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Synthesis of Mo(Si,Al), alloy by reactive hot
pressing at low temperatures for a short time
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Mo(Si,Al), alloy was prepared by reactive hot pressing at low temperatures for a short time
under 20 MPa in a vacuum using MoSi;, Mo and Al as starting powders. At 1160°C, 5 min
of soaking time was enough to obtain a high density alloy. At 1060 °C, however, 10 min was
needed. The formation of Mo(Si,Al), was accompanied by the melting of aluminum and
controlled by the dissolution of molybdenum into the aluminum melt. It was proposed that
the oxygen present in MoSi, raw powder would react with aluminum and form Al,O3 in an
amorphous or poor crystallization state. The mechanical properties of the alloy were a little
stronger than those of monolithic MoSi, alloy. The formed Al,03 particles acted as
crack-pinning elements, but a large toughening effect could not be obtained by this
crack-pinning because of the strong interface bonding and the similar thermal expansion
coefficients of Mo(Si,Al); and Al,O05. © 1999 Kluwer Academic Publishers

1. Introduction 0.6758%) and Mo powder (purity 99.9%, particle size
Molybdenum disilicide (MoSi), which is commonly  #300). In this work, only one composition was selected
used as a heating element, is currently considered tforinvestigating, thatig = 0.40in Mo(Si_xAlx)2. Af-
be a candidate for high temperature structural mateter dry mixing MoS, Mo and Al uniformly, the mixed
rials for use below 2000 K. It has been reported thapowder was hot pressed in a graphite die under 20 MPa
the addition of aluminum and formation of Mo(Si,Al) at various temperatures for various times in a vacuum.
could improve the mechanical properties and oxidationT he as-received sample size was 12 diamet25 mm.
resistance of MoS$i[1, 2]. The pesting (a kind of dis- After the sample surface was ground away by a dia-
tractive oxidation) of MoSi at about 500C can be mond wheel, the density was measured by the water
suppressed by the addition of Al because the volumelisplacement method and the phase composition was
change inthe process of oxidation is largely reduced [2]determined by the X-ray diffraction (XRD) technique
The hightemperature oxidation properties of Mo&in  using Cuk, radiation. Then the sample was further
also be improved by the addition of Al and formation ground by a diamond wheel into a specimen of size
of Mo(Si,Al), because of the formation of #Dz in 2 x 4 x 12 mn®. The three-point bending strength of
the oxidation process and the restriction of the crystalthe material was measured on such (unpolished) bars;
lization of SiQ, which is also formed in the oxidation the outer span was 10 mm, and the crosshead speed
process [1]. was 0.5 mm min?. Then the surface parallel to the hot-
Although Mo(Si,Aly alloys have better proper- pressing direction was polished and the Vickers hard-
ties than those of Mogialloy, few reports can be ness and fracture toughness were tested by the Vickers
found about the details of preparing the alloys. Theindentation method with an indent load of 196 N. The
Mo(Si,Al), alloys used for the study of oxidation Evansand Charles formula [3] was adopted to calculate
resistance are usually prepared by the arc-meltinghe fracture toughness. Scanning electron microscopy
method [1, 2]. In the present work, a Mo(Si,ABlloy  (SEM) was used to observe the microstructure of the
was prepared from Mog&iMo and Al according to the material. Energy-dispersive X-ray analysis (EDAX) as-
following reaction by hot pressing at low temperaturessociated with scanning electron microscopy (SEM) was
for a short time: used to determine the phase chemistry.

