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The Mo(Si,Al) 2 C40 compound was chosen
temperature structural material.

To produce

the

for investigation as a possible high

C40

phase, several processing routes were

explored with emphasis on obtaining microstructure/property relationships
grain size and minimization of secondary phases).
material, the phase equilibria of the
to the phases adjacent to the

To

facilitate

(i.e.

control of

processing of single phase

Mo-Si-A1 ternary system were reevaluated with respect

C40 compound. An anomalous environmental

degradation

appeared to be the primary obstacle to further study of the compound and was investigated
accordingly.

Several processing routes were assessed for the production of dense, nearly single-

phase Mo(Si,Al) 2
production as

is

.

Hot powder compaction was chosen

the case with

many

as the

method of sample

refractory silicide based materials. Therefore,

variations in the processing techniques

came from

vi

the choice of precursor materials

and

methods of powder production. Mechanical alloying, arc-melting and comminution, and
blending of both elemental and compound powders were
for hot uniaxial pressing.
size

The

final

all

employed

to

produce charges

compacts were compared on the basis of density, grain

and presence of secondary phases.
Establishment of a Mo-Si- A1 ternary isothermal phase diagram

at

1400°C was

performed. Multiphase alloy compositions were selected to identify the phase boundaries

of the C40, C54,
phase

at

T

1

and

Mo

3

A1 8 phase

fields, as

well as to verify the existence of the

C54

1400°C. The alloys were equilibrated by heat treatment and analyzed for phase

identification

and quantitative compositional information.

The environmental degradation phenomenon was approached

as a classical “pest”

with an emphasis of study on grain boundary chemistry and atmospheric dependence of
attack.

Both Auger spectroscopy and electron microscopy revealed carbon-impurity-

induced grain boundary segregation responsible for the embrittlement and material

Means of preventing

the attack

by alloying techniques used

explored.

Vll

in traditional alloys

loss.

were

CHAPTER
INTRODUCTION
1

The drive

to decrease weight, increase operating temperature,

and improve the

overall performance of turbine engines has been one of the primary forces in material

development over the past

five decades.

The

limited service temperature of currently

available nickel-base superalloys has led to investigations into

which may prove more capable
materials which have
metallic based

number of years due

list

to the

Among the

for elevated temperature application, a class of

called “intermetallics” has garnered

aluminum and

Intermetallic systems containing

a

classes of materials

in high-temperature structural applications.

shown promise

compounds

new

silicon

much consideration.

have been the subject of interest for

unique combination of properties they possess.

Among

the

of promising attributes, these intermetallics often display high temperature oxidation

resistances, relatively high melting points

and low density. Conversely, these materials are

almost universally plagued by mechanical deficiencies including low ambient fracture

toughness and loss of strength
intrinsic deficiencies including

complex

unit cells.

elevated temperature which have been attributed to

at

low symmetry

In addition,

many

crystal structures, covalent-type

bonding and

intermetallics exhibit temperature regimes of

environmental sensitivity, or "pest," leading to grain boundary embrittlement and, in some
cases, complete disintegration of polycrystalline parts.

Mechanisms of pest vary among

the

intermetallics yet the term remains pervasive.

Molybdenum disilicide

is

one of the intermetallic materials being considered for

application in high temperature environments. In addition to

C)

[1]

and moderate density (6.24g/cc)

[2], this

its

high melting point (2020°

material also displays excellent high

temperature oxidation resistance due to the formation of an adherent, glassy silica scale

1

2

which

However,

acts to passivate the surface.

at

lower temperatures (400°

-

600° C) the

material undergoes pest oxidation which results in the catastrophic degradation of

monolithic parts

which

Fortunately, a preoxidation step can be performed

at accelerated rates.

will reduce the sensitivity of

MoSi 2

in this intermediate

Processing of intermetallic compounds

and narrow

solubility ranges

MoSi 2 and
ternary

complicated by their high melting points

making powder processing an

Hot powder compaction

production.

is

is

temperature regime.

attractive route for material

a widely employed technique in the production of

has been successfully used in the processing of this and other silicide-based

compounds. Issues commonly associated with powder processing include degree

of densificaton and incorporation of oxides resident on powder surfaces. In the case of

MoSi 2

,

these factors can directly impact mechanical and environmental properties,

processing schemes

MoSi 2 can reduce
penetration.

critical to the final viability

the resistance to pesting

The presence of silica

in

of the material. Inadequate densification of

by supplying high

MoSi 2 compacts

strength at elevated temperature as well as

its

making

oxygen

diffusivity paths for

has been blamed for the loss of

poor creep resistance. To

this end,

processing investigations have centered on the elimination of silica in powder processed

MoSi 2 by

formation of carbide compounds and reduction of silica to form more stable

oxides.
In attempts to

improve the

utility

of MoSi 2 both compositing and alloying
,

approaches have been employed in hopes of imparting better mechanical properties. The
goal of the latter approach seeks to eliminate the intrinsic deficiencies, such as the low

symmetry
alloying

crystal structure, without

MoSi 2

either the

is to

compromising the desirable

attributes.

The aim of

produce a higher symmetry crystal structure by atomic replacement of

molybdenum

or silicon atoms while maintaining the overall

MX

2

stoichiometry.

Replacing silicon with additions of aluminum in excess of eight atomic percent yields a
ternary

compound, Mo(Si,Al) 2 with

the tetragonal

,

Cl

l

b

the hexagonal

structure of the binary silicide.

C40 crystal
It

structure directly related to

has been suggested that the

C40

3

phase might exhibit improved mechanical properties due to

enhanced high temperature oxidation resistance due
multilayered oxide of

to the

its

higher symmetry, as well as

formation of an adherent

and alumina.

silica, mullite,

In previous investigations, processing of Mo(Si,Al) 2 has

been performed by arc-

melting, resulting in coarse microstructures often containing minor amounts of secondary

phases. In the current investigation, several routes of
to

powder processing were employed

produce dense, nearly single-phase C40. While evaluation of each production method

was underway,

it

was noted

that

samples produced many months prior and stored in a

dessiccator, appeared to display a

phenomenon

in

one week

samples maintained

at

at

200°

form of surface degradation. Attempts

C

to accelerate this

resulted in structures similar to those observed in

room temperature

for 17 months.

While attack observed

in this

anomalously low temperature regime suggested the occurrence of a pest-type phenomenon,
there have been

As

is

no reports of silicides pesting

the case with

encompass phenomena

many

that

in the vicinity

of room temperature.

scientific endeavors, the current investigation

evolved to

were discovered through the course of the experimentation.

