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Abstract: In principle, the plasma nitriding of Al based substrates is a well-known process, though
it remains extremely challenging from both the technological point of view and the aspect of stress
loading conditions. In order to improve the latter, a duplex treatment consisting of plasma nitriding
and subsequent surface remelting using electron beam technology was employed. The focus of
this paper (part I) was on the characterisation of the initial microstructure after plasma nitriding.
This should create the basis for a better understanding of the processes taking place or changes
in the subsequent duplex treatment. This was done with the help of high-resolution imaging
and analysis tools in the scanning and transmission electron microscope as well as XPS analyses.
Special attention was paid to the nitriding mechanism at the interface as a function of the local
microstructural constituents of the hypereutectic Al alloy substrate (Al solid solution, primary silicon,
and intermetallic phases). While the main part of the nitride layer formed consisted of AIN and small
fractions of pure Al in the diffusion paths, other nitrides and oxides could also be detected in the area
of the interface.

Keywords: plasma nitriding; Al alloy; electron beam; remelting; interface

1. Introduction

The nitriding of steels is a well-known thermochemical process. Depending on both the
thickness and hardness of the compound and diffusion layer achieved after nitriding, the
stress behaviour under tribological, corrosive, and/or fatigue loading can thus be improved.
This has led to a wide range of industrial applications of nitrided steel components. Gas
and plasma nitriding are the main processes used for this purpose.

The nitriding of Al materials can only be carried out by means of a plasma-based
process due to the natural passive layer (aluminium oxide). Al nitriding presents a number
of challenges in terms of process technology [1-4] and material-specific properties [5],
which currently limit industrial application. Primary issues include the lack of hardness
and local cavity formation in the area near the surface as a result of the exclusively external
nitriding mechanism involved (element diffusion) [6,7]. Nitriding leads to the formation of
a compound layer, but without a diffusion layer, leading to the absence of a support for the
thin hard AIN layer, which is very unfavourable in the case of loading.

It is well known that the formation and growth of the AIN layer are material-
dependent [5,6,8]. In addition to the chemical composition, the nature and size of the
microstructural constituents are decisive in determining the material’s nitriding behaviour.
For example, previous works by the present authors have shown that conventional hy-
pereutectic Al cast alloys (>12 wt.% Si) are difficult to nitride [2,9], whereas similar alloys
produced by spray compacting processes exhibit good nitriding behaviour [10,11]. The
differences result from the process-specific rapid solidification, the features associated with
the formation of the microstructure, and, in particular, the size of the precipitates.
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The main component of the nitride layer is hexagonal AIN, which has predomi-
nantly covalent and 45%—47% ionic bonds [12,13]. The high binding energy of 2.88 eV [13]
is responsible for the material’s high melting point (2490 °C), its good thermodynamic
and chemical stability as well as its high electrical resistance (i.e., semiconducting be-
haviour) [14,15]. Oxygen is the most common impurity in AIN, leading to crystal disorder
(voids) [16] and the typical dark colouration [14,17,18]. The incorporation of 4% oxygen
almost halves the material’s thermal conductivity [16]. Cationic impurities, such as Mg,
Fe, and Si, can be incorporated into the AIN lattice, and the resulting voids also reduce
conductivity [12].

Due to oxygen leakage during plasma nitriding, the nitride layer may contain oxygen
in the form of lattice defects [19], Al,O3, and MgO (which has not been sputtered off) [20,21].
Both oxides are characterized by high melting temperatures (Al O3: 2050 °C; MgO: 2852 °C).
The hardness of MgO is only about half that of Al;O3. Both oxides are electrical insulators,
but good conductors of heat [18,22,23].

Furthermore, it is suspected that MgsN, can occur in the nitride layer [21,24]. Un-
like AIN, MgsNj is chemically unstable and decomposes at temperatures as low as
T > 800 °C. Studies by Yang et al. [25] prove that when nitrogen is injected into a Mg-
Al melt (750-800 °C), MgzN, and AIN are produced.

Mg-enrichment is detectable at the nitride layer—substrate interface [26]. It is assumed
that the diffusion of other alloying elements through the layer is possible, though difficult
to detect due to potential sputtering [2].

