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GRAPHICAL ABSTRACT

« Systematic screening of mechanical,
physical and microstructural properties
of Fe-10B-5X alloys for lightweight de-
sign

Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W additions
exhibit widely differing microstructures
of different boride phases and mixes
Cr and Zr were identified as the most
promising elements for design of high
modulus steels

Fe-B-Cr alloys exhibit similar perfor-
mance as the established Ti alloyed ma-
terials, but at greatly reduced alloying
costs

Zr alloyed materials are softer and less
ductile, but achieve extremely high
stiffness/density ratio
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next generation lightweight materials. The alloys were synthesised and processed by bulk liquid metallurgical
techniques, and subsequently analysed for their mechanical and physical properties (i.e. Young's modulus, den-
sity, tensile strength and ductility) as well their microstructure and constitution. From the wide variety of ob-
served boride phases and microstructures and resultant different properties, Cr and Zr additions were found to
be most effective. Cr qualifies well as the high fraction of M,B borides of spherical morphology allows achieving
a similar stiffness/density ratio and mechanical performance as the reference Ti alloyed materials, but at substan-
tially reduced alloy costs. Zr blended composites on the other hand are softer and less ductile, but the alignment
of spiky ZrB, particles during swaging led to a much higher - though most probably anisotropic - specific mod-
ulus. Consequences and recommendations for future alloy and processing design are outlined and discussed.
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1. Introduction

Weight reduction is a major technical challenge for structural mate-
rial design. An ideal pathway is blending strong and ductile metallic ma-
trices for optimised mechanical performance with stiff and low-density
ceramic particles for improved physical properties, thus creating metal
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matrix composites [1-6]. Key material parameters are a high Young's
modulus (E) for improved stiffness, high yield strength (YS) to allow
for higher loads to be transferred, satisfactory ductility (such as tensile
elongation TE) for forming operations during manufacturing, and a
low density (p). High modulus steels (HMS; as the most common acro-
nym for iron (Fe)-based composites) are especially attractive, as Fe ex-
hibits a similar specific modulus (E/p) as established lightweight
materials such as for example aluminium, magnesium or titanium alloys
(about 26 GPa g~ ! cm?), but also a wide range of achievable mechanical
properties due to its multitude of equilibrium and non-equilibrium
phase transformations and low production costs [7].

Selecting suited particle phases however - from intrinsic properties
alone - is difficult, as possible candidates are numerous and range from
carbides to nitrides, oxides, intermetallics and borides [1]. Besides high
efficiency (i.e. a high specific modulus), other aspects of critical impor-
tance are e.g. their thermodynamic stability (to prevent dissolution in
the matrix), formation kinetics (possible floatation of low density parti-
cles forming in the liquid), interfacial properties (to ensure wetting of
particles), as well as the availability and costs of the constituting ele-
ments. Furthermore, in-situ formation of such particles during synthesis
greatly simplifies the production of such composite materials. All these
factors are important for liquid metallurgy synthesis, and thus of key
relevance for efficient mass production. When reviewing the wide
range of stiff and low density particles under these engineering con-
straints, only a limited number of possible phases remain: Diamond
for example has one of the highest specific moduli, but cannot be syn-
thesised in-situ and will dissolve in Fe when added ex-situ. By contrast
nitrides or oxides have high thermodynamic stability, but as they form
rapidly in the melt and are typically of low mass density, they float
and form a slag instead of rendering dispersed in the solidified material
[8]. Carbides are typically less effective, and detrimental for both the
mechanical properties (through preferential precipitation at grain
boundaries) and the melt viscosity (formation in the liquid phase) [4].

Borides, on the other hand, fulfill most of the above listed criteria for
HMS design. Specifically the Fe-Titanium diboride (TiB,) system has
been intensely investigated [4,8-25], as TiB, has a high specific modulus
(~125 GPa g~ ! cm?®) [26] and can be precipitated in-situ from a homo-
geneous Fe-Ti-B melt in a pseudo-binary eutectic reaction [9], with ex-
cellent interfacial properties and sufficient mechanical compliance with
the matrix [11,18,23]. An Fe-10 vol.% TiB, alloy for example typically ex-
hibits a specific modulus of about 30 GPag ™' cm ® at 400 MPa and ~30%
TE [27,28]. The increased costs associated with the comparatively large
quantities of Ti required (about 5 wt.% for the above mentioned alloy)
can be decreased by the in-situ reduction of Ti-oxides through alumin-
ium additions in the melt [8]. More problematic is the pronounced em-
brittlement observed with increasing TiB, fractions. This is caused by
the unfavourable particle microstructure once the eutectic TiB, concen-
tration (about 12 vol.% [20,25]) is exceeded and formation of large (sev-
eral um?) primary particles in addition to the already sharp edged
eutectic TiB, lamellae occurs. While the particle morphology can be suc-
cessfully controlled by alloying additions and/or tailored solidification
kinetics, leading to excellent property profiles [22,24,27], these mea-
sures further increase the associated efforts and costs, and thus may
slow down the application of HMS as the next generation lightweight
material on a broad scale.

