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Abstract
The demand for materials with enhanced high temperature capabilities in the aerospace and power
generation industry has refreshed the research interest in refractory metals and their alloys, mainly
because of their high melting points and the connected intrinsic high material creep strength at elevated
temperatures. Three phase Mo-Si-B alloys consisting of a Mo solid solution (α-Mo) and the two
intermetallic compounds Mo3Si and Mo5SiB2 have demonstrated to provide acceptable room
temperature toughness, high temperature strength and oxidation resistance due to the formation of a
dense adhesive borosilicate layer on the surface. In this contribution, an industrial powder metallurgical
(PM) processing route (via cold isostatic pressing, sintering and hot isostatic pressing) with mechanical
alloying (MA) as the crucial step, and a zone melting (ZM) process starting from compacts of cold
isostatically pressed elemental powders are comparatively assessed. The resulting microstructures of
consolidated alloys of various compositions and therefore varying volume fractions of intermetallic
phases are investigated based on SEM and XRD analyses. The deformation and fracture behaviour and
the resulting ductile-to-brittle-transition temperature (DBTT) is assessed utilizing three point bending
tests in the temperature range between RT and 1200°C.
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Introduction
While Nickelbase superalloys already operate at very high homologous temperatures on the order of 0.8
of their melting point in a turbine environment, new metallic materials which could withstand surface
temperatures significantly higher than 1100°C would be desirable in order to increase the
thermodynamic efficiency of a gas turbine. Amongst other metallic material systems such as alloys
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based on precious metals [1,2] or on Co-base alloys [3,4], multiphase silicide alloys with Nb or Mo as a
base metal have shown promise as novel structural materials for applications in excess of 1100°C in air
[5-10].
A typical alloy composition that showed balanced properties with respect to oxidation resistance and
mechanical properties was given in [11] as Mo–9Si–8B (in at.%) which, thus, has been taken as a
baseline composition for what follows. However, Berczik [11] reported also several difficulties for
industrial scale manufacturing: (1) to obtain a composite material with a metallic matrix mandatory for
adequate low temperature toughness rapid solidification (RS) was utilized (rotating electrode process
with He gas atomization), (2) wrought processing of such alloys needed temperatures above 1750°C.
Therefore, in this contribution we compare a powder metallurgy (PM) process with mechanical alloying
(MA) which we proved earlier as an alternative to RS for achieving a material with metallic matrix [12]
against a novel zone melting (ZM) approach which, however, starts from elemental powders which were
only cold compacted. While the MA process offers the possibility of manufacturing ultra-fine grained
(UFG) microstructures, thus alleviating problem (2) through structural superplasticity [13], we have also
discovered [14] that this microstructure is at the same time prone to creep deformation at temperatures
above 1300°C. It is, thus, the major goal of the present manuscript to compare the deformation and
fracture behaviour and the resulting ductile-to-brittle-transition temperature (DBTT) of both above
mentioned processing variants, designated MA and ZM in what follows. If similar results regarding the
DBTT can be obtained, ZM would offer a great potential regarding improved creep resistance due to the
possibility of manufacturing longitudinally elongated microstructures as has been multiply demonstrated
with state-of-the-art directionally solidified (DS) and single crystalline (SX) Nickelbase superalloys [15].

