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Structure and properties of iron aluminide
layers fabricated by the chemical vapour deposition
on 316L steel
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The paper presents results of studies of structure and properties of the NiAl + FeAl type diffusion
layers fabricated on 316L steel (0OH17N14M2) by the chemical vapour deposition using aluminium
chloride (AICl;) in a hydrogen atmosphere as a carrier gas. The layers were examined using light and
scanning electron microscopy. Chemical composition analyses were carried out by EDS and phase con-
tent was investigated by XRD. Corrosion resistance was tested using the potentiodynamic method in 0.5
M NacCl, and layer/structure adhesion was tested by the scratch test. The results obtained indicate that the
50 um thick layers fabricated on the 316L steel substrate show very good adhesion combined with very
good corrosion resistance.
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1. Introduction

Austenitic stainless steel 3161, due to its high corrosion resistance, is frequently
used in implant materials [1-5] and for surgical instruments. There is also a constant
increase in the number of other fields of application, in the nuclear, shipping, chemi-
cal, power and food industries. Wider use of 316L steel in industry is limited by its
low operating temperature (up to ca. 400 °C), unsatisfactory resistance to abrasive
wear, and insufficient resistance to pitting corrosion (e.g., physiological fluids). To
improve these properties, various technological processes are used, e.g. introduction of
sufficient amounts of nitrogen and molybdenum, special heat-treatments [6] or surface
treatments, i.e. nitriding or oxygen nitriding [7-10]. The advantage of the surface
treatment is the ability to fully control the process used to produce layers with a spe-
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cific microstructure, phase content, and chemical composition. Fe-Al type intermetal-
lic phases are increasingly more commonly used in the automotive, aircraft, and ship-
ping industries because they have good heat resistance, are strongly resistant to abra-
sive wear, have a relatively low density compared with conventional iron and nickel
alloys, and because of their high resistance to corrosion in environments containing
sulphur or oxygen. It has been predicted [11] that Fe-Al type intermetallic phases can
replace in future austenitic steels, used in the food industry, that contain chromium
and nickel harmful to organisms. The feature that limits the application of bulk inter-
metallics is their fragility at room temperature, and hydrogen embrittlement caused by
a high affinity of aluminium to water in vapour. These properties can be improved by
the addition of alloy elements such as Mo, Si, Cr, Ta, or by grain refinement: this sig-
nificantly increases the production cost of bulk intermetallic materials [11]. The fabri-
cation of Fe-Al type intermetallics in the form of layers on austenitic steels is both
simple and economical [12, 13]. Accordingly, this paper presents the results of re-
search on the fabrication, using the chemical vapour deposition (CVD) method, of Fe-
Al type intermetallic layers on 316L steel. Aluminium chloride (AICl;) was used as
the source of aluminium, and the carrier gas was hydrogen.

2. Experimental

Samples for tests were cut out from a 4 mm thick cylindrical bar (diameter
20 mm) made of 316L steel (0OH17N14M2) having the chemical composition pre-
sented in Table 1.

Table 1. Chemical composition of the 316L steel

Element Cr Ni Mo Si Mn C Cu P S Fe

Concentration
[wt. %]

1747 | 12.7 | 2.55 | 0.8 2.0 0.03 | 0.015 | 0.045 | 0.03 | balance

Sample surfaces were polished using sandpapers (grit: 600, 800, and 1200) and
were degreased using an ultrasonic washer in ethyl alcohol. The layers were deposited
using the chemical vapour deposition (CVD) method in the IonBond device, in two
stages, of one cycle. The first stage involved deposition of aluminium from AICl; va-
pours with the addition of chromium in an hydrogen atmosphere at a temperature of
950 °C for a period of 1.5 h under the pressure of 350 hPa. The second stage entailed
baking at 950 °C for 3 h under the pressure of 350 hPa in a N, atmosphere. This was
to assure diffusion between the deposited aluminium and the steel substrate. In this
process, an FeAl diffusion layer was formed. Sections of the samples were examined
under scanning electron microscopes HITACHI 2600 and HITACHI 3500 equipped
with a microarea microanalysers EDS from Thermo Noran. Cross sections were po-
lished to a mirror-like finish using 0.05 pum silicate slurry. All samples were ultrasoni-
cally degreased in acetone and ethanol.
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The phase analyses were performed with a Bruker D8 X-ray diffractometer using
Cu K, radiation. The samples were examined in a parallel beam from a parabolic mir-
ror (Gobel Mirror Bruker) under the fixed angle @ = 10°. A corrosion resistance test
was conducted using impedance and potentiodynamic methods on an AutoLab
PGSTAT 100 device in a deoxidised 0.5 M NaCl solution at room temperature.
A deoxidised environment was obtained by running chemically pure argon through the
solution. Oxygen concentration was measured using an Elmetron CO 401 oxygen
meter. Impedance tests were performed in a three-electrode system (tested electrode
—reference electrode (saturated calomel electrode — SCE)—counter electrode (plati-
num)) within the frequency range of 10°~10 Hz at the sinusoidal signal amplitude of
20 mV. The impedance spectra for steel were analyzed using the equivalent cir-
cuits (EC). Figure 1a presents the EC for the one time constant model (R(RQ)) and
Fig. 1b shows the EC for two time constants model R(Q[R(RQ)]).

