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Abstract

The tracer diffusion of aluminium in the CuCr1Zr alloy was investigated, a material widely employed
as an electrode in resistance spot welding. As a tracer layer, an alloy of Cu - 8.8 at.% Al was used,
which was deposited by ion-beam sputtering. Isothermal diffusion annealing experiments were
carried out between 500 and 700 °C, at temperatures relevant for industrial welding conditions. Al
depth profile analysis was done by Secondary Ion Mass Spectrometry. The results revealed that
aluminium exhibits a temperature-dependent diffusion behaviour. The diffusivities can be fitted
together with literature data on Al diffusion in pure Cu obtained at higher temperatures according
to the Arrhenius law. An activation enthalpy of 2 eV is obtained. The influence of a surficial oxide
layer on the diffusion process is discussed.
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1. Introduction

The diffusion of aluminium (Al) in copper (Cu) and Cu-based alloys plays a critical role in the
processing and performance of these materials [1,2]. Aluminium bronzes [3], widely used for their
excellent mechanical strength, corrosion resistance, and thermal stability, rely on a controlled
diffusion behaviour to achieve uniform microstructures and desired phase distributions.
Understanding the diffusion kinetics is also essential for electronic applications [4], where
interdiffusion at Cu/Al interfaces can lead to the formation of brittle intermetallic compounds,
increased electrical resistance, and potential device failure. Moreover, the Al diffusion is important
for industrial applications such as resistance spot welding of technical alloys like AIMg3 [5]. The
associated formation of brittle intermetallic phases in combination with pronounced aluminium
oxide layers may result in unwanted heat generation due to high current densities during welding.
The rapid degradation of copper welding electrodes represents the main challenge when processing
aluminium materials using resistance spot welding. Consequently, a fundamental knowledge of Al
diffusion in Cu and technical Cu alloys is of importance.

The diffusion in metals has been studied for various reasons for almost two centuries [6],
underpinning phenomena such as homogenization, precipitation, aging, and deterioration [7]. While
Al tracer diffusion in pure Cu was investigated at temperatures above 700 °C, this is not the case for
lower temperatures. Also, the influence of the native duplex oxide layer (Cu20/CuO) [8] that
invariably forms at copper surfaces is less clear. In the present case, we focus on Al tracer diffusion
in a technical copper alloy containing approximately 0.5 -1.2 wt.-Cr and 0.03 - 0.3 wt.-% Zr (CuCr1Zr)
[9], which is commonly used as electrodes for resistance spot welding of alloys like AIMg3. Here,
diffusion processes at the contact area and into the Cu alloy play an important role. With an
increasing number of weld cycles, reactive diffusion processes occur at the contact area. This results
in a significant reduction of the electrical and thermal conductivity of the electrode working faces.
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This is due to the formation of alloys and intermetallic phases in the Al-Cu system with high electrical
resistances and a continuous degradation of the electrode. Consequently, reliable diffusion data at
temperatures around 600 °C, relevant for the welding process, have to be known for a
deepened understanding.

The aim of the present paper is the study of Al diffusion in the CuCrlZr alloy and the
comparison to literature data for Cu at higher temperatures. Consequently, we carried out Al tracer
diffusion experiments between 500 — 700 °C (773 — 973 K) and analysed the resulting concentration
profiles with Secondary Ion Mass Spectrometry (SIMS).

Up to now, classical tracer diffusion experiments of Al in Cu are not known. Solid-state
interdiffusion studies in the Cu-rich solid solution range of the Al-Cu system were performed above
~ 700 °C to achieve practical experimental timescales allowing the use of Energy-dispersive X-ray
Analysis (EDX) line scans [10-14]. Matsuno and Oikawa [10] measured interdiffusion coefficients of
Cu-rich fcc alloys using a Cu/Cu — 12.2 at.% Al diffusion couples between 700 — 1000 °C and extracted
Al tracer diffusivities from the results. Oikawa et al. [12] did similar experiments. Laik et al. [13]
examined solid-state diffusion in the Cu-rich solid solution using a single-phase bulk diffusion couple
(Cu versus Cu - 10 at.% Al) within the range of 750 — 950 °C. Notably, the Al diffusivities extracted
from the interdiffusion experiments reported at the same temperature (e.g., ~ 800 °C) and at the same
composition differ not much for the given studies. However, due to the Arrhenius law temperature
dependence of the diffusivities, inconsistencies may emerge when extrapolation to lower
temperatures is done. By conducting Al tracer diffusion experiments between 500 - 700 °C,
discrepancies with high-temperature literature can be revealed. Further, possible differences between
diffusion in pure Cu and the CuCr1Zr alloy can be detected.

