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ABSTRACT: The present study dealt with the relationships among the mierfacial shear strength, the thickness of interfacial reaction
layer and the impact value of NiyMuoSiy laminate composites. In addition, the tensile test was conducted to evaluate the fracture strain
af NMoSi; laminate composites. To change the thickness of the reaction layer, NyMoSi; laminate composites alternaung sintered MoSi;
lavers and Nb folls were fabricated as the parameter of hot press temperature. It has been found that the growth of the reaction layer
increases the nterfacial shear strength and decreases the umpact value by localinng a plastc deformation of Nb foil. There also exist
appropriate shear strength and the thickness of the reaction layer, which are capable of maximizing the fracture energy of NiyMoSi,.
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1. Introduction

Molybdenum disilicide (MoSiz) is considered to be an attractive
material for high temperature uses such as future gas turbines and
hypersonic engines, because it has excellent oxidation resistance,
thermodynamical compatibility with many kinds of reinforcements,
and lower density than conventional superalloys.(1,2) However, for
practical applications of MoSi;, several drawbacks need to be
resolved, such its pest behavior, the insufficient fracture toughness
at the room temperature and the reduced strength at temperature
over 1200°C. Recently, in order to improve the damage tolerance
of MoSi;, most of studies are focused on composite process by
the incorporation of ductile or brttle reinforcements.(3-7) In
particular,. the addition of ductile phases ke Nb or Ta
represented a sufficient improvement in the fracture toughness of
monolithic MoSi; material.(8-10} The previons study also showed
that lamination of MoSi; powder with Nb foil dramatically
improved the impact fracture energy of MoSi; material.(11,12}
However, the interfacial reaction layer formed during fabricating
process was a deteriorative factor to decrease the impact value of
Nb/MoSi; laminate composites, since the excessive interfacial
reaction extremely restrained the plastic deformation of Nb foil.
Therefore, for the optimjzation of Nb/MoSi; laminate composites,
it is desirable to investigate the appropriate thickmess of the
interfacial reaction layer associated with the bonding strength.
Especially, a proper bonding strength, which is capable of
maximizing the fracture energy of Nb foil pwst be found, in
order (o increase the fracture energy of Nb/MoSi; laminaie
composites.
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The purpcse of the present work is to  investigate the
relationships among the thickness of interfacial reaction layer, the
interfacial shear strength and the impact value I Nb/MoSt
laminate composites, based on the examination for its fracture
strain and the Nb fracture profile. In addition, the interfacial
microstructiure  and  the fracture surface of Nb/MoSi; laminate
composites is analyzed by EPMA (Electron probe microanalyzer)
and SEM (Scanning eleciron microspeopy).

2. Experimental Procedures

2.1 Fabrication of laminate composites

The MoSi; sheet and the Nb foil were used to fabricate
Nb/MoSi, laminate composites. The MoSi, sheet was sintered at
1773K under 30MPa for 3.6 ks, using a commercial MoSi;
powder with an average particle size of 2.8 zm. The relative
density of MoSi, sheet was 96 %. The thickness of MoSi; sheets
used in this experiment was 144 mm and 3.0 mm, respectively,
The thickness of 99.9% % Nb foil induced in this laminate system
was 0.2 mm and 0.5 mm, respectively. By alternating five layers
of MoSiz sheet (144 mm thick) with four layers of Nb foil (0.2
mm thick), and then hot pressing in a graphite mould, Nb/MoSi,
laminate composites for the impact test were fabricated, Nb/MoSiz
laminate composites for the tensile test, which was composed of
two Jayers of MoSi: sheet and one layer of Nb foil, were also
fabricated Table [ shows (abricating conditions of Nb/MoSi:
laminate composiles. The hot press temperature was selected as
the main parameter for the diffusion bonding between MoSi; sheet
and No foil. In order to evaluate the imterfacial shear strength
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between MoSi: and Nb, Nb/MoSi laminate composites, which
comprised two layers of MoSi: sheet (3.0 mm thick) and one
layer of Nb foil (0.5 mm thick}, were produced by the fabricating
condition shown in Table 1.

Table 1 Fabricating conditions of NyMoSi; laminate composites.

Volume fraction of Nb sheet (%) 10

Fabricating temperature {K) 1473, 1523, 1573, 1623, 1773
Fabricating pressure (MPa) 30