This study was approached from the onset as a preliminary investigation into the properties
of the Mo(Si,Al) 2 compound.

To

this end, the

establishment of a reproducible and efficient

processing route for dense, nearly single-phase
processing difficulties,

it

became necessary

to

C40 was paramount. As

examine the phase

a consequence of

equilibria of the

Mo-Si-Al

ternary system as they pertain to the

C40 compound. When

anomalous environmental

of the compound presented a direct obstacle to the

sensitivity

future development of this material,

it

became

the discovery of the

the focus of the investigation. In turn, this

study has been guided by the subsequent observations as they have presented themselves.

CHAPTER 2
LITERATURE REVIEW

2,1

The

Mo - Si System

There are three intermediate compounds

These compounds exhibit limited

them

fall into

a class of materials

that

solubility ranges

known

form

in the

Mo-Si binary system.

and covalent type bonding which makes

as intermetallics.

These intermetallic phases have

been studied for several decades because of their unique properties.
properties, the high melting points

molybdenum

silicides

and

relatively

low

densities

Among these

have made these

popular as potential high temperature structural materials.

Weight Percent Silicon
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Figure 2.1 The Mo-Si binary phase diagram [1]. NOTE: It has been shown that there
C40 polymorphic transformation at 1860°C [3].

4

is

no

5

2.1.1

MoSL

-

History and Applications

In the early 1950s,

W.A. Maxwell was among

the

first to

consider

molybdenum
Sweden,

disilicide for use as a high temperature structural material [4]. Simultaneously, in

the Kanthal Corporation patented a resistance heating element comprised almost entirely of

MoSi2

that could

be used

were based on the
characteristic of

in air at temperature

exceeding 1600°C

attractive high melting point

MoSi 2 While Kanthal
.

[5].

These considerations

(2020° C) and superior oxidation properties

continued in the development of MoSi 2 heating

elements, interest in the use of molybdenum disilicide as a structural material
lived,

due

to intrinsic deficiencies in properties,

and loss of strength

From

at

elevated temperature

was

short

namely, low ambient fracture toughness,

[6, 7].

the late 1950s and early 1960s, considerable attention

was given

to

processing and phase relations in the Mo-Si binary system as well as related ternary
systems. Maxwell continued with efforts to surmount the mechanical property deficiencies

with some early compositing

Nowotny and

Brukl,

among

efforts,

attempting to reinforce

others, led to the

MoSi 2 with

development of a

Work by

alumina.

series of

phase diagrams,

and evaluations of many silicide-based systems, including Mo-Si- A1 and Mo-Si-C [8-12].
In 1955, Fitzer noted an unusual
disilicide

which he deemed

the early 1970's, Fitzer
disilicide

by both

When

form of environmental degradation

"pest" for

made

its

similarity to the “Tin pest”

in

molybdenum

phenomenon

notable progress with the reinforcement of

silicon carbide

MoSi 2

molybdenum

and alumina.

advances in technical ceramics brought about the rationale that

materials might be engineered for structural applications, there evolved a
in

[13]. In

as a possible structural material.

Many

brittle

renewed

interest

of the compositing efforts of the late

1980s and early 1990s focused again on the reinforcement of MoSi 2 with phases such as
silicon carbide

and alumina. These attempts yielded moderate property improvements, but

did not provide any distinct advantage over other materials being considered for the

same

6

applications. Efforts

on

in- situ

still

continue in the production of reinforced

MoSi 2

with an emphasis

processing for the formation of novel composite architectures [14-21]. Despite

failure to yet realize structural application,

MoSi 2

has achieved more commercial success

than most intermetallic materials, based on the continued superiority of Kanthal Super
heating elements as well as use of MoSi 2 for glow plugs in large diesel engines, electronic
contacts and interconnects, and as a constituent in

2.1.2 Mechanical Properties of

The mechanical
obstacles to

its

combined with

properties of

number of active

[6, 7].

MoSi 2

to

its

slip

exhibits a tetragonal

a severe lack of ductility from

C

tiles [6,

22, 23].

disilicide

crystal structures,

were cited from the outset

their covalent nature of

and complex unit

as

bonding

cells allows a

systems thus excluding the possibility of plastic deformation

poor mechanical properties.

1000°

molybdenum

For most intermetallics,

low symmetry

limited

space shuttle

MoSh

structural use [4].

their

TUFI

Cl

l

b

MoSi

which

crystal structure (Figure 2.2)

leads, in part,

displays low ambient fracture toughness as well as

room temperature

to

1000°

C

.

At temperatures between

and 1250° C, thermal activation of dislocation motion allows a regime of moderate

ductility while providing

been attributed

maintained strength.

A loss in strength above

to the presence of silica incorporated during

1200°

-

1300°

C has

powder processing. The

softening of silica at these temperatures has been blamed for the grain boundary sliding and

mass transport

that coincide with a loss in creep resistance

2.1.3 Environmental Properties of

One of the most redeeming

and strength

[6,

24, 25].

MoSi 2

qualities of

MoSi 2 comes from the

formation of the

adherent silica scale which affords superior oxidation resistance at temperatures exceeding

1700° C.

It is

this oxidation resistance that allows the

use of molybdenum disilicide as

eating elements and glow plugs. Passivation of MoSi 2 occurs above 600°
existing

mixed oxide

scale

is

depleted of

Mo0

3

C when the

by means of volatilization (Figure

2.3).

7

Figure 2.2 Atomic arrangement of the

molybdenum

disilicide tetragonal

Cl

l

b

unit cell.

8

MoCbfe)

O z (g)

|

t

MoSii

Figure 2.3 Schematic representation of the passivation of MoSi 2 by glassy silica formation

on the surface above 600°C

[26].

9

Test time (h)

Figure 2.4 Cyclic oxidation behavior of MoSi 2 in dry

The
of

air as

a function of temperature [27].

resulting scale, a glassy silica layer, acts as a diffusion barrier to the further oxidation

molybdenum

[26, 28-31].

The

silica scale is

amorphous, and can maintain adherence

the surface without spalling under cyclic temperature conditions (Figure 2.4).

employing a preoxidation process

to

form the

silica scale,

MoSi 2

parts can

to

By

be used without

detrimental oxidation over a range of temperatures and for prolonged heating cycles.