Experimental
Elemental powder mixtures of Mo, Si and B of 99.95, 99.6 and 98% purity, respectively, were used to
produce ternary Mo-Si-B compositions. MA was carried out under protective (argon) atmosphere in a
planetary ball mill (Retsch PM 400) with a speed of 200 rpm and a powder to ball weight ratio of 1:13. In
general, steel balls and vials were used in this study, as they are typically applied in industrial scale
processing. After milling, the powders were cold isostatically pressed at 200 MPa and sintered in
hydrogen at 1600°C to reduce the impurity content (mainly oxygen). As a final step the sintered bars
were further consolidated by hot isostatic pressing (HIP) for 4 h at 1500°C and 200 MPa. Thereafter,
residual porosity was less than 1% in all cases. Vertical zone melting was carried out in protective He
atmosphere in a Kristall 206 device starting from cold compacted elemental powders with nominal
compositions of Mo-6Si-5B, Mo-6Si-8B, Mo-9Si-8B and Mo-9Si-15, respectively, to produce cylindrical
samples with typical dimensions of 6 mm diameter and 100 mm length.
Microstructures of the powders and consolidated samples were characterized by means of X-ray
diffraction (XRD, Siemens D5000) with CuKα radiation and scanning electron microscopy (SEM) (FEI
ESEM XL30 FEG). Lattice parameters of α-Mo were calculated on the basis of seven peaks using the
Cohen method [16]. To determine domain size and microstrain of the milled powders the Fourier method
(program breadth) had to be applied to yield consistent results [17]. To calculate the volume weighted
domain size and the root-mean-square microstrain using this program Pseudo-Voigt function was
applied for peak fitting and an annealed Mo powder standard to account for instrumental line broadening.
The temperature dependence of mechanical strength and ductility was predominantly assessed by 3point bending tests with a span of 40 mm. Samples with a cross section of about 3.8 x 3 mm2 were
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prepared from HIP billets by electro-discharge machining, turning and grinding. Tests at high
temperatures were carried out under Ar atmosphere using a Zwick electromechanical testing device
equipped with a Maytec furnace at a crosshead speed of 0.01 mm/s.

Results and discussion
Microstructure of the MA processed material
Alloy compositions which showed a reasonably good balance of room temperature toughness and high
temperature creep and oxidation resistance were given as approximately Mo-9Si-8B [11,18]. This
composition which corresponds to about 55% α-Mo solid solution has been taken as a reference in this
study. An additional three phase alloy with about 70% (Mo-6Si-5B) α-Mo and correspondingly lower
contents of intermetallics was chosen to study the effect of different ratios of the intermetallic phases to
the α-Mo solid solution on the microstructure.

Fig. 1: Volume weighted domain size (left) and lattice constant (right) as a function of the milling time for different
powder mixtures.

In general, the milling behaviour of Mo-Si-B powder mixtures is as expected: the domain size and the
lattice parameter decrease with increasing milling time [12]. New phases are not formed during milling.
However, the presence of B in the powder mixtures promotes the milling progress, cf. e.g. the curves
obtained for binary Mo-10Si (circles) and ternary Mo-9Si-8B (diamonds) in fig. 1 (left). The presence of B
in milling the powder mixtures finally leads to a nano-structured material with a volume weighted domain
size below 5 nm. Besides a faster reduction of the domain size, the addition of B also leads to an
increase in the slope of the lattice parameter change upon milling (fig. 1, right). Also, a significant pick-up
of Fe in the Mo-Si-B powders of up to 10 at.% after 100 h milling time is noted when hardened steel balls
are used [12]. Therefore and because of the homogeneity and fineness of the powder particle
microstructures 20h of milling were chosen to be sufficient to yield homogeneous (powder) material (fig.
2, left). Some iron contamination may be acceptable or even be desirable: Woodward et al. [19] have
shown that the addition of up to 2% Fe may increase the oxidation resistance at high temperatures.
However, the solution of Fe in the Mo matrix also leads to an increase of its strength [20]. Since only αMo can provide some room temperature toughness (both intermetallic phases are known to be brittle at
ambient temperatures) solid solution hardening of the Mo matrix [21] should be kept at low values.
Therefore, short milling times are preferred from both, the scientific and economic viewpoint. As
indicated by XRD analyses both phases, Mo3Si and T2, form and grow simultaneously during heat
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treatment (fig. 2, right), but remain at a sub-micron level typical for UFG microstructures [12,13]. After
consolidation via HIP the desired microstructure of a continuous α-Mo matrix with embedded
intermetallic particles is obtained (fig. 3). Since the HIP temperature of 1500°C is even slightly lower than
the sintering temperature, the grains of all phases do not undergo coarsening and their size remains at
levels of around 1 µm and the porosity could be kept at values less than 0.5 Vol.%.