a) b)
CPE CPE

R |
L

Fig. 1. Equivalent circuits: a) R(RQ), b) R(Q[R(RQ)]); CPE — constant phase element, R;— solution
resistance, Ry — resistance of the porous layer, R, — charge transfer resistance through a double layer

The spectra were studied with the Baukamp’s EQUIVCRT software. The poten-
tiodynamic tests were performed in the same three-electrode system within the poten-
tial range from —400 mV to 500 mV in the anodic direction at the rate of 0.2 mV/s.
Surface topography tests were conducted using a VEECO scanning profilometer. The
microhardness measurements were carried out using the Vickers method and
a ZWICK (Materialpriifung 3212002) hardness meter under the load of 200 g. The
layer adhesion test was measured on a Micro-Combi-Tester device, with a variable
load in the range from 0 to 100 N.

3. Results

The CVD method used in the study, employing AlICI; as an aluminium donor in
a hydrogen carrier gas atmosphere, was good enough to produce a 50 um layer on the
316L steel substrate. These layers of a complex substructure consisting of elongated
grains exhibited geometrically perfect adhesion to the substrate (Fig. 2).
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Fig. 2. Microstructure of the layer after Fig. 3. Morphology of the surface
the process at 950 °C on the 316L steel substrate of the layer at 950°C

Figure 3 shows that the surface of the layer was relatively smooth with an average
surface roughness parameter R, not exceeding 0.5 um. Details on the data roughness is
provided in Table 2. R, is R, is the average arithmetic standard deviation of the roughness
profile, R, is the average square deviation of the roughness profile and R, is the maximum
height of the roughness profile peak.

Table 2. Roughness parameters [um] of the 316L steel
surface before and after the CVD process

Materials R, R, R,
Before treatment 0.095 0.129 4.53
After treatment 0.412 0.526 6.18

20 30 40 50 60 70 80 90 100 110 120 130 140
20 [deg]

Fig. 4. Spectrum of the X-ray diffraction pattern from the layer produced
in the CVD process at 950 °C on the 316L steel substructure
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The surface microhardness of the layers was about 430HV,,. The results of X-ray
analysis (Fig. 4), performed in the 20-150° range (28) revealed the presence of the
AlFe, AINi and Cr,N phases.

The analysis of the chemical composition focusing on microareas of the transverse
sections of the layers (Fig. 5, Table 3) showed the presence of two sub-layers. The
outer sublayer is enriched in nickel appearing together with iron and aluminium. In the
inner sublayer, the nickel content decreased while the iron content increased.

Fig. 5. SEM image of sublayer revealed on the
transverse sections of the layers fabricated
on the 316L steel in the CVD process at 950 °C

(for details, see Table 3) substrate

Table 3. Chemical composition in microareas of the transverse section
of the layer produced on 316L steel in the CVD process at 950 °C

Microarea Chemical composition [wt. %]
Fe Cr Ni Mo Al C
1 47.61 9.80 23.77 1.70 10.02 | 6.834
2 67.51 17.19 6.63 2.30 3.42 2.87
3 68.99 18.86 5.06 2.17 2.02 2.91
4 67.01 16.81 8.79 2.07 - 3.21
5 66.67 16.69 9.32 1.87 - 2.88

Al

Fig. 6. Surface distribution of
elements in the transverse section &
of the layers produced on the 316L §
steel in the CVD process at 950 °C f§
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The distribution of the elements on a transverse section of the layer is shown in
Fig. 6. It reveals that the layer was made mainly of aluminium, iron, chromium and
nickel. The increased concentration of aluminium and nickel in the outer part of the
layer indicates the formation of an intermetallic layer containing those two elements.
The inner sublayer consists most probably of an intermetallic layer made of iron, and
aluminium. However, the presence of some Cr,N in both sublayers cannot be ex-
cluded.

