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ABSTRACT: The α-Al9FeMnSi and β-Al9FeMn2Si intermetallics formed by reactive sintering of Al, Si, Mn, 
Fe, Cr and Ni powders have been used in AISI 304L steels to enhance microhardness. Processing variables of 
the reactive sintering treatment were temperature (600, 650, 700, 750 and 800 °C), pressure (5, 10 y 20 MPa) and 
holding time (3600, 5400 y 7200 seconds). Experimental results show that temperature is the most important 
variable affecting the substrate/coating formation, while pressure does not appear to have a significant effect. 
The results show the optimum conditions of the reactive sintering that favor the substrate/coating formation are 
800 °C, 20 MPa and 7200 seconds. Under these conditions, the reaction zone between the substrate and coating 
is more compacted and well-adhered, with a microhardness of 1300 Vickers. The results of SEM and X-Ray 
diffraction confirmed the formation of α-Al9FeMnSi and β-Al9FeMn2Si intermetallics in the substrate/coating 
interface as well as the presence of Cr and Ni, indicating diffusion of these two elements from the substrate to 
the interface.
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RESUMEN: Formación de recubrimientos resistentes a la abrasión de compuestos intermetálicos del tipo AlSiFexMny 
sobre la aleación AISI 304L. Los intermetálicos α-Al9FeMnSi y β-Al9FeMn2Si formados por sinterización 
 reactiva de polvos Al, Si, Mn, Fe, Cr, Ni se han utilizado en aceros AISI 304L para mejorar la  microdureza. Las 
variables de procesamiento de sinterización reactiva fueron temperatura (600, 650, 700, 750, y 800 °C), presión 
(5, 10 y 20 MPa) y el tiempo de retención (3600, 5400 7200 segundos). Los resultados experimentales muestran 
que la temperatura es la variable más importante que afecta a la formación del sustrato/recubrimiento, mientras 
que la presión no parece tener un efecto significativo una influencia significativa. Los resultados muestran las 
condiciones óptimas de la sinterización reactiva que favorecen la formación del sustrato/recubrimiento a 800 °C, 
20 MPa y 7200 segundos. En estas condiciones, la zona de reacción entre el sustrato y el recubrimiento es más 
compacta y bien adherida, con microdureza de 1300 Vickers. Los resultados de MEB y DRX confirman la 
formación de intermetálicos α-Al9FeMnSi y β-Al9FeMn2Si en la interfase sustrato/ recubrimiento, así como la 
presencia de Cr y Ni, indicando la difusión de estos dos elementos del sustrato a la interfaz.

PALABRAS CLAVE: Acero inoxidable; Aluminuros; Compuestos intermetálicos; α-Al9FeMnSi; β-Al9FeMn2Si
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1. INTRODUCTION

The use of coatings on various substrates has 
been a common practice for many years to improve 
the substrate’s resistance to abrasion and/or corro-
sion, as well as to improve its surface finish and/or 
appearance. Several applications of coatings include 
their use on the surfaces of metallic parts in the hot-
test areas of gas-turbine engines (Clarke et al., 2012) 
and tubes for heat exchangers. Coatings have also 
been demonstrated to improve the high- temperature 
oxidation resistance of plain steel (Das et al., 2004; 
Mohapatra et al., 2007; Mohapatra et al., 2008). 
Moreover, it is well-known that different types of 
alloys, including zinc, transition metal carbides, 
binary intermetallic compounds, ternary- or multi-
constituted alloys, ceramics, etc., have been coated 
with various materials for improving their resistance 
to wear and corrosion.

The use of intermetallic compounds has emerged 
as an important alternative, given the high hardness 
and high thermal stability that many of these com-
pounds pose. Common intermetallic compounds 
used today are Al2Ti, Al3Ti, Al3Fe, AlNi3, FeCrAlY, 
TiC, TiN and Cr23C6 (Sikka et al., 1993; Benci et al., 
1995; Li et al., 1997; Han and Xing, 1997; Sun et al., 
2009; Dai et al., 2012; Khina and Kulak, 2013; Deng 
et  al., 2014). The aluminides generally are applied 
on steel surfaces for applications in the electric 
power industry, petrochemical industry and other 
energy conversion systems due to their low cost and 
excellent performance (Kobayashi and Yakou, 2002; 
Chang et al., 2006; Wang and Chen, 2006).

