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A B S T R A C T   

Heusler Fe2VAl-based compounds are promising candidates for thermoelectric conversion of waste heat. In 
comparison to more conventional thermoelectric materials, the constitutive elements of these alloys are indeed 
abundant, cheap, and non-toxic. Furthermore, the thermoelectric properties of these compounds can be easily 
enhanced by either doping or controlled deviation from exact stoichiometry while large power factors 
compatible with energy harvesting applications can be reached. 

In the present study, Fe2VAl-based compounds were synthesised by powder metallurgy. Almost fully dense 
bulk materials were obtained either by field-assisted sintering, also referred to as spark plasma sintering (SPS), of 
pre-alloyed powders or by spark plasma reactive sintering of mixtures of elemental powders. The influence of the 
processing route and parameters on the resulting microstructure was assessed. In the specific case of the one-step 
synthesis and rapid densification of the Fe2VAl compound starting from the elemental powders, a detailed insight 
in the reaction path was obtained by interrupted sintering cycles followed by careful phase analysis of the 
partially sintered compacts by X-ray diffraction and elemental analysis. Finally, it is worth emphasising that the 
thermoelectric properties of the compounds processed by reactive sintering are as good as the ones of samples 
sintered from pre-alloyed powder or processed by melting and casting.   

1. Introduction 

Fe-based Heusler compounds perfectly fit the requirements of large- 
scale waste heat harvesting applications, owing to the availability and 
low cost of their constitutive elements, in addition to their good ther-
moelectric properties. However, these intermetallic compounds remain 
brittle and require specific processing routes. Powder metallurgy is 
commonly used to manufacture bulk thermoelectric materials with the 
main advantage of being a solid-state process, thus limiting the issues of 
embrittlement during solidification or contamination in the case of 
reactive liquid [1]. Cook and Harringa emphasised the interest of 
solid-state synthesis, contrarily to more traditional melt-grow processes, 
to obtain novel compositions and refined microstructures [2]. In addi-
tion, powder metallurgy allows processing near-net-shape samples 
which can be used without additional steps in thermoelectric modules. 

Powder metallurgy starts from powder(s) that, after being shaped 
into a compact, are densified by sintering, i.e. by applying a heat 
treatment below the melting temperature, with or without concurrently 
applying an external mechanical pressure [3]. Furthermore, 

field-assisted sintering, also referred to as spark plasma sintering (SPS), 
allows faster consolidation, thus bringing advantages like reduced grain 
growth. As mentioned by Belov et al. [4] for Bi2Te3, but also for other 
compounds like Fe2VAl, sintering can be applied to powders of previ-
ously synthesised material (with directly the stoichiometric composi-
tion), to mixtures of elemental powders in stoichiometric ratio or to 
mixtures between binary or ternary alloys supplemented with elemental 
powder(s) in order to achieve the right composition. While some authors 
studied the synthesis of iron aluminides from elemental powders [5–10], 
the original aspect of this research is the consideration of reactive sin-
tering for Fe2VAl-based thermoelectric compounds. Thereupon, this 
reactive sintering approach is performed in the current study using one 
of the field-assisted sintering processes, namely spark plasma sintering 
(SPS), that have emerged in recent years, allowing faster densification of 
the powder compacts and bringing accordingly advantages like reduced 
grain growth or lower sintering temperatures. 

The present work has been divided into three experimental parts: the 
analysis of the reaction path of mixed elemental Fe, V, and Al powders, 
the characterisation of the densification behaviour of a pre-alloyed 
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Fe2VAl powder by spark plasma sintering, and the analysis of the reac-
tive sintering behaviour of mixed elemental powders. Finally, a com-
parison between sintered samples from pre-alloyed and from mixed 
elemental powders was carried out. 

2. Materials and experimental procedure 

For the assessment of the reaction path and reactive sintering ex-
periments, high purity elemental powders were provided by Alfa Aesar: 
iron (98.0 % purity), aluminium (99.5 % purity) and vanadium (99.8 % 
purity) with d50 values of 22 μm, 19 μm and 23 μm, respectively. These 
powders were weighted in stoichiometric proportions and mixed in a 
SpeedMixer device, working by dual asymmetric centrifugation and thus 
providing fast high-energy mixing. The pre-alloyed Fe2VAl powder 
(provided by Goodfellow Ltd.) used as reference material had a larger 
median particle size (d50, around 76 μm). It was synthesised by atom-
isation of the molten alloy followed by a crushing step. 

