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Abstract: The present study aims at the development of precipitation hardening fully ferritic steels
with increased aluminum and niobium content for application at elevated temperatures. The first
and second material batch were alloyed with tungsten or molybdenum, respectively. To analyze the
influence of these elements on the thermally induced precipitation of the intermetallic Fe2Nb Laves
phase and thus on the mechanical properties, aging treatments with varying temperature and holding
time are performed followed by X-ray diffraction (XRD) analysis and scanning electron microscopy
(SEM) including elemental contrast based particle analysis as well as hardness measurements and
tensile tests at room temperature and at 500 °C. The incorporation of molybdenum into the Laves
phase sets in at an earlier stage of aging than the incorporation of tungsten, which leads to faster
growth and coarsening of the Laves phase in the molybdenum-alloyed steel. Nevertheless, both
concepts show a fast and massive increase in hardness (280 HV10) due to precipitation of Laves phase
during aging at 650 °C. After 4 h aging, the yield strength increase at room temperature is 100 MPa,
which stays stable at operation temperatures up to 500 °C.

Keywords: laves phase; Fe2Nb; Fe-Al; tungsten; molybdenum; precipitation; aging; ferrite; SEM;
XRD; light weight

1. Introduction

For automotive power train application, nowadays, steels such as 42CrMo4 and
38MnVS6 are widely used for medium-temperature service up to 350 °C [1–3]. The dis-
advantage of these steels is their low resistance to scaling at temperatures above this
limit [3–5]. Therefore, it is not possible to increase the process temperature and thus the
efficiency level of modern internal combustion engines and the overall power train, respec-
tively. In addition, their high density in comparison to other materials used for rotating
parts (Al alloys, carbon fiber reinforced plastics) is a drawback in terms of fuel efficiency
and CO2 emission [1,6].

For high-temperature service up to 900 °C, steels with high Cr-contents of about
18 wt. %, such as X2CrTiNb18, are used [7,8], since they have a better resistance to scaling [9].
Furthermore, alloying with this amount of Cr leads to fully ferritic microstructure without
phase transformation during cooling, which is advantageous for distortion-free cooling
after forging. However, the high Cr-content makes this steel cost intensive and thus
uneconomical for applications at medium temperatures. Reducing the Cr-content to a
range of 9 to 12 wt. %, which is still sufficient for good resistance to scaling at temperatures
below 620 °C, leads to a ferritic-martensitic microstructure [10,11]. Thus, the benefit of
distortion-free cooling is lost.

In order to be able to combine oxidation resistance [12], fully ferritic microstructure [13]
and lower material density [14], Al was chosen as the main alloying element instead of
Cr in the investigated steel alloys. Unfortunately, Fe-Al alloys tend to have a low yield
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strength [15]. However, it has been shown in previous works [15,16] that the yield strength
can be effectively increased even at high temperatures by alloying with Nb, which leads
to the precipitation of the intermetallic Laves phase. The studies conducted so far in this
field [15–19] focus on the precipitates occurring in Fe-Al-Nb alloys in dependency on the
aging temperature. The influence of technical aging processes on the resulting mechanical
properties has not yet been considered.

The Laves phase is the most frequently occurring phase among intermetallic com-
pounds. It offers an enormous potential to increase high-temperature strength and creep
resistance through precipitation hardening, as it is thermally very stable and has only
a small tendency to coarsen during service at elevated temperatures [20–23]. Alloying
heat-resistant 18 wt. % Cr steels with Nb, W, and/or Mo leads to the formation of the
hexagonal C14 Laves phase [24,25]. This phase has a B2A structure, where the B atoms are
Fe and the A atoms are Nb, W, or Mo [26,27]. In technical applications, however, it has
often been demonstrated that several different A atoms (Nb, W, Mo) can be incorporated
into the Laves phase at the same time. On the side of the B atoms, Fe can be partly replaced
by Si and, in Cr-alloyed steels, also by Cr. [10,20–23,28–30]