Two important aspects in the development of 
high-quality coatings for the above purposes are the 
uniformity of the protective film over the entire sur-
face area of the substrate and the adhesion between 
materials. The latter refers to achieving excellent bind-
ing of the coating to the base metal. Excellent binding 
between the base metal and the coating is essential 
because, under conditions of high friction or chemi-
cal attack by corrosive materials, any gap between 
materials could cause severe leakage during work.

Due to the desire for coatings that demonstrate 
high hardness values, high thermal stability and 
excellent adhesion to Fe-based substrates, the idea 
arose for directly synthesizing AlSiFexMny-type 
intermetallic compounds using high-purity powder 
mixtures for coating purposes. This approach was 
based on the fact that the elements on the substrates, 
including Fe, Cr and Ni as well as the intermetallic 
compounds of Si, Fe and Mn, can diffuse into the 
substrate, forming a region known as the interdif-
fusion area (Flores et al., 1999). This interdiffusion 
area contains sites in which Fe and/or Mn can be 
exchanged within the crystal structure, both within 
the substrate itself  and in the intermetallic coat-
ing, thus obtaining coatings with excellent adhesion 
to the substrate. However, as described in previous 

work (Toscano et al., 2003), the reactive sintering 
of powders occurs at temperatures greater than 
700 °C. In addition, little is known about the kinet-
ics of the phase formation involving, for example, 
α-Al9FeMnSi and β-Al9FeMn2Si, or the effects 
on the physical and mechanical properties of  the 
substrate.

In other studies by Orozco et al. (2011) charac-
terized quaternary intermetallic phases in Al-Fe-
Mn-Si alloys for automotive use in which it worked 
with proportions of Fe/Mn from 0.1 to 8.4. This 
study shows that Al-13.4Si-1.1Mn-Fe with ratio by 
weight Fe/Mn less than or equal to 4, the α-phase 
presents cubic crystal structure, while in alloys with 
Fe/Mn equal or greater than 5.3, the α-phase has 
a hexagonal crystal structure. Therefore, the critical 
relation Fe/Mn for the transition of crystal structure 
of  cubic to hexagonal transition is it lies between 
4 and 5.3 for alloys studied.

Therefore, this study evaluates the influence of 
the temperature, applied pressure, and sintering time 
over the thickness, chemical composition and hard-
ness of the coating interface/substrate. In this study, 
AISI 304L stainless steel was used as the substrate, 
and the pressures employed ranged up to 20 MPa at 
temperatures from 600 to 800 °C at holding times of 
3600, 5400 and 7200 seconds.

2. EXPERIMENTAL METHODS AND
MATERIALS

To prepare the substrates, 304L stainless steel 
was first cut into 5 mm thick, 1.5 cm×1.5 cm square 
plates. The surface of  the plates was then activated 
mechanically by blasting with 0.3 mm diameter sil-
ica sand. Subsequently, 5 g of  an elemental powder 
mixture of  Al, Si, Fe, and Mn was compacted on 
the activated surface of  the substrate using a maxi-
mum pressure of  up to 5 MPa, producing a powder 
layer approximately 50 μm thick. The stoichiomet-
ric ratio of  the powder mixture matched that of 
the α-Al9FeMnSi intermetallic phase. The plates 
were then placed in an oven for high- temperature 
 heating using radiation lamps. Each plate was fixed 
to a universal testing machine that was being used 
in the  compression mode. Compression was per-
formed using two bars of  the molybdenum TZM 
alloy. Argon, supplied at a flow of  0.13 l s−1, was 
used to create a protective atmosphere. K type ther-
mocouples were placed on the substrates in con-
tact with the powder mixture to detect the thermal 
events that occur during the coating formation via 
reactive sintering. The system was connected to a 
data acquisition system and a computer for pro-
ducing real-time plots of  temperature against time. 
The pressures employed were 5, 10 and 20 MPa, at 
temperatures of  600, 650, 700, 750 and 800 °C, with 
holding times of  3600, 5400 and 7200 seconds at 
the treatment temperature.
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Upon the completion of each experiment, the types 
of compounds formed, the metallurgical characteris-
tics of the coating, the nature of the interface coat-
ing/substrate, and the Vickers microhardness values 
(from the intermetallic compound to a few microns 
into the substrate) were immediately determined. For 
the characterization of coatings, the samples were cut 
transversely in half and one side was prepared metal-
lographically. The coating microstructural features 
were revealed by placing the samples in 0.5% HF for 
2 seconds. The elemental concentration profiles were 
quantitatively determined using X-ray energy disper-
sive spectrometry (EDS) in a SEM. Microhardness 
testing was performed in a Vickers hardness tester, 
using loads of 50 g, as it will be  discussed later.