Without the preoxidation step however, there
the environmental sensitivity of MoSi 2

is

is

an intermediate temperature regime where

so great that monolithic parts can disintegrate

within a matter of hours. This so-called "pest" of molybdenum disilicide was
Fitzer,

600°

C

who

observed a type of rapid disintegration which occurred in

[13].

The use of the term

"pest"

is

inappropriate since

it is

air

first

noted by

between 400° and

based on the

"tin pest"

10

phenomenon which
induced

a result of an allotropic phase transformation, not an environmentally

failure, yet the

the formation of a

form

is

Mo 0

2

and

term remains pervasive in the

mixed oxide

Mo0

.

3

scale permits the continued oxidation of

At intersections between

and grain boundaries) and

to

microcracks,

expansion from the formation of

the boundaries apart, leading to the ultimate disintegration of

the part (Figure 2.5). Evaluation of the

mechanisms of pest have revealed the

occurrence of disintegration are directly related to processing.

of grain boundaries, pores and microcracks

all

enhance the

single crystal monoliths exhibit a

It

rate

providing high-diffusivity paths for oxygen penetration, but

it

and

of disintegration by

should be noted that even

form of degradation [26-30, 32-34], Investigations

increase the pest rate while hypostoichiomtery of

dark blue passivating layer of

rate

appears that the presence

alloying to eliminate pest have revealed that a hyperstoichiometry of

molybdenum

molybdenum,

lattice disruptions (pores,

free surfaces the volumetric

molybdenum oxides wedges

Between 400° and 600°C

literature.

silica

(Table

2).

molybdenum

molybdenum

results in the

in

will

formation of a

This "competition" between silicon and

for stable versus volatile oxide formation has directed

MoOi

Mixed Oxide

Figure 2.5 Schematic representation of the pesting of MoSi 2 between 400° and 600°C by
ingress of environmental oxygen [26].

11

Table

2.

1

Effects of stoichiometry and processing on the pest behavior of poly crystalline

MoSi 2 compacts

Production Method

[28].

Composition

Pest Behavior

Arc Melted

67%

Si

Disintegrated (24-48 hrs.)

Arc Melted

68%

Si (Si-rich)

No

Cold Pressed

& Sintered

Cold Pressed

& Sintered

67.2%

Si

65.4%

Si

Pesting (72 hrs.)

Disintegrated (1/2 at 48 hrs.)

(Mo-

Disintegrated (1/3 at 24 hrs.)

rich)

Cold Pressed

& Sintered

70.0%

Si (Si-rich)

67.2%

Hot Pressed

No

Pesting (168 hrs.)

No

Disintegration/

Oxide Present (241

hrs.)

65.4%

Hot Pressed

Si

(Mo-

Disintegrated (one corner at

1

18 hrs.)

rich)

70.0%

Hot Pressed

alloying efforts to replace

Nb)

Si (Si-rich)

No

molybdenum with more

as well as replacing silicon with

aluminum

in

Pesting (240 hrs.)

stable oxide formers

Due

Mo

-

Si

Cr,

W, Ti,

hopes of producing an adherent mullite

scale [27, 28, 35-41]; as yet, these efforts have been

2.2

(i.e.

met with limited success.

Based Multicomponent Systems

to deficiencies in the intrinsic properties of

molybdenum

silicides,

many

investigators have proposed that traditional alloying techniques-could enhance these

properties while maintaining the desirable attributes of the binary
in the alloying of

additions.

molybdenum

Among

extensively.

silicides

compounds

have included both substitutional and

the interstitial additions, boron and carbon have

While neither carbon nor boron shows appreciable

form ternary phases based on the 5-3

silicide

[42]. Efforts

interstitial

been studied the most

solubility in

MoSi 2 both

which have become the focus of much

,

12

interest.

Substitutional alloying additions have been explored as a

better oxidation resistance as well as

improved mechanical properties on the basis of solid

solution strengthening and altered crystal structure.
efforts

means of providing

As mentioned

previously, considerable

have concentrated on carbon and aluminum alloying for the elimination of silica

powder processed MoSi

combination with the additional advantage of the

in

in

in -situ

formation of reinforcing phases to impart toughness and creep resistance [16, 19, 20].

2.2.

The Mo-Si-B System

1

The Mo-Si-B system has been
in the

studied since the 1950’s, and

development of Mo-Si based materials. The addition of boron

materials has been

shown

to provide an

improvement

formation of an adherent borosilicate scale [43].

intermetallic

compounds

to

plays a large role

Mo

5

in oxidation behavior,

Si 3

based

due

to the

An examination of available binary and

ternary phase diagrams of refractory metals indicates that there are

One

still

few oxidation

resistant

two-phase equilibrium with refractory metal solid solutions.

in

of the most notable exceptions

is

the

T2

phase

(Mo 5 SiB 2 )

in the

Mo-Si-B

ternary

system which has been shown to exhibit superior creep resistance and comparable
oxidation resistance to
[43, 44],

There

T 2 may provide

is

a

MoSi 2

without the presence of a moderate temperature “pest“ regime

strong evidence to suggest that a sufficient

molybdenum

volume

fraction of dispersed

solid solution matrix with a passivating borosilicate scale in

high temperature oxidizing environments

[45].

Recent investigations into the equilibria of the Mo-rich portion of the Mo-Si-B
phase diagram confirm the existence of a two-phase equilibrium between the solid solution

Mo phase and the ternary T

2

phase

[46].

Attempts to produce alloys with a two-phase

microstructure using traditional arc melting techniques have met with limited success, in
that the resulting structures contained coarse matrices of either

or

T 2 [46-48]. These coarse

molybdenum

multiphase microstructures required a

solid solution

minimum

of 150 hours

13

0

M0

WcyS/

MOfSyrt}

MoSft

Figure 2.6 Proposed 1600°C isotherm for the Mo-Si-B system

Si

[9].

14

at

1600°C

for equilibration to the final two-phase structure.

sluggish dissolution of

Mo

5

Mo B

Si 3 or

that

2

form during

It

was concluded

that the

solidification necessitate the

lengthy heat treatments. Efforts in rapid solidification of these alloys indicate that splat

quenching suppresses

Mo

5

Si 3

and

Mo B

formation and greatly reduces the time and

2

temperature required for equilibration [46].

of Mo ss -T 2 alloys

may

It

has been suggested that powder processing

permit the ability to tailor the solid state reaction sequences by proper

choice of precursor materials to prevent the formation of the intermediate

Mo

5

Si 3

and

Mo B
2

phases.