The present study aims to assess the potential of the intermetallic Laves phase (Fe2Nb)
on the mechanical properties of newly developed aluminium-alloyed light-weight forging
steels for automotive powertrain applications. The further development of a Fe-6 wt. % Al-
1.25 wt. % Nb steel by alloying with 1.25 wt. % W and 0.75 wt. % Mo, respectively, is carried
out in this work. By the novel combination of Nb and W or rather Nb and Mo in Fe-
Al alloys, the influence of W and Mo on the coarsening behaviour of the Fe2Nb Laves
phase and thus on the mechanical properties is studied. Heat treatments with varying
temperature and holding time are performed to investigate the influence of technical aging
processes on the precipitation hardening of Fe-Al-Nb-W/Mo alloys, which has even not
been considered so far for Fe-Al-Nb alloys. After aging, X-ray diffraction analysis (XRD) as
well as an intensive particle analysis using scanning electron microscopy (SEM) images are
carried out. The mechanical properties are determined by means of tensile tests at room
temperature and at 500 °C and hardness measurements.

2. Materials and Methods

Two 75 kg laboratory melts were produced in a vacuum induction furnace and cast
to ingots with a size of 140 mm × 140 mm × 500 mm. After solidification, the ingots were
homogenized in a resistance-heated furnace at 1200 °C for 2 h and subsequently forged to a
cross-section of 60 mm × 60 mm. The forged bars were air-cooled to room temperature.
Special feature of the laboratory melts is the high Al content of 6 wt. %, which serves
to protect against oxidation and ensures cooling without phase transformations. Apart
from that, the two laboratory melts differ only in W and Mo content. Alloy 1 (W-concept)
was alloyed with 1.25 wt. % W, while for alloy 2 (Mo-concept), W was stoichiometrically
replaced by Mo (resulting in 0.75 wt. % Mo). In addition to W and Mo, both steels are
alloyed with 1.30 wt. % Nb, which is an effective Laves phase former. The C content was
chosen as low as possible on large-scale industrial level to suppress carbide precipitation
and to avoid aging processes. The chemical compositions of both alloys are displayed in
Table 1. The selection of the alloying concepts was based on THERMOCALC simulations
using TCFE9 database.

Table 1. Chemical composition of the two steels analyzed with spark spectral analysis.

Alloy C * Si Mn S * Al N W Mo Nb Fe

W-concept wt. % 0.021 0.50 0.25 0.002 5.91 0.007 1.23 − 1.34 bal.
at. % 0.093 0.94 0.24 0.003 11.59 0.026 0.35 − 0.76 bal.

Mo-concept wt. % 0.029 0.50 0.27 0.013 5.91 0.004 − 0.75 1.29 bal.
at. % 0.127 0.94 0.26 0.021 11.53 0.015 − 0.41 0.76 bal.

* C, S determined with Leco-combustion analysis
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To tailor the precipitation of Laves phase, heat treatments were performed in a BÄHR

805 A/D dilatometer under argon atmosphere on samples with a size of 7.0 mm × 4.0 m ×
1.4 mm. During forging and air-cooling, strain-induced precipitation of inadvertent large
Laves phase particles took place. To investigate the influence of aging on the precipitation
of the Laves phase, it is mandatory to conduct solution annealing (1250 °C, 1h) to dissolve
this phase followed by quenching to room temperature (cooling rate 150 K/s). Quenching
was followed directly by an aging treatment for 0.5–192 h to thermally induce precipitation
of the Laves phase. Based on thermodynamic simulations, temperatures of 550, 650, and
750 °C were selected for aging. The applied process chain is displayed in Figure 1.

te
m
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re

time

1250 °C

750 °C
650 °C
550 °C

ba

150 K/s

150 K/s

Figure 1. Temperature and holding times (a = 1 h; b = 0.5, 1, 2, 4, 6, 8, 12, 24, 48, 96, and 192 h) for the
applied heat treatments.

Afterwards, heat-treated samples were ground with SiC paper to P2500 and then
polished in three stages with diamond suspension (6, 3, 1 µm) with a SAPHIR 550 semi
automatic grinding and polishing machine from QATM. The final polishing was carried
out on a SAPHIR VIBRO vibration polishing machine from QATM with ultrafine polishing
suspension (Al2O3, grain size 0.06 µm).