The current limitations in the load-bearing capacity of nitrided aluminium surfaces
due to the above-mentioned layer structure prevent a broad industrial applicability as
known for steels. In order to improve this, a novel duplex technology for plasma nitriding
and subsequent surface remelting by means of an electron beam was developed [27].
The basis for further developments of a load-related surface composite was a profound
understanding of the initial microstructure after plasma nitriding, and especially at the
interface between the AIN layer and Al substrate. In the case of the spray-compacted Al
alloy used, the main concern is that of possible differences in the layer bonding on the
different microstructural constituents, such as the Al matrix, the primary silicon precipitates,
and the intermetallic phases. This was investigated using different high-resolution imaging
and analytical methods, such as a transmission electron microscope (TEM), X-ray induced
photoelectron spectroscopy (XPS), and hardness measurements via nanoindentation in
the scanning electron microscope (SEM). These results are essential for understanding the
impacts of a duplex treatment consisting of plasma nitriding and electron beam surface
remelting on the microstructural changes (cf. [28]).

2. Materials and Methods
2.1. Material

The spray-formed hypereutectic Al alloy DISPAL S232® was used as the base material
(Table 1). Due to the typical high cooling rates of the spray-forming process, the microstruc-
ture of the hypereutectic spray-formed Al alloy consisted of oversaturated Al solid solution
(o-Al), exclusively primary precipitated silicon (Sip) and different intermetallic compounds
(IC), such as Al;CuyFe, AlgFe;Siy, Al3FeSiy, and CusZr—as determined by means of XRD
analysis (see [27]). Compared to conventional casting alloys, the high cooling rates and
thus fine precipitations during the spray compacting process also allow the addition of
exceptionally high Fe contents (>1 wt.%)(cf. Table 1).

Table 1. Chemical composition and hardness (F state) of the base material.

Element Concentration [wt.%] Hardness
Al Si Fe Mg Cu Zr Hir 20 mN [GPa]
DISPAL S$232% Bas. 16.4 5.2 04 2.6 0.5 2
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2.2. Surface Treatment Technologies and Parameters

Nitriding was carried out in a commercial DC plasma nitriding facility by ELTROPULS
Anlagenbau GmbH (Baesweiler, Germany). The samples (diameter: 40 mm, height: 10 mm)
were ground before treatment with silicon carbide abrasive paper (1200 grit size). Very
complex physical processes and chemical reactions, which are not yet understood in
detail, take place during this process. The plasma nitriding process of aluminium alloys is
very challenging in terms of temperature—time control and this has been investigated in
numerous of our own studies in the past and will not be discussed in more detail here. A
comprehensive description of the overall nitriding process, including the influence of and
relationships between parameters, is given by Dalke et al. [4].

Parameters for plasma nitriding used were selected by means of previous examinations
and are given in Table 2. The aim of these settings was to generate different nitride layer
thicknesses tapy in the range of 1.5-4.3 um.

Table 2. Parameter sets of plasma nitriding (Ty; . .. nitriding temperature; p ... pressure; tpjagma - - -
plasma-on-time; ty ¢f . - . effective nitriding time; T ... pulse-pause ratio) and important values for
characterizing the AIN layer generated (toy ... layer thickness; Ra ... mean roughness; Rz ... the
average surface roughness).

Set Nitriding Parameters Layer Characteristics
e

Tn [°C] p [Pa] tplasma [h] tN, eff [h] T tan [uml] Ra [um] Rz [um]
PN1 465 6 1.53 0.30-0.39 1.5 0.36 + 0.015 3.1 +0.19
PN2 150 5 2.30 0.25-0.33 3.0 0.28 £+ 0.07 2.6 £0.01
PN3 475 8 2.57 0.25-0.35 4.3 0.48 + 0.03 4.3 4+ 0.25

2.3. Characterization Methods

Glow discharge optical emission spectroscopy (GDOES) was used to determine the
depth-dependent element concentration profiles after nitriding. On the basis of the element
curves, initial statements could be made about the AIN layer thickness and the diffusion
processes in the area near the surface of the Al base material.

The microstructure was analyzed by means of metallographic cross sections using
light optical microscopy (LOM) and scanning electron microscopy (SEM). Furthermore, the
topography and morphology of the nitrided surfaces were evaluated by means of SEM.

X-ray induced photoelectron spectroscopy (XPS) experiments were carried out on a
PHI Quantum 2000 attached with a 15 kV X-ray gun using monochromatic Al K« radiation.
The spot size was approximately 100 pm and the pass energy 117.4 eV. Additionally, argon
ions (4 keV) were used to etch the samples. The sputter rate used was approximately
7 nm/min for a total sputtering time of 411 min (~2.9 um). The spectra were evaluated
using Multipak V. 6.2 software and the Handbook of Photoelectron Spectroscopy, Physical
Electronics Inc.

