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Preface

Characterization of properties and microstructure are important elements in deter-
mining critical processing parameters. Recent advances in characterization instru-
ments have contributed, in a significantway, to an in-depth understanding ofmaterials
properties and structure that enabled much precise process control.

The Characterization of Minerals, Metals, and Materials Symposium is spon-
sored by the Materials Characterization Committee under the Minerals, Metals
& Materials Society (TMS). The main focus of this symposium includes, but is
not limited to, advanced characterization of extraction and processing of minerals,
process-microstructure-property relation of metal alloys, ceramics, polymers, and
composites. New characterization methods, techniques, and instrumentations are
also emphasized.

The Characterization ofMinerals,Metals, andMaterials Symposia are among one
of the largest in the TMSAnnualMeetings that attract researchers in the field ofmate-
rials, minerals, mechanical engineering, chemistry, and physics. In the TMS 2021
Virtual AnnualMeeting&Exhibition, this symposium received 168 abstract submis-
sions, of which 78 submissions were accepted for oral presentation in 8 technical
sessions, and 83 were accepted as poster presentations. This proceedings volume
includes 62 peer-reviewed manuscripts from original research.

This proceedings publication is a valuable reference for academia and industry
that includes advanced characterization methods and instrumentations that cover a
wide range of research fields. Readers will enjoy the diversity of topics in this book
with novel approaches to process and characterize materials at various length scales.

v



vi Preface

The editors of this proceedings volume are very grateful to the authors for their
contribution and willingness to share their research findings. The editors would also
like to thank TMS for providing this valuable opportunity to publish this stand-alone
volume. Appreciations also extend to the Materials Characterization Committee and
Extraction andProcessingDivision (EPD) for sponsoring the symposium.The editors
also thank the publisher, Springer, for their timely publication of this book. Last but
not least, the editors would like to thank the contribution and support from the
members of the Materials Characterization Committee.

Jian Li
Lead Organizer
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Insights into the Formation of Al–Cu
Intermetallic Compounds During
the Solid–Liquid Reaction
by High-Resolution Transmission
Electron Microscopy

Jie Chen, Yongqiong Ren, and Bingge Zhao

Abstract During Al/Cu solid–liquid reaction, different intermetallic compounds
(IMCs) are expected, which can affect the mechanical and electrical properties of
Al/Cu joints. To tackle this challenge, it is then necessary to tune the interface struc-
ture, which requires an insight into the formation mechanism of IMCs. In the current
study, Al/Cu liquid–solid reaction was used to fabricate different IMCs. With the aid
of a focused ion beam (FIB) and high-resolution transmission electron microscopy
(HRTEM), the distribution of IMCs along theAl/Cu interfacewas determined.Mean-
while, the orientation relationship among different IMCs and Cuwith coherent struc-
ture was identified. This study provides a fundamental understanding of the mecha-
nism behind the Al/Cu reaction, which may guide the performance improvement of
Al/Cu dissimilar weld.

Keywords Al/Cu interface · Solid–liquid reaction · Intermetallic compounds ·
HRTEM · Crystallographic orientation

Introduction

Materials with different physical and mechanical properties can be combined with
dissimilar welding, and the advantages of each material can be fully utilized [1–3].
Al/Cu dissimilar welding has been widely used in power generation and transfer
fields [4, 5]. This approach can produce a satisfying effect in lowering cost without
much expense in transmission efficiency with respect to pure Cu. However, the phys-
ical, chemical, and mechanical properties of Al and Cu are significantly different [6,
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7], which can cause defects during dissimilar welding. Among these issues, inter-
metallic compounds (IMCs) are essential in influencing the property of Al/Cu joints.
According to the Al–Cu binary phase diagram [8], a large number of IMCs are
expected in this system. Up to now, many studies have paid attention to this area. In
work by Garg, Al2Cu, and Al4Cu9 are the dominant IMCs during the friction stir spot
welding of AA6061-T6 and Cu [9]. Nevertheless, Al2Cu, AlCu, andAl3Cu4 were the
main phases in Pierpaolo’s research, where AA2024-T3 and Cu were joined by fric-
tion stir welding [10]. Hwang, on the other hand, utilized cold rolling to join Al and
Cu,whereAl2Cu,AlCu,Al3Cu4, andAl4Cu9 were produced after annealing [11]. In a
recent work byWang, a high-temperature phase, Cu15Al, was deemed to form during
Al/Cu solid–liquid reaction [12]. These studies suggest that the formation of IMCs is
rather complex. To tune the interface and optimize the property ofAl/Cu joints, under-
standing the structural evolution duringAl/Cu reaction becomes the impending issue.

In this study, Al/Cu interface structure with different IMCs was prepared by a
solid–liquid reaction. To reveal the structural evolution during this process, a focused
ion beam (FIB) was used to machine the interface, which was then followed by
the structure characterization with high-resolution transmission electron microscopy
(HRTEM) .With these efforts, the distribution of IMCs along theAl/Cu interfacewas
determined, and the crystallographic orientation among Cu and IMCs was revealed.