Fig. 2: Left: SEM/BSE image of a cut through a Mo-9Si-8B powder particles milled for 30h. Right: effect of heat
treatment at different temperatures on the microstructure by means of XRD; diffraction lines of the Mo3Si and
T2 phase can be recognized after 1h at 1000°C heat treatment.

20 µm

20 µm

Fig. 3: Microstructures (SEM, BSE mode) of Mo-6Si-5B (left) and Mo-9Si-8B (right) processed by a
powdermetallurgical route with MA. The α-Mo matrix is the brightest appearing phase, medium and dark
grey, respectively, are Mo3Si and T2. The isolated black spots are (undesired) silica inclusions.

Microstructure of the ZM processed material
Fig. 4 shows microstructures of Mo-6Si-5B and Mo-6Si-8B, respectively, taken perpendicular to the axis
of directional solidification (zone melting). Fig. 5 compares a longitudinal (left) and a transverse section
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of the zone melted alloy with composition Mo-9Si-15B. In all cases, volume fractions of pores could be
kept at a level below 1%. In contrast to the PM alloys described in the former section, the phases
obtained after composition may differ from the expectation of the 1600°C isothermal section of the
ternary phase diagram [23, 24], as we deliberately did not anneal the alloys after directional solidification.
Therefore, we note here that the alloy with composition Mo-6Si-5B (fig. 4 left) is composed of a dark
matrix being the T2 phase with dendritic island of Mo solid solution. The Mo-6Si-8B alloy (fig. 4 right)
looks similar except that one observes the occasional appearance of the medium grey Mo3Si phase. It is
expected, though, that long-term annealing at temperatures around 1600°C would eventually convert the
latter alloy to a two-phase Mo – T2 microstructure as this composition lies in the two phase field region of
the 1600°C isotherm according to [23]. From previous investigations on gas atomized (GA) material it is
known, however, that such intermetallic matrix microstuctures are detrimental for obtaining a ductile-tobrittle transition temperature DBTT lower than 1100°C [22].

Mo3Si

20 µm

20 µm

Fig. 4: Transverse microstructures of zone melted directionally solidified Mo-6Si-5B and Mo-6Si-8B alloys (SEM,
BSE mode).

20 µm

20 µm

Fig 5: Longitudinal (left) and transverse microstructures of zone melted directionally solidified Mo-9Si-15B alloy
(SEM, BSE mode). Solidification direction in the left micrograph is vertical.
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Compared to the rather coarse structures in fig. 4 the solidification of composition Mo-9Si-15B occurred
on a much finer scale, fig. 5, and the resulting microstructure is mostly eutectic with some primarily
solidified Mo solid solution [23, 24]. Besides, the longitudinal section successfully demonstrates the
elongation of the microstructure parallel to the directional solidification direction. The consequences of
the ZM approach on the mechanical properties will be assessed next.

Temperature dependence of strength and ductility
An important outcome of the MA-based manufacturing route is the formation of nanostructured powders
which may allow a deliberate adjustment of the final microstructure and the strength level in the
consolidated alloy utilizing consolidation at relatively low temperatures due to accelerated diffusional
processes. The impact of a UFG microstructure on the mechanical properties at temperatures between
RT and 1200°C was investigated utilizing three point bend tests. As the bending specimens develop a
tensile stress region on one side during loading, these bend tests are considered appropriate to
determine the ductile-to-brittle transition temperature DBTT. Stress – strain (calculated for the outer
tensile fibre) curves for the PM and ZM processed Mo-Si-B alloys, respectively, tested at 871°C are
exemplarily shown in fig. 6. Concurrently for both Mo-6Si-5B variants with the higher volume fraction of
Mo solid solution of 70% the onset of plasticity can be detected at approximately the same stress level of
around 800 MPa. However, the deformability is limited with plastic strains of only 0.03% at failure. A
different finding must be noted for the alloys with 8 at.% B: they show even higher yield strength levels
approaching 1 GPa due to the higher amount of intermetallics, but fail in a completely brittle manner.
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Fig. 6: Comparison of the mechanical behaviour of MA and ZM processed alloys at 871°C (three-point-bending)