However, as HMS still represent a relatively novel class of structural
materials, the potential of other Fe-boride systems has not yet been in-
vestigated and exploited. Compared to the more thoroughly studied Fe—
TiB, based HMS, these alternative alloy systems may offer more effec-
tive boride particles (so that lower particle fractions are required for
the same gain in properties), and/or improved boride microstructures
even with established alloying and processing routes (allowing for im-
proved mechanical performance at similar particle fractions). Identify-
ing the most suitable Fe-B-X system for the design of HMS from
existing literature alone is difficult though, for the following reasons:
(i) The thermodynamics of the Fe-rich corners of ternary Fe-B-X

systems are often not fully understood, thus making it difficult to reli-
ably predict which phases are stable for a specific alloy composition
and temperature [29]. (ii) Depending on the alloy system, a multitude
of equilibrium phases occurs, with often closely spaced compositional
ranges. In the Fe-B-Cr system for example, 9 binary and 6 ternary bo-
rides have been reported, not even counting metastable phases which
are out of thermodynamic equilibrium [30]. (iii) Apart from the difficul-
ties in predicting the formation of specific phases, data concerning their
intrinsic properties (such as E and p) is rather scarce. Additionally, al-
most no information exists on what kind of particle microstructures
(i.e. morphology, size and dispersion of the borides) will result for dif-
ferent processing conditions. Hence the prediction of the physical and
mechanical performance of such an HMS alloy, i.e. its specific modulus,
strength and ductility, is virtually impossible.

An experimental approach, i.e. screening the constitution, micro-
structure, mechanical and physical properties of ternary Fe-B-X sys-
tems, on the other hand, is extremely time consuming in view of the
large number of possible alloy compositions and thermomechanical
processing parameters, even with novel high throughput bulk metallur-
gical techniques [31]. Thin film combinatorial techniques may be sub-
stantially faster, but the correlation lengths of the property-
dominating microstructural features (grain size, crystallographic tex-
ture, precipitate dispersion and topology etc.) typically exceed the di-
mensions accessible in thin films. It is therefore of high interest to use
an alternative experimental strategy to efficiently obtain insight into
which ternary Fe-B-X system has the highest potential for future
HMS alloy design.

2. Objective and approach

The aim of this study is to evaluate ternary Fe-B-X alloy systems for
the design of stiff, light, strong and ductile HMS. In view of the above
listed difficulties with identifying the most suitable system exclusively
from literature data, we follow here a property driven approach, i.e.
first producing material based on the available data, then evaluate its
mechanical and physical properties, followed by investigation of micro-
structure and constitution. This allows us to efficiently provide first in-
sights into the underlying microstructural reasons for different types
of material behaviour, and to successfully identify the most promising
alloy systems for conducting more detailed follow-up studies.

The boride forming elements Ti (as a reference case), zirconium (Zr),
hafnium (Hf), vanadium (V), niobium (Nb), tantalum (Ta), chromium
(Cr), molybdenum (Mo) and tungsten (W) were selected as composi-
tional variables for this study. It is well known that diborides of the
type MB; have a great potential as effective high-stiffness phases, as
they assume a hexagonal lattice of the type P6/mmc, whose close crys-
tallographic packing typically ensures high E values [26,32]. For the sys-
tems Fe-B-Ti, Fe-B-Zr and Fe-B-Hf the formation of such MB, has been
experimentally reported [9], while for example in the case of the Fe-B-
Cr system borides of the type M,B are more likely to form [30]. Howev-
er, as noted above, as no clear and comparable information exists for the
exact thermodynamics of any of the Fe-B-X systems studied here, we
chose in this first evaluation step to keep the X/B ratio fixed at 1:2, in
order to allow - at least from a stoichiometric standpoint - for the for-
mation of MB, type borides. In binary Fe-B alloys Fe;B is well known
to form. While its spherical morphology has shown to be not detrimen-
tal for the ductility of the bulk composite [8], its comparatively low stiff-
ness and high density (p 7.15 g cm™3, E 290 GPa, respectively [4]) makes
it not a promising particle phase for HMS design.

