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While Si additions to Al are widely used to reduce the thickness of the brittle intermetallic seam formed at the
interface during joining of Al alloys to steel, the underlying mechanisms are not clarified yet. The developed ap-
proach for the site specific atom probe tomography analysis revealed Si enrichments at grain and phase bound-
aries between the θ (Fe4Al13) and η (Fe2Al5) phase, up to about ten times that of the concentration in Al. The
increase in Si concentration could play an important role for the growth kinetics of the intermetallic phases
formed for example in hot-dip aluminizing of steel.
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1. Introduction

Dissimilar joining of iron (Fe), or steel, and aluminium (Al) alloys
is of key technological relevance, as it allows combining the high
strength of the former with the superior corrosion resistance (espe-
cially at elevated temperatures), high thermal conductivity and high
reflectivity of the latter in one hybrid part [1]. Joining by thermal
processes is of special interest as it creates a close metallic bond be-
tween both materials, typically offering high strength levels, good
heat- and electrical conductivity and a large, leak-proof bonding
area with minimised stress concentrating geometries [2]. Conse-
quently, numerous joining techniques with various thermal process-
es have been developed, reflecting the wide range of applications for
dissimilar joints of these most commonly used structural materials
[3]. Brazed joints for example are found in domestic appliances
such as cooking pans or water boilers [4], whereas laser-based pro-
cedures aim at joining sheet material for transportation systems
[5]. An undesired joining is found during casting of Al, where die sol-
dering can occur as an interaction between the casting alloy and the
steel die [6]. Hot dip aluminizing (HDA), i.e. immersing steel into a
molten Al bath, is used to coat large surfaces of steel [7] and is now
increasingly used replacing zinc (Zn) coatings. Al compared to Zn of-
fers the advantage of improvedweldability and exhibits an increased
oxidation resistance at elevated temperatures [8]. The latter is
exploited in the direct hot stamping operations of high strength
steel sheets into highly mechanically loaded automotive chassis
components, where the Al-based coating minimises surface oxida-
tion and decarburization [9].

The main challenge in all these joining procedures is the
formation of inherently brittle intermetallic phases (IMP) at the
interface between Al alloys and steel as a consequence of the tem-
perature induced interdiffusion which may drastically reduce the
joint performance [10]. Additional to the θ phase (Fe4Al13)
neighbouring the Al-based coating, the θ phase (Fe2Al5) adjacent to
steel is the dominant component of the IMP seam, as it grows the
fastest following parabolic kinetics [11–15], caused by accelerated
diffusion along its [001] direction [16]. To improve the joint proper-
ties (e.g. the formability of a coated sheet), up to 12 wt.% of silicon
(Si) is commonly added to Al, as it effectively minimises the IMP
thickness via suppressing the growth of the η-phase [17–19]. The
underlying phenomena for this growth retardation, however, are
not fully clarified yet [6,17,20–25]. While for example Nicholls [20]
proposed an interaction of Si atoms with the open crystallographic
arrangement of the η phase, other hypotheses suggest a reduction
of the activation energy [22,23], the formation of a ternary chemical
compound acting as a diffusion barrier [24], or a reduced activity of
Al [6,25]. This uncertainty is partly related to the complex character-
isation of reaction zones in dissimilar joining of Al and steel, i.e.
investigating brittle hard phases formed as micro- and sub-
micrometric compounds, whose structural and especially chemical
nature are difficult to assess.
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Fig. 1. SEM investigation of the interface region between steel and solidified Al\\Si coating: (a) overview of the characteristic intermetallic phase seam (b) EBSD phasemap revealing the θ
phase layer located between the η phase and Al, (c) EDX line scan result obtained along the arrow in (a).
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2. Objective

Hence we demonstrate on the example of steel coated by HDA, how
the chemical nature of the IMP seam can be investigated at atomic res-
olution by an adapted methodology for atom probe tomography (APT)
regarding targeted sample preparation and analysis parameters. Focus-
sing on the Si distributionwithin the θ andη phases, especially at the re-
spective interfaces, we aim at contributing to a better understanding of
the role of Si in dissimilar joining of Al with steel and outline future re-
search opportunities.