Transmission electron microscopy (JEOL JEM 2200FS) was used for spatially resolved
(AIN layer, interface, near-surface influenced base material) detailed microstructural charac-
terization. For this purpose, two strips with a thickness of 1.5 um were cut out of each of the
relevant sample areas with a diamond saw, before the strips were embedded face-to-face,
ground and finally thinned to a final thickness of approximately 100 nm using an ion
beam. The imaging for the microstructural examination was carried out using the two
TEM modes bright field (bf) and dark field (df), as indicated in each case by the caption.
Within the TEM, different tools were used for quantitative and qualitative analysis. Energy
dispersive spectroscopy (EDS) or energy dispersive X-ray spectroscopy (EDX) was first
used to determine the element concentrations of the exposed areas. It should be noted
that these tools are not suitable for the detection of light elements (without N and O). The
concentration curves shown can therefore be evaluated qualitatively, but not quantitatively.

Furthermore, electron energy loss spectroscopy (EELS) was used. Based on the spectra,
the electronic structure of the solid and its bonding character could be determined [29].
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For characterization of the nitride layer, both the low-loss range and the core-loss range
were considered.

Selected area electron diffraction (SAED) was used to determine the structure and
orientation relationships.

For instrumented hardness measurement (Fisherscope 2000), the sample surfaces were
polished up to 1 um. To procure sufficient statistics, 5 indentations were measured per
sample. The test procedure was force-controlled with a maximum load of Frax = 20 mN.
The evaluation of the recorded force-indentation depth curves from the loading and un-
loading cycle was carried out according to ISO 14577 [30] with the so-called Oliver—Pharr
method, from which the indentation hardness Hyr and the modulus of elasticity Ej were
determined. Instrumented indentation hardness Hit correlates to traditional forms of
hardness, as it is a measure of the material’s resistance to plastic deformation. The modulus
of elasticity was determined from the slope of the unloading line dF/dh [30].

The nanoindentation was performed inside a scanning electron microscope (SEM)
using a Picoindenter (PI 87, Hysitron) mounted on the SEM stage. Hardness—depth curves
were recorded in the nitride layer starting from the surface and extending up to the Al
substrate. The indentations were performed using a Berkovich indenter in displacement-
controlled mode with a maximum depth of zZynax = 60 nm. The specimen was tilted at
an angle of 70° relative to the electron beam during the measurement process. Since the
hardness values determined were load-dependent due to their elastic material behaviour
or surface effects, the measurements only exhibit a comparative character [31].

3. Results and Discussion
3.1. Characterization of the Base Material

Light microscope images (Figure 1a) show the general microstructure of the spray
compacted Al base material already described in Section 2.1.

Figure 1. Microstructure of the base material: (a) light optical micrograph overview (Al solid
solution (x-Al), primary precipitated silicon (Sip), intermetallic compounds (IC)); (b) bf-TEM image
of intermetallic phase with SAED analysis area A; (c) diffraction pattern from area A; (d) bf-TEM
image of Al matrix with precipitations IC and dislocations D.

Using TEM examinations, it could be observed that most of the intermetallic phases IC
in the Al matrix were spheroidal and <1 pm in size (Figure 1b,d). The plate-like precipitate
A (Figure 1b) was identified as 3-phase (Al3FeSiy) by SAED measurements, as it is seen by
means of the diffraction pattern shown in Figure 1c. The other phases mentioned above
(see Section 2.1) could not be detected in the TEM analysis.

Diffraction contrast shows that the face centered cubic (fcc) Al solid solution had a low
dislocation density (Figure 1d). The bonding ratios of Al and Si were analysed in the base
material by means of plasmons. It was shown that characteristic plasmons occurred in the
Al matrix at approximately 14.8 eV (vs. 15.0 eV [32]) and in Sip at approximately 17.0 eV
(vs. 16.5 eV [32]), which were used as reference values for the further investigations.
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3.2. Influence of the Process Parameters on the Results of Plasma Nitriding (PN)

The nitriding behaviour and the influence of the nitriding conditions on the layer
formation have already been investigated at a fundamental level for spray-compacted
Al-Si alloys [3,4,6,33]. Within the scope of this work, different nitride layer thicknesses
(for parameters see Table 1) were specifically set for the subsequent remelting experiments
(see [28]). The thicker the nitride layer, the more complete the surface coverage with
AIN (I. in Figure 2a—c). However, as a result of the outward diffusion of aluminium and
magnesium (from the bulk material toward surface) during the nitriding process, cavity
formation (see C in Figure 2c) occurred below the nitride layer (cf. II in Figure 2a—c).
This fact further limited the material’s already poor supporting behaviour due to the low
hardness of the Al base material.