To obtain the stoichiometry of  the quaternary 
intermetallic compounds formed at the side of  the 
coatings made using reactive sintering, the x-ray 
diffraction patterns of  the previously determined 
α-Al9FeMnSi and β-Al9FeMn2Si intermetallic phases 
were used (Toscano, 2002) for comparison purposes.

The data in Table 1 show the metallurgical char-
acteristics of the substrates used for the produc-
tion of coatings including their average grain size, 
initial hardness and chemical composition in wt.%, 
wherein the internal reference was the Fe content.

3. RESULTS AND DISCUSSION

In this section the most important results ob -
tained will presented and discussed. In this sense, 
the photomicrographs in Fig. 1 show the typical 
microstructures obtained from the coatings formed 
at different temperatures using an applied pressure 
of 20 MPa for 7200 seconds on 304L stainless steel.

It is clear from Fig. 1a that the reaction zones 
formed during the sintering of  the powder mixture 

and also the substrate surface is irregular at the 
interface, indicating that some type of  chemical 
interaction occurred between the particles of  the 
pure elements and the substrate surface. Figure 1b 
shows that the coating/substrate interface is still 
irregular at 700  °C, exhibiting a large amount of 
inclusions. Because EDS microanalysis revealed that 
these inclusions were mainly rich in Al, Si and O2, 
it can be inferred that these inclusions included 
Al2O3 and SiO2. The source of  the SiO2 particles 
was attributed to the silica sand used in the blasting 
operation for the surface activation of the substrate. 
The Al2O3 particles may have been formed by the 
chemical reduction of Fe, Mn, or Si oxides present 
in the powder mixture by aluminum. Inclusions may 
also have previously existed on the surface of the 
steel sheet; these particles were then trapped due to 
the speed at which the interface was formed. Finally, 
Fig. 1c shows the microstructure of a stainless steel 
sample processed at 800 °C, showing that the inter-
metallic coating had been fully developed. However, 
porosity zones are also apparent in Fig. 1c, which 
were possibly formed by the presence of a molten 
phase that occurred during the processing of the 
samples. The coating/substrate interface is continu-
ous along the contact surface and is wider compared 
to the interfaces obtained at lower temperatures.

In the manufacturing of coatings “in situ”, the 
formation of  a molten AlSi solution occurs during 
heating. This molten aluminum-rich phase reacts 
with particles of Fe and Mn in the powder mixture 
to form intermediate intermetallic compounds that 
progressively form a coating over the base metal. 
However, this molten phase could also chemically 
reduce the oxide films on the substrate. Subsequently, 
the growth of the alloy layer and quaternary inter-
metallic formation in the coating is a function of 

FIGURE 1. Effect of temperature on the formation of surface coating produced on 304L stainless 
steel by applying a load for over 7200 seconds at 20 MPa: a) 600 °C, b) 700 °C and c) 800 °C.

TABLE 1. Metallurgical characteristics of the substrate material

Substrate
Grain 

size (μm)
Grain 

morphology
HV 

(50 g)

wt.%

Cr Ni Mo Mn Co Si C

AISI 304L 15 Equiaxed 289 18.49 8.14 0.06 1.54 0.01 0.42 0.03
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temperature and processing time. The thickness of 
the alloy layer depends on the reduction rate of the 
surface oxide films and on the diffusion speed of the 
species at the coating layer.