The different heat treatments were carried out on a HP D 25/1 SPS 
equipment (FCT Systeme GmbH, Germany) under vacuum. For the 
assessment of the reaction path, the mixed elemental powders were pre- 
compacted externally under a load of 195 MPa before pressureless sin-
tering experiments conducted in the SPS equipment using an adapted 
graphite tool in the temperature range 873–1473 K. For the determi-
nation of the densification behaviour, the powders were pre-compacted 
directly in the 20 mm diameter graphite die of the SPS equipment. In the 
case of the pre-alloyed powder, the selected load (in the range of 20–60 
MPa) was applied from the start and kept constant throughout the 
thermal cycle. For the reactive sintering runs starting from the mixed 
elemental powders, a minimum load of 10 MPa was applied after pre- 
compaction (45 MPa) and maintained up to 1273 K before increasing 
it to the selected maximal value in order to avoid expelling the 
aluminium above its melting temperature. The axial displacements of 
the plungers were recorded continuously during the SPS runs, enabling 
the monitoring of the densification with time for the different conditions 
investigated. The temperature was measured using an axial pyrometer 
focussing through the hollow upper plunger on a surface located about 2 
mm above the specimen. In the pressureless experiments, owing to the 
modified tool configuration and absence of direct contact between the 
powder compact and the upper punch, a difference between the recor-
ded and real temperatures of the compact is anticipated. The imposed 
heating rate was 50 K min− 1. The dwell duration was 15 min. 

The apparent density and percentage of open porosity of the sintered 
samples were measured using Archimedes’ water immersion method. 
Their relative density was calculated according to Equation (1) using a 
theoretical density value of 6.5837 g cm− 3, corresponding to the true 
density of the pre-alloyed powder as measured by Helium pycnometry. 

ρrel =
ρapp

ρtheor
*100 (1) 

The resulting microstructures of the (reactively) sintered samples 
were characterised by scanning electron microscopy (SEM - Carl Zeiss 
Ultra-55) and by electron backscatter diffraction (EBSD) with mounted 
and polished samples. In addition, energy-dispersive X-ray spectroscopy 
(EDX) was coupled to SEM for the local chemical characterisation of the 
samples. Elemental mapping was carried out in order to scrutinise the 
reaction path. The identification of the phases was carried out by X-ray 
diffraction analyses (XRD - Bruker AXS - D8 Advance diffractometer) 
using a Cu Kα1 source (λ = 1.5406 Å). The thermal analysis of the mixed 
powders was performed with a Netzsch STA 409 instrument. The ther-
moelectric properties (Seebeck coefficient and electrical resistivity) 
were characterised simultaneously with a Netzsch SBA 458 Nemesis. 

3. Experimental results 

3.1. Reaction path of mixed elemental powders 

Fig. 1 presents SEM micrographs (back-scattered electrons) of pre- 
compacted mixed elemental Fe, V, and Al powders heated to 873 K 
and 1473 K (pressureless sintering), respectively. This figure highlights a 
significant difference of the chemical homogeneity between these two 
samples. At 873 K, at least three phases are observed, while at 1473 K 
the sample seems more homogeneous. 

Fig. 2 presents EDX elemental mapping analyses of mixed powders 
after interrupted heating cycle at different temperatures up to 1473 K. 
These maps clearly show the reaction of Al (highlighted in blue) with the 
edges of the Fe particles (in red) already at 873 K. Local EDX analyses 
corroborate this observation with a composition of the Al-rich phase of 
34 at.% Fe – 1 at.% V – 65 at.% Al. Similar results are obtained when 
interrupting the heating cycle at 873 K or 973 K. In the temperature 
range from 1073 K to 1173 K, a phase richer in Fe forms (69 at.% Fe – 1 
at.% V – 30 at.% Al) that coexists with the previous Al-rich phase. 
Further diffusion of Al occurs within the core of Fe particles: from 0.3 at. 
% Al at 873 K to 17 at.% Al at 1273 K, temperature at which no more Al- 
rich phase is present. When 1373 K is reached, no more “pure” Fe par-
ticles are visible. At this stage, Al is supposed to have homogeneously 
diffused within the Fe particles. Vanadium particles stay almost pure 
(>97 at.% V) up to 1473 K, when some ternary phases appear on their 
edges. Accordingly, the Fe-Al phases are enriched in V: < 1 at.% V below 
1073 K, 1–2 at.% V up to 1373 K, and 8 at.% V at 1473 K. In addition to 
chemical reactions, Fig. 2(d)-(h) show that bonding occurs between the 
Fe/Al and V particles starting from 1073 K. 

Fig. 3 presents the X-ray diffractograms corresponding to the 
elemental mapping analyses of Fig. 2. At 873 K, the Al peak is not pre-
sent anymore. From 973 K to 1373 K, the Fe peak progressively disap-
pears while Fe2Al5 and FeAl peaks appear up to 1073 K and 1373 K, 
respectively. At 1473 K, the V peak shrinks and some intermediate phase 
between FeAl and Fe2VAl simultaneously appears. 