2.2.2

The Mo-Si-C System

Due

to the necessity of

powder processing, elimination of oxides on the surface of
fabrication of the compact.

powders must be achieved during
addition of carbon has been
silica to

employed

in

MoSi 2 processing

As

stated previously, the

for the purpose of reducing

form SiC reinforcements. The addition of carbon has been shown

existing silica

to

reduce

by means of the following reaction sequence:

(1)

Si0 2 = SiO +

(2)

C + 0 = CO

(3)

(Total Reaction)

resulting in a final structure of

0

(2.1)
(2.2)

CO

(2.3)

Si0 2 + 3C = SiC + CO

(2.4)

SiO + 2C = SiC +

MoSi 2

,

SiC, and

Nowotny phase

(Figure 2.7) [49, 50].

The

distribution of these phases as well as their morphologies are subject to the processing

conditions of the material. Continued interest in SiC-reinforced
studies of the

Nowotny

equilibrium between
disilicide has

phase, which

MoSi 2 and SiC

is

led to current

often present due to the narrow two-phase

[19, 21, 51]. Silicon-carbide-reinforced

shown both improved creep

superplastic behavior [16, 21, 52].

MoSi 2

resistance

molybdenum

and yield strength, as well as

15

Figure 2.7 Backscattered electron image of SiC reinforced MoSi 2 The dark, medium, and
light phases are SiC, MoSi 2 and Nowotny phase respectively [16].
.

,

16

Figure 2.8 Proposed 1600°C isotherm for the Mo-Si-C [10].
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2.2.3

The Mo-Si-Al System

The Mo-Si- A1 system

displays

two ternary compounds as well as extensive ternary

most of the binary compounds (Table

solubility in

2.2).

Atomic

substitution for silicon

accounts for the large aluminum solubility in the 5-3 silicide as well as the complete
solubility of the 3-1

compound. Aluminum

ternary solubility in

molybdenum

is

silicides

the primary source of the passivation of

formation),

many

studies have focused

the only thoroughly studied material with

is

by means of silicon replacement. Since

molybdenum

on the

effect of

silicon

silicides (through silica

its

replacement by aluminum on

oxidation properties [36, 40, 41, 53].

Aluminum alloying efforts have been pursued
“metallic character” to

symmetry

the tetragonal

shown

Cl

l

b

means of imparting a more

MoSi 2 by producing the ternary C40 phase which has

structure [42].

results in a ternary

as a

The replacement of silicon with aluminum

compound with

the hexagonal

C40 crystal

structure of the binary silicide [12].

in excess of 8

structure

Aluminum

a higher

which

is

At.%

related to

additions have been

to reduce existing silica via in-situ reactions as well [20, 21, 52].

The following

reaction and conditions were set forth by Costa e Silva as the governing restrictions for the

use of aluminum in

silica reduction:

4A1 + 3Si0 2 = 2A1 2 0 3 + 3Si

(2.5)

Alx ^ 3/3 Oj. + A1 R

(2.6)

+ A1 r )/Mo = 2

(2.7)

(Si

A1 r < Al s

Where A1T
in

is

the total

aluminum added

molybdenum disilicide, and A1 R

is

of the silicon dioxide. The resulting

(2.8)

to the alloy,

residual

Al s

aluminum

MoSi 2 - A1 2 Q 3

is

the solubility limit of

in solution after

structures are

shown

aluminum

complete reduction
to

be

18

Table 2.2

Summary

of the binary and ternary phases of the Mo-Si- A1 system.

System

Compound

Structure

Remarks

Mo-Si

Mo

Pm3n

Complete ternary
with
03 AI

I4/mcm

Some

3

Si

M 0 Si
5

3

a - MoSi 2
(3

-

MoSi 2

ternary solubility

P6 2 22

[1]

[1]

[1]

Does not

exist as binary

No binary

[3]

phases exist

Mo A1

Pm3n

Complete ternary
with MOjSi

MoAl

No reference

1470°

-

1720°C

[54]

No reference

1490°

-

1570°C

[54]

3

Mo 37 A
Mo A1

1

63

solubility

[54]

C2/m

[54]

MoA1 4

Cm

[54]

MoA15

P 63

[54]

cI26

[54]

3

MoAl
Mo-Si-Al

solubility

M

I4/mmm

Si-Al

Mo-Al

Source

,

8

2

Mo(Si,Al ) 2
(C40)

P6 2 22

8-35 At.% aluminum

[11]

Mo(Si,Al ) 2
(C54)

Fddd

45 At.% aluminum

[11]
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Figure 2.9 Electron micrographs of an Al 2 0 3 -MoSi 2 -Mo(Si,Al) 2 composite, (a)
Backscattered electron image of alumina reinforced

same region

[21].

MoSi 2

(b)

A1

Ka x-ray map of

20

thermodynamically stable (Figure

has been limited subsequent work

2.9), yet there

concerning the properties of these alumina-reinforced composites

The

ternary isotherms proposed for the

[7, 14, 15,

21, 55].

Mo-Si-Al system by Brukl (Figure

2.1 1)

and Yanigahara (Figure 2.12) display discrepancies with each other and are inconsistent
with recent experimental
the isotherm

which

is

results. Errors in the

not in accordance with the currently-accepted

diagram (Figure 2.10),

as well as the absence of

be noted that the Brukl isotherm
instead slopes

Brukl diagram include the

is

any liquid phase

Mo-Al

Mo-Al

at

“side” of

binary phase

1600°C.

It

should also

not truly an isothermal section of the diagram, but

down from 1600°C on

diagram. The Yanigahara isotherm

the

(at

Mo-Si

side to

1350°C on the Al-rich portion of the

1550°C) includes the liquid phase which

is

ignored

by Brukl, but excludes the presence of the C54 phase. The Yanigahara diagram also
neglects the presence of the

Mo

37

A1 63 phase which

agree on the relative placement of the C40,
their ranges

is

present at 1550°C. Both diagrams

Cl l b and T1 phases but
,

differ with respect to

of solubility.
Weight Percent Molybdenum

Figure 2.10 The

Mo-Al

binary phase diagram [54].

21

Mo

Figure 2.1

1

Ternary phase diagram isotherm at 1600°C of the Mo-Si-Al system proposed
by Brukl and coworkers in 1961 [11].

22

Mo

at 1550°C of the Mo-Si-Al system proposed
by Yanigahara and coworkers in 1993 [40].