3. Materials and Methods

HDA samples were prepared with a Rhesca® hot dip simulator by
immersing a 1.2 mm thick low carbon steel (0.04 wt.% C; European
grade DC06), under a reducing atmosphere (nitrogen with 5 vol.% hy-
drogen), in an Al bath containing 0.3 wt.% Si and 3 wt.% Fe (0.29 at.% Si
and 1.47 at.% Fe). This bath composition was chosen to be able to trace
the Si distribution within the IMP seam without ternary Al\\Fe\\Si
phases forming at higher Si concentrations [26], while the saturation
of the bath with Fe confines the dissolution of the steel to a minimum
[13]. Prior to dipping the steel sheet was preheated to 800 °C for 60 s.
Immersion was performed for 60 s at a bath temperature of 680 °C. Fi-
nally, the aluminized sheet was removed from the bath and cooled to
room temperature with nitrogen gas wiping.

Scanning electronmicroscopy (SEM) investigationswere performed
with a FEG SEM Quanta 450 equipped with a field emission gun, EDAX
energy dispersive X-ray spectroscopy (EDX) system and a TSL electron
backscatter diffraction (EBSD) system. The specimens for APT investiga-
tionswere prepared based on the established focused ion beam(FIB; FEI
Helios Nanolab 600i) methodology detailed elsewhere [27]. APT mea-
surements were performed using a local electrode atom probe (Imago
LEAP™ 3000X HR) operated in laser mode under ultra-high vacuum
to improve the data yield. The experimental parameters were set as fol-
lows: set point temperature of 60 K, pulse repetition rate of 250 kHz,
laser energy of 0.2 nJ and a detection rate of 0.01 atoms per pulse. Be-
sides the elements of interest (Al, Fe and Si) impurities of Ti, N and Cr
were found in concentrations below 0.01 at.% and H was present with
5 µm

Al

milling regions

(a)

θ

η

(b)

triangu

Fig. 2. FIB procedure for targeted sample preparation of the interface between η and θ phase: (a
the interface region, and (c) sketch of the preparation of the atom probe needles from the tria
a concentration of 1 at.%. The APT data was reconstructed and analyzed
within the framework of the IVAS® software. The peak decomposition
of themass spectra was based on the natural abundance of the different
isotopes, while the background is considered from the local range-
assisted background model [32].

4. Results

The cross section of a coated steel is depicted in Fig. 1a, the reaction
zone formed between the Al-based coating (top) and steel (bottom)
shows the well-knownmicrostructure found in such joining/interdiffu-
sion conditions [12,13,22,28]. According to the EBSD investigations
(Fig. 1b) the IMP seam with a total thickness of 50 μm consists mainly
of the η phase, protruding in a finger-like manner into the steel, and a
much thinner θ phase layer with a finely serrated interface towards
the Al-based coating. The interface between θ and η phase is irregular
and deviates from a planar surface about ±5 μm. The Al concentrations
in the θ and η phase according to EDX (Fig. 1c) are about 75 and 70 at.%,
respectively, in good agreement with literature data [22]. The low
amount of Si did not allow for a reliable quantification of Si in the IMP
seam via SEM EDX.

Targeted APT investigations of the interface between θ and η phase,
which is of special interest for elucidating the role of Si, were prepared
as sketched in Fig. 2. A triangular bar along the θ/η interface was cut
out from a polished cross section and placed on Si tips. Annular milling
from the top view resulted in needle-like APT specimens (thickness
~100 nm, length ~500 nm, tip radius ~30 nm) with the θ/η interface
along the longitudinal axis of the tip. Final milling with the energy re-
duced to 5 keV ensured a Ga content below 0.007 at.% in the analyzed
regions. This kind of sample manufacturing may result in the prepara-
tion of specimens that are located within single phase regions due to
the irregular geometry of the interface, which is much larger than the
thickness of an APT tip. As shown in Figs. 1 and 2, the θ/η interface is ad-
ditionally difficult to observe and target for site-specific APT tip extrac-
tion due to the weak contrast among these chemically similar phases.
The probability of targeting the interface within the APT needle can be
increased by preparing the specimenswith the θ/η interface perpendic-
ular to the APT evaporation direction. This is achievable by a rotation of
θ