Heating the mixed elemental powders at 50 K min− 1 up to 1473 K is 
not enough to obtain a Fe2VAl single phase (Fig. 2(h) and Fig. 3). 
Consequently, a dwell of 15 min was applied at high temperature to 
further promote diffusion. Fig. 4 presents EDX superimposed and indi-
vidual mapping analyses of mixed powders after heating up to 1473 K 
and with an additional dwell of 15 min. As mentioned above (Fig. 2(h)), 
the reaction of Al and Fe with the V particles is very limited after heating 
to 1473 K. The individual maps of Fig. 4(b) show that diffusion pro-
gresses significantly during the 15 min-dwell, leading to almost a full 
single ternary composition. Fig. 5 presents the corresponding X-ray 
diffractograms with the vanadium peak that almost vanishes after this 
15 min-dwell, while the FeAl peak clearly shifts towards the Fe2VAl peak 
due to enrichment in vanadium. A small V peak is still hardly visible on 
Fig. 5 after the 15 min dwell at 1373 K. While diffusion progresses 
during heating between 1373 K and 1473 K, almost no difference re-
mains between the samples sintered at those temperatures after the 15 
min dwell. A look at a larger 2θ-range on Fig. 6 highlights the presence 
of the different peaks of the Fe2VAl ordered phase L21, e.g. (111) and 
(200), for the sample sintered at 1473 K. 

3.2. Densification of pre-alloyed powder 

Prior to the densification of mixed elemental powder compacts, the 
sintering behaviour of the pre-alloyed Fe2VAl powder was investigated 
and the SPS conditions leading to near-full density compacts were 
determined. It is worth noting that the presence of the (111) and (200) 
peaks typical of the ordered L21 structure was confirmed by XRD, even 
for the samples sintered at the highest temperature. Fig. 7 shows the 
evolution of the relative density of sintered samples as a function of the 
dwell temperature and applied pressure, with an emphasis on the 98 % 
threshold. As it could be expected, the relative density of sintered 
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samples increases with increasing applied pressure and temperature. 
However, at the highest temperature (1523 K), a slight decrease of the 
relative density is observed. This phenomenon may be due to the ther-
mal dilatation of gases trapped in closed porosities, referred to in the 
literature as desintering [11,12], but also to the higher reactivity of the 
powder compact with the graphite tooling, giving rise to the formation 
of more carbides. SEM analyses, coupled with EDX, confirm that the 
proportion of vanadium carbides VC in the material increases from 0.25 

% to 1.72 % when sintering at 1523 K instead of 1473 K. It leads in turn 
to slight changes of the final composition and hence to some inaccuracy 
in the considered theoretical density. The optimized conditions leading 
to relative density values larger than 98 %, are thus a dwell temperature 
in the 1423–1473 K range and an applied pressure larger than 40 MPa. 
The sample sintered 15 min at 1473 K under 40 MPa reached the highest 
relative density of 99.3 %. 

3.3. Densification of mixed elemental powders 

Based on the above results for the reaction path of mixed elemental 
powders and for the densification of the pre-alloyed powder, it is ex-
pected that a spark plasma reactive sintering cycle of 15 min at 1473 K 
under 40 MPa of a mixed elemental powders compact would lead to 
dense, homogeneous and fully reacted Fe2VAl sintered samples. 

Fig. 8 compares the apparent density values of both pressureless and 
pressure-assisted reactively sintered mixed elemental powders com-
pacts. The apparent density is reported here since the theoretical density 
has not been assessed for each intermediate stage of the reaction path, 
thus preventing the calculation of a relative density as done previously 
(see Equation (1)). In the case of pressureless conditions, no significant 
evolution of the apparent density is observed over the whole investi-
gated temperature range. The 15 min dwell has only a limited influence 
on the apparent density (slight increase by 5–7 %) and on the open 
porosity, that remains around 48–49 %, regardless of the dwell tem-
perature. Based on the results presented in Section 3.1, especially the 
diffractogram of Fig. 6, it is assumed that the compact heat treated for 
15 min at 1473 K is fully reacted and composed of the desired L21 Fe2VAl 

Fig. 1. SEM micrographs (back-scattered electrons) of mixed elemental powders after interrupted pressureless sintering heating cycle at (a) 873 K and (b) 1473 K.  

Fig. 2. Typical EDX maps illustrating the evolution of mixed elemental powders (a) when interrupting the heating cycle at various temperatures: (b) 873 K, (c) 973 K, 
(d) 1073 K, (e) 1173 K, (f) 1273 K, (g) 1373 K, and (h) 1473 K. Fe is highlighted in red, V in green, and Al in blue. Identical scale for the different maps. 

Fig. 3. X-ray diffractograms of mixed elemental powders when interrupting the 
heating cycle every 100 K during pressureless sintering. The theoretical peak 
positions of various phases are shown: Al in blue, V in green, α-Fe in red, Fe2Al5 
in dashed-dotted black, FeAl in dotted black and Fe2VAl in black. 
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phase in order to calculate its relative density. Hence, the resulting 
pressureless reactively sintered compact only reaches, with an apparent 
density value of 3.3 g cm− 3, 50 % of the theoretical density (used pre-
viously and stated in Section 2). Fig. 8 also shows that applying the 
optimum SPS conditions (a 15 min dwell at 1473 K under 40 MPa load) 
on a mixed elemental powders green pellet, leads to dense sintered 
compact, with an apparent density of 6.5 g cm− 3 (i.e. around 99 % 
relative density), i.e. twice the one obtained by pressureless reactive 
sintering. Correspondingly, the level of open pores drops to 0.1 % (a 
lower percentage than in samples sintered from pre-alloyed powder, see 
Section 4.3 and Table 2). As expected and confirmed by the diffracto-
gram of this compact provided in Fig. 9, the L21 Fe2VAl phase is formed 
in these SPS conditions. In addition, the coupling of SEM and EDX an-
alyses shows that Fe, V, and Al are homogeneously distributed and that 
small rounded pores are present along the prior powder particle 
boundaries. 