All alloys were synthesised and processed by standard liquid metal-
lurgical techniques, and subsequently analysed regarding their mechan-
ical and physical properties (i.e. E, p, YS, TE) as well their microstructure
and constitution. The results aim at representing the basis to identify the
most suitable systems for alloy design of novel HMS, whose alloy com-
position and thermomechanical parameters can be most effectively
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Target and actual chemical compositions (at.%) determined by wet chemical analy-
ses of all alloys of this study in at.% (Fe as balance). Compositional scatter indicates
inhomogeneities probably caused by density-induced separation (floating or sink-
ing) of formed boride phases prior to solidification.

Target values/at.%

Actual values/at.%

Fe-10B-5Ti Fe-11.5B-5.1Ti

Fe-10B-5Zr Fe-10.9B-4.7Zr

Fe-10B-5Hf Fe-(10.2-10.3)B-(5.1-5.4)Hf
Fe-10B-5V Fe-(9.3-10.6)B-(4.3-4.8)V
Fe-10B-5Nb Fe-10.4B-(5.0-5.2)Nb
Fe-10B-5Ta Fe-9.6B-4.9Ta

Fe-10B-5Cr Fe-10.5B-5.2Cr

Fe-10B-5Mo Fe-9.7B-4.2Mo

Fe-10B-5W Fe-9.7B-(2.6-2.7)W

studied and refined further by using established high throughput bulk
metallurgical techniques [31,33-35].

3. Materials and methods

All alloys of this study are of the composition Fe-10 B-5 X (at.%; X =
Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W). This represents a hypo-eutectic concen-
tration for the reference alloy with Ti, which is an optimum benchmark
for judging the performance of the other material systems, as it does not
undergo strong embrittlement through the formation of coarse primary
particles, and represents the current state of the art in HMS design.
Charges of ~600 g were synthesised by Arc melting pure materials
(>99.99%) in an Argon atmosphere on a water-cooled copper (Cu)
hearth and subsequently cast in a cylindrical Cu mould with 20 mm in-
ternal diameter. The chemical compositions (target and actual values
determined by wet chemical analysis) are listed in Table 1. Composi-
tional scatter indicates inhomogeneities probably caused by density-in-
duced separation (floating or sinking) of boride phases formed prior to
complete solidification. The cast rods were then lathed to 18 mm diam-
eter and hot swaged at 1100 °C to 10 mm diameter followed by air
cooling to room temperature. Lathing was utilised to produce cylindri-
cal samples of 9 mm diameter and 45 mm in length for subsequent
analysis.

Mass density p was measured both on the bulk cylindrical samples
(dividing mass by volume; ppuy) as well as on flakes collected from
lathing with a gas pycnometer (Archimedes technique; paakes) under
Ar atmosphere (Micromeritics Accupyc 1330). Sonic induced E
measurements were conducted with a GrindoSonic Mk5 “Industrial”
(indirect measurements following the excitation and resonance meth-
od, using flexural vibrations). Tensile testing was performed on small

dog-bone shaped samples (gauge length 5 mm, cut by spark erosion
parallel to the swaging direction) at an initial strain rate of 1073 s~!
and digital image correlation (software Aramis V6.3.0) to map the
strain.

Microstructural characterisation was carried out on cross sections
prepared in the plane perpendicular to the swaging direction by grind-
ing and polishing using standard metallographic techniques. Imaging
was performed with scanning electron microscopy (SEM; Zeiss
1540XB). Phase identification was performed via X-ray diffraction
(XRD; Seifert Type ID3003, cobalt radiation, MeteorOD - energy disper-
sive point detector, 2 mm beam diameter). The Pawley method was
used to fit peaks of specific phases (database Bruker Topas V5.0 soft-
ware) to those of the measured spectra.

4. Results
4.1. Physical and mechanical properties

The E and p data obtained for the Fe-10 B-5 X alloys are plotted in
Fig. 1. In the as-cast state (Fig. 1a), the Mo alloyed samples exhibited
with 221 GPa the lowest E values (black rhombi), and the Nb alloyed
material with 246 GPa the highest ones. The bulk mass density ppuix
(blue circles) was found to be lowest for the Ti alloyed materials
(7.38 g cm™3) and highest for Ta-alloyed samples (8.28 g cm™>). The
Paakes Values (empty red circles) were almost identical to the ppux
data except for Nb, Ta and W alloyed materials, where the pgakes Was
about 0.15 g cm ™3 larger than the respective ppui values. After swaging
(Fig. 1b) both p and E changed substantially. With 227 GPa the lowest E
was measured for the W alloyed samples, and with 246 GPa the highest
for the Zr alloyed material. Similar to the as-cast state, ppu Was mea-
sured lowest for the Ti alloyed samples (7.40 g cm™>) and highest for
Ta alloyed samples (8.33 g cm~>). The differences between pgaxes and
Ppuik Values are now slightly larger. As ppu represents the more realistic
mass density values (i.e. those relevant for a manufactured, load bearing
machine component) because it includes also possible internal defects
such as pores and cracks, we base all the following evaluations on the
Pouik Values, as well as on the E values obtained after swaging of the ma-
terials for the same reason. In Fig. 2 the determined E values of all alloys
after swaging are plotted as function of the inverse ppy data (i.e. specif-
ic volume). It becomes clear that the Cr, V, Ti, Nb and especially Zr
alloyed materials have higher specific modulus (positioned in the
upper right corner) than those alloyed with Hf, Mo, Ta and W (bottom
left).