The scanning electron microscopic (SEM) examination was carried out by means of a
ZEISS SIGMA field emission gun SEM. Backscattered electron (BSE) images were taken with
an accelerating voltage of 10 kV and a working distance of 8.5 mm to obtain the optimum
contrast of the precipitates. To ensure consistent results, brightness and contrast were kept
equal for all images. Secondary electron (SE) images with the same accelerating voltage
and working distance were taken for overview. The chemical composition of matrix and
precipitates was determined by means of energy dispersive X-ray spectroscopy (EDS) using
an OXFORD INSTRUMENTS X-MAXN detector operating with AZTEC® 5.0 software.

Furthermore, X-ray diffraction analysis was performed to identify the phases using an
EMPYREAN X-ray diffractometer from PANALYTICAL with Co Kα radiation (λ = 1.7889 Å).
For data logging PANALYTICAL’s HIGHSCORE PLUS software was used. The measurements
were performed in a 2θ range of 30–110° with a stepsize of 0.01°. Diffraction analysis was
performed with MAUD analysis software using ferrite [31], Fe2Nb [32], AlN [33], NbC [34],
Fe3Al [35], and FeAl [36] database.

Determination of Laves phase particle size was performed by analyzing a minimum of
ten grains per sample using a magnification of 10,000×. The images were analyzed using
IMAGEJ image analysis software. Particular attention was paid to the ferret diameter and
the area of the particles. The area was then used to calculate the equivalent circle diameter
(ECD), which is used to classify the particle sizes. To avoid falsifications by background
noise, only particles with an area of more than 10 pixels were considered in the evaluation.

Additionally, Vickers hardness was determined according to DIN EN ISO 6507-1 and
stress–strain curves were determined at room temperature and at 500 °C in quasistatic ten-
sile tests on a electromechanical tensile testing machine (ZWICKROELL Z100) using round
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tensile samples of B6 × 30 geometry. Solution annealing (1 h at 1250 °C) and aging (4 h at
650 °C) of the tensile samples took place in a resistance-heated furnace (THERMCONCEPT

KM15\13 equipped with a RHODE TC 504 control unit). To protect against oxidation
during solution annealing and aging the samples were wrapped in oxidation protection
foil. After both heat treatments, water quenching was applied.

3. Results and Discussion
3.1. Microstructure Analysis and Thermodynamic Assessment

The results of equilibrium thermodynamic simulation for both alloys are given in
Figure 2. In both steels, AlN forms during solidification, while NbC and MnS precipitate
shortly before complete solidification. Due to the high Al content and the addition of Si, a
fully ferritic microstructure is predicted for cooling from liquids to room temperature. This
influence of Al on the microstructure was also reported by Palm [13].

Figure 2. Results of the thermodynamic simulations for W- (a) and Mo-concept (b) using THERMOCALC with
database TCFE9.

In a combined analysis of BSE images and EDS measurements (Figure 3, Table 2),
precipitations no. 1, 6, and 8 mostly contain Nb and C. These precipitates are most likely
the predicted NbC. Precipitations no. 2 and 5 contain mostly Al and N. These precipitates
are most likely AlN. Both types of precipitations are also calculated by thermodynamic sim-
ulations (Figure 2). MnS could not be identified. After aging at 650 °C for 8 h (Figure 3b,e),
new precipitates could be detected on the grain boundaries as well as inside the grain. The
chemical composition of these phases is given in Table 2.

As shown in Table 2, precipitations no. 3, 4, 7 and 9 are enriched with Nb and Si in
both concepts. Additionally, these precipitates contain W or Mo, respectively. In other
studies [21,29,37] precipitates with very similar chemical composition are identified as C14
Laves phase with hexagonal crystal structure.
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(a) (b) (c) 

(d) (e) (f)

Figure 3. SEM images of the solution annealed state of the W-(a) and Mo-concept (d), as well as the 650 °C 8 h aged samples
of W-(b) and Mo-concept (e) and 750 °C 8 h aged samples of W-(c) and Mo-concept (f).

Table 2. Chemical composition (wt. %) of precipitates displayed in Figure 3 measured by EDS.