4. Discussion 

4.1. Reaction path 

The suggested reaction path will be assessed considering the re-
ported analyses for the reactive sintering of Fe-Al. Indeed, the obser-
vations reported above showed distinct reactions between Fe and Al 
first, followed by the reaction with V. Furthermore, no dedicated results 
were found for the Fe2VAl compound. Table 1 summarises the EDX and 
XRD results of pressureless sintering experiments (Section 3.1) while 
Fig. 10 gives a schematic representation of the reaction path. The Al-rich 
phase that forms from 873 K to 1173 K was identified as Fe2Al5. It is 
worth noting that the Fe2Al5 reaction layer does not appear on every Fe 
particle simultaneously, being the sign of inhomogeneous contacts be-
tween the Fe-Al powder particles despite the high pre-compaction load. 
It is furthermore assumed that the small presence of Fe2Al5 at room 
temperature (RT) before any thermal cycle is due to the energetic mixing 
applied to the elemental powders that could produce some mechanical 
alloying. However, it is not expected to have any significant influence on 
the discussed reaction path or on the sintering behaviour owing to its 
small amount. At higher temperatures (1073–1373 K), the Fe-rich phase 
corresponding to FeAl grows at the expense of Fe2Al5 and Fe. It is worth 
noting that the FeAl phase (α2) is stable over a large Fe-Al composition 
range. It is thus possible to observe the sole presence of FeAl and V at 
some stage of the reactive synthesis. According to XRD analyses, the 
beginning of diffusion of Fe and Al in the V particles occurs from 1173 K. 
However, the V particles do not react massively with Al, Fe or Fe-Al 
compounds before 1473 K. From this temperature, EDX profiles show 
that V progressively diffuses within the FeAl phase. Conversely, it ap-
pears that FeAl diffuses significantly in the V particles to form the V-rich 
ternary phase (first Fe-V-Al row in Table 1), while Al mostly diffuses in V 
when no FeAl particle is directly in contact with the V in agreement with 
the binary Al-V phase diagram (second Fe-V-Al row in Table 1). These 
assumptions are reinforced by the fact that Fig. 3 does not present a 
diminution of the intensity of the FeAl peak at the expense of the Fe2VAl 
one, but rather a progressive displacement of the XRD peak of FeAl to-
wards Fe2VAl peak position. The composition of the ternary phases does 
not correspond to any specific phase and is still far from Fe2VAl. It is 
worth noting that the composition of the V-enriched FeAl phase at 1473 
K in Table 1 is slightly higher than the thermodynamic limit of solubility 
of V in FeAl at 1023 K, which is around 5–6 at.% [13,14]. 

Some simulations were performed using the DICTRA-Thermocalc 

Fig. 4. Superimposed and individual EDX maps illustrating the evolution of mixed elemental powders (a) when heating to 1473 K and (b) with an additional dwell of 
15 min. Fe is highlighted in red, V in green, and Al in blue. Identical scale for the different maps. 

Fig. 5. X-ray diffractograms of mixed elemental powders after heating at 50 K 
min− 1 up to 1373 K and 1473 K (dashed-dotted lines, similar to Fig. 3) and with 
an additional dwell of 15 min at the maximal temperature (continuous lines). 

C. van der Rest et al.                                                                                                                                                                                                                           



Intermetallics 125 (2020) 106890

5

software in order to support the experimental results of Figs. 2 to 5. 1D 
V-FeAl diffusion couples were simulated with a thickness of the V layer 
of 14.4 μm (half of the diameter of the largest V particles) and a layer of 
FeAl of 30.6 μm in thickness (Fig. 11(a)). The initial compositions of 
both phases at 1373 K were taken from Table 1. Fig. 11(b) compares the 
concentration profiles of the experimental results with the DICTRA 
simulations. After heating from 1373 K to 1473 K at 50 K min− 1, some V 
diffuses into the FeAl phase but pure V layer remains with a thickness of 
around 10 μm. At this stage, the mean composition of the FeAl phase is 
64.7 at.% Fe, 7.6 at.% V and 27.7 at.% Al, very similar to the experi-
mental measurements (66-8-26 in Table 1). 

Fig. 12 corresponds to the DICTRA simulations with additional 
dwells at 1473 K. After 15min, no more pure V remains, in agreement 
with Figs. 4 and 5. However, the composition is clearly not yet homo-
geneous in the whole thickness. Simulation with an additional dwell of 

45 min at 1473 K leads to a homogeneous composition over distances 
corresponding to the largest V particles (diam. ~ 30 μm). 