The corresponding mechanical performance of all materials in the
as-swaged state is shown in Fig. 3 as representative engineering
stress/strain curves obtained by tensile testing. Ultimate tensile
strength (UTS), YS and especially TE values vary greatly between the
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alloys in as-cast (a) and as-swaged condition (b).
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different Fe-10 B-5 X alloys. The highest YS was obtained for Mo and W
alloyed samples (about 650 MPa), but they fail brittle without notice-
able plastic deformation and the TE values are below 3%. The reference
Ti alloyed material exhibits with about 30% the largest TE values at in-
termediate YS (about 420 MPa) and UTS (about 580 MPa). All other al-
loys show TE values between about 5 and 20% at YS values in the range
of 300 and 450 MPa. Interestingly, the Zr alloyed material with the
highest specific modulus is the plastically softest one of all tested mate-
rials (YS 300 MPa), yet, it is not the most ductile (TE 13%) alloy. This sur-
prising observation underlines the relevance of testing both physical
and mechanical performance to evaluate a given alloy system. The me-
chanical performance of all alloys is summarised in Fig. 4, where the YS
of all materials is plotted as a function of their respective TE values (all
data points represent average of three test each). A typical inverse
strength/ductility relationship can be observed, with the Cr and Ti
alloyed material representing positive (i.e. more strong and ductile),
the Zr alloyed material negative exceptions (i.e. more soft and brittle).

4.2. Microstructure and constitution

Fig. 5 shows SEM micrographs of the microstructures of all alloys in
as-swaged condition in backscatter electron contrast at identical

Zr Hf
0 5 10 15 0 5 10 15
1/ |
Nb Ta
0 5 10 15 0 5 10 15
Mo lW
0 5 10 15 0 5 10 15

Fig. 3. Engineering stress-strain plots from tensile testing of the different alloys in as-swaged condition.
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Fig. 4. Yield strength (YS) as a function of total elongation (TE) of the different alloys in as-
swaged condition. Materials with high mechanical performance are found in the upper
right, with a low the strength and ductility in the lower left corner, respectively.

magnification. While in all Fe-10 B-5 X materials a roughly comparable
fraction of particles is found, their contrast, size distribution and
morphology varies substantially between the different alloys. The parti-
cles are homogeneously distributed for Ti, Hf, Ta and Cr alloyed samples,
whereas in Zr and V alloyed samples clustering occurs, and Nb, Mo and
W alloyed samples show partly interconnected networks. In the refer-
ence Ti alloyed samples hexagonal and irregular shaped black particles
of about 2-3 um diameter can be observed, as it is well known from
hypo-eutectic Fe-TiB, HMS. Zr-alloyed samples exhibit sharp-edged
and elongated light grey particles with about 5-10 pm in length and
<2 pm wide, as well as lower amounts of irregular but rounded dark
grey particles. In Hf-alloyed samples similar spiky reinforcements in
bright contrast with a length from 3 to 10 pm and a width of around
1 um appear. V and Cr alloyed materials exhibit dark grey, spherical par-
ticles with a diameter below 4 pm, yet, the V alloyed samples contain

Fe — 10B - 5X / at.% as-swaged

Bt

additionally a lower number of smaller and black ellipsoidal particles
below 1 um in width. In Nb alloyed samples bright particles of both larg-
er hexagonal (diameter > 5 pm) and lamellar (eutectic) morphology can
be observed. As similar contrast and bimodal size distribution is found
for the Ta alloyed materials, but without the lamellar appearance of
the smaller particles. With both Mo and W alloyed materials the parti-
cles are also of bright contrast, but of much smaller size
(diameter < 0.5 um). In the Mo alloyed samples the particles are partial-
ly arranged as lamellae, in the W alloyed materials they appear predom-
inantly on matrix grain boundaries.