. : : 7N= — 3 .
=10 ) : —
§ :%\ ] 3 Fe
001 I
0 2 4 6 .8 10 2 4 6 8 10 2 4 6 10 Base
Depth [pm] Depth [pm] Depth [pm] material
a) b) c)

Figure 2. Characterization of AIN layers with different thicknesses tan (effective nitriding times):
(@) tapy = 1.5 um; (b) taiy = 3 um; (c) tay = 4.3 um; (d) Al base material by means of I. surface
topography; II. cross sections (C ... cavities; Sip ... primary silicon) and III. element concentration-
depth profiles measured by GDOES (without illustration of Al content).

The chemical composition and/or microstructure of the substrate played an impor-
tant role in the diffusion-controlled nitriding process. The concentration-depth profiles
measured by means of GDOES show the strong enrichment of nitrogen, magnesium, and
oxygen in the area of the nitride layers (IIL. in Figure 2a—c) compared to the initial nominal
composition of the Al base material (IIL. in Figure 2d). While nitrogen was deliberately
added during nitriding to form AIN, the enrichment with other elements (except oxygen)
resulted from diffusion processes within the Al base material.

The oxygen enrichment resulted from unavoidable oxygen leakage despite pressure
reduction (py = 1.5 mbar), as well as from nitrogen gas impurities. While the maximum
oxygen enrichment for a depth of z > 0.5 pm (exclusion of surface effects due to roughness)
was approximately 1.4 £ 0.2 wt.% O for all three variants, the diffusion depth, starting from
the low layer thickness (tajn = 1.5 um) with zg ~ 2.5 um, increased to values of zo ~ 6 pm
for higher layer thicknesses (ta;y > 3 um). The latter was promoted by the increasing
degree of cavity formation mentioned above (cf. Figure 2c).

Within the three nitriding variants investigated, the maximum Mg content in the AIN
layer was between 6.5 and 10 wt.% Mg. This corresponded to an increase of 15-25 times
compared to the nominal Mg content (0.4 wt.% Mg) in the Al base material. From the
concentration—depth profiles, it could be estimated that the Mg content reached a minimum
at the interface between the AIN layer and the base material, and then successively increased
in the direction of the base material. The area influenced in terms of the transport of Mg
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from the base material reached a depth of z ~ 15-23 um and correlated with the Al
concentration—depth profile.

Based on the X-ray phase analysis, only AIN could be identified clearly [34]. Due
to the possibly amorphous structure or the small proportion, the existence of the phases
Al,O3, MgO, or an Al-Mg mixed oxide could neither be ruled out nor proven beyond
doubt. Indications for an aluminium oxy-nitride phase or magnesium nitride, as already
proven for wrought alloys containing Mg [35], could not be determined. More detailed
information on the structural composition of the AIN layers was obtained by XPS analysis.

Starting from the maximum content (25 at.%) at the surface, the oxygen content de-
creased successively with increasing distance from the surface or with increasing sputtering
time (Figure 3a). The nitrogen, however, exhibited exactly the opposite course. As a
result, both AIN and AlOy were detected down to a depth of z = 1.7 um (ty = 251 min)
by peak shape fitting of the Al2p-peak (Figure 3b—d). While the nitrogen profile at the
interface showed an abrupt drop, the oxygen and magnesium profiles showed a steep local
maximum (Figure 3a). The Mg2p-peak fit (not shown) proved the formation of MgO in
this area.