η

(c)

lar bar

annular milling

) cross section viewwith indicated areas formilling, (b) obtained triangular bar containing
ngular bar by annular milling.



Table 1
Normalized compositions in at.% of the η and θ phase.

Al Fe Si

η Single
hits

Decomposed 73.46 25.71 0.83
Not
decomposed

73.32 26.30 0.38

All hits Decomposed 73.33 26.20 0.47
Not
decomposed

71.76 27.78 0.45

θ Single
hits

Decomposed 75.52 24.07 0.41
Not
decomposed

74.77 24.76 0.47

All hits Decomposed 75.92 23.73 0.35
Not
decomposed

75.90 23.81 0.29
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the extracted bar prior to annular milling; however, this preparation
generates specimens which are more susceptible to fracture when the
evaporating zone reaches the θ/η interface. This enhanced fracture can
be explained by the inherent weakness of this phase boundary [10]
which is additionally affected by an increased Ga implementation
through the more complex and longer FIB operation needed to achieve
the rotation of the bar [29].

Fig. 3 shows the colour-coded qualitative 2 dimensional concentra-
tion plots of Al, Fe and Si, obtained from a slice of 3 nm thickness
along the analysis direction of an APT reconstruction successfully
targeting the θ/η interface. The Al-enriched (and consequently de-
creased in Fe) regions at the top and the bottom of the tip correspond
to the θ phase. The η phase, with lower Al content, is located in between
these θ phases. Single phase regions appear to be chemically homoge-
neous apart from the well-known APT trajectory aberrations causing
lineswith high or lowhit density on thedetector around crystallograph-
ic poles along the tip axis [30]. Si is enriched at the phase boundaries be-
tween θ and η as well as on plate-like features within the η phase
(identified according to their chemistry as TiN). The derived composi-
tions of the single phase regions are listed in Table 1. Earlier investiga-
tions [31] showed that the APT measured compositions in Fe\\Al
intermetallics are affected by the overlapping peaks of the 27Al+ and
54Fe2+ at 27Da. A secondpeak overlap appears here at 28 Da, stemming
from 56Fe2+ and 28Si+. However, in the present measurements the re-
spective concentrations are not significantly affected (typically less
than 1 at.%) by decomposing the overlapping peaks, and considering
single or all hits, as shown in Table 1. In Fig. 4 an exemplary mass-spec-
trum of an η/η grain boundary is shown. Due to enlarged thermal tails,
the error associated with the concentration of Si is about 10%. The de-
rived compositions (all hits, decomposed) of about 73.33 Al, 26.20 Fe
and 0.47 Si for the η phase, as well as 75.92 Al, 23.73 Fe and 0.35 Si for
θ phase (all in at.%), are in good agreement with the SEM-EDX data
(Fig. 1), allowing to differentiate between both phases in the recon-
structed APT data. The Si-concentration in the η phase is with
0.47 at.% slightly higher than in the θ phase (0.35 at.%). This relative con-
centration difference is in agreement with literature data [22], and both
values are below the solubility limit of Si, which is reported to be about
1–2 at.% [33].