Alloy State Precipitation
No. Fe Al Si Nb W Mo C N

W-concept
solution annealed 1 4.5 − − 75.3 − − 17.6 1.6

2 5.2 62.4 − − − − 3.0 28.3

650 °C 8 h 3 59.0 − 2.1 27.4 6.5 − 2.4 −
750 °C 8 h 4 55.4 − 3.1 31.6 0.4 − 1.9 −

Mo-concept

solution annealed 5 2.5 65.0 − − − − 2.7 27.3
6 3.4 − − 77.0 − − 17.1 1.0

650 °C 8 h 7 55.7 − 4.7 29.9 − 3.9 3.6 −

750 °C 8 h 8 3.6 − − 77.4 − − 17.2 1.1
9 51.1 − 4.5 34.3 − 4.1 3.1 −

3.2. X-ray Diffraction Analysis

The results of the XRD analysis are shown in Figure 4. For a clear arrangement, the
intensity on the y-axis is displayed in logarithmic representation. The measurements were
performed in the 2θ range from 30° to 110°; however, no peaks could be detected between
2θ angles of 30° to 40°. Among 60° and 110°, only two ferrite peaks could be detected in
each steel. In the W-concept, the (002) ferrite peak is at 76.2°, and the (112) ferrite peak is
at 98.7°. In the Mo-concept, the (002) ferrite peak is at 76.5°, and the (112) ferrite peak at
98.7°. No other peaks could be identified within the 2θ range of 60–110°. For this reason
the x-axis shows a section of 2θ angles between 40° and 60°.
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Figure 4. X-ray diffraction patterns of W-(a) and Mo-concept (b) both aged at 650 °C for 8 h.

The main peak in Figure 4a as well as in Figure 4b was identified at an 2θ angle
of 51.9° (a) and 51.8° (b) as ferrite. The two peaks in Figure 4a at 43.6° and 47.6° are
identified as Fe2Nb. The peak at 50.8° slightly coincides with the ferrite peak. Nevertheless,
indexing Fe2Nb is possible. In Figure 4b, there are three Fe2Nb peaks at 43.5°, 47.5°, and
50.8°. Compared to the W-concept (Figure 4a), another Fe2Nb peak occurs at 52.6° in the
Mo-concept. Both peaks at 50.8° and 52.6° coincide with the ferrite peak. However, the
intensity of both peaks is high enough to indicate the Fe2Nb phase.

It is obvious from Figure 4 that in both concepts the thermally induced precipatation
is the Fe2Nb phase which belongs to the group of C14 Laves phase. Figure 2 shows that
there is a slight enrichment of W or Mo in the Laves phase, but it is too small for shifting
the Fe2Nb peaks. The thermally precipitated phase is therefore Fe2Nb enriched with small
amounts of W or Mo, respectively.

The formation of iron alumindes such as FeAl and Fe3Al which were found in steels
with Al contents above 20 at. % [38–40] did not occur. The Al content of the here-studied
materials (approx. 11.5 at. %) is not high enough to form these structures.

The identification of NbC and AlN by XRD analysis for the studied alloying concepts
is not possible. In both alloying concepts, the calculated phase fractions of NbC and AlN
(Figure 2) are 102 times lower than the fraction of Laves phase. It can be assumed that the
volume fraction of both phases is not high enough to identify them by XRD analysis.

3.3. Influence of Aging Temperature and Time on Hardness

In order to estimate the influence of the intermetallic Laves phase on the strength of
the alloys, hardness measurements were carried out. The hardness profile as a function of
aging time for different temperatures can be seen in Figure 5. In the solution-annealed state,
the hardness for both concepts is between 215 and 220 HV10. In this state, the hardness is
mainly attributed to solid solution hardening as a result of alloying with Nb, W, Mo, Al, Si,
and Mn. The impact of these elements on solid solution hardening was also reported by
other studies [41–44].

The increase in hardness with continued aging time is caused by the precipitation
of the intermetallic Laves phase, whereby the matrix is first depleted of Nb [45,46] and,
during the continued aging, also depleted of W [23] or Mo [30]. While Al, Mn, and Si
remain in the matrix and thus form the basic contribution to solid solution hardness, the
weight fraction of Nb decreases in both concepts with increasing holding time, whereby the
solid solution hardening is reduced [41,47]. When Mo or W is incorporated into the Laves
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phase during further progress of aging, the contribution of the solid solution hardening
decreases further [42,48–51].