(1 — x)MoSiy + XMo + 2xXAl —> Mo(Siy_xAlx)2

1)
3. Results and discussion
2. Experimental procedure 3.1. Reaction process and material
The raw powders were Mogi(oxygen content microstructures
4.4826 wt %, measured by a TC-436 analyzer, LECCBecause the theoretical densities of M@(SAl )2 as
Cooperation, USA), Al powder (oxygen content afunction of thex value are not found in the literature,
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6 the sample may be higher than the measured one. At
680°C, which is a little higher than the melting point
P> of aluminum, the main phase is changed to Mo(SEAl)
. but the crystallization of Mo(Si,Ap) formed at this
/ temperature is not good according to the low diffrac-
tion peak intensity. Up to 86(C the crystallization of
Mo(Si,Al), is good. This means that the fast densifica-
tion of the mixed powder and the crystallization (grain
growth) of the newly formed Mo(Si,Af)takes place
in the same temperature range. The reaction between
3 MoSiy, Mo and Al was accelerated with the occurrence
600 700 800 900 1000 1100 1200 O©fthealuminum melt. According tothe phase diagrams
of Al-Si and Al-Mo [4], at 680C the solubilities of
silicon and molybdenum in aluminum melt are about
Figure 1 Effect of temperature on the density of Mo(Si,Aglloy rom 20 at % and less than 1 at %, respectively. So the for-
MoSi—Mo-Al prepared by hot pressing under 20 MPa for 10 min in a mation of Mo(Si,Al} in aluminum melt was controlled
vacuum. by the dissolution of Mo into aluminum melt. With the
temperature increasing, the dissolubilities of Siand Mo

here only densities measured by the water displacemeft @luminum melt become larger (see Fig. 4) and thus
method is used (the density of Me3$ 6.31 g cn3).  accelerate the formation of Mo(Si,Al)

Fig. 1 is the relationship between the sample density Th? XRD patterns of the specimens hot pressed at
and the hot pressing temperature when hot pressinﬁ%o, Cand 1160Cfor5minarethe same a;thatofthe
under 20 MPa for 10 min in a vacuum. It can be seerpP€Cimen hot pressed at 10€Dfor 10 min, this means
that the densification below 76@ almost did not take ~thatthe chemical reaction between Mg3o and Alto
place (the forming density of the sample after uniaxialfom Mo(Si,Al), at these temperatures is fast and only
pressing under 20 MPa at room temperature was abo@\tvery_short time is needed to (_:omplete this reaction.
3.1 g cnt3), and above 860C the density increased Thereis no obvious peak for AD; inthe XRD patterns,
very rapidly. When the hot pressing temperature inJut the existence of amorphous or poorly crystalized
creased to above 106G the density hardly changed. Al,O3 formed at such low temperatures cannot be ruled
Fig. 2 shows the effect of the hot-pressing time on the®Ut: _

density of the Mo(Si,Al) alloy when hot pressed at Fig. 5 shows the SEM microstructures of the alloy
1060°C and 1160C respectively. It can be seen that "0t pressed at 116@ for 20 min. The other spec-
at 1060°C, hot pressing for shorter times than 5 min IMeNs manufactured at other cond_ltlons have similar
does not produce high density material, but for |Onge|m|crostructures_ except_for the specimen hot pressed at
timesitis possible to produce a high density alloy. How-1060°C for 5 min, that is, there remained large pores
ever, at 1160C hot pressing for only 5 min can pro- N the microstructure and this is c_ommd_ent with the
duce a high density alloy, and the density changed bynéasured density (Fig. 2). From Fig. 5a it can be seen
very little when the soaking time was prolonged. Fig. 3 hat.there are _almogt homogeneo_usly dlst_rlbuted small
shows the XRD patterns of specimens hot pressed und@@ticles (particle size about/dm) in the microstruc-
various conditions. It can be seen from Fig. 3 that ever{Ure- The chemistry of these particles was examined by
at 630°C, where aluminum does not melt (the melt- EPAX and the results are shown in Fig. 6. It can be
ing point of aluminum is about 66C), some chemical S€eN that these particles were rich in aluminum. Such
reactions take place and a metallic component of Md characteristic is somewnhat like that of Mg&iloy

and Al is formed, but the main phases are still those ofVN€n adding 5 wt % aluminum [5]. So it is suggested
the raw mixed powder. The reaction of Equation 1 isthatthese particles are AD; particles in an amorphous

exothermic, so the actual temperature in the center df! POOr crystallization state formed at low-temperature
hot pressing by the reaction of aluminum with the oxy-

gen in the MoSi raw powder. If all the oxygen in the
6 MoSi, raw powder changed to ADs, the calculated
content of formed AIO3 is 5.55 wt %. Fig. 5b shows
the fractograph of the same specimen. It shows that the
1160°C particle size of Mo(Si,Al is generally less than sm,
but that there are some large patrticles distributed in the
microstructure. The main fracture type of these alloys
was intracrystalline.
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45 : ‘ - - 3.2. Mechanical properties