The three APT reconstructions shown in Fig. 5a give examples of sin-
gle phase θ and η regions (and their respective grain boundaries), as
well as from θ/η interfaces. The grey regions indicate isoconcentration
surfaces with 1.5 at.% Si. Iso-concentration surfaces are used only for vi-
sualization in this overview, as the low concentration of Si atoms and
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Fig. 3. 2 dimensional concentration plots of Al (a), Fe (b) and Si (c), obtained from a 3 nm
thick slice along the evaporation direction of a tomographic reconstruction of an APT
specimen. The difference between Al and Fe concentrations allows distinguishing
between η and θ phase regions.
the different orientations of the interfaces within the same reconstruc-
tion make it difficult to highlight these zones with using atom maps.
In addition, small titanium (Ti) rich inclusions, below 30 nm size,
were found within the η phase regions, highlighted by black
isoconcentration surfaces of 2 at.% Ti. These are likely to be Ti-nitrides,
stemming from the steel, where 0.04 at.% Ti is alloyed for capturing in-
terstitial elements such as nitrogen to eliminate bake-hardening effects
(strengthening through formation of Cottrel atmospheres at elevated
temperature) [37].

Figs. 5 b-ddisplay selected atommaps of Fe, Al and Si across different
interfaces, while the insets show the analyzed region depicting only the
Si atoms as grey dots. The concentration profiles across a θ/θ (Fig. 5b)
and an η/η (Fig. 5c) grain boundaries reveal an increase of the Si-con-
centration up to 1.5 and 3 at.%, respectively. At the interface between
the θ and η phase (Fig. 5d) a similar enrichment in Si to the η/η grain
boundary of about 3 at.% is observed. The difference in the width of
the interfaces and thebroadening of the Si-peaks can be attributed to to-
mographic artifacts such as the local magnification effect (especially
pronounced in interfaces parallel to the analysis direction [34]) and to
the curvature of the analyzed interfaces. Therefore, these enrichments
are quantified by the atomic interfacial excess (i.e. the ratio of the atom-
ic excess obtained from the plot over the analyzed interfacial area), cal-
culated in this work according to a previously reportedmethod [35,36].
An example of this calculation results is given in Fig. 6 for an η/η grain
boundary. Here an excess of about 5 at nm−2 was calculated, while
the interfacial excesses of the θ/θ and θ/η boundaries account for
about 2 and 3 at nm−2, respectively.
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Fig. 4. Exemplary mass spectrum from a region surrounding an η/η grain boundary.
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Fig. 5. Atom probe results for three different 3 dimensional reconstructions: (a) overview showing Si enrichment at interfaces and inclusions. (b-d) concentration profiles across a grain
boundary within the θ phase, a grain boundary within the η phase and the θ/η interface, respectively. The insets show the respective atom maps, highlighting only the Si atoms in the
analyzed regions of interest.
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5. Discussion

Despite the rather straightforward experimental setup required to
probe interdiffusion between steel and Al alloys and the amount of re-
search devoted to it due to its engineering relevance for dissimilar join-
ing, the role of Si in the growth retardation of IMP is still not clear [6,17,
20–25]. Our results suggest that the observed enrichment of Si at the
grain boundaries of the IMP and especially at the θ/η interface may
play an important role in the suppression of the otherwise extremely
rapid growth kinetics of the η phase [16]. While we obtained IMP
seams of similar thickness as experiments using pure Al [13,28] due to
the rather low Si-concentration in the Al bath, the already observed
Si-enriched zones (tomore than a factor 10 compared to the concentra-
tion in the Al bath based on the approximated concentration values)
may act as a diffusion barrier for Al atoms at higher Si-concentrations
in the Al bath. Following the approach presented involving APT analysis,
future experiments can be efficiently conducted, investigating the rela-
tionship between localized concentration and growth suppression as a
function of the Si content within Al, especially in the technological
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Fig. 6. Cumulative diagram exemplifying how the interfacial excess was determined for Si
at an η/η grain boundary.
relevant range between 3 and 10 wt.% Si. Special emphasis should be
laid, for higher Si contents, on the then additional formation of the ter-
nary Al\\Fe\\Si phases, as well as on the case of interdiffusion below
the liquidus temperature of the Al\\Si alloys, where Si was observed
to have the opposite effect, i.e. resulting in a growth acceleration of
the IMP seam rather than retarding it [22].
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