Figure 2.12 Ternary phase diagram isotherm

23

2.2.4

Mo-Si-X Systems

Substitutional alloying of
either the

molybdenum

earlier, there are

much of the

molybdenum

or silicon atomic

few known elements

site

with an appropriate species.

that will replace silicon in this

molybdenum

substitutional alloying in

can be performed by occupying

silicides

their

atomic

and structure

W, Nb)

[3].

2. 13).

In Boettinger’s study

C40 polymorph
that the

1

860°C

C40

in binary

phase, which

MoSi 2 was

in

it

The

was suspected

actually

formed by a

phase was the result of impurities

is

to

form

present in nearly

C

1

1 b

all

that

form

is

compounds

no high temperature

TiSi 2 quasibinary revealed

allotropic transformation

peritectic reaction

was concluded

-

silicide

above

between liquid and a solid

that the

observed

C40 MoSi,

in the “binary” material.

most (Mo,X)Si 2

alloys.

Cl l b

The hexagonal

of these ternary systems, often with large (>10 at.%)

which possesses a higher symmetry structure than the

of the binary disilicide has inspired alloying to be considered as the best

approach to impart more active

57 ].

form from an

as solid solutions of

solubility ranges. This phase,

tetragonal

It

to

reviewed a series of

inspection of the disilicide quasibinaries reveals that two crystal structures.

and C40, are known

C40 phase

.

5-3

also concluded that there

to

due

result is a listing of ternary

MoSi 2 [3]. Assessment of the MoSi 2

solution with the formula (Mo,Ti)Si 2

An

was

2

molybdenum with elements

isotherms and quasibinary phase diagrams of the disilicide and
(Figure

Mo in MoSi

[56]. Boettinger has

alloying studies which focused on the replacement of
similar silicide structures (Ti, Cr, Ta,

The elements shown

2.3).

considered to be the best possible “replacements” for

radii, electronegativity

manner, and therefore,

been performed by the

silicides has

replacement of molybdenum with other refractory metals (Table
in the table are

As mentioned

slip

systems to

MoSi 2

(Figure 2.14)

[3, 11, 12,

35, 42,

24

MoSi 2

MoSi 2

0-2

0,4

0-6

0-8

WSi 2

°- 6

0 8

NbSi 2

x

0-2

°- 4

x

IBM
MoSi 2

a4

0 6

x

o;
M0S12

0.2

i

0 8

TaSi 2

a

0.4

0.6

0.8

X

Structure

""""
i

l

0-2

..

Kev

C40

H

Cl 1b

Figure 2.13 Homogeneity ranges of Cl l b and C40 in molybdenum disilicide based
quasibinary systems at 1600° C (except NbSi 2 based system which is at 800° C)

[3].
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Table 2.3 Characteristics of suitable alloying elements for atomic substitution of

MoSi 2
Element
(X)

Cr

Electron
Configuration

Id !
5

2

Co

3d'4s

Fe

3d°4s

Hf

5d 6s

z

2

Ni

8
3d 4s

2

2

Nb

~4cF5s

Ta

5d 6s

Ti

Id 7!?

V

3d 4s

Te

4d D 5s z

Re

5d 6s

Ru

5d 6s

W

5d‘6s

Zr

4d 5s

Mo

z

J

z

z

3

2

5

z

3

~W5s

z

z

Mo in

.

AtomicO Radius

Electroneg-

r x ! r Mo

Crystal

(A)

ativity

(Atomic)

Structure

1.27

1.66

0.91337

bcc, hep

1.25

1.88

0.8993

hep, fee

1.26

1.83

0.9065

bcc, fee

1.59

1.30

1.1438

hep

1.24

1.91

0.8921

fee

1.46

1.60

1.0504

bcc

1.46

1.50

1.0504

bcc

1.47

1.54

1.0576

hep, bcc

1.34

1.63

0.9640

bcc

1.36

1.90

0.9784

hep

1.37

1.90

0.9856

hep

1.34

2.20

0.9640

hep

1.39

2.36

.0000

bcc

1.60

1.33

1.1511

bcc

1.39

2.16

1

.0000

bcc

1
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C40

C11 b

A

1/2[001]

[1 1

B

1/2[1

1]

[1010]

C

1/2[331]

[2110]

D

[110]

[1100]

1

20]

Figure 2.14 Atomic arrangement and orientation relationship of the Cl l b and C40 phases.
Gray cricles indicated placement of refractory metals atoms (Mo,W,Ta, etc.) atoms. Black
circles indicate placement of A1 or Si atoms.

2.3

The C40 phase can
aluminum

in

The MotSi.AlT C40 phase

also be produced

from MoSi 2 by the replacement of silicon with

excess of eight atom percent to form Mo(Si,Al) 2

investigation there

is little

.

Despite 40 years of

consensus concerning the properties of this phase. The proposed

Mo-Si- A1 isotherms agree on the placement of the C40 phase, but

differ greatly with

respect to the presence and composition of adjacent phases. Reports of enhanced

mechanical properties and cyclic oxidation have been countered with the findings of
increased high temperature oxidation rate, and the existence of an anomalous

temperature pest phenomenon
in

Chapter

1

,

[8, 11,

20, 21, 35, 38-41, 51, 53, 58, 59].

this investigation has yielded

Mo(Si,Al) 2 compound, tying
investigation. Therefore,

this section

some of what

currently

As mentioned

known about

the

of the text closely to results from this

some experimental

explain currently studied phenomena.

is

room

results will

be briefly discussed as needed to

27

2.3.1

Mechanical Properties of MofSi.AD . C40

The mechanical behavior of the Mo(Si,Al) 2 C40 phase remains

Some work with

largely unexplored.

single crystal material indicates fewer active slip systems than in the

binary silicide, discounting earlier beliefs that the increased symmetry of the
structure

would bring about increased

C40 crystal

ductility (Figure 2.15) [58]. Efforts in assessing the

mechanical properties of polycrystalline materials have focused mainly on two-phase
mixtures of

25%

C40 and Cl l b

increase over that of

in

which

MoSi 2 [35].

C40 phase shows comparable
methods used

the

room temperature microhardness of C40 shows

In the

same

investigation the hot hardness of the

decrease compared to the values of

in the investigation

a

MoSi 2 The

were somewhat suspect, and these

necessarily considered applicable to single-phase C40.

To

date there

.

processing

results are not

is little

information on

the mechanical behavior of polycrystalline, single-phase C40. Preliminary experiments in
this

study revealed extensive grain boundary decohesion in a shear band that formed during

hot compression testing at 1400°C (figure 2.16). Attempts to assess the

room temperature

microhardness were also plagued by grain boundary decohesion (Figure

2. 17).