50 | ¢? 49
= 40
=
c 30
=]
B 251
-
3 20
2 \
g 151 /
t
o 10l
5
B 51 -/
0 T T T T
0 100 200 300 400 Sputtering time [min]
a) 6 017 114 211 2.‘8 Distance benneath the surface z [um]
4500 2500 4500
4000| / ! AN 4000/ \
= 3500| \AIN {2000} 3500¢ LA
5. 3000/ 1 | 3000
— \ [\ AlO, Al /1
2 2500| [ | 1500 j 2500
§ 2000 ‘ : | 1000/ Cu3p 2000+
£ 1500¢ AlO, ‘ 1 15001
1000 / \ 1 500! ) 1000f —~_
500/ — ] 500! Cu3p ]
0 0 0
88 84 80 76 72 68 88 84 80 76 72 68 88 84 80 76 72 68
b) c) Binding energy [eV] d)
— 800 J1500 600
L] |
s Fe3
S 600l MaO [ MgO 500 P
2 | g 1000
2 400 J 400
o I
E 200 { 500 300
| Mg ‘
64 60 56 52 48 44 64 60 56 52 48 44 64 60 56 52 48 44
e) 7 Binding energy [eV] g)

Figure 3. XPS analysis of a nitride layer with a thickness of approx. 2.2 pm (measuring area:
1 x 1 mm?Z; spot size: 100 um; Al-K, radiation): (a) element concentration-depth profiles with
indication of the 3 defined analysis depths z (dashed lines) based on the binding energies measured:
(b,e) z~ 1.7 um (AlN-layer); (c,f) z = 2.5 um (interface); (d,g) z ~ 2.9 um (substrate).

Furthermore, Cu fractions bound in CuO were also detected directly below the in-
terface by means of the Cu2p3/2p-peak fit. The elements bound in the nitride layer as
nitrides or in oxides, such as Al, Mg, and Cu, were also identified as metallic components
(see Figure 3b—d).
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3.3. High-Resolution Analysis of the Nitride Layer (t oy ~ 4.3 ym)

The TEM investigations focused initially on the area of the nitride layer in general
(Section 3.3.1), and then locally on the interface between the nitride layer and the substrate
(Section 3.3.2). The reason for this is the importance of the interface for bonding after
nitriding and, as shown in further investigations (part II), for subsequent local short-term
remelting by means of an electron beam. In order to understand the complicated processes
involved, an analysis of the initial nitrided state was essential.

3.3.1. Characterization of the Nitride Layer
(A) Depth-dependent chemical composition

Due to the relatively large diameter of the GDOES measuring spot (dm = 4 mm),
the depth-dependent values of the element concentrations corresponded to an average
value (cf. Figure 2). For more precise local assignment of the elements, qualitative EDS
measurements were carried out on TEM samples. A complete quantitative analysis was not
possible by means of EDS because the elements nitrogen and oxygen could not be analysed
reliably. For this reason, the fraction data in Figure 4c—e are given only in a normalized
manner (relative fraction).

= 80 ; N L AN || / BM | | AINT—> BM
el ™ -\ A/
= X
S ——Fe | ] IC v
1= \\
— 20 i

& [l

0 L u—M—ﬁ

0 051 354 45 5 0 01 02 03 04 05 06

Distance [pm] Distance [pm]
c) d)
e) Line IlI: = 80 I~ AIN >
\\)«\\ 3 y
& o 2 0l —a
5 | =¢
5 40 { —Fe 9
=8 WS
= 20 [
g i

0 :
0 02 04 06 08 1.0 1.2
Distance [pm]

b) e)

Figure 4. TEM investigations by means of a nitride layer with a thickness of tpy)y ~ 4.3 pm:
(a,b) overview of the cross sections (df) investigated with the positions of the EDS measuring lines,
and EDS profiles measured without nitrogen and oxygen (dotted line: interface) for: (c) EDS line I:
over the total nitride layer thickness with an intermetallic compound (IC) at the interface; (d) EDS
line II: at the interface area without intermetallic compounds; (e) EDS line III: at the interface area
with primary silicon Sip, in the base material BM.

Figure 4 shows EDS line profiles measured within the AIN layer starting from different
microstructural constituents of the substrate at the interface (cf. Figure 4a,b):

o Line I: The entire AIN layer thickness of liy, = 5.5 um (step size: 40 nm) with an
intermetallic phase at the interface (Figure 4c).

e Line II: A small area at the interface of li, = 0.6 um (step size: 20 nm) without the
intermetallic phase (Figure 4d).

e Line III: A small area at or close to the interface of iy = 1.1 pm (step size: 40 nm)
above a primary silicon precipitation (Figure 4e).



Coatings 2022, 12, 618

8 of 15

For EDS line I, the intermetallic compound at the interface consisted of copper, iron,
and aluminium (cf. IC in Figure 4c). Furthermore, EDS measurements revealed that the
majority of the nitride layer was primarily characterised by Al, smaller but notable amounts
of Mg, and traces of Si, Fe, and Cu (Figure 4c). In a small area of approximately z = 0.8 um
beneath the interface between AIN and the base material, a clear degree of Mg enrichment
with somewhat less Cu was detectable in the AIN layer (Figure 4c). The Mg maximum
was reached directly at the interface and exceeded the nominal Mg concentration in the
substrate by 1-2 orders of magnitude.