Figure 5. (a,b) Hardness vs. aging time at 550, 650, and 750 °C for both alloying concepts.

The composition of the matrix as a function of aging time can be taken from Table 3.
It is demonstrated that with the increasing holding time, the matrix is depleted of Nb and
W in the W-concept and of Nb and Mo in the Mo-concept. While Mo was removed from
the matrix already after 4 h, the depletion of W in the matrix occurred only after 12 h.

Table 3. Matrix composition (wt. %) in dependency of the aging time at 650 °C for both alloying concepts measured by EDS.

Alloy Aging
Temperature Aging Time Fe Al Si Mn Nb W Mo

W-concept 650 °C
1 h 91.0 5.5 0.5 0.3 1.1 1.3 −
4 h 90.7 5.9 0.5 0.3 0.7 1.3 −

12 h 86.7 11.1 0.9 0.3 0.7 0.4 −
750 °C 8 h 92.1 5.5 0.4 0.3 0.1 1.0 −

Mo-concept 650 °C
1 h 91.7 6.0 0.5 0.3 0.8 − 0.7
4 h 92.4 5.8 0.5 0.3 0.6 − 0.5

12 h 92.8 5.5 0.4 0.3 0.5 − 0.5

750 °C 8 h 92.7 6.0 0.4 0.3 − − 0.4
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3.3.1. Early Stages of Aging at 650 °C

The aging temperature of 650 °C is of particular interest, since a substantial increase in
hardness can be achieved after a significantly shorter holding time compared to aging at
550 °C. Rapid aging is particularly important for applications in the powertrain of motor
vehicles, as shorter aging times can save energy and reduce production costs.

For both alloys, the considerable increase in hardness (40 HV10) occurs in the first
30 min of heat treatment at 650 °C, while with longer holding times, the hardness can
only be increased by 20 HV10 (Figure 5). This suggests that nucleation and growth of
the strength-increasing phase already take place in the first half hour of heat treatment,
regardless of the alloying concept.

In general, two nucleation sites were identified: the grain boundaries and the grain
interior. Furthermore, precipitation-free zones (PFZ) were detected along the grain bound-
aries. These PFZs have already been found in ferritic steels with Cr contents above 17 wt. %
and the addition of Nb and W or Nb and Mo [20,52]. It can be assumed that the Laves
phase-forming elements (Nb, W, Mo) diffuse to vacancies in the lattice due to their atomic
size and occupy energetically more favourable positions, which was also reported by
Liu et al. [53] and Askeland and Wright [54]. This leads to the formation of elongated
precipitates of the composition Fe2Nb along the grain boundaries, which can be enriched
with W and Mo, respectively.

Significantly finer particles can be found in the interior of the grains. According to
Liu et al. [53], the formation of these particles can only take place when the nucleation sites
along the grain boundaries are almost completely occupied. The formation of the Laves
phase on the grain boundaries is much faster than in the inner grains. This behaviour was
also shown by Sello and Stumpf [7] and by Kuhn et al. [20].

Due to the performed solution annealing prior to aging, it can be assumed that nearly
no dislocations are available as potential nucleation sites in the inner grains. The formation
of the Laves phase in the grain interior is based on the formation of clusters of Laves
phase-forming elements. According to Hornebogen [55], these clusters form as follows. As
a result of the temperature effect, vacancy rings, whose number increases with increasing
holding time, form in the {100} plane of ferrite. Amara et al. [56] state that in Fe-Al alloys,
the vacancies can be introduced into the material by quenching from high temperatures.
Elements such as Mo accumulate in the stress fields of these quenched-in vacancy rings,
leading to the formation of Mo clusters. If a local concentration of 33 at. % is exceeded
as a result of the enrichment of Mo, the Fe2Mo phase forms, which was reported by
Fernandez Guillermet [57]. The theory of clustering is often applied in the literature [58–61]
as a precursor to precipitation formation. In a further study [61,62], the clustering of Nb
was demonstrated analogously to the clustering of Mo. In order to be able to prove the
clustering of the elements in the alloys investigated in the present study, it would be
advisable to carry out detailed investigations by atom probe tomography (APT) after short
holding times (less than 30 min).