As demonstrated, due to its higher melting temperature, vanadium 
diffuses more slowly than Fe and Al and can thus be considered as almost 
inert in the system up to 1473 K. As a consequence, the reaction path 
below this temperature can be closely related to the reactions occurring 
in the Fe-Al system. Several authors who considered the synthesis of iron 
aluminides by pressureless sintering of elemental powders pointed out 
that various Fe-Al intermetallic compounds form depending on the size 
of the powder particles, the pre-compacting pressure, the heating rate, 
and the maximum temperature [5–9]. The present results, summarised 
in Table 1 and Fig. 10, perfectly fit with the diffusion paths proposed by 
Gedevanishvili et al. [6] and Sina et al. [9] in which Al reacts entirely 
below 873 K (for heating rates of 5 and 7.5 K min− 1, respectively). 
However, both authors agree on the fact that only the FeAl phase re-
mains after heating up to 1273 K [6,9], while in the present work some 

Fig. 6. X-ray diffractogram of mixed elemental powders after heating at 50 K min− 1 up to 1473 K with an additional dwell of 15 min at the maximum temperature 
(same full light grey line as Fig. 5). The typical (111) and (200) peaks corresponding to the ordered L21 Fe2VAl structure are clearly visible. 

Fig. 7. Evolution of the relative density of sintered samples of pre-alloyed 
Fe2VAl powder as a function of the applied pressure and dwell temperature 
(dwell of 15 min). The horizontal dashed line gives the limit of what is 
considered as dense samples. 

Fig. 8. Comparison of the apparent densities of reactively sintered samples as a 
function of the maximum temperature. 
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Fe-Al solid solution remains at that temperature (Table 1). It may be 
explained by the presence of inert V particles that reduce the contacts 
between Fe and Fe2Al5 particles, thus hindering diffusion. 

In the case of the processing of iron aluminides [5–9], DSC or DTA 
revealed one or two exothermic peaks below the melting temperature of 
aluminium, depending on the experimental conditions. When two peaks 
are observed, the onset temperature of the first peak ranges from 800 to 
910 K, while the second one is located around 910–930 K [5–7,9]. For 
the single peak, onset temperatures in the range 845–920 K are reported 
[7–9]. Fig. 13 shows the DSC curve corresponding to the present mixture 
of Fe, V, and Al elemental powders. Only one exothermic peak is 
observed with the onset at 918 K and the maximum at 924 K. 

Summarising published results [6–9], one can conclude that a unique 
exothermic peak is promoted for large heating rates (10 K min− 1 vs 
0.5–5 K min− 1), for fine Fe powder particles (7–10 μm vs 60 μm), and for 
non-compacted powders. The DSC curve (Fig. 13) is consistent with 

these conclusions since large heating rate (40 K min− 1) and rather small 
Fe particles (~22 μm) were used. Furthermore, the powders were only 
compacted by hand before DSC measurement. However, some discrep-
ancy remains in the interpretation of the origin of the peaks. Gedeva-
nishvili et al. [6] associated the first and second exothermic DSC signals 
to the formation of Fe2Al5 and to the (partial) formation of FeAl, 
respectively. On the other hand, Sina et al. [9] claimed that the main 
exothermic peak corresponds to a combustion reaction leading to the 
formation of Fe2Al5, while FeAl is formed by a diffusional reaction be-
tween Fe2Al5 and some remaining Fe. The present results seem to agree 
with this second scenario. Indeed, Table 1 shows that Al is totally 
consumed during the formation of Fe2Al5 (highly exothermic instanta-
neous reaction corresponding to the main peak on Fig. 13), whereas 
Fe2Al5 and FeAl coexist in a larger temperature range, supporting the 
assumption of a diffusional reaction. It is worth noting that, while no 
more pure aluminium is identified at 873 K during pressureless sintering 
(Table 1), the formation of Fe2Al5 occurs at a significantly higher tem-
perature during the DSC measurement (onset at 918 K). This shift may 
be explained by differences in the preparation of the powders and by the 
measurement of the temperature (see Fig. 15 and Section 4.2). 

The analysis of the DSC peak(s) can give additional information on 
the enthalpy of the reaction(s). The peak area of Fig. 13 corresponds to 
an energy of − 2.63 J for a sample of 37 mg. It is worth noting that, as 
shown in Section 3.1, only part of the elemental powders reacts at this 
temperature. Based on the previous analysis, it can be assumed that the 
main exothermic DSC peak corresponds to the reaction of the entire Al 
powder with the appropriate quantity of Fe in order to form Fe2Al5 (9.6 
mg according to the total mass). It gives an enthalpy of reaction equals to 
− 252 J g− 1, significantly smaller than the values found in the literature 
for the formation of Fe2Al5: − 716 to − 866 J g− 1 [15,16]. However, the 
values of the literature are calculated at 0 K [16] or determined at room 
temperature [15], while the enthalpies of formation evolve with tem-
perature. Thermocalc simulations were performed and gave − 850 J g− 1 

at room temperature, in agreement with the − 866 J g− 1 value of Gasior 
et al. [15], and − 350 J g− 1 at 920 K. This last value is closer to the − 252 
J g− 1 of Fe2Al5 found experimentally from the DSC measurements. 
Another additional explanation could be that the highly exothermic 
formation of Fe2Al5 could lead to the local melting of Al, which is an 
endothermic reaction. The main DSC peak of Fig. 13 could thus be the 
combination of the exothermic peak due to the formation of Fe2Al5 and 
of the endothermic peak due to the melting of Al. In any case, the 
presence of one exothermic peak on Fig. 13 confirms the reaction path 
suggested in the present work and, as considered by Rabin et al. [5], it is 
the sign that solid-state diffusion at inter-particle contacts may be suf-
ficient to induce the formation of intermetallic compounds. 