Comparative measurements at an interface without intermetallic compounds (line 1II,
Figure 4d) or above a primary Si precipitation (Sip) (line III, Figure 4e) confirmed the
Mg enrichment, but not the Cu enrichment. It was concluded from this information that
during nitriding, Cu diffusion only occurred locally and over short distances around the
Cu-containing intermetallic phases.

In the case of primary silicon precipitation at the interface (line III, Figure 4e), the Mg
enrichment was the lowest in terms of both maximum and depth. This meant that the Si
precipitates blocked or limited the long-range diffusion of Mg from the substrate.

The Cu concentration profile showed only individual peaks whose maximum corre-
sponded with those in the Al profile, possibly indicating minor precipitation. These can
also be recognised in Figure 4b by the white strips within the AIN layer. This may have
resulted from diffusion processes.

(B) Identification of the phase composition

By means of both EELS and SAED, AIN and Al were identified within the nitride layer
(Figure 5d,e). The additional Al present in the nitride layer produced strong single-crystal
reflections in the SAED analysis region (Figure 5c), which were presumably due to the
strongly diffractive dark regions of the bright-field image (Figure 5a).

Al (400
AN

Intensity
Intensity

d)012345

6 7 8 9 10 11 12 13 _,,0 5 10 15 20 25 30
d* [1/nm] e) Energy loss [eV]
Figure 5. Phase analysis in the upper part of the AIN layer: (a) TEM image (bf) with area of SAED
analysis and associated diffraction patterns of (b) AIN, and (c) Al; (d) radial intensity distribution of
the diffraction pattern from (b,c); (e) energy loss spectrum.

The AIN produced strong ring patterns in the diffraction image (Figure 5c). It was
concluded from this that the nitride layer consisted of a great number of very small
stochastically distributed AIN crystallites. Assuming that the aperture diameter was
approximately 100 nm and the sample was significantly thinner, the grain size could be
estimated to be <10 nm, which is confirmed by data in the literature [36,37].
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While Niessner [38] gives an energy loss of 21 eV for AIN, the AIN plasmon detected
by EELS was 19.8 £ 0.9 eV (Figure 5e). The shift and peak broadening could probably
be explained by the contamination of the AIN with oxygen, which changed the electron
structure of the material.

However, there were also local differences in chemical composition within the nitride
layer. An additional Al plasmon was formed by diffusion of the Al to the surface, which
was probably to be expected and to occur preferentially along the interspaces of the AIN
columns. After nitriding, unbound metallic Al remained in the AIN layer. The double
plasmon of Al and AIN (Figure 5e) occurred when both AIN grains and Al-rich grain
boundaries were captured by the primary beam in the excited volume.

3.3.2. Characterization of the Interface between Nitride Layer and Base Material

As previously shown, the chemical composition of the interface after nitriding de-
pended on the local microstructural constituents in the Al base material. The resulting
structural effects at the interface (Figure 6a) were investigated using high-resolution phase
contrast of the TEM (HRTEM) in combination with EELS and SAED measurements.

- AlN layer

Figure 6. HRTEM images focussed on the interface (dotted line) between the AIN layer and the Al
base material: (a) overview, (b) without, and (c) with diffusion-induced cavity after nitriding; higher
resolution images of interfacial areas I., IL.: (d) area I. with coherent bonding, and (e) area II. with
incoherent bonding (dotted lines: exemplary lattice planes).

The interface was not smooth, and a heavily disturbed area was visible due to the
dark shadows (Figure 6b,c). The nitride layer was predominantly coherently bonded to the
Al matrix, i.e., the lattice planes of the Al matrix continued within the layer (cf. Figure 6b,
L in Figure 6¢,d). Due to epitaxy, nucleation on fcc Al grains began in crystallographically
favourable orientations to reduce interfacial energy. On the other hand, there were also
areas with incoherent bonding at the interface (I in Figure 6¢,e).