0 5 10 15 20 25  Fig. 7 shows the effect of hot-pressing time on the
bending strength of Mo(Si,Ad)alloys hot pressed at
1060°C and 1160C. It can be seen that when hot
Figure 2 Effect of hot pressing time on the density of Mo(Si,A8lloy. pressed at 106 the bending strength increased very
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Figure 3 XRD patterns of MoSi—-Mo—AIl mixed powder and the specimens prepared by hot pressing at diferent temperatures for 10 min (M—Mo;
A—Al; @ —MoSiz; x —MoxAly; O—Mo(Si,Al)2).

rapidly when the pressing time was increased from 5 tdor the specimen hot pressed at 1060for 5 min due
10 min due to the density increase. When hot presseth the low density, the other specimens have almost the
at 1160°C the bending strength increased graduallysame hardness. However, the toughness of the speci-
from 265 MPa to 310 MPa when the pressing time wasnens hot pressed at 1080 and 1160C for 5 min had
increased from 5 to 10 min. If longer pressing timesthe highest values, and alonger pressing time would re-
such as 20 min were used, the strength would decreasilt in slightly lower values. It is perhaps the presence
gradually. of some aluminum-based metal remaining at the grain
The Vickers hardness and fracture toughness oboundaries if the soaking time was too short. Because
Mo(Si,Al), alloys are shown in Figs 8 and 9. Except the EDAX could not detect oxygen, it was impossible to
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Figure 4 Solubilities of silicon and molybdenum in aluminum melt as
a function of temperature.

Figure 5 SEM photographs of Mo(Si,Ad)alloy hot pressed at 116C
for 20 min; (a) polished surface and (b) fracture surface.
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Figure 6 EDAX patterns of Mo(Si,Al) alloy prepared by hot pressing
at 1160°C for 20 min, (a) small particles, and (b) base area.
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Figure 7 Effect of hot pressing time on the bending strength of
Mo(Si,Al), alloy.
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Figure 8 Effect of hot pressing time on the Vickers hardness of
Mo(Si,Al), alloy.
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crack. These pinning ADs particles can easily be seen

. in the fractograph shown in Fig. 10b. This means that
0 1160°C Al,O;3 particles can act as a reinforcing phase. How-
1060°C ever, the toughening and strengthening effect by crack

pinning is limited when compared with other toughen-
ing mechanisms such as crack deflection by or pull-out
of whiskers and platelets. On the other hand, between
Al,O3 and Mo(Si,Al} there are some chemical reac-
tions at high temperatures and thus there results a strong
phase interface bonding, and their thermal expansion
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0 coefficients are similar. This strong interface is some-
0 5 o152 25 what beneficial to the pinning effect, but it is harmful
Hot pressing time(min) to the crack deflection effect. Thus, it is impossible for

Figure 9 Effect of hot pressing time on the fracture toughness of MOSIZ_base_d aIons to get aremarkable toughemng ef-
Mo(Si,Al) alloy. fect by adding AJOg3 particles.

4. Conclusions

(1) A Mo(Si,Al), alloy was prepared by reactive hot
pressing under 20 MPa at low temperatures of 1060—
1160°C for a short time of 5—20 min in a vacuum using
MoSi,, Mo and Al as starting powders;

(2) At 1160°C, only 5 min of soaking time was
enough to get a high density material. But at 1060
10 min was needed. The dissolution process of molyb-
denum into aluminum melt might be the critical one for
the formation of Mo(Si,Al}. It was suggested that the
oxygen present in Mograw powder would react with
Al to form Al,O3 in an amorphous or poor crystalliza-
tion state;

(3) The mechanical properties of the alloys were a lit-
tle higher than those of the monolithic MeSiloy. The
Al,O3 particles could act as a crack-pinning element,
but a large toughening effect could not be obtained by
this phenomenon.
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