The polarization curves for the 316L steel substrate and samples with the layer
(FeAl) produced upon it are shown in Fig 7. Table 4 presents the characteristic elec-
trochemical parameters of the tested materials; i, is the corrosion current density,
E o — corrosion potential, and E,, — nucleated pit.
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Fig. 7. The anodic polarisation curve in 0.5 M NaCl for NiAl + FeAl type
diffusion layer and for 316L steel substrate

Table 4. Corrosion parameters describing the influence of layers fabricated
in the CVD process on the corrosion resistance in comparison with the 316L steel

i E E
Material corr com P
[nA/em?] [mV] [mVsce]
316L steel without a layer 0.08 =370 120
316L steel with a layer
of the NiAl + FeAl type 0.028 —330 ~180

As results from the data in Table 4 the layers of the NiAl + FeAl type increase the
corrosion resistance of 316L steel. It is evidenced by a reduction in the density of cor-
rosion currents with a simultaneous increase in the corrosion potentials. The durability
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of this state was significant, as proved by both the low current densities in the passive
area (ca. 0.8 pA/cm?) and the relatively high breakthrough potentials (£, = 120 mV),

with pitting corrosion observed above this potential (Fig. 8a).

020515 WD29.5mm! 155 0kV x180  250um

Fig. 8. Morphology of steel after potentiodynamic tests in deoxidised 0.5 M NaCl
of'the 316L steel substrate (a) and after the CVD process (b)

Fig. 9. Under-layer corrosion after being revealed
by the potentiodynamic test in deoxidised 0.5 M
NaCl solution in transverse sections
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Fig. 10. Impedance spectra (Body’s diagram) for the 316L substrate (a) and after the CVD process (b)

The FeAl layers had a significant influence on the 316L steel corrosion resistance.
Although the data in Table 4 indicates an improvement in the corrosion resistance, the
potentiodynamic tests showed that the durability of the passive state is very low.
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A constant increase in densities of currents in the passive area was observed with
a simultaneous reduction in the breakthrough potential. Moreover, the produced coat-
ings have a cathodic potential with respect to the substrate which caused the material
to be sensitive to underlayer corrosion (Fig. 9). The non-metallic intrusions observed
on the layer surface seem to act as local corrosion initiation spots (Fig. 8b).

Table 5. Results of impedance measurement tests
of the 316L substrate before and after the CVD process

R QCPE
[Qem?] [F/em?]
316L steel without a layer 1.47x10° 7.04x10°° | 0.88

316L steel with layer of the 6 5
NiAL+FeAl type 1.58x10 6.26x10 0.82

Material n

Analysis of the spectra shown in Fig. 10 indicates a one time constant characteris-
tic for a single electrochemical process taking place on the surface (i.e., the passage of
an electron through a double layer). High angle values (ca. 80°) in a broad frequency
range (10°~10 "Hz) confirmed the presence of the passive layer on the steel substrate.

D 9..20m 15.0kV x500  100un

(WD29,. 3mm$1'S

Fig. 11. Results of the scratch test of the resistance to abrasive wear. Details in the text
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The layer characteristics (Table 5) were close to the values obtained for permanent
passive layers. The impedance spectrum shown in Fig. 10b is different. The presence
of two peaks in the impedance spectrum means that two electrochemical processes
occurred on the surface, one of them being related to the passage of electrons through
the double layer and the other to the electrochemical processes at the heterogeneous
outer layer (zone 1 enriched with Al and Ni). According to the impedance spectrum
and Fig. 4, it might be assumed that this layer was discontinuous (porous). This is the
most likely explanation for the unsatisfactory durability of passive layers as observed
during the potentiodynamic tests. The data in Table 5 (R is the resistance, Q — capacity)
indicate that, despite the significant porosity of the outer layer, the Fe-Al coating was
characterised by a similar corrosion resistance (slightly better) in comparison with the
substrate.

Results of the adhesion tests (scratch-test) are presented in Fig. 11. The tested lay-
ers demonstrated a very good adhesion to the substrate and plasticity. The first cracks
of the layer were observed under a critical force of Lc; = 24.1 N at the distance of
2.23 mm (Fig. 11a). Spalling (non-continuous perforation) was observed under a criti-
cal force of Lc,=38.8 N at the distance of 7.63 mm (Fig. 11b). Continuous perforation
and layer removal were observed under a critical force of Lc; = 73.57 N at the distance
of 7.63 mm (Fig. 11c¢).

4. Summary

The CVD treatment with AICl; vapour and hydrogen as carrier gas at 950 °C is
satisfactory to produce ca. 50 um thick layers of the NiAl + FeAl type 316L substrate
in one-step. The layers are characterised by a very good adhesion to the substructure,
and can be deposited on surfaces having complicated geometries. The NiAl + FeAl
layer has a cathodic character in relation to the substrate. It improves the corrosion
resistance of steel 316L but makes it more sensitive to the sublayer corrosion.
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