As already shown by light-optical images, larger cavities (<10 um) can form under-
neath the nitride layer at the interface (cf. C in Figure 2c). They were generated by the
outward diffusion of Al and Mg during nitriding. As can be seen in Figure 6c¢ (I), the
transition between the cavity wall (in the cross section) and the AIN layer was also a
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Al matrix

AIN layer

a)

coherent interface, which meant that the inward diffusion of oxygen or nitrogen for the for-
mation of the cavity can be ruled out. Cavity formation in the area of other microstructural
components, such as primary Si or the intermetallic phases, was not observed.

A. Interface between Al matrix and AIN layer

A targeted EDS point analysis (see A-C in Figure 7a) in the area of the interface proved
the strong Mg enrichment already found by means of GDOES (IIL. in Figure 2) and XPS
investigations (Figure 3a). This had a size of approximately 600 nm on both sides of the
interface for the examined nitrided layer (cf. point B, C in Figure 3b). The EEL spectrum
recorded in this region (see Figure 3a) showed plasmons of Al and AIN (Figure 3c). It could
thus be concluded that this part already belonged to the nitride layer. Furthermore, metallic
Al was detected that had resulted from outward diffusion, as already described.
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Figure 7. Analysis of the interface between the AIN layer and the Al base material: (a) TEM image
(df) with measuring points of: (b) EDS analysis (point A-C); (c) low-loss area of the EEL spectrum.

While no copper nor iron were detected in the nitride layer (point C in Figure 3b), these
elements were detected together with Mg at the interface. A Cu signal from the pole shoes
of the TEM can thus be ruled out. It is therefore assumed that nitriding caused Cu to diffuse
from the Al matrix to the interface, and to accumulate there. Since the solubility of Cu in Al
is already clearly exceeded at room temperature [39], an Al,Cu phase or Mg-containing
phases (MgCu or MgCuy) were most likely formed.

In addition, weak reflections that can be assigned to MgsN, were observed at the
interface by means of fine-range diffraction, along with pronounced single-crystal reflec-
tions from Al in the region of low-indicated lattice planes d* < 4 nm~! (Figure 8a). Since
these reflections did not occur in a ring, it could be concluded that they originated from
only a single grain. However, the detection of this phase was be confirmed by a number
of measurements.

Figure 8. Diffraction patterns of: (a) Mg3Njy, and (b) MgO from analysis in the upper part of the
AlN layer.
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At another representative location, MgO was also detected by means of fine-range
diffraction, which produced pronounced single-crystal reflections in the diffraction pattern
(Figure 8b). These Mg compounds presumably formed at the beginning of the nitriding
process, with their formation favoured by the higher diffusion coefficient of Mg in Al
compared to the self-diffusion of Al in Al [40] and the high affinity of oxygen for Mg.

Other phases such as Al,O3 were not identified. However, it has to be assumed that
they were indeed present, as indicated by means of both XPS data (see Figure 3) and
references in the literature [4]. However, their local content was too low for analysis by
means of SAED.

B. Interface between primary silicon particles and the AIN layer

As already described in Section 3, the process-specific high cooling rates during spray
compacting led to the exclusive precipitation of primary silicon particles, so that the Al
solid-solution matrix was Si-free in the initial state. On the primary silicon precipitates,
the nitride layer was, in principle, well bonded, but cracks could also be found in isolated
cases. These were either due to shrinkage cracks during cooling or to preparation-related
effects. No cracks were found on other microstructural constituents. Compared to the
local interface between the Al matrix and AIN (cf. Figure 7c) described previously, the EEL
spectrum measured above the primary silicon precipitates contained only a single peak for
AIN (Figure 9b).

b) EELS e

Energy loss [eV]

d)

Figure 9. Analysis of the interface between primary silicon Sip and the AIN layer: (a) TEM image (df)
of a cross section with point of EELS measuring, (b) low-loss spectrum; (c) TEM image (bf) of a cross
section with an EDS measuring field; (d) EDS mapping for the elements Al, Mg, Si, Cu.

Using an EDS mapping process that started on a primary silicon precipitate (100% Si)
and measured into the AIN layer (cf. dotted rectangle in Figure 9a), it could be seen
that a graded Si content existed in the AIN layer in the region of the interface down to a
distance of approximately 200 nm (cf. Si in Figure 9b). Roughness effects could be ruled
out as a cause for this measurement signal, since Si reflections in the diffraction pattern
would have had to appear at the same position as in the underlying Sip crystallite. It
could be assumed that Si diffused into the nitride layer or was sputtered during nitriding
before being redeposited there, as long as no closed nitride layer had grown over the Si.
If the Si had been metallic, the concentration could have been too low to have produced
a pronounced plasmon. Presumably, however, the Si was bound as SiO; or SizsNy. To
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determine this, further SAED investigations need to be carried out on a thinner area of the
sample in order to be able to detect the phases with a low volume fraction.

