alloys, show superior toughness.  A 

novel, statistical indentation phase map plot was introduced, allowing the easy visualization of 

phases within property space. The distribution shapes of different phases are particularly 

sensitive to anisotropy; isotropic phases appear as circular or elliptical distributions, whereas 

anisotropic phases display skewed distributions with a slope aligned with their H/E ratio. The 

high-throughput, small-scale testing techniques demonstrated in this work illustrate the power 

of the combinatorial approach to materials investigation and offer new opportunities for the 

rapid evaluation of the mechanical behavior of materials.  
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 Four different small-scale mechanical testing techniques are applied in this study 
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