3.1. Infl uence of pressure and temperature on the 
interface thickness

The effects of temperature and pressure applied 
during the reactive sintering of the coating on the 
interface thickness of the stainless steel substrates 
are presented in Fig. 2. The effect of the applied 
pressure on the thickness of the alloy layer is much 
less important than the effect of temperature on the 
substrate. Generally, as the temperature and applied 
pressure increased the thickness of the alloy layer 
increased as well. This is a consequence of the diffu-
sive nature of the coating formation process, which 
is favored positively by an increase in temperature 
and slightly by an increase in the applied pressure. 
The growth of the interface on the stainless steel 
alloy exhibits a linear behavior as the temperature 
increases.

3.2. Scanning electron microscopy in the coatings

The variation in the chemical composition across 
a slice of  the obtained coatings was investigated 
by EDS microanalysis along a line perpendicular 
to the interface coating/substrate. The line length 
was approximately 90 μm and included the coating 
layer, the alloy layer and the substrate. Analysis was 
performed to determine the penetration distance of 
the elements Al, Si, Fe, Mn, Cr, Mo, and Ni into 

the substrate. Figure 3 shows a SEM micrograph of 
the microstructure taken with backscattered elec-
trons corresponding to the region where the inter-
metallic phases co-exists. As it can be seen, there 
are regions with different average atomic number. 
Microanalysis by EDS inside these regions showed 
slight variations in chemical composition. The dark 
grey phase, marked with the number 1 in Fig. 3 con-
tains 59.27 wt.% Al, 14.25 wt.% Fe, 15.15 wt.% Mn 
and 11.33 wt.% Si. Meanwhile, the grey phase, iden-
tified with the number 2 in the same micrograph, 
contains 52.26 wt.% Al, 18.40 wt.% Fe, 20.24 wt.% 
Mn and 9.10 wt.% Si.

According to these results, the phase 1 has the 
 stoichiometric composition Al8.63FeMn1.08Si1.58, close 
to the chemical composition of the intermetallic 
phase α-Al9FeMnSi, while the phase 2 has the aver-
age stoichiometric composition Al7.45Fe0.5Mn1.4Si1.2, 
corresponding to the formula of the β-Al9FeMn2Si 
intermetallic.

Figure 4 shows the microanalysis results of  a 
coated stainless steel sample at 600 °C using a pres-
sure of 20 MPa for 7200 seconds; the penetration 
distances of each element are shown. Under these 
conditions, no diffusion of  any of  the elements at 
the side of  the substrate was observed: the com-
position corresponds solely to that of  the stain-
less steel. Likewise, there is an interface at which 
all elements are present in both the substrate and 
the coating. Simultaneously, large variations in the 
chemical composition are observed, mainly for Al, 
Si, Fe and Mn. These variations are due to the fact 
that the quaternary intermetallic compound formed 
under these conditions is not fully  consolidated, and 
 unreacted zones still exist.

Figure 5 shows the concentration profile of 
a stainless steel sample processed at 800  °C for 
7200 seconds at 20 MPa of applied pressure. In addi-
tion, this figure shows the presence of all elements 
in the interface and an even greater penetration of 
Al and Si into the substrate. On the coating side, 
the average composition corresponds to the com-
pounds α-Al9FeMnSi and β-Al9FeMn2Si; however, 
there are also small amounts of Cr and Ni close to 
the  interface regions.