2. Basic Considerations

The migration of aluminium atoms through a copper lattice is a thermally activated process
governed by the availability of vacant lattice sites and a concentration gradient. In face-centered cubic
(fcc) metals like copper, the substitutional vacancy mechanism is dominant for similarly sized atoms
like aluminium [15]. This process occurs when a diffusing atom moves into an adjacent, empty lattice
site, known as a vacancy. The overall diffusion rate is therefore dependent on both, the concentration
of vacancies and the frequency of atomic jumps into these vacancies. This atomic flux is
macroscopically described by Fick's first law, which states that the net movement of atoms is
proportional to the concentration gradient dc/dx [6]. To analyse how the concentration profile evolves
over time, Fick's second law is used. For a diffusion couple, where a limited source of aluminium
atoms diffuse into a much larger extended copper substrate, a semi-infinite solution to Fick's second
law can be applied to describe experimental concentration profiles and extract the diffusivity, D [6].
The strong dependence of the diffusivity on temperature (T) is quantified by the Arrhenius
relationship D = Do-exp(-DH/(kT)), where Do is the pre-exponential factor, DH is the activation
enthalpy of diffusion and k is the Boltzmann constant. The activation enthalpy represents the energy
barrier for the diffusion process, combining the enthalpy for the formation of a vacancy and for the
migration of it. This relationship is consistently used to model diffusion in Cu-Al systems, where D
is determined at various temperatures to calculate DH from an Arrhenius plot [6].

At the surface of pure copper or of a copper-rich technical alloy, a duplex oxide layer is
commonly developing in air [8]. It consists of an inner cuprous oxide (Cu20) and an outer cupric
oxide (CuO), whose composition and stability are highly dependent on thermal history. At ambient
temperatures, a native oxide primarily composed of Cu20 forms over time [16]. Thermal oxidation
promotes the growth of the bilayer, with the relative thickness of each phase controlled by
temperature and time. Oxidation at temperatures around 300 °C produce a passivating mixed layer
of Cu20 and CuO [17]. Thermodynamically, both copper oxides are susceptible to reduction at
elevated temperatures, a critical consideration for the Al-Cu interface. Given the strong affinity Al to
O, it possible to readily reduce interfacial copper oxides present during diffusion annealing, forming
a stable aluminium oxide (Al20s) layer and metallic copper at the interface. Under the assumption
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that the diffusion in each of the possible oxide layers is low [18,19], the layer might be an obstacle for
the atoms reaching the Cu layer. The overall diffusion flux across a multi-layered structure can
therefore be modelled as a series of resistances, where a single thin layer with low diffusivity can act
as the rate-limiting barrier. When a dense interfacial oxide is present, the overall diffusion of Al into
Cu might be controlled not by bulk diffusion in the metal, but by the significantly lower atomic
transport rates through the oxide barrier.

3. Experimental

Cylindrical specimens (15 mm diameter, 1 mm thickness) were cut from an extruded CuCrlZr
stock by wire erosion. The material is polycrystalline with grain sizes of 80 — 200 pm. Both faces were
ground, and one face was polished with a 1 um diamond suspension to serve as the tracer deposition
surface. After contact of the CuCrlZr sample with air a native oxide layer is expected to be formed.
The natural oxide chemistry was verified by X-ray Photoelectron Spectroscopy on Cu [20]. The
thickness of the native oxide layer is commonly assumed to be a few nanometres [21]. In addition,
samples with a thermally grown oxide layer were produced by exposing them to oxygen (O: flow of
40 ml/min) at 300 °C for 20 min. Commonly, this results in an oxide layer with at least several tens to
one hundred of nanometre [22] .

On top of the polished surface, a 100 — 200 nm Cu - 8.8 at.% Al tracer layer was deposited by
ion-beam sputter deposition (IBSD; Gatan Model 681) using a high-purity target (> 99.99%). This layer
with an Al concentration within the solid solubility range of Cu severs as a tracer layer.

The samples with the tracer layer were annealed between 500 — 700 °C for durations of 30 s up
to 5130 s. For T<600 ° C, a rapid thermal annealing system (MBE Komponenten AO 600, up to 50 K/s
ramp rate) was used. Treatments at 700 °C were done using a muffle furnace (Nabertherm LE 1/11/R6)
located in an Ar filled glove-box. All anneals were conducted in flowing argon to prevent oxidation
of the whole samples.

SIMS depth profiling (CAMECA IMS-3F) was used to measure depth-dependent elemental
distributions of Al and Cu. An O~ primary ion beam at 15 keV and ~100 — 150 nA was scanned over
an area of 250 um x 250 um. Secondary ions were collected from the central 60 pm x 60 um area to
reduce crater-edge effects. Ion signals were recorded as a function of time in a double-focused mass
spectrometer. Depth scales were established by measuring the sputter crater depth with a mechanical
profilometer (Tencor Alphastep D 500), enabling conversion from acquisition time to sputter depth.
Itis assumed that the secondary ion SIMS signal is proportional to the Al concentration. We are aware
that this assumption is only approximate, while matrix effects associated with different ionization
probability and the changing sputter yield of secondary ions may play an important role by
sputtering across multi-layer samples and interfaces. However, the absolute values of Al
concentration are not relevant for the extraction of diffusivities as will be shown below.