3.3.2. Evolution of Laves Phase at 650 °C

It is interesting to note that in the Mo-concept a hardness of 280 HV10 is achieved
after only 2 h, whereas in the W-concept a hardness of 280 HV10 is only reached after 8 h.
In a different study [63], it was already shown that the precipitation of the Fe2Nb phase is
accelerated by the addition of Mo. While in the Mo-concept Laves phase can already be
found inside the grains after 2 h, in the W-concept, the Laves phase is mainly found along
grain boundaries. Precipitation in the grain interior has not yet taken place. Complete
precipitation in the grain interior can be found after 4 h in the W-concept. Comparing the
diffusion coefficients of alloying elements in α-Fe, Mo has a higher diffusion coefficient at
650 °C (DMo inα = 3.46 × 10−19 m2/s) than W (DW inα = 2.19 × 10−19 m2/s) [64,65]. In the
Mo-concept, the incorporation of Mo into the Laves phase can therefore proceed faster
than the incorporation of W in the W-concept, which is why the growth of the Laves
phase proceeds faster in the Mo-concept. Dong et al. [10] reported that the coarsening
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of the Laves phase in connection with W proceeds more slowly than with Mo. This is
also supported by Figure 6. While in the Mo-concept, the frequency of particles with an
ECD of 20–40 nm tends to decrease with increasing holding time and the frequency of
particles in the 60–80 nm class range increases, and no significant change can be found in
the W-concept.

Figure 6. ECD of W- (a) and Mo-concept (b) as function of aging time at 650 °C.

Elsewhere in the literature [53,66], it was stated that alloying with W lowers the
diffusion coefficient of dissolved atoms, which delays the coarsening process. The matrix
in the Mo-concept is depleted in Nb and Mo with increasing holding time, while the
matrix in the W-concept is exclusively depleted in Nb, which is shown by the results of
EDS measurements (Table 3). Mo is thus incorporated faster into the Laves phase, while
W remains longer in the matrix. Nevertheless, it can be deduced from Table 2 that W
is incorporated into the Laves phase with longer aging time. Due to the high diffusion
coefficientof Nb, compared to W and Mo [64,65,67], the phase Fe2Nb forms first, which
then becomes Fe2(Nb,W) or rather Fe2(Nb,Mo) which is comparable to the results of
Miyazaki et al. [68].

Another indicator for the faster coarsening in the Mo-concept was derived from the
area fraction of Laves phase in the inner grains (Figure 7a). While in the Mo-concept the
maximum proportion of the Laves phase is already precipitated after 2 h, this is only the
case after 8 h in the W-concept. Liu et al. [53] stated that complete precipitation of the phase
is a necessary prerequisite for coarsening by Ostwald ripening mechanism. The driving
force of the coarsening is associated with the coherence stresses between the bcc matrix and
the hcp Laves phase. The stress fields around the Laves phase are energetically favourable
sites for elements such as Nb, W, and Mo. The diffusion of these elements into the Laves
phase causes coarsening. This phenomenon was already described by Sim et al. [46] and
Ghosh [69].
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Figure 7. Area fraction of Laves phase in dependency of aging time (a) and particle size as function of the square root aging
time (b) both aged at 650 °C for W- and Mo-concept.

3.3.3. Hardness Profile for Aging at 550 °C

The hardness of both alloys at 550 °C does not undergo any significant change within
the first 8 h of heat treatment compared to the initial state. This is related to the incubation
time of nucleation. Due to the low temperature, the element transport of Nb by diffusion
(see [67]) is very slow compared to higher temperatures. According to Section 3.3.1, the
preliminary stage of nucleation is the enrichment of Nb at vacancies. In reference to
Alam et al. [61] and Pereloma et al. [62], this step is diffusion controlled. Appropriately, the
time-consuming step is the enrichment of atoms at vacancies. As stated by Gottstein [70],
the diffusion path (X) which can be covered by an atom during a specific time (t) at a given
temperature is expressed as follows:

X2 = 6 · Dt (1)

where D is the temperature-dependent diffusion coefficient. Since the initial state of all
samples in this research series is the same, the diffusion path (X) for this consideration is
always the same. Therefore, Equation (1) can be transformed:

t550◦C =
D650◦C

D550◦C
· t650◦C (2)

Using the diffusion coefficients of Nb in α-iron at 550 °C (D550 °C = 3.37 × 10−21 m2/s)
and 650 °C (D650 °C = 5.04 × 10−19 m2/s) reported by Oono et el. [67] in Equation (2), the
following relationship is obtained:

t550◦C = 150 · t650◦C (3)

This explains why an increase in hardness after aging at 550 °C can only be detected
after significantly longer holding times compared to aging at 650 °C. Unfortunately, the
incubation time cannot be determined from the experimental data so far. To obtain the
experimental incubation time for both materials, in-situ synchrotron X-ray diffraction
experiments at different aging temperatures need to be performed.