The electron probe mapping of Fig. 6 shows the 
enrichment of each of the elements according to each 
area by colors. The Al is observed only in the area of 
the interface and the coating, while Cr is observed 
around the substrate, where is concentrated in the 
area of the interface. The whole area corresponding 
to the general microstructure is enriched in Fe for 
more zones of reaction, including the interface and 
the substrate. Mn also enriches the entire area of 
the coating and some areas where there are Fe-rich 
 particles. In turn, Mo and Ni concentrate in the 
area of the interface and the substrate. Nevertheless 
is observed that molybdenum has spreaded though 
the coating and the intermetallic phases.
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FIGURE 2. Thickness of the coatings obtained as a 
function of temperature at the pressures indicated 

after a reaction time of 7200 seconds.
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FIGURE 3. Detail of the microstructure of a processed specimen at 800 °C for 7200 seconds by applying a pressure of 20 MPa: 
1) 59.27% Al, 14.25% Fe, 15.15% Mn and 11.33% Si; 2) 52.26% Al, 18.40% Fe, 20.24% Mn and 9.10% Si.

FIGURE 4. Elemental concentration profiles of a coating on 
304L stainless steel processed using 600 °C using a 

pressure of a 20 MPa for 7200 seconds.

FIGURE 5. Concentration profiles of a coating developed on 
304L stainless steel at 800 °C using a pressure 

of 20 MPa for 7200 seconds.
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Finally, Si is concentrated inside the interface of 
reaction but in homogeneous concentration around 
the intermetallic phases.

Several crystallography studies of  iron-rich 
intermetallics (especially β-phase intermetallics) in 
Al-alloys have been undertaken since 1981, but it 
is important to note that commercial Al-Si alloys 
invariably contain significant amounts of Fe and Mn 
as well as other elements that affect the  stability of 
quaternary intermetallic phases (Kral et al., 2004).

From these results, it can be established that Al, 
Si, Fe, Mn, Cr and Ni form a small region of conti-
nuity at the coating/substrate interface. This differs 
slightly from the original proposal, as it was believed 
that only chromium played an important role in the 
formation of the interface. Figure 7 shows the dif-
fraction pattern obtained from a coating on stainless 
steel processed using 800 °C and a load of 20 MPa 
for 7200 seconds. The peaks in Fig. 7 correspond 
to the chemical composition of  the α-Al9FeMnSi 
and β-Al9FeMn2Si phases: cubic and hexagonal, 
respectively.

The above results establish that the formation 
of  coatings by reaction sintering from elemental 
powders generate various profiles on the stainless 
304L steel substrate. Clearly, this behavior is con-
trolled by the physical-chemical characteristics of 
the base metal surface.

It is important to note that the coatings obtained 
at 800  °C consist of  two quaternary phases with 
different crystal structures, as stated previously. 
The SEM images show no structural defects in 
the coating; thus, the two phases are well coupled 
and no cracks were generated during the coating 
process.

3.3. Microhardness

Before presenting the corresponding results to 
this section, it is important to state that the applied 
load during microhardness testing is of paramount 
importance in choosing that to clearly define the 
microhardness value attained, specifically for such a 
hard and brittle phases as intermetallic compounds 
(Borrero-López and Hoffman, 2014). In this sense, 
Fig. 8 is a composition of photomicrographs and 
microhardness values of a coating processed at 
800 °C, using a pressure of 20 MPa after a reaction 
time of 7200 seconds. The values were taken at the 
intermetallic layer hand side. As it can be seen, after 
applied loads above 20 MPa, the intermetallic phase 
begins to show striations clearly seen at the bor-
ders of each indentation. As of these results, it was 
decided to perform microhardness measurements 
using a load of 50 g. Next, Fig. 9 shows the effect 
of temperature on the microhardness of coatings on 

FIGURE 6. General microstructure and elemental maps of a processed specimen 
at 800 °C, with an application of pressure of 20 MPa for 7200 seconds.
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304L stainless steel after 7200 seconds of process-
ing at the indicated pressures. As noted, the coating 
exhibits low microhardness values, on the order of 
1000 kg mm−2, at temperatures below 700 °C. These 
low values are because the coating does not com-
pletely form under these conditions, and there are 
several phases in this microstructure lowering the 
hardness values. As shown previously, the increase 
in temperature during the formation of the coating 
causes an increase in hardness of the coating and 
the coating/substrate interface, achieving hardness 
values of  1065 and 1300 kg mm−2, respectively. The 
effect of  the applied pressure is also shown; how-
ever, as previously discussed, its effect is less than 
that of temperature.