Fig. 9. X-ray diffractogram of mixed elemental powders sintered in the opti-
mum SPS conditions (a 15 min dwell at 1473 K under 40 MPa load) with the 
theoretical peaks corresponding to the ordered L21 Fe2VAl structure. Inset, SEM 
micrograph and corresponding EDX map showing the distribution of Fe, Al, 
and V. 

Table 1 
Summary of the EDX and XRD analyses during pressureless sintering of pre- 
compacted mixed elemental powders at 50 K min− 1. The mean composition of 
the phases is mentioned (in at. %) when they were clearly identified by EDX. “√” 
means that the phase is probably present in small quantity (barely identified by 
XRD but not by SEM/EDX).  

Temperature Identified phases 

[K] Fe V Al Fe2Al5 FeAl Fe-V-Al 

RT >98 >99 >99 ✓   
873 >98 >99  34Fe- 

65Al 
✓  

973 >98 >99  34Fe- 
65Al 

✓  

1073 >97 >98  35Fe- 
64Al 

69Fe-30Al  

1173 >95 >99  38Fe- 
61Al 

67Fe-31Al  

1273 82Fe- 
17Al 

>98   58Fe-41Al  

1373  >98   69Fe-29Al  
1473  >97   66Fe-8V- 

26Al 
37Fe-43V- 
20Al 
3Fe-78V- 
19Al 

+15 min      50Fe-27V- 
23Al 
39Fe-40V- 
21Al  

Fig. 10. Suggested reaction path during pressureless sintering of pre- 
compacted mixed elemental powders heated at 50 K min− 1: (a) initial situa-
tion, (b-e) when interrupting the heating cycle at various temperatures, and (f) 
with an additional dwell of 15 min at 1473 K. 
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4.2. Densification 

Fig. 14 shows the evolution of the relative density of a pre-alloyed 
powder compact, calculated from the position of the punch after 
correction for the expansion of the graphite tooling, as a function of time 
during the heating and dwell steps of a typical SPS cycle. It highlights 
that the relative density steeply increases near the end of the heating 
step, in the temperature range 1273–1473 K, hence before the 15 min- 
dwell. The maximum densification rate is reached at 1404 K. The rela-
tive density exceeds the 98 % limit after 2 min of dwell at 1473 K for an 
applied pressure of 40 MPa while 15 min of dwell brings a slightly higher 

final relative density of 99.3 %. 
Relative density values higher than 98 % have been obtained after 

heat treatments of 15 min in the 1423–1473 K temperature range when 
the applied load is equal or above 40 MPa. This result is in fair agree-
ment with Goto et al. [17] who obtained samples of density around 
96–98 % after 1–3 min SPS sintering cycles at 1373 K in vacuum under 
similar load (40 MPa). The pre-alloyed doped Fe2VAl powders used by 
these authors were obtained by crushing arc-melted ingots. The effect of 
increasing sintering time being usually small compared to the effect of 
increasing the sintering temperature [18], as confirmed by Fig. 14, the 
slightly higher temperature needed in the current study to achieve 

Fig. 11. (a) Initial stage of the calculated profiles simulated by Dictra using as initial conditions the EDX compositions at 1373 K. (b) Experimental (dots) and 
calculated (lines) concentration profiles at the interface between V and FeAl particles; the experimental profiles are measured after heating mixed elemental powders 
up to 1473 K at 50 K min− 1. The vertical dotted line represents the initial position of the interface. 

Fig. 12. Evolution of the concentration profiles of simulated 1D V-FeAl diffusion couples with the duration of the heat-treatment at 1473 K: at the end of the heating 
ramp (continuous lines), after 15 min (dashed lines) and after 45 min (dotted lines). 
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similar density level is probably related to the particle size distribution 
or initial state of the starting raw material influencing the sintering 
driving force. Mikami et al. [19,20] also sintered pre-alloyed Si-doped 

Fe2VAl powders and reached near-full density samples after 3 min of 
heat treatment at 1273 K in vacuum under similar level of pressure (40 
MPa), hence 200 K below the optimum temperature determined in the 
current study. Here again, the difference in sintering behaviour is 
attributed to the nature of the starting powders. Indeed, Mikami et al. 
used mechanical alloying (i.e. high-energy milling) to synthesize their 
powders. The resulting fineness of the individual grains with an average 
size around 7 μm and consisting of sub-micron agglomerated flakes 
accounts for the higher sinterability of these powders thanks to more 
pore-solid interface area and promoted volume and grain boundary 
diffusions. To a lesser extent, the increased quantity of defects generated 
by mechanical alloying is also beneficial to an increase of the sintering 
driving force [5,18]. Finally, in the absence of detailed information on 
the respective SPS configuration used by both Goto et al. [17] and 
Mikami et al. [19,20], it cannot be ruled out that the difference in sin-
tering temperature also reflects differences in the location where tem-
perature is recorded during the sintering cycle. 