The hardness in both concepts increases between 8 and 48 h to approx. 320 HV10.
While in the Mo-concept, the hardness drops after 48 h and reaches approx. 260 HV10 after
192 h, the hardness in the W-concept remains constant at 320 HV10. It can be assumed that
due to the already discussed differences in the diffusion coefficients [64,65,67] a faster coars-
ening occurs in the Mo-concept and therefore the hardness decreases. However, this must
be clarified by smaller temperature steps and high-resolution materials characterisation.
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3.3.4. Hardness Profile for Aging at 750 °C

During aging at 750 °C, no significant increase in hardness can be achieved in none of
the two alloying concepts. Compared to 550 and 650 °C the hardness can only be increased
by 20 HV10 versus the initial state due to faster coarsening at 750 °C. The incubation time
of the nucleation of the Laves phase is well below 30 min. Hu et al. [71] were able to show
that the incubation time decreases with increasing temperature and that nuclei capable of
growth are rapidly formed. Due to the influence of temperature, the formed precipitates
grow rapidly and remove solid solution hardening elements (Nb, W, Mo) from the matrix,
which was also reported by Nabiran et al. [45,72]. As claimed by Tokizane et al. [73] and
Nabiran et al. [45], Laves phase coarsening by Ostwald ripening takes place afterwards.
The decrease in hardness-increasing elements was detected by EDS (Table 3), which leads
in combination with the Laves phase coarsening to a drop in hardness, which is in good
comparison to the results of Juuti et al. [74] and Guo et al. [75].

The accelerated coarsening of Laves phase at higher temperatures was also reported
by Kuhn et al. [21] as well as Sello and Stumpf [7] in high Cr-alloyed steels.

3.4. Influence of Laves Phase on Tensile Properties

At room temperature, all tensile specimens fail during homogeneous work hardening,
i.e., before necking of the samples sets in. Therefore, only the influence of the Laves phase
on the yield strength is considered in the following section.

Analysing the yield strength at room temperature, it can be seen from Figure 8 that
the yield strength in the solution-annealed state for both alloying concepts is comparable.
Since no Laves phase is precipitated in this state and the grain size in both concepts is
above 350 µm, it can be assumed that the strength is caused by solid solution strengthening
mainly [41,47,76]. According to Li [48] and Lacy and Gensamer [77], W and Mo have a
comparable influence on solid solution strengthening at room temperature.

Figure 8. Stress–strain curves recorded at room temperature and at 500 °C of tensile samples of W-(a) and Mo-concept (b)
in solution annealed state as well as aged at 650 °C for 4 h.

When aged at 650 °C for 4 h, the yield strength increases by 101 MPa in the W-concept
and by 107 MPa in the Mo-concept. Considering Figure 7b, it can be seen that the particle
size is almost the same with 42 ± 4 and 44 ± 5 nm for the Mo-concept and W-concept, re-
spectively. Thus, the influence of the precipitate size on the yield strength can be neglected.
Figure 7a shows that after aging at 650 °C for 4 h the area fraction of Laves phase in the
W-concept is lower (1.7 ± 0.4 %) than in Mo-concept (3.7 ± 0.7 %). Considering Table 3, the
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Nb content of the W-concept is higher, and no depletion of W took place after aging, which
indicates that the lower proportion of precipitation hardening is compensated by solid
solution strengthening by W.