This

decohesion extended several grains into the matrix, making the data measured from the
indent invalid for microhardness evaluation. These observed grain-boundary

were assumed

to

phenomena

be associated with the environmental susceptibility of the boundaries.

Thus, further mechanical property investigations were postponed pending a better
understanding of this behavior.
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300
[1

OH
A
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2
2
2

1

21 of Mo(Si,AI) 2

1

11 of Mo(Si,AI) 2(.1 5 Al)

1

21 of Mo(Si,AI) 2 (.2AI)

{0001 J<1120>
in Mo(Si,AI)
2
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1500
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TEMPERATURE
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Figure 2.15 Temperature dependence of CRSS for basal slip in Mo(Si,Al) 2 single crystals.
The CRSS -temperature curve for { 1 10}<1 1 1> slip in MoSi 2 is also illustrated [58].
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Figure

2. 1 6

Secondary electron micrograph of a shear band formed during compression
4
1400°C with a strain rate of 10' Diagonal black line is drawn to denote
the approximate boundary of the shear band.

testing at

.

30

Figure

2.

17 Secondary electron image of a Vickers microhardness indent in the
Mo(Si,Al) 2 Note the grain boundary decohesion.
.

C40

31

2.3.2 Environmental Properties of C40-MofSi.Al) 2

Most

studies of the environmental properties of the

high temperature oxidation behavior of Mo(Si,Al) 2 in both

C40 phase have focused on
static

the

and cyclic temperature

conditions. These studies almost universally conclude that the high temperature passivation

of C40

is

achieved by the formation of an adherent, multilayered scale consisting of A120 3

mullite and

Si0 2 Differences
.

in these reports

concern the rate of oxidation which has been

reported to be both slightly higher and lower than that of
differences

may be

attributable to both the

,

MoSi 2 [35,

38-41]. These

sample compositions as well as the resulting

sample microstructures, although a thorough examination of these factors has not been
performed. The most extensive study of the high temperature oxidation of Mo(Si,Al) 2 was

performed by Yanigahara and coworkers, whose investigations provided insight into the
nature of the layered oxide scale that forms on the surface of C40 [40, 41]. This scale,

comprised of A1 2 0 3 and Si0 2

resists spalling

under conditions of cyclic oxidation, but

subject to liquification due to the eutectic type reaction between the
liquification,

oxygen transport

passivate as effectively as the

to the base materials is

Si0 2

scale

As mentioned earlier, during

is

two oxides. During

enhanced and the scale does not

on binary MoSi 2 (Figure

the course of this study an

2.18).

anomalous room

temperature degradation of C40 was observed. This degradation phenomenon occurs in
at

room temperature over

a period of months and

is

marked by decreased grain boundary

strength and an apparent loss of material to a vapor product (Figure 2. 19).

samples display increased porosity along grain boundaries most often
(Figure 2.20). Attempts to accelerate this

phenomenon by heating

The

resulting

at triple points

in air at

200°C have

resulted in similar structures to those observed in samples that have been maintained at

room temperature

for 17 months.

air

32

I /

0

2

ks

4

6

8

Figure 2.18 Cyclic oxidation behavior of Mo(Si,Al) 2 and MoSi 2 at 2023 K. Note the
increased oxidation rate of the Mo(Si.Al), alloy, despite the resistance to scale
spalling [40].
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Figure 2. 19 Secondary electron micrograph of a Mo(Si,Al) 2 C40 exposed to air at room
temperature for 17 months. Gray regions are C40 matrix. Black regions are pores,
remnant from environmental attack.

34

Figure 2.20 Split-screen electron micrograph of attacked grain boundary triple-point after
sample exposure to air at 200°C for 160 hours. A) Secondary electron image; B)
Backscattered electron image.
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2.4 Environmental Properties of Intermetallics

2.4.

1

Pesting of Intermetallics

The term
exhibited by

“pest” (as

molybdenum

it

pertains to intermetallics)

was

first

dislicide in the temperature range

applied to the behavior

between 400 and 600°C

[13].

Since then, the term has become associated with the unusual environmental behavior of

many

intermetallic

compounds. This behavior can include

and material loss as a

result

of environmental factors.

disintegration, embrittlement

Because molybdenum

not the only intermetallic material to exhibit pest behavior,
the nature of the

anomalous environmental

Wood

seminal paper, Westbrook and

which provides the standard

The

much

attention has

.

The

[60] established a criterion for pest disintegration,

is

predominantly intergranular (although a

considerably moderated form of disintegration has

been observed

in single crystals).

2.

Attack does not occur in inert atmospheres.

3.

Disintegration will occur under either isothermal

conditions or thermal cycling conditions as long as

4.

is

.

some exposure

in the critical range.

Disintegration occurs at a time and place

volume
5

fraction of oxide

The temperature range

formed

for the effect

is

is

where the

negligible.

specific to a given

compound.
6.

to

for phenomenological identification of pest in intermetallics.

attack

there

been paid

of this class of materials. In their

sensitivities

criteria are as follows:

1

disilicide is

The period of rapid oxidation during which
powdering reaction occurs
incubation period.

is

the

preceded by an

36

The

7.

The

8.

effect can be aggravated
in the

atmosphere.

effect

can be aggravated by the presence of minor

impurities in the

The

9.

by the presence of moisture

effect can

compound.

be moderated by high temperature

preoxidation or by appropriate alloying.

These nine features are among the most commonly observed pest phenomena, but they do
not represent an exhaustive or universal description for pest in

intermetallic materials. In

all

recent years, investigation of environmental sensitivity of intermetallic
to the distinction

between different pesting mechanisms including

compounds has

led

internal surface oxidation

and grain boundary embrittlement.

One proposed mechanism of pesting concerns

the rapid oxidation of internal

surfaces which leads to phase-change-induced volumetric expansions, forcing boundaries

and cracks to separate. The phenomenon

is

dependent on the ingress of oxygen along the

various high diffusivity paths (grain and interphase boundaries, cracks and pores).

been shown

that, in

grain boundaries

61-63].