Fig. 6 compiles XRD spectra of all Fe-10 B-5 X alloys (in black) to-
gether with the fitting results for the given phases (red, green, cyan
and pink, respectively) identified within the ferritic Fe matrix (blue; lat-
tice parameter a of 0.278 nm determined by the Pawley fit). Pawley
analyses of the phases and their lattice parameters obtained besides
the matrix phase are listed in Table 2. The XRD investigation identified
the particles within Ti, Zr and Hf alloyed samples as TiB,, ZrB, and
HfB,, respectively (all of hexagonal lattice type), in agreement with lit-
erature data [9]. Within the V, Nb, Ta and Cr alloyed samples, borides of
the tetragonal M,B structures with similar lattice parameters could be
identified. In the V alloyed sample, hexagonal MB, phase could identi-
fied (most probably VB,), which likely corresponds to the smaller num-
ber of darker particles found in the SEM images (Fig. 5). Ternary NbFeB
and TaFeB borides (both hexagonal structure, similar lattice parame-
ters) were identified in the Nb and Ta alloyed materials, respectively.
A similar MMB-type phase (FeWB), but with orthorhombic structure,
was found in the W alloyed sample, as well as peaks indicating the pres-
ence of a tetragonal M5B phase. The latter type was also found in the Mo
alloyed sample, additional to hexagonal MoB, and tetragonal Mo,FeB,.

5. Discussion
5.1. Microstructure—property relationships of the different Fe—-B-X alloys
We successfully screened the stiffness, density, strength and ductili-

ty of Fe-10 B-5 X alloys (at.%; X = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W ) after
liquid metallurgy synthesis and thermo-mechanical processing. Our

Fig. 5. SEM images (backscatter electron contrast, cross sections) showing the microstructures of the different alloys in as-swaged condition.
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Table 2
Space groups, lattice parameters (a, b, ¢) and fitted peak positions (26; Pawely fit) of all phases detected in the materials of this study.
Phase Space a (A) b (A) c (A) 26/°
group
Ferrite Im-3m 2.866 - - 52.4;77.2;99.7;123.9
TiB2 P6/mmm  3.026 - 3.223 32.2;39.9; 52.2; 67.4; 72.5; 81.3; 81.5; 86.1; 94.9; 108.4; 112.7; 123.2; 128.3; 129.1
ZrB2 P6/mmm 3.156 - 3.527 29.4; 38.2; 48.9; 61.0; 69.1; 74.3; 76.8; 81.8; 89.2; 99.0; 99.1; 111.8; 120.0
HfB2 P6/mmm 3.129 - 3.470 29.9; 38.5; 49.5; 62.1; 69.7; 75.5; 77.7; 82.6; 90.3; 100.7; 101.3; 113.8; 114.5; 121.7
VB2 P6/mmm  2.866 - 3.013 34.5; 42.2; 55.7; 72.9; 77.2; 87.5; 88.0; 92.2; 102.4; 119.0; 125.9
MoB2 P6/mmm  2.970 - 3.138 33.128; 40.694; 53.441; 69.524; 74.063; 83.567; 83.800; 88.122; 97.456; 112.062; 117.577; 128.128
NbFeB P-62m  6.000 - 3.199 19.8; 32.5; 34.7; 38.3; 40.3; 48.3; 52.7; 54.2; 62.2; 64.6; 68.0; 71.6; 71.9; 73.2; 76.7; 78.7; 82.1; 82.4; 85.8; 87.0; 92.3;
96.0; 97.2; 99.2; 104.2; 106.4; 109.7; 113.3; 113.6; 114.1; 117.8; 118.8; 125.0; 125.8; 126.9; 129.66; 130.1
TaFeB P-62m 5.977 - 3.187 19.9; 32.6; 34.8; 38.5; 40.4; 48.5; 52.9; 54.4; 62.5; 64.9; 68.3; 71.9; 72.2; 73.5; 77.1; 79.0; 82.5; 82.8; 86.2; 87.5; 92.8;
96.5; 97.7; 99.7; 104.7; 107.0; 110.3; 114.0; 114.3; 114.7; 118.5; 119.5; 125.9; 126.7; 127.8; 130.6
FeWB Pnma 5.820 3.162 6.807 23.3;30.5; 35.4; 35.8; 36.4; 39.1; 40.7; 47.7; 49.1; 49.4; 50.1; 51.9; 57.3; 58.1; 59.1; 60.0; 61.2; 63.4; 64.1; 66.4; 67.7;
68.9; 70.1; 73.9; 74.7; 75.0; 75.9; 76.1; 77.2; 77.9; 79.9; 80.2; 82.2; 83.9; 84.0; 84.4; 84.9; 85.2; 87.2; 88.1; 88.7; 89.9;
91.3; 93.0; 93.1; 93.8; 94.1; 95.7; 97.9; 98.1; 101.1; 101.8; 102.3; 102.4; 103.1; 103.9; 104.1; 106.8; 106.9; 108.0;
108.6; 112.1; 112.5; 113.3; 115.5; 115.6; 116.7; 116.8; 117.9; 118.4; 118.6; 119.5; 121.5; 122.3; 123.4; 126.3; 128.2;
128.3;128.8; 129.0
M2B I4/mem  5.107-5.127 - 4.227-4.255 28.6;40.8; 49.7; 52.6; 58.3; 59.1 66.2; 67.0; 80.8; 83.1; 87.8; 88.5; 95.5; 95.7; 97.1; 102.6; 109.1; 114.4; 116.7; 122.4;
124.8;125.6; 125.9; 127.6
M3B P42/n 8.626-8.639 - 4.296-4.297 23.9; 26.9; 29.5; 34.1; 34.2; 36.3; 38.3; 42.2; 44.0; 45.7; 49.0; 49.2; 50.7; 50.8; 52.2; 52.4; 55.3; 55.3; 55.4; 56.8; 56.9;
58.2;61.1; 61.2; 62.6; 63.8; 64.0; 67.9; 68.1; 69.3; 71.8; 72.0; 73.2; 73.3; 74.4; 74.6; 76.9; 77.0; 77.1; 78.6; 79.5; 79.8;
82.0; 82.3; 83.2; 83.4; 83.5; 84.6; 86.9; 87.3; 88.2; 88.3; 88.5; 89.7; 92.0; 93.1; 93.4; 94.3; 94.4; 96.8; 96.9; 97.1; 98.1;
98.2; 98.4; 99.3; 99.6; 101.8; 101.9; 102.1; 103.1; 103.2; 104.3; 108.3; 108.5; 109.5; 109.8; 112.1; 112.8; 113.5;
113.6; 113.8; 114.1; 115.0; 115.5; 117.5; 117.6; 117.7; 117.9; 118.2; 119.0; 119.1; 119.6; 120.8; 123.3; 123.7; 124.0;
125.2;125.6; 126.3; 126.4; 127.0; 129.4; 129.8; 131.0; 131.2; 131.4
Mo2FeB2 P4/mbm  5.760 - 3.139 25.4;33.1; 36.2; 40.6; 42.2; 49.9; 52.1; 53.4; 58.8; 63.1; 68.1; 69.2; 69.4; 75.3; 76.8; 77.8; 79.6; 80.9; 82.4; 83.7; 86.2;