In addition, Fig. 9 demonstrates that the hard-
ness of the substrate is not influenced by the pressure 
nor by the processing temperature, which exhibits a 
value of 290 kg mm−2. This value is similar to the 
value determined for the substrate before applying 
the coating (289 kg mm−2). This result indicates that 
the substrate does not change its microstructure 
during the reactive sintering process.

According to the results obtained during this 
stage of the work, it is noted that the best coatings 

FIGURE 7. Diffraction pattern obtained from a coating on 304L stainless steel 
at 800 °C under an applied pressure of 20 MPa for 7200 seconds.

FIGURE 8. Microhardness values as a function of applied load 
on the intermetallic layer side of  a coating formed at 800 °C, 
using a pressure of 20 MPa after a reaction time of 200 seconds.

FIGURE 9. Microhardness values of coatings on 304L 
stainless steel as a function of temperature for the 
indicated pressure and 7200 seconds of reaction.
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were obtained at 20 MPa of applied pressure for 
7200 seconds while holding at 800 °C. The interface 
generated in these cases was continuously inter-
locked with the base material, achieving high hard-
ness values due to the incorporation of Cr and/or Ni 
into the structure.

3.4. Kinetic study

Figure 10 shows a fragment of  the recorded 
curve in a coating processed at 800  °C on a 304L 
stainless steel substrate using an applied pressure of 
5 MPa for 3600 seconds. As shown in Fig. 10, the 
temperature of  the sample initially increases linearly 
with time until it reaches approximately 580  °C. 
At 580  °C, the slope decreases but the tempera-
ture continues to rise at a slower rate until 610 °C 
is reached. In this temperature range, the heating 
rate registered was 0.25 °C s−1, which is less than the 
predetermined heating rate in the furnace control-
ler (0.8 °C s−1). This observation indicates that the 
sample absorbs heat from the surroundings, which 
can be associated with the melting of  a solid Al-Si 
solution formed by solid state diffusion during the 
heating of  the powder mixture. Therefore, it can be 
concluded that this process also occurs during the 
formation of the coatings. Figure 10 also shows that 
after 610 °C, the slope of  the curve increases sud-
denly to a value of  4.3 °C s−1, indicating the release 
of  heat in the system. This event can be attributed 
to the chemical reaction between the molten Al-Si 
phase with Fe and/or Mn to form intermediate ter-
nary phases, which was observed in a previous study 
(Whittenberger, 1990). The y axis at the right hand 
side of  the curve corresponds to the first derivative 
dT/dt. The first derivative shows that at the onset 
of the coating formation, the temperature reaches 

as high as 880  °C. This observation provides an 
idea of  how much heat is released during the reac-
tive sintering processing of  the coatings onto the 
 stainless steel surface.

Once the temperature reached 800 °C at constant 
pressure, it was no longer possible to detect signifi-
cant changes in the system temperature. Figure 11 
shows the complete set of experimental measure-
ments about the total amount, in % in area, of the 
α-Al9FeMnSi and β-Al9FeMn2Si intermetallic com-
pounds formed as a function of holding time, at the 
constant pressure of 20 MPa.

Nevertheless, the formation and growth of  the 
intermetallic-substrate interface can be explained 
as follows. During heating, the interface is formed 
by solid state diffusion in an Al-Si solution, which 
melts at approximately 579  °C. Then, this molten 
phase immediately reacts with Fe and/or Mn at the 
substrate surface. As the time, temperature and pres-
sure increase, the rate of diffusion of the chemical 
species from the substrate surface and from the coat-
ing to the interface controls the coating thickness 
obtained. During the coating preparation while using 
a constant applied pressure, the intermetallic phase 
 formation starts at approximately 600 °C.

Whittenberger (1990) performed an analysis of 
the solid state diffusion through a layer of reaction 
products around particles of  pure elements. The 
described mechanism of the formation of the inter-
metallic compounds was based on the assumption 
that the interfacial reactions were not limiting but 
depended mainly on the solid state diffusion through 
the intermediate microstructures formed once reac-
tive sintering had been initiated. In this sense, the 
equations reported by Whittenberger (1990) could 
be used to determine the values of several kinetic 
parameters that determine the reaction rate of the 
AlSiFexMny intermetallic compound formation.