Fig. 15 compares the evolution with time of the recorded tempera-
ture, relative displacement of the punch (the signature of the height 
change of the powder compact) and heating power during the heating 
ramp of the thermal cycle for conventional and reactive SPS. Compared 
to the curves of the pre-alloyed powder which present a monotonous 
evolution (Fig. 15(a)), the reactive SPS behaviour of Fe-V-Al powder 
mixture is characterized by specific features directly related to the re-
action path discussed in Section 4.1. 

In the initial phase of heating, around 800–810 K, the relative punch 
displacement abruptly increases, indicating a rapid densification 
(Fig. 15(b)). The phenomenon is very short, about 20 s, and perfectly 
coincides with a marked raise of the temperature, well above the 
imposed nominal temperature set-point, and to a simultaneous decrease 
of the required heating power, as highlighted by the grey box on Fig. 15 
(b). This temperature peak may be associated with the exothermic for-
mation of Fe2Al5, as discussed in Section 4.1 and also reported by Paris 
et al. around 783 K for iron aluminide [10]. Once the formation of Fe-Al 
intermetallic compounds takes place, the required heating power de-
creases since the reaction is self-propagating [5,8] and some instanta-
neous shrinkage occurs, being probably the sign of the transient 
presence of liquid aluminium. The temperature shift between the for-
mation of Fe2Al5 in this reactive sintering run (800–810 K) and the one 
observed during the DSC experiment (onset at 918 K on Fig. 13) may be 
explained by the difference in pre-compaction pressure used in prepar-
ing the powder compacts. Indeed, Sina et al. [9] concluded that com-
bustion occurs at higher temperatures in un-compacted samples due to 
insufficient contact between the reactant particles, as it is the case for 
the DSC measurement (only hand compaction was applied, see Section 
4.1). On the other hand, the temperature during reactive sintering is not 
measured as close to the sample as in the DSC equipment. As mentioned 
in Section 2, the punch temperature is measured 2 mm above the 
specimen, what may bring some underestimation of the actual specimen 

Fig. 13. DSC curve carried out on the mixed elemental Fe, V, and Al powders at 
a heating rate of 40 K min− 1. The powders were only manually pressed before 
DSC measurement. 

Fig. 14. Evolution of the relative density of a pre-alloyed powder compact 
(calculated from the punch displacement) and temperature as a function of time 
during a SPS cycle under an applied pressure of 40 MPa (best sample of Fig. 7). 
The horizontal dashed line corresponds to the limit of what is considered as 
dense samples. « Time 0 » has been conveniently set when temperature reached 
773 K. 

Fig. 15. Evolution with time of the heating power, temperature and relative punch displacement corresponding to the early stages of SPS cycles conducted at a 
heating rate of 50 K min− 1 (a) in conventional SPS starting from prealloyed powder, and (b) in reactive SPS starting from mixed elemental powders. « Time 0 » has 
been conveniently set when temperature reached 773 K. 
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temperature, especially during rapid heating of conductive materials. 
After the transient behaviour in the 800–820 K temperature range, the 
relative displacement of the punch starts to increase smoothly around 
950 K up to the point when pressure is applied. The 950 K transition, 
highlighted by the dashed blue line on Fig. 15(b), is expected to corre-
spond to the above-mentioned onset of solid state bonding between 
particles observed on EDX maps (Section 3.1 and Fig. 2). 

4.3. Comparison between the sintered samples 

Fig. 16 compares the microstructure of the samples sintered from the 
pre-alloyed powder and from mixed elemental powders. While samples 
starting from pre-alloyed powder are relatively clean and present only 
few vanadium carbide precipitates (Fig. 16(a)), samples manufactured 
by reactive sintering clearly present more contamination (Fig. 16(b)), 
the black precipitates corresponding to aluminium oxides. In addition, 
the reactively sintered sample contains more and smaller rounded pores 
along the prior powder particle boundaries. Based on the EBSD maps, a 
mean grain size (i.e. crystallite size) of 38.5 μm and 5.1 μm has been 
estimated by the mean linear intercept method, respectively. This result 
should be considered with respect to the initial grain size: 9.7 μm for the 
pre-alloyed powder (with a mean size of the powder particles of 76 μm) 
vs 1.0 μm for the mixed elemental powders (with sizes of the powder 
particles between 19 μm and 23 μm), also determined by the mean linear 
intercept method on EBSD maps of the powders. If the applied sintering 
conditions lead accordingly to a 4–5 fold increase of the grain size in 
both cases, it is worth pointing out that starting from the mixed 
elemental powders mixture enables to achieve an overall finer 
microstructure. 