88.0; 89.0; 91.7; 92.0; 97.3; 97.6; 101.9; 104.7; 106.0; 111.6; 113.5; 114.6; 114.9; 117.5; 118.0; 121.2; 122.9; 123.9;
124.1;127.9; 129.8; 130.9
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results allow for the first time to systematically evaluate and compare
their microstructures and resultant properties, and thus to gain a first
insight into their applicability for the alloy design of novel generations
of lightweight structural materials. The reference Ti alloyed material
contained about 10 vol.% of TiB, in a ferritic Fe matrix (Figs. 5 and 6),
which - as the resultant properties (specific modulus ~31 GPa g cm™3;
; YS 420 MPa; UTS 570 MPa; TE 30%; Figs. 2 and 4) - is in excellent
agreement with previous findings [28,36]. The other Fe-B-X systems
with an identical X/B ratio, synthesis and processing, however, exhibit
a wide range of differing particle microstructures (in also ferritic matri-
ces; Figs. 5 and 6), and consequently drastically varying physical and
mechanical properties (Figs. 1 and 3).

The Zr alloyed samples showed with 32.5 GPa g~ ' cm > the highest
specific modulus of all materials studied here (Fig. 2). It is even exceed-
ing that of the reference material with TiB,, despite the lower effective-
ness of the major particle constituent ZrB, (p 6.1 g cm™>, E 498 to
638 GPa [37]; resulting in a specific modulus of about 82-105 GPa g™ !
cm?® compared to 125 GPa g~ ' cm? for TiB, [26]). The particles addition-
ally observed in the same microstructure are most likely Fe-rich M,B
borides [8,38] (whose amount was too small to be detected by XRD
analysis), which typically exhibit an even lower specific modulus (e.g.
Fe,B: p 7.15 g cm™ >, E 290 GPa [4]), and thus also are most probably
not responsible for the increased specific modulus of the Zr alloyed ma-
terial. However, a pronounced increase in E from 233 GPa in the as-cast
state to 245 GPa after swaging could be observed (without changes in p;
Fig. 1). This observation indicates that swaging has promoted alignment
of the spiky ZrB, particles along the longitudinal axis of the material,
resulting in increased stiffness along this direction (anisotropic proper-
ties). The associated highly localised stress around the spiky ZrB, partic-
ulates, however, possibly initiates cracking [27,39], which would
explain the observed lower ductility compared to the Ti alloyed samples
with its polygonal and round particle morphology (Figs. 3 and 4).