FIGURE 10. Temperature-time data and the first derivative 
curve recorded during the formation of a coating onto 304L 

stainless steel at an applied pressure of 5 MPa for 2100 seconds.

FIGURE 11. Total amount, in % area, of the α-Al9FeMnSi 
and β-Al9FeMn2Si intermetallic compounds formed as 

a function of holding time for the temperatures 
indicated, at an applied pressure of 20 MPa.
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The distance over which diffusion occurs is pro-
portional to the square root of the product of the 
diffusion coefficient of volume Dv and the time t:

d D tvα � (1)

If it is assumed that the growth of the intermetal-
lic diffusion can be approximated by the unidirec-
tional diffusion coefficient, which is independent of 
concentration, Eq. (1) can be represented as:

D z t64v
2= � (2)

where z represents the distance between the nucleus/
intermetallic and intermetallic/nucleus contiguous 
interfaces and can be equal to the particle size.

For a diffusion time of 3600 seconds and where 
z equals 3.27×10−3 cm for an iron-rich nucleus, the 
value of Dv

Fe obtained is equal to 4.64×10−11 cm2 s−1. 
For a time of  3600 seconds and where z equals 
2.64×10−3 cm for a manganese-rich nucleus, the value 
of Dv

Mn obtained is equal to 3.02×10−11 cm2 s−1. Once 
the value of Dv is determined, the activation energy 
of the process can be calculated using the Arrhenius 
equation, which is described as:

D Aexpv
Q RT( / )= − � (3)

where A is a constant representing the frequency 
factor (cm2 s−1), Q the activation energy (kJ mol−1), 
R the universal gas constant (kJ mol−1K−1), and T the 
absolute temperature (K).

Considering that if, for Mn-rich nucleus, 
Dv=3.02×10−11 cm2 s−1, A=104 cm2 s−1, R=8.31×10−3 
kJ mol−1K−1 and T=873 K, the Eq. (3) yields a value 
of Q equal to 209 kJ mol−1. This value is consis-
tent with the value reported in the literature for the 
diffusion of Mn in Al, i.e., 211.4 kJ mol−1.

For Fe-rich nucleus, Dv=4.64×10−11 cm2 s−1, 
A=135  cm2 s−1, R=8.31×10−3 kJ mol−1K−1 and 
T=873 K, for which a value of Q equal to 208 kJ mol−1 
is obtained. This value is also close to that reported 
in the literature for the diffusion of Fe in Al, which 
is 192.6 kJ mol−1. According to the calculated values 
and the activation energy for the diffusion coefficients 
of Fe and Mn in aluminum, the speed at which these 
species diffuse through the layer of products is very 
similar. However, these values are merely an approxi-
mation and may not accurately represent the speed 
with which diffusion occurs due to the unknown 
nature of the intermediate products formed during 
reactive sintering.

4. CONCLUSIONS

According to the results obtained in this work, it 
can be concluded that the best conditions for obtaining 
surface coatings of a-Al9FeMnSi and b-Al9FeMn2Si 
on the surface of  304L stainless steel by reactive 

sintering from elemental powders include a tempera-
ture of 800 °C, an applied pressure of 20 MPa and 
7200 seconds of holding time. Under these condi-
tions, the interface generated is well-adhered to the 
substrate, reaching hardness values on the order of 
1300 Vickers. The coating has an excellent adherence 
to the surface due to the interdiffusion of elements 
from the intermetallics and of Cr and/or Ni from the 
substrate that form a reaction zone rich in Al, Fe, 
Mn, Si, Cr and Ni, approximately 36 mm thick. The 
mechanism of the intermetallic formation is diffusive, 
in which the diffusion of Fe and Mn through the Al 
is the controlling step. However, it is believed that the 
formation of an AlSi molten state during the process 
aided in accelerating the process.
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