The

is

molybdenum

is

The

mechanism of grain boundary
on the

brittle

disintegration of polycrystalline parts

tenslie stresses

95%

to the part.

voluminous oxides

itself.

internal stresses

ability to yield plastically, the

literally forces the grains

dependent on

These materials usually

room temperature, making

Without the

is

from the creation of the oxide phases, but

nature of the intermetallic

exhibit negligible plastic deformation at

more detrimental

parts of greater than

suspected that the reduction in open porosity acts to reduce the oxygen

it is

also dependent

formation of voluminous oxides along

MoSi 2 can be reduced by making

ingress into the material [63].
the

has

responsible for the disintegration of polycrystalline parts [28-30, 33,

pest effect in

density where

disilicide, the

It

away from each

much

formation of

other. Internal oxidation

does not lead to disintegration since there

occur in ductile materials, as well, but

it

sufficient ductility to absorb the strain

from expansion along the

interfaces.

is

can
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Oxidation

is

not the only environmental sensitivity that can cause pesting in

intermetallic materials. There

molybdenum
atmosphere

speculation that an acceleration of the pest rate in

is

disilicide is related to a

[63].

hydrogen

In recent years, studies have

actually a result of the

effect supplied

shown

that

by excess moisture

some

pest

phenomena

in the

are

combined mechanisms of oxidation and embrittlement [64-74].

shown

Studies in oxygen-doped NbAl, have

that surfaces with

implanted oxygen layers do

not react sufficiently to cause disintegration, and act as barriers to further diffusion of

oxygen

was

[68].

From this experiment

was concluded

that the pest in

from oxygen dissolution

the result of embrittlement

rather than the cation diffusion

it

in the

niobium aluminide

boundary adjacent matrix

and oxide phase formation previously suspected. The

embrittlement of the boundaries was the cause of disintegration in

NbAl 3

.

Evidence that gaseous species embrittle grain boundaries has been observed
traditional metals for decades.

There are

still

phenomenon, but most mechanisms involve

many

in

theories as to the exact nature of the

the dissolution of hydrogen,

oxygen or

nitrogen which affect the ductility of the material adjacent to the boundary as well as the
surface energy of the boundary.

It is

suspected that the embrittling elements cause a drastic

reduction in the “toughness” of the boundary by decreasing the ductility of the adjacent

matrix material while altering the surface energy of the boundary to facilitate crack
propagation.
facilitated,

The

surface energy

is

altered such that crack formation

and the hardened boundary material does not deform

and propagation

plastically to

is

absorb the

crack energy. The boundaries, in effect, become so weak that internal stresses from
otherwise negligible sources
disintegration.

and there
is

known

(i.e.

slight thermal variations)

Oxygen embrittlement was one of the

is still

some

to embrittle

speculation that

it

may

first

may be

strong enough to cause

suspected causes of pest in

play a role in the

phenomenon

[60].

MoSi 2

Nitrogen

AgMg such that disintegration occurs at room temperature leaving

behind particles comparable

in size to the original grains [60],

38

Hydrogen, being the smallest atomic species, can diffuse rapidly through most
materials,

shown

and does so below the detection threshold of most analytical techniques. As

in Figure 2.21,

hydrogen can be supplied by several mechanisms, transports by

mulitple mechanisms and targets

embrittlement. Hydrogen

can be compensated

for.

is

many

different microstructural features as sites for

abundant in moist

and can rarely be eliminated, although

air

it

Because of the precarious nature of hydrogen detection, many of

the theories involving hydrogen embrittlement are

still

some

just theories, but there are

widely accepted notions concerning the observed phenomena. The proposed mechanism
for embrittlement begins with the dissociation of atomic

The

oxidation reaction with an active metallic species.

hydrogen from water by an

“free” hydrogen

is

then able to

diffuse through the material, often to regions of tensile stress in the lattice such as

advancing crack

been shown

tips,

causing a decrease in the energy required in crack propagation.

that tensile ductilies of

environments where hydrogen

Ni 3 Al) has been shown

is

many

It

has

intermetallics drop significantly in moist

abundant. The addition of alloying elements

to limit the extent to

(e.g.

B

in

which hydrogen embrittles boundaries

although the mechanisms by which these additions

alter the

embrittlement

is still

unclear

[64, 69, 70, 72, 73],

2.4.2 High-Temperature Oxidation of Intermetallics

Passivation of materials in high temperature oxidizing environments

components of gas turbine engines. The desired requirements
be the formation of a passivating scale which does not
temperature cycles.

As mentioned

scale at high temperatures,
material. Unfortunately,

scale on

which

earlier,

MoSi 2

is

is critical

for an ideal material

spall during the course

unique in

its

ability to

to

would

of

form a

silica

acts as a diffusion barrier to further oxidation of the

most other intermetallics do not share

MoSi 2 remains amorphous which

aids in

its

this trait [62].

ability to resist spalling,

The

silica

and act as a
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Lattice

Grain
boundaries

Incoherent
Precipitates

Dislocation
tangles

Voids and
pores

Coherent
precipitates

Figure 2.21 Flow diagram illustrating sources, transport paths and destinations of

hydrogen leading

to fracture

mechanisms

[75].
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diffusion barrier.

The oxides

that

form on most other

intermetallics are crystalline in nature

and, therefore, possess grain boundaries which can act as high diffusivity paths for further
oxidation. Another unique characteristic of the scale on

MoSi2

is

the fact that

a single

it is

Mo0

phase oxide, and not a mixture of oxide phases as in most intermetallics. Since the
that

forms on MoSi 2

mixed

volatilizes, the

crytalline oxides that

which can also

remaining scale

form on most

act as diffusion paths for

Mechanisms of oxidation

is

comprised entirely of Si0 9

ingress.

in intermetallics involve the

formation of mixed oxide

by diffusion of oxygen through the scale

material, or diffusion of metal cations through the scale to the oxide surface.

morphology

is critical

morphology

is

The

intermetallics possess interphase boundaries

oxygen

scales of varying morphologies, followed

.

3

to the rate of further oxidation [39, 40, 62].

to the

The oxide

Oxide scale

dependent on the composition of the base material as well as the oxidation

characteristics of the individual metallic species present in the base material.

A departure from traditional parabolic diffusion rates can be allowed by short circuit
Layered oxides can reduce the

diffusivity paths in the forming oxide scale [76, 77].

diffusion of reacting species

by providing complicated short

circuit paths for diffusion,

while columnar oxides can provide enhanced diffusion of reacting species by supplying
direct diffusion paths

between the materials and the

free oxide surface (Figure 2.22).

example cases of columnar and layered oxide

structures

spectrum of possible scale morphology. The

real

lies

somewhere between

the

two

as

form the extreme ends of the

morphology of mixed oxide scales often

do the oxidation

2.5 Grain

The

rates [26, 61, 77].