As confirmed by the XRD measurements (Sections 3.2 and 3.3, 
especially Fig. 9), (111) and (200) peaks typical of a L21 structure are 
present in both cases, although the sintering temperature of 1473 K is 
higher than the L21 to B2 transition temperature estimated at 1353 K- 
1390 K in the literature [21,22]. Furthermore, as XRD was performed on 
bulk samples, it is difficult to characterise precisely the level of ordering 
as texture may cause some modulations of the relative intensities of the 
diffraction peaks. Contrarily, Maier et al. [21] and the present authors in 
a previous work [22] used powder diffraction in order to characterise 

order without any disturbance coming from a possible texture. Anyway, 
the presence of small (111) and (200) peaks shows that both sintered 
samples present, at least partially, the L21 structure what is consistent 
with the conclusion of Maier et al. that Fe2VAl crystallizes in the ordered 
L21 structure at room temperature. 

Table 2 compares for both types of samples the apparent density and 
open porosity, together with their Al contents. The sample sintered from 
mixed elemental powders presents a slightly lower apparent density, 
which may not be explained by its Al content (it should present a higher 
density since it contains less Al). While the levels of open porosity are 
relatively similar, the presence of closed pores and impurities, e.g. 
alumina (visible on Fig. 16(b)) may be an explanation for the lower 
apparent density of the reactively sintered sample. 

Finally, an important point to conclude the present study is the 
emphasis on the thermoelectric efficiency of a sample sintered from 
mixed elemental powders (15 min at 1473 K under 40 MPa). The actual 
composition of the sample measured by EDX is 49.8 at.% Fe - 27.1 at.% V 
- 23.1 at.% Al. Fig. 17 presents the temperature dependence of its See-
beck coefficient and its electrical resistivity, together with the resulting 
power factor. At room temperature, the Seebeck coefficient S has a value 
of − 96 μV K− 1 and the electrical resistivity ρ = 7.2 μΩ m, giving a power 
factor of 1.28⋅10− 3 W m− 1 K− 2. The comparison with the sample sin-
tered from prealloyed powder is however difficult to conduct because 
the thermoelectric properties are highly dependent on the actual 
composition of Fe-V-Al compounds [23]. A change of a few tenths of a 
percent of one element can induce a significant change of the Seebeck 
coefficient [23]. Anyway, the properties of sintered or arc melted sam-
ples with close compositions reported by Goto et al. [17] and Mikami 
et al. [19,20,23] range for S from − 100 to − 145 μV K− 1 and for ρ from 
2.5 to 12 μΩ m at 350 K. Furthermore, the evolution with temperature of 
the properties shown on Fig. 17 is also in line with the expected 
behaviour of Fe2VAl-based compounds [19,20]. The thermoelectric 
properties of samples sintered from mixed elemental powders are thus 
perfectly coherent with samples sintered from pre-alloyed powder or 
obtained with other melt-grown manufacturing processes, with signifi-
cant advantages in terms of process (e.g. flexibility, simplicity, rapidity). 

5. Conclusion 

The present work considered reactive sintering as an interesting path 
to synthesize the thermoelectric Fe2VAl compound, as it allows easily 
tuning the composition without any pre-alloying step (either by melting 
or by mechanical alloying). On the one hand, the reaction path between 
Fe, V, and Al elemental powders has been studied by EDX and XRD and a 
comparative assessment has been conducted with the reactive sintering 
of iron aluminides since V particles stay almost inert in the system up to 
1473 K. On the other hand, the conditions of spark plasma sintering to 
manufacture Fe2VAl-based compounds for thermoelectric applications 
have been highlighted. The sintering of coarse pre-alloyed powder via 
SPS (dwell time of 15 min at 1473 K under 40 MPa) produces sintered 
parts with relative densities higher than 99 %. In view of the reaction 
path, these SPS conditions were used for the mixed Fe, V, and Al pow-
ders but with pressure applied only from 1273 K. Under these condi-
tions, reactively sintered samples with high relative density were 
produced. Specific features of the reaction path, e.g. the exothermic 
formation of Fe2Al5, were discussed together with the densification 

Fig. 16. SEM micrographs and EBSD maps of samples sintered for 15 min at 
1473 K under 40 MPa starting (a) from pre-alloyed powder or (b) from mixed 
elemental powders. Identical scale for the different images. 

Table 2 
Comparison of the apparent density and open porosity of Fe2VAl-based samples 
sintered in the same conditions (15 min at 1473 K under 40 MPa) from pre- 
alloyed powder or from mixed elemental powders.   

Al content Apparent density Open porosity 

[at.% Al] [g.cm− 3] [%] 

Pre-alloyed 24.3 6.54 0.3 
Mixed elemental powders 23.1 6.46 0.1  
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behaviour of the mixed elemental powders. Finally, the Seebeck coef-
ficient of such samples is similar to samples sintered from pre-alloyed 
powder or grown from the melt, which is a unique result in the ther-
moelectric community. In view of the first promising thermoelectric 
properties of reactively sintered sample, a systematic assessment of 
optimized compositions around the stoichiometric Fe2VAl compound 
will be conducted to further develop this original processing route. 
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