By contrast, the V alloyed samples were stronger but less ductile
than the Ti alloyed reference material, which can be attributed to the
higher volume fraction of boride particles, which could be identified
as VB, and M,B. While the available data for E and p of VB, scatters con-
siderably (p ranging from 4.61 to 5.28 g cm > [37]; experimentally de-
termined E 267 GPa [29]; theoretically predicted E 562 GPa [40]), they
suggest that its specific modulus is most probably smaller than that of
TiB,. As a result, despite the higher fraction of boride particles, the V
alloyed materials exhibit a specific modulus on a similar level as the Ti
alloyed samples, but at reduced mechanical performance.

The Cr alloyed materials exhibit a similar property profile as the V
alloyed samples, yet with slightly better mechanical performance and
minimally decreased specific modulus. Here only M,B type borides
were identified in accord with literature data [30,41]. However, the gen-
erally beneficial effect of Cr on E [42] may have compensated for the ab-
sence of typically stiffer MB, type borides in this case, i.e. it is likely that
Cr,B (or Cr-rich M,B) is more effective than Fe,B, which is to be con-
firmed by future investigations (for example by targeted nano-indenta-
tion experiments as shown in [22]).

Nb alloyed material exhibited with 245 GPa almost as high E values
as the best performing Zr alloyed samples. Due to the scarcity of
information about the intrinsic properties of the detected phases
(p of hexagonal FeNbB 7.84 g cm™> [41,43]) it remains unclear whether
the high specific modulus of the Nb alloyed material is caused by
the type or rather the higher volume fraction of the boride phases
formed. Their rather detrimental morphology (Fig. 5), however,
most probably accounts for the pronounced embrittlement observed
for this alloy.

The remaining Mo, Hf, and Ta alloyed materials all exhibited less
favourable properties than the above discussed alloy systems. Hf addi-
tions resulted in HfB, borides of a spiky morphology as for the Zr alloyed
material, but nevertheless a much lower specific modulus at similar me-
chanical performance. Mo and W additions, on the other hand, led to
favourable, i.e. very fine and spherical particle morphology of multiple

types of phases, but were brittle and, especially for W, extremely inef-
fective in increasing the specific modulus.

5.2. Consequences for alloy design of HMS

In order to evaluate the different Fe-10 B-5 X alloys with regard to
their suitability for alloy design of lightweight structural materials,
their respective key properties E, p, YS and TE are summarised in
Fig. 7. Optimum lightweight performance is represented by a simulta-
neously high specific modulus, YS and TE. Consequently, respective
alloy compositions are located in the upper right corner of this modified
Ashby map. Four Fe-B-X systems can be readily identified as potential
candidates, i.e. those containing Zr, V, Cr, and, as already known, Ti.
Within that group, an inverse relationship between mechanical perfor-
mance and specific modulus applies, just as for strength vs. ductility
(Fig. 4) and stiffness vs. density (Fig. 2).

This is related to the respective microstructures with the key param-
eters phase type (stiffness and density), morphology, size and fraction
(assuming strong particle/matrix bonding, which our results showed
no adverse indications of). Thus effective yet coarse and spiky particu-
lates of high fraction, for example, are improving the stiffness/density
ratio, but at the same time they are deteriorating the plastic mechanical
performance. Especially Zr alloyed materials exhibit superior but most
probably anisotropic physical properties due to the alignment of the
elongated ZrB, particles through the thermomechanical processing,
but at the price of reduced ductility. However, this phenomenon can
also be exploited and rendered beneficial by matching this particle
alignment with the loading direction (preferably in the elastic regime)
of a specific part as commonly done in fibre reinforced plastics [44].
One pathway to achieve isotropic properties of Fe-B-Zr based HMS
could be spheroidisation of ZrB, by additional alloying elements, similar
in effect to spheroidisation of graphite flakes in grey cast Fe alloys by e.g.
by magnesium additions [45]. Alternatively, increased solidification
rates during synthesis (for example utilising selective laser deposition
as in 3D printing or spray compaction) could be utilised, which has
been successfully demonstrated on Fe-Ti-B alloys to result in nano-
sized homogeneously distributed particles and superior property com-
binations [46]. However, as these measures will most likely improve
the mechanical performance, the stiffness might be reduced compared
to Fe-TiB, based HMS due to the lower efficiency of ZrB,. Our results
also reveal Fe-B-Cr alloys as another extremely interesting candidate
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Fig. 7. Modified Ashby map summarising the key material parameters for lightweight
performance, i.e. specific modulus (Young's modulus E divided by ppuy data) as a
function of their mechanical performance (Yield strength YS multiplied with tensile
elongation TE). Materials with optimum property combinations are located in the upper
right corner.