3.3.3. Characterization of Layer Hardness

Hardness measurements by means of load-controlled indentation testing with a maxi-
mum load of Fpax = 20 mN resulted in an average indentation hardness of
Hit (20 mN) = 9.6 £ 0.5 GPa for the nitride layer (cross section). The indentation mod-
ulus of the nitride layer determined from this was Ejt (20 mN) ~ 110 GPa.

Furthermore, hardness—depth profiles were recorded by means of nanoindentation
using a Picoindenter in the SEM. Due to the phenomenon of surface rounding during
sample preparation, the interface between the AIN and the Al substrate was taken as a
reference point z = 0 um (Figure 10a). Hardness measurements in the AIN layer, therefore,
showed negative depth values (-z), with positive depth values (z) in the Al substrate.

Al substrate 18 1 AIN layer
164 % o

Z [um]

- A

D 0w O N A
TR T
<

Hardness [GPa]

Interface

4 4
2 1 OLC#)
0 | Al substrate

-2 -1 0 1 2 3
Distance from the center of transition z [um]

Indenter

a) b)

Figure 10. Nanoindentation hardness measurements in displacement-controlled mode with a max-
imum depth of zZmax = 60 nm: (a) SEM image with indentation tips (exemplary); (b) hardness-
depth profile.

As expected, nitriding led to the formation of a steep hardness gradient. With the base
material exhibiting a mean hardness value of 1.5 & 0.4 GPa (cf. Figure 10b), the hardness of
the nitride layer was higher by a factor of approximately 10 (14.4 £ 1.8 GPa). In principle,
the hardness measured within the nitride layer showed larger fluctuations. The low values
(approximately 10 GPa) may have come from areas with high Al contents.

In the lower part, the nitride layer was obviously slightly softer due to the high
Mg content and the associated formation of MgO or MgsNj. The interface could not be
measured with confidence due to pop-in of the indenter, which occurred because of the
cavities formed.

4. Conclusions

The subject of the investigations was high-resolution analysis of element diffusion
as a result of the nitriding process and the bonding of the nitride layer (layer thickness:
approximately 4 um) on the microstructural components of a spray-compacted Al alloy
DISPAL S232® (AlSi17Fe5Cu3Mg). The following essential findings can be summarised for
the nitrided initial state:

(1) The nitride layer consisted predominantly of AIN with small fractions of Al. This re-
sulted from the well-known mechanism of outward nitriding, in which the Al diffuses
from the substrate through the already formed nitride layer towards the surface. On
cooling, unbound Al remained present in the nitride layer and probably accumulated
in the region of the AIN crystallite boundaries. As a result of diffusion, localised
cavities occurred beneath the nitride layer where an Al matrix was predominantly
present rather than primary silicon or stable intermetallic phases.
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(2) Due to the AIN nanocrystallites (<50 nm), the proportion of grain and phase inter-
faces was very high, which led to very rapid diffusion, and thus to a relatively high
growth rate.

(3) The lower part of the nitride layer was characterised by a very high Mg concentration.
Both oxygen and nitrogen were detected there, leading to the additional formation of
MgO and Mg3N5.

(4) On the primary silicon precipitates, the nitride layer was in principle well bonded,
but cracks were also to be found in isolated cases. These were either due to shrinkage
cracks during cooling or to preparation-related effects. No cracks were found on other
microstructural constituents. Up to a distance of approximately 200 nm above the
primary silicon precipitates, an increased Si concentration was detected, which could
have indicated diffusion. The influence of roughness was ruled out due to the position
of the reflections in the SAED measurement.

(5) The nitride layer was mostly coherently bonded to the Al substrate.

(6) Cu enrichment occurred in the Al matrix during nitriding, which exceeded the Cu
solubility in the Al solid solution at room temperature. However, no Cu-containing
phases were detected. It is conceivable that Gunier—Preston zones formed that in-
creased the hardness in this area. It is also possible that Cu was influenced by the
diffusion current of Al and Mg and accumulated at the interface.

The initial state shown here is the basis for a better understanding of the processes and
changes that occur during the subsequent duplex treatment, consisting of plasma nitriding
and electron beam remelting (see part II).
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