Fig. 7 summarizes our development trials on strength and deformability for 3-phase ternary Mo-Si-B
alloys. First, the beneficial effect of a continuous Mo matrix can be seen resulting in a reduction of the
DBTT by about 150 K, compare the star symbols for a Ar gas atomized (GA) alloy with isolated Mo
particles dispersed in a ternary eutectic of α-Mo, Mo3Si and T2 [22] with the circles and triangles for the
MA Mo-6Si-8B and Mo-9Si-8B alloys, respectively. The onset of plasticity in the latter alloys was
observed to be at 871°C. Compared to that, similar results are obtained for the ZM alloys. Note that the
strength of the eutectuc Mo-9Si-15B alloy is essentially identical to that of the Mo-6Si-8B alloy, cf. the
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stress-strain curves in fig. 6 and the grey circle in fig. 7. This indicates already the potential of eutectic
elongated structures for increased high temperature deformation resistance. Second, increasing of the
volume fraction of Mo solid solution leads to a significant increase in bending strength, cf. the continuous
curves connecting the triangles (Mo-9Si-8B) and the circles (Mo-6Si-5B), respectively. Compared to that,
the results obtained for the ZM material are encouraging and yield comparable strength values.
However, the advantageous effect a directionally solidified microstructure is expected especially for
higher temperatures above 1000°C where creep damage due to void accumulation on transverse grain
boundaries plays a dominant role [15]. Reducing or eliminating these grain boundaries might, hence,
lead to an extension of lifetime during creep deformation.
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Fig. 7: Outer fibre tensile stress (left ordinate, continuous curves) and strain (right, dashed lines) of selected Mo-SiB alloys versus test temperature showing the decrease of DBTT for alloys with a continuous α-Mo matrix.

The decrease of the BDTT due to the establishment of a continuous α-Mo matrix is promising, fig. 7. The
main reason for this behavior is the potential of crack trapping and bridging by the α-Mo areas in these
alloys (see fig. 8): propagating crack tips cannot avoid the relatively ductile α-Mo. Interestingly, in spite of
different intermetallics volume fractions the curves for the alloys with a continuous α-Mo matrix coincide.
This indicates, however, that also the Mo solid solution which contains mainly Si as an alloying element
is not assumed to be ductile at ambient temperatures [20]. This has been confirmed by our earlier work
on Mo-Si solid solutions with varying Si content which showed that solid solutions containing merely 0.5
wt.% Si behaved already fully brittle up to temperatures of around 800°C [21]. Unfortunately, at the
typical PM processing temperatures of 1500 to 1600°C Si solubility in Mo is above 0.6 wt.% [23]. Further
reduction of the BDTT may, thus, be obtained only through either appropriate microallyoing of the Moss
or wrought processing for increasing the density of mobile dislocations within the Moss.
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2 µm

Fig. 8: SEM micrograph showing the path of cracks in alloy Mo-9Si-8B and the possibility of crack stop in Moss

Summary and conclusions
Two processing routes for manufacturing of high temperature Mo-Si-B alloys were comparatively
assessed: (a) a PM route which contains mechanical alloying (MA) as the crucial processing step before
compaction and (b) a novel technique to obtain directionally solidified specimens via zone melting (ZM)
of cold compacted mixed powders. The MA processing enables to (i) prepare supersaturated Mo-Si-B
solid solutions and (ii) an ultrafine microstructure with a continuous Mo matrix which is needed for
adequate ambient temperature toughness [11-13], however, this microstructure deforms superplastically
at temperatures in excess of 1300°C. This limits the application to temperatures on the order of 1200°C
[14]. Our first trials on ZM material demonstrated that also for a coarse grained structure a comparable
DBTT of around 950°C could be obtained. In analogy to the development of DS and SX Nickelbase
superalloys we postulate that the creep resistance of the ZM elongated eutectic Mo-9Si-15B composition
may be substantially increased compared with the MA processed material. Hence, a targeted application
temperature of 1300°C may become feasible. This has to be proven in future work.