Evaluating the stress–strain curves at a testing temperature of 500 °C (Figure 8), the
stress difference of the yield strength in the solution-annealed state and in the aged state
is 100 MPa in the W-concept and 104 MPa in the Mo-concept. Comparing these results to
room temperature testing, it can be concluded that the precipitation hardening does not lose
its effect at 500 °C. Comparing the results of solid solution strengthening effect of W at room
temperature reported by Lacy and Gensamer [77] with its effect at 700 °C [49], W proves
itself to be an extremely effective element for solid solution strengthening. Therefore, it can
be supposed that the solid solution strengthening effect of W at 500 °C still compensates
the lower phase fraction of the Laves phase in the W-concept. The fracture surfaces of
tensile samples of different states of W- and Mo-concept can be seen in Figure 9. In the
Mo-concept, the fracture behaviour changes from transgranular in the solution annealed
state to intergranular in the aged state. The change in fracture behaviour is due to the
weakening of the grain boundaries by precipitation of the Laves phase, which was also
observed in previous studies [15,78,79].

Figure 9e shows small precipitates on the fracture surface of Mo-concept aged at 650 °C
for 4 h. The chemical composition of these particles can be seen in Table 4. Comparing
the measurement results from Tables 2 and 4 and additionally considering the discussion
in Section 3.2, the precipitations on the fracture surface were identified as Laves phase.
Therefore, the toughening of the material would require a grain refinement. Respective
investigations, applying thermomechanical treatment aiming at dynamic recrystallization,
are subject of ongoing work.

Figure 9. Tensile sample fracture surface of W-concept in solution annealed state (a) and aged at 650 °C for 4 h (b) as well as
fracture surface of Mo-concept in solution annealed state (c) and aged at 650 °C for 4 h (d,e).

In contrast to the Mo-concept, the W-concept shows transgranular fracture in both
states, solution-annealed and aged, respectively. Considering that precipitation of Laves
phase at 650 °C is not completely finished after 4 h the diminish impact of this phase on
grain boundaries is too low for a change in fracture mode.
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Table 4. Chemical composition (wt. %) analyzed by EDS at different measuring sites of the fracture surfaces shown in
Figure 9.

Alloy State Measuring Site Fe Al Si Mn Nb W Mo

W-concept
solution
annealed fracture surface 90.0 5.5 0.5 0.3 1.0 1.3 −

4 h at 650 °C fracture surface 90.4 5.6 0.4 0.3 1.0 1.3 −

Mo-concept

solution
annealed fracture surface 89.8 6.3 0.6 0.3 1.2 − 0.7

4 h at 650 °C fracture surface 87.1 2.0 1.3 0.4 8.5 − −
4 h at 650 °C precipitation 79.9 − 2.1 − 13.2 − 1.5

4. Conclusions

The CALPHAD-guided development of a new low-density, high-strength forging steel
for automotive power train applications led to two promising Laves phase strengthen-
ing W/Mo alloying concepts: Fe-6 wt. % Al-0.25 wt. % Mn-1.25 wt. % Nb-0.5 wt. % Si plus
1.25 wt. % W or 0.75 wt. % Mo, respectively. According to the results of the materials charac-
terisation the following conclusions were drawn:

1. Aging at temperatures between 550 and 750 °C leads in the investigated W- and
Mo-alloyed steels to the formation of the intermetallic Fe2Nb Laves phase. Aside
from Fe and Nb, small amounts of W or Mo as well as Si were found to be incorporated
in the Laves phase.

2. The most powerfull effect of precipitation hardening occurs in both alloying concepts
at 550 °C. At 650 °C, the increase in hardness is less pronounced but occurs after a
significantly shorter aging time due to the higher diffusion coefficients of Nb, W, and
Mo at 650 °C compared to 550 °C. Aging at 750 °C leads to no significant increase in
hardness for both alloying concept since the formation and coarsening of the Laves
phase is very fast at this temperature.

3. At 550 °C, the precipitation hardening in the Mo-concept is less stable than in the
W-concept which might be contributed to the higher diffusion coefficient of Mo and
the accelerated diffusion of Nb in presence of Mo. Further investigations have to
be performed to clarify the effect of W and Mo on coarsening of the Laves phase at
550 °C.

4. The yield strength can be substantially increased by precipitation hardening with the
intermetallic Laves phase. The effect of precipitation hardening is still present and not
lowered at testing temperatures of 500 °C in comparison to the effect of precipitation
hardening at room temperature.
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