Fabricating time {ks} 36

Vacuyum pressure (Pa) 1.33x 107

2.2 Evaluation of impact, shear and tensile
properties

Impact properties of laminaie composites were evaluated at
room temperature by an instrumented Charpy impact test machine.
Fig. 1 shows the structure of laminate composites and the
dimensions of an 1mpact test specimen. The U-shaped notch
the impact specimen was machined by EDM(Electric Discharge
machining). The impact test was carried out on the flat wise
specimen, in which impact load was nomal to the lamination..
The test velocity and the span length of the specimen were 3.3
mysec and 40 mm, respeciively.
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Fig. 1 Structure of laminate composites and dimension of the

impact test specimen

The shear test and the tensile test for larminate composites were
conducted at room temperature using the tensile fest machine. The
test velocity was 0.1 mymin. The interfacial shear strength
between MoSi2 ang Nb was determined by a phnger method. The
specimen was fixed in the frame of test machine, and then a
shear force was applied by the phmger, which was mounted on
the upper of load cell In this work, the shear strength is
calculated by dividing the fracture load into the fracture area of
the specimen. The dimensions of the shear specimen were 4.0
£.5%50 mm3. Tonsile properties of laminate composites were
evaluated by the double mnotched specimen, which machined
U-shaped notch in both sides of the specimen. The dimensions
of the tensile specimen were 3.0X4.0X50.0 rm3. T% gauge
length of the tensile specimen was 10 mm., The width and the

depth of a U-shaped notwch were
respectively.

1.0 o and L2 mm,

3. Results

3.1 Interfacial microstructures of laminate
composites

Microstructure  constituents of the interfacial reaction zone
between Nb and MoSiz were analyzed with the JEOL
JXA-8900RL. WIJED) Combined Microanalyzer. In particular, the
thickness of the reaction layer was estimated by WDS (wave
Dispersive  Spectrometer)
microstructure

line analysis. Fig. 2 represents the
and the WDS analysis
Nb/MoSi: laminate composites fabricated at 1773 K. Tt was
clearly found that reaction products such as (Nb, Mo)Sis, (Nb,
Muo)sSi;, NbsSiz formed at the interfacial region. The line analysis
profile also shows that Si diffused far deeper into Nb region than
Mo, due to the high diffusion rate of Si relative to Mo. The
effect of fabricating temperatures on the thickness of interfacial

interfacial tesuit  of

reaction layer of Nb/MoSi» laminate composites is shown in Table
2. The thickness of reaction layer between MoSi; and Wb was
deftned as that region in which the composition of Nb was
between 0 and 100 %, based on the result of the WDS lme
analysis (See Fig. 2). The reaction layer increased with increasing
the fabricating temperature. The thickness of reaction layer created
at 1773 K was about 17.5 xm, being about six times compared
to that of 1473 K.
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Fig. 2 SEM observation and WDS analysis for interfacial regions
of Nb/MoSi, laminate composites fabricated at 1773K
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Table 2 Impact properties and thickness of interfacial reaction
layer of Nb/MoSi, laminate composites depending on fabricating

temperatures
Fabricating  Thickness of fact Fractore Crack Crack
reaction 1013 d displacemen  initiation  propagation
lemperature layer (N) Energy energy
(K) { gm) ( mm ) (1) (1)
1473 10 430,0 241 0.08 0.3t
1523 5.0 4748 2.51 0.15 0.45
1573 7.5 4700 2.10 0,13 0.32
1623 9.5 461.4 2.03 011 0.28
1773 17.3 389.9 1.50 0.09 0.24

3.2 Impact fracture properties of laminate
composiles

The maximum impact load, the fracture displacement and the
absorbed impact energy of Nb/MoSia
Tabricated at different temperatares are summarized in Table 2. In
this table, the absorbed impact energy is divided into the crack

laminate composites

initiation energy and the crack propagation energy. The former
corresponds to the area under the impact load-displacement curve
till the maximum load and the latter refers to this area after the
maximum load.(13) The maximum impact load and the fracture
displacement of laminate composites represent a peak value at the
fabricating temperature of 1523K. The total absorbed impact
energy consumed to fracture the impact sample of Nb/MoSia
laminale composites tends 1o decrease at a temperature higher
than 1523K. In all fabrcating temperature, the crack propagation
cnergy is also higher than the crack initiation energy. Fig, 3
shows the effect of fabricating temperature on Charpy impact
value of Nb/MoSi; laminate composites. As a comparison, the
impact value of monolithic MoSi: sintered at 1753 K is also
marked in the same figure. The Charpy impact value was
determined from the absorbed impact energy calcnlated with the
area under load-displacement curve, divided by the fracture area
of impact specimen, The lamimation of Nb foil tepresented a
sufficient
[abricating ternperature. However, impact value of NbMoSiz

improvement in impact value with increasing the
laminate composites rapidly reduced at a process temperature
higher than 1523 K. In detail illustrations, the impact value of the
laminate composites fabricated at 1523 K was 233 Kjn'
compared to 12.4 kI/m® for the composite al 1773 K.

33 Shear strength and tensile properties of laminate
composites

The effect of fabricating 1temperature on interfacial shear
strength, ultimate tensile strength and fracture strain of Nb/MoSi,
laminale composites is shown in Table 3. The fracture strain was

measured from the gauge length of 10 mm. The interfacial shear

swength of laminate composites increased with increasing the
fabricating temperature. The shear strength of the
cemposites {abricated at 1773 K was 37.0 MPa, increasing to
about three times compared to 11.6 MPa for the composite at
1423 K. In addition, the ultimate tensile strength of laminate
composites increased with increasing the fabricating temperature,
but its fracture strain has a decreasing tendency.
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Fig. 3 Effect of fabricating temperature on Charpy impact value
of Nb/MoSi» laminate composites

Table 3 Effect of fabricating temperature on ‘interfacial shear
strength, ultimate tensile swength and fraciure strain of Nb/MoSi;
laminate composites.