For an analysis of the Al SIMS depth profiles, the diffusion of a thin tracer layer of initial
thickness h on top of a semi-infinite sample was applied. Within in this model, the concentration
profile c(x, t) after time t at sputter depth x is given by [6]

c(x,t) =co+ a ; “ [erf (x ; h) +erf (h 1_2 x)] (D

where c1 is the initial surface concentration of Al and o is the bulk concentration of Al in the CuCrlZr

sample, which is very close to zero. Instead of concentration we used the normalized SIMS secondary
signal for analysis. The diffusion length R is determined from this equation as a fit parameter by
comparing as-deposited (R) and annealed sample (R). The diffusivity can be calculated using D = (R?
- Re?)/(4 t) without knowledge of the concentrations.

4. Results and Discussion

A typical SIMS depth profile of Al after deposition and after annealing is shown in Figure 1(a).
The Al rich tracer layer in the as-deposited state is clearly visible in a surface region of about 100 nm.
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After annealing, Al penetrates into the Cu alloy sample. However, this does not occur over the whole
Al concentration range but is limited to low concentrations below 1 % of the maximum concentration.
The rest of the profile is nearly unchanged. We interpret this behaviour to be the result of the oxide
layer located at the surface with a thickness of several single manometer. This metal oxide layer slows
down Al diffusion inside, limiting the transport across the surface as discussed above. However, the
Al atoms crossing the surface layer can freely migrate into the Cu alloy, what can be detected by
SIMS. For a deeper investigation we carried out an experiment where a thicker oxide layer of several
tens of nanometre was thermally grown at the surface. The result is shown in Figure 1(b). For the
same diffusion time we observe no diffusion at all, emphasizing the blocking effect of the oxide layer
due to slow diffusion. The Al atoms cannot cross the thicker barrier in the given time period.
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Figure 1. SIMS secondary Al signal normalized to the background intensity for a CuCrlZr sample after tracer
deposition and after additional annealing in Ar for (a) a sample with native oxide layer and (b) a sample with a

thermally grown oxide layer. Fitting curves according to equation (1) are shown as solid lines.

The profiles of Figure 1(a) are fitted using equation (1). The fitting curves are also shown in
Figure 1(a) as solid lines. For the annealed sample only the part of the profile where diffusion in the
Cu alloy occurs is fitted, while the initial thickness of the Al layer h is kept constant. As a result, we
obtain the diffusivities as given in the Arrhenius plot in Figure 2. The Al diffusivities increase with
growing temperature. Figure 2 also correlates our diffusivity results to literature data on Al tracer
diffusivities extracted from interdiffusion data of Cu — Al alloys above 700 °C [10,12,13]. These tracer
diffusivities correspond to pure Cu or Al-poor Cu-Al alloys as indicated in the caption of Figure 2.
When comparing literature datasets only within a limited, high-temperature range between 700 and

1000 °C, the reported diffusivities are nearly identical within a factor of only three within normal
experimental scatter.
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Figure 2. Al tracer diffusivities in CuCrl1Zr as a function of reciprocal temperature. The literature data refer to
Al diffusion in Cu according to Laik et al. 2008 (Cu) [13], Matsuno et al. 1975 (Aloo7Cuoss) [10] and Oikawa et

al. 1970 (AloowCuo9) [12]. Note that the diffusivities are calculated from interdiffusion experiments. The
interdiffusion coefficients only slightly increase with increasing Al content in the Cui~Alx solid solution range.

For further comparison we use the data of Matsuno et al. [10]. These diffusivities are also
strongly temperature dependent. The diffusivities derived in the present study, agree best with the
extrapolation of the data of Matsuno et al. A combination of these data with the tracer diffusivities
obtained in this work can be well described with the Arrhenius law

D =Doexp (- H/KT). (2)
A common fitting of both data sets gives an activation enthalpy of H = (2.0 + 0.2) eV and a pre-
exponential factor of Do= 3.9 x 10> m?/s (error: In (Do/(m?/s)) =-4.4 £1.16). Such an activation enthalpy
is typical for substitutional diffusion in Cu [23]. These findings confirm that Al diffusion in CuCrlZr
is governed by the same thermally activated vacancy mechanism as observed in pure copper. The
relatively large scatter of our data around the Arrhenius line has to be further investigated.

5. Conclusions

This study provides insight into the atomic-scale diffusion behaviour of aluminium in CuCr1Zr
alloys, which are commonly used as electrodes in resistance spot welding applications. Through
SIMS based Al tracer diffusion experiments and the use of literature data, it was established that Al
diffusion follows a clear temperature dependence consistent with the Arrhenius law between 500 and
1000 °C. An activation enthalpy of approximately 2 eV is derived. These findings confirm that Al
diffusion in CuCrlZr is governed by a thermally activated vacancy mechanism similar to those
observed in pure copper. Moreover, the observed influence of the surficial oxide layer highlights the
importance of surface conditions in controlling diffusion kinetics.
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