Materials and Methods

Al and Cu, with the purity of 99.99%, were used in Al/Cu solid–liquid reaction.
Pure Al ingot was loaded in an Al2O3 crucible and then melted in a muffle furnace
(SXL-1200C, Shanghai Jujing) by heating it to 780 °C and holding for 5 min. A
copper rod with a diameter of 6 mm was ground by sandpaper and then washed by 4
vol.% HCl solution to remove the contaminant and oxide. After that the Cu rod was
treated by KF aqueous solution with a concentration of 4 wt% for 60 s to improve
the wettability of Al on Cu. After drying in air, Cu was dipped into Al melt for 60 s,
which was quenched by water to prepare Al/Cu solid–liquid reaction specimen.

FIB (FEI Helios Nano 600i) was then used to machine the Al/Cu interface. The
interface structure was then characterized by HRTEM (JEOL-2010F) equipped with
an energy dispersive spectrometer (EDS, Oxford).

Results and Discussion

As revealed in our previous study, IMCs can form in the area close to Cu during
the Al/Cu solid–liquid reaction. Figure 1 displays the morphology of the Al/Cu
interface. Two different IMCs are expected to form based on the image contrasts. To
demonstrate this hypothesis, the interface containing different phases was machined
by FIB, as schematically indicated by the yellow frame.
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Figure 2 is the bright-field (BF) TEM image of the specimen. Three different areas
are obviously identified. The contrast of BF image is related to the structure orien-
tation. Accordingly, the orientation relationship between these three areas should be
different.

It was reported that diffusion plays the dominant role in the Al/Cu solid–liquid
reaction, suggesting the composition discrepancy in Al/Cu interface. As a result, a
high-angle annular dark-field (HAADF) image whose contrast is associated with
atom number was employed to reveal this phenomenon. Figure 3 displays the
HAADF image of the interface as well as the EDS line scanning results. In agreement
with Fig. 2, three different layers are observed in Fig. 3a, suggesting the composition

Fig. 1 Scanning electron microscopy (SEM) image of the Al/Cu interface. (Color figure online)

Fig. 2 Bright-field image of the Al/Cu interface. (Color figure online)
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Fig. 3 HAADF image and EDS line scanning results of the specimen. (Color figure online)

difference in the specimen. As suggested by the EDS result in Fig. 3b, the area I is the
Cu matrix with minor Al. During Al/Cu solid–liquid reaction, intensive diffusion of
Al into Cu can occur. According to Al–Cu binary phase diagram [8], the maximum
solubility of Al in Cu can reach 19.7%. That means the Cu matrix can be replaced
by Cu solid solution with Al. With the distance away from Cu, the concentration of
Cu decreases while it increases for Al. Meanwhile, different IMCs can form with the
interdiffusion of Cu and Al.

As mentioned above, the formation of IMCs in Al/Cu system is significantly
varied. Although current research uncovers the composition discrepancy in Al/Cu
interface by HAADF and EDS, structure characterization is still essential to demon-
strate the phase evolution. Figure 4 is the selected area electron diffraction (SAED)
pattern (Fig. 4a) and HRTEM image with Fast Fourier Transformation (FFT) pattern
(Fig. 4b) of area I. With the help of the SAED pattern, the area I is identified as
Cu (PDF card number: 65-9743) without any IMC. Additionally, the interplanar
spacing is nearly the same as that of pure Cu. Although the solid solution of Al in Cu
is deemed to occur in this area, its determination is hindered by the error of SAED,
which can be figured out by X-ray diffraction in our on-going work.

The structure characterization result of area II is displayed in Fig. 5. In contrast
to Fig. 4a, two sets of diffraction spots with different brightness are observed: there
are two weak diffraction spots between the bright ones. This phenomenon can still
be detected with another incident axis (Fig. 5b). This seems like the occurrence
of the superlattice, which is, however, seldom reported in the Al–Cu system. In
our previous work, the kinetics of AlCu formation cannot be depicted by a single
diffusion mechanism. Together with the current result, different IMCs may form in
area II rather than the formation of the superlattice. By indexing the SAED patterns
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Fig. 4 Structure characterization of area I. a SAED pattern of area I. b HRTEM image with FFT
pattern

Fig. 5 SAED patterns of area II. Two sets of diffraction spots are detected. (Color figure online)

in Fig. 5a, the bright spots denote the AlCu phase with orthogonal structure (PDF
card number: 39-1371) while the weak spots come fromAl4Cu9 with primitive cubic
structure (PDF card number: 65-7542). Moreover, these two IMCs are completely
coherent in the microstructure. Although the Al4Cu9 IMC layer has been observed in
Al/Cu solid reaction [13, 14], its orientation relationship with AlCu is rarely reported
in solid–liquid reaction.

To further evidence this result, HRTEM image of area II is presented in Fig. 6.
Based on the HRTEM image, FFT and inverse FFT patterns are obtained. By
estimating the interplanar spacing, this area is identified as Al4Cu9.