Acknowledgements
Financial support of this work by the International Bureau of the German Federal Ministery of Education
and Research through project grant UKR 07/005 is gratefully acknowledged. We appreciate partial
funding of this work by the Deutsche Forschungsgemeinschaft DFG within the frame of the research unit
727 “Beyond Nickelbase Superalloys”.

References
1.

M. Wenderoth, R. Völkl, S. Vorberg, Y. Yamabe-Mitarai, H. Harada and U. Glatzel, Intermetallics
15, 539, (2007)

2.

Y. Yamabe-Mitarai, Y. Gu, C. Huang, R. Völkl, and H. Harada, JOM 56, 34, (2004)

3.

J. Sato, T. Omori, K. Oikawa, I. Ohnuma, R. Kainuma and K. Ishida, Science 312, 90, (2006)

4.

J. Rösler, D. Mukherji and T. Baranski, Adv. Eng. Mater. 9, 876, (2007)

5.

B.P. Bewlay, M.R. Jackson and H.A. Lipsitt, Metall. Mater. Trans. 27A, 3801, (1996)

Krüger, Saage, Heilmaier et al.

17th Plansee Seminar 2009, Vol. 4

RM 80/9

6.

B.P. Bewlay, M.R. Jackson, J.-C. Zhao, P.R. Subramanian, M.G. Mendiratta, J.J. Lewandowski,
MRS Bulletin 28, 646, (2003)

7.

P. Jéhanno, M. Heilmaier, H. Kestler, M. Böning, A. Venskutonis, B. Bewlay and M. Jackson,
Metall. Mater. Trans. 36A, 515, (2005)

8.

D.M. Dimiduk and J.H. Perepezko, MRS Bulletin 28, 639, (2003)

9.

J.J. Kruzic, J.H. Schneibel and R.O. Ritchie, Metall. Mater. Trans. 36A, 2393, (2005)

10.

K. Yoshimi, S. Nakatani, N. Nomura and S. Hanada, Intermetallics 11, 787, (2003)

11.

D.M. Berczik: U.S. Patent 5,595,616. (1997)

12.

M. Krüger, S. Franz, H. Saage, M. Heilmaier, J.H. Schneibel, P. Jéhanno, M. Böning, and H.
Kestler, Intermetallics 16, 933, (2008)

13.

P. Jéhanno, M. Heilmaier, H. Saage, H. Heyse, M. Böning, H. Kestler, and J. Schneibel, Scripta
Mater. 55, 525, (2006)

14.

P. Jéhanno, M. Heilmaier, H. Saage, M. Böning, H. Kestler, J. Freudenberger, and S. Drawin,
Mater. Sci. Eng. A463, 216, (2007)

15.

F.L. VerSnyder and M.E. Shank, Mater. Sci. Eng. 33, 213, (1970)

16.

M. U. Cohen, Rev. Sci. Instr. 6, 68, (1935)

17.

D. Balzar and H. Ledbetter, J. Appl. Cryst. 26, 97, (1993)

18.

T.A. Parthasarathy, M. Mendiratta and D.M. Dimiduk, Acta Materialia 50, 1857, (2002)

19.

S.R. Woodward, R. Raban, J.F. Myers and D.M. Berczik, European Patent Application, No. EP
1382700A1 (2003)

20.

L. Northcott, Molybdenum, Academic Press Inc., New York, 1956

21.

D. Sturm, M. Heilmaier, J.H. Schneibel, P. Jéhanno, B. Skrotzki and H. Saage, Mater. Sci. Eng.
A463, 107, (2007)

22.

P. Jéhanno, M. Heilmaier and H. Kestler, Intermetallics 12, 1005, (2004)

23.

R. Sakidja and J.H. Perepezko, Metall. Mater. Trans. 36A, 507, (2005)

24.

C.A. Nunes, R. Sakidja, Z. Dong and J.H. Perepezko, Intermetallics 8, 327, (2000)