Fabricating Shear Tensile Fracture

lemperature strength strength strain
(k) ( MFa ) ( MPa ) (%)
1473 11.6 638 6.1
1523 224 63.5 54
1573 24.6 69.0 49
1623 26.2 74.5 34
1773 370 85.3 23

4. Discussion

Fig. 4 shows the shear strength and the fracwre strain of
laminate composites depending on the thickness of reaction layer.
The growth of reaction layer increased the shear strength, but
resulted in the decrease of the fracture strain. Such an increase of
the shear strength is caused by the increase of the bonding arca
between MoSi and Nb, together with the growth of reaction
layer. In other words, as seen in the shear fraciure surfaces of
Fig. 3, the laminate composite fabricated at 1250 C represents
MoSi; and (Nb, Mo)sSi; phases, whereas the laminate compaosite
at 1500 C dominantly displays interfacial products such as (Nb,
Mo)sSiy and NbsSis. Especiaily, the laminate composite a1 1250 C
exhibits a large amownt of MoSi; portion relative to thal at 1500
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C. It can be considered from these resuits that the Interfacial
shear strength decreases with the reduction of net area for the
interfacial bonding, since it is easy 10 create some voids at the
bonding interface owing to an insufficient interfacial reaction in
the low fabricating temperature (1250 ). In addition, the
reduction of the fracture strain is becanse the plastic deformation
of Nb foil is localized by the increase of the shear strength. As
shown in Fig. 6, laminate composites have different fracture
modes for weak and stong interfacial bonding. The laminate
composite fabricated at 1323 K dominanily exhibits an cbvious
plastic deformation of Nb foil and an extensive Interfacial
delamination (Fig. 6(a)) On the contrary, the laminate composite
at 1773 K displays a smaight crack propagation in fromt of nowch
and has a smaller Nb feil deformation relative to that at 1523 K,
due 0 the increase of the shear swength (Fig. 6(b)). It was
obvious from tensile fracture profiles of laminate composites that
the shear strength increase, which was associated with the
thickness of teaction layer, led to a decrease in the plastic
deformation of Nb foil. Such shear strength change affects the

tmpact valve of laminate composites.
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Fig. 4 Interfacial shear strength and {racture strain of Nb/MoSi;
laminate composites depending on the thickness of reaction layer

Fig, 7 shows the effect of the shear strength and the Charpy
impact value of Nb/MoSi: laminate composites on the thickness of
reaction layer. The impact value of Jaminate composites represents
a peak value at the shear strength of abowt 22.4 MPa (1523 K).
This is because fracture composites,
accompanied with the plastic deformation of Nb foil, changes at
this shear strength (Fig. £). When the shear strength is smaller
than 224 MPa, Nb foils mounted in laminate composites are not
fractred due to the shear strength heing too low, accompanying
with an extensive interfacial delamination. Oppositely, when the
shear strengih is higher than 22.4 MPa, the localized fracture of
Nb foils emerges. Such a different shear strength results from the
variation in the impact value of laminate composites. It is
obyiously found from these results that there is an appropriate
shear strength optimizing the [Tacture emergy of Nb foll in

modes of laminate

Nb/MoSi; Jaminate composites. Therefore, in order to improve the
impact value of Nby/MoSi; laminale composites, it is effective for
controlling the shear strength, which
thickness of reaction layer amdl the fabricating temperature.

is associated with the
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Fig. 5 SEM micrographs on the MoSi: side in the shear fracture
surface of NbfvloSi; laminate composites fabricated at different
temperatures
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Fig. 6 SEM micrographs on the tensile fracture profile of double
notched Nb/MoSi; laminate composites fabricated at different

temnperature
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Tig. 7 Interfacial shear sirength and the Charpy impact value of
Nb/MoSi; laminate composites on the thickness of reaction layer

5. Conclusion

{1y NbMoSi» laminate composites represented the maximum
impact value al the reaction layer thickness of about 3.0 gm
(Fatricating temperature of 1523K) in which the interfacial shear
strength was about 22.4 MPa.

(2) The thickness of interfacial reaction layer between MoSiz and
Nb mcreased with increasing the fabricating temperature.
Moreover, Lhe growth of reaction layer tesulted in the increase of
the interfacial shear strength.

(3) The increase of the shear strength localized the plastic
deformation of Nb foil and hence decreased the impact value of
Nb/MoSi; laminate composites.

{4$) An appropriate thickness of interfacial reaction layer promoting
the maximum fracoure energy of Nh foil must be considered to

optimize the impact value of Ni¥MoSi; laminate composites.
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