138 C. Baron et al. / Materials and Design 112 (2016) 131-139

for future HMS design. Their physical and mechanical performance is
close to those of Ti-alloyed materials, but with much cheaper alloy com-
position. Future investigations are aiming at clarifying how higher Cr
and B additions and different Cr/B ratios (to match the specific modulus
TiB, based HMS) affect the microstructure and properties of Fe-B-Cr
alloys.

Another promising pathway of balancing physical and mechanical
properties is to add more than one boride forming element to Fe-B
based alloys. This could be a successful design strategy to circumvent
the observed embrittlement by the formation of coarse primary parti-
cles [27,28] despite the associated higher particle volume fraction com-
pared to those studied here (about 10 vol.%). For example, an alloy of
the composition Fe-20 B-5 Ti-5 Zr (or Cr; all in at.%) might open a ther-
modynamic state where both pseudo-binary Fe-TiB, and Fe-ZrB, sys-
tems stay below their respective eutectic concentrations (about
12 vol.% of each MB, phase). Should the now quaternary composition
allow for these phenomena, the resultant fraction of about 10 vol.%
each of TiB, and of ZrB, - both then of small and mechanically compli-
ant eutectic morphology - could thus lead to greatly improved mechan-
ical performance over an alloy containing a similar fraction (20 vol.%) of
either only TiB, or ZrB, with both primary and eutectic boride particles.
In a similar manner, rather than combining two boride forming ele-
ments, it appears also feasible to replace a given fraction of B for exam-
ple with C. All these phenomena are the subject of ongoing
investigations, as are the influences of additional alloying elements for
altering the matrix constitution and microstructure.

6. Summary and conclusions

We systematically screened the mechanical, physical and micro-
structural properties of nine Fe-10 B-5 X alloy systems (at.%; X = Ti,
Zr, Hf, V, Nb, Ta, Cr, Mo, W), all synthesised and processed by standard
liquid metallurgical techniques. As precise knowledge about the
forming boride phases and their intrinsic properties is rather incom-
plete, we chose to follow a property driven approach in order to identify
the most suitable systems for the alloy design of metal matrix composite
steels as next generation lightweight materials. From the obtained stiff-
ness, density and tensile data, as well as their relation to type, size, mor-
phology and dispersion of the formed boride particles, the following
conclusions can be drawn:

(1) The Fe-B-Ti alloy, containing ~10 vol.% of TiB, in a ferritic Fe
matrix, represents with a specific modulus of ~31 GPa g™! cm?, yield
strength of ~420 MPa, ultimate tensile strength of ~570 MPa and
~30% tensile elongation the reference HMS material, in excellent agree-
ment with literature data.

(2) The other Fe-B-X systems exhibited widely differing micro-
structures of different boride phases and mixes thereof, ranging from
spiky MB; to spherical M5B and lamellar borides of more complex mor-
phologies and composition. Both density and stiffness were affected by
thermomechanical treatments, up to about 0.2 g cm~> and 10 GPa, re-
spectively, depending on the alloy system.

(3) The property profile of the alloys fall into two groups: Zr, Nb, Cr
and V alloyed samples exhibited a specific modulus similar or better
than the Ti-alloyed samples but at reduced mechanical performance,
or the other way around, respectively. Mo, Hf, Ta and W alloyed sys-
tems, on the other hand, neither reached a high stiffness/density ratio,
nor high strength and ductility, despite partly favourable boride micro-
structures and fractions.

(4) Based on these findings Cr and Zr were identified as the most
promising boride forming elements for HMS alloy design. Cr, as its
high fraction of M,B borides of spherical morphology allows achieving
an almost similar stiffness/density ratio and mechanical performance
as Ti alloyed materials, but at greatly reduced alloying costs. Zr alloyed
materials on the other hand were softer and less ductile than the refer-
ence material, but the alignment of spiky ZrB2 particles during swaging

led to a much higher - though most probably anisotropic - specific
modulus.

(5) Future investigations are concerned with further iterating the
ideal ratio and fraction of Cr and B using bulk metallurgical high
throughput techniques. Further interest lies in examining and
exploiting the anisotropic properties observed for Zr alloyed materials,
and, most importantly, the possibility to combine different boride
forming elements for balancing conflicting mechanical and physical
properties. This might also be achieved by controlling the solidification
kinetics and by utilising additional alloying elements to further improve
the property profile of HMS.
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