Boundary Phenomena

Grain boundaries are the interfaces that exist between individual crystals of
differing orientation in a
are nothing

homogeneous

more than two dimensional

solid. It is

naive to assume that these boundaries

disruptions in the periodic order of a lattice,

act to only affect the mechanical properties of the material.

The

which

disruption in the bulk
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Layered oxide Phases

Oxide grain
boundaries

\

Oxide Interphase
boundaries

Figure 2.22 Schematic representation of mixed oxide morphologies. The white dashed
lines indicate the short circuit diffusivity paths for the enhanced diffusion of either
oxygen or reacting metal cations.
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properties of the crystal associated with grain boundaries extends to the chemical properties
as well. Grain boundaries can act as sinks for solute

atoms rejected from solution,

sites for

the heterogeneous nucleation of secondary phases, and paths of enhanced diffusivity [78,
79]. In traditional metals,

it

has been

shown

boundary

that activation energies for grain

diffusion are often half those required for bulk diffusion at

room temperature

[78],

The

chemical make up of grain boundaries can have direct consequences on the mechanical
properties of a material by acting as sites for failure initiation and propagation due to the

presence of secondary phases, embrittlement and stress corrosion cracking [76, 80]. In
brittle materials,

where the

properties dictate

much

fracture path

is

most often intergranular, the grain boundary

of the mechanical behavior of the material.

Such

is

the case with

intermetallics.

Energetically, grain boundaries are not favorable structures and have elevated

energy compared to the bulk material. Eventually, a balance
force for boundary elimination and the ability to
resulting structures reach a state of stability yet

is

reached between the driving

“move” boundaries out of the

still

have an

interfacial

solid.

The

energy associated

with each boundary. The energy of these interfaces depends on the orientation between the
adjacent grains, often referred to as the angle of the boundary. High angle boundaries
exhibit

more “misorientation” and have higher

interfacial energies than

boundaries [79]. This elevated energy makes boundaries attractive as

low angle
sites for

nucleation

of secondary phases. Three factors lead to the favorable formation of secondary phases

at

grain boundaries: 1) the variation in chemistry from the presence of material not

incoiporated into the matrix or solute atoms rejected from the matrix, 2) the reduction in
surface energy from the formation of heterogeneous precipitates, and 3) diffusion along

boundaries which enhances solute transport and expedites phase formation [79].

The presence of chemical segregation and secondary phases
the environmental sensitivity of a material.

Most of the

at

boundaries can affect

literature involving the role

boundaries in environmental reactions concern traditional metal alloys. Little

is

of grain

known
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about the surface energies and diffusion rates in grain boundaries of intermetallic

compounds although
applicable [62].

the

mechanisms observed

in traditional alloys are

expected to remain

Stringer established four major effects associated with the interaction of

the environment with grain boundaries: 1) liquid metal embrittlement, 2) Intergranular

corrosion, 3) intergranular stress corrosion cracking, and 4) grain boundary effects in high

temperature oxidation processes [76], Since

it

has been established that intermetallics are

often susceptible to low temperature oxidation phenomena,

it

grain boundary transport plays a role in these mechanisms.

is

expected that accelerated

As discussed

in the section

on

observed pest phenomena, stresses from the formation of voluminous oxide phases can

The presence of oxidizing secondary phases

lead to disintegration of polycrystalline parts.
at the

boundaries could act as a mechanism to pest disintegration of a material that would

not be susceptible to pest oxidation in the absence of the secondary phases.

2.6

The discovery of coupled

The A1

-

SiC Equilibrium

particles of

boundaries of C40 during the course of

aluminum and

silicon carbide in the grain

this investigation necessitates a

review of the

properties of the Si-Al-C system with respect to formation and stability of the phases

present in the system.
reinforce

aluminum

aluminum

alloys

The

studies

alloys with

began

on

SiC

this

system have been driven largely by the desire to

particles.

Work

in the 1970’s [81]. Early

in the use of

SiC reinforcements

in

experimenters were not equipped with a

thorough understanding of the thermodynamics of the ternary system, thus compatibility of
the A1 and

SiC phases was optimistically overestimated. The investigation

into the

equilibrium between pure aluminum and silicon carbide has also been clouded by the use of
fiber coatings

the

and alloying additions

two phases.

It

has been

shown

room temperature, which may be
A1 and SiC

is

the following:

to the matrix

that the

which

further reduce reactivity

between

two phases exhibit a precarious equilibrium

at

metastable in nature [81]. The possible reaction between
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4A1 + 3SiC = A1 4 C 3 + 3Si

This reaction was originally reported in the

aluminum

in the

is

molten

state [82-85].

literature to

(2.9)

proceed

at

high temperatures,

Viala showed that the reaction can occur at

temperatures near the eutectic temperature of the Al-Si system (577°C)
are in the solid state [81]. Formation of A1 4 C 3
at

450°C

[82].

equilibrium

at

The mechanism of the
lower temperatures.

rejected into the

aluminum

by reducing the

reaction

matrix.

reaction

Upon

may

why

explain

formation of the

of aluminum

Calculation of the driving force for the reaction at

Gibbs

the phases appear to be in

initial

silicon in

A1 4C 3

aluminum

room temperature

these species are not in true thermodynamic equilibrium. Viala also

silicon

( 1

down

shuts

aluminum becomes

the

negligible.

gives a negative change

free energy of 2.673 kJ/mol. This change, although mild,

high temperatures

layer, silicon is

This effect can be expected to

[84],

intensify as temperature decreases and the solubility of Si in

in the

when both phases

from A1 and SiC has been recently observed

The presence of the

relative activity

when

does indicate that

showed

that, at

very

500°C), silicon carbide will precipitate from an aluminum liquid rich in

and carbon, leaving behind a silicon-containing aluminum solution. Upon cooling,

the sluggish dissolution of these

SiC

particles allows

despite the lower temperature instability of the

them

two phases

to

remain

in the microstructure

[81].

2.7 Properties of A1, C,

The

properties of A1 4 C 3 have been studied extensively as they pertain to the

behavior of Al-SiC and Al-graphite composites [84, 86, 87]. The formation of A1 4C 3
interfaces of

aluminum matrix composites

is

at the

of concern since the properties of the

composite materials are dictated by degradation of the reinforcements as well as the
presence of a

found
layer

in

is

brittle

phase between the reinforcements and the matrix.

composites that are produced by liquid

infiltration.

Aluminum carbide

The thickness of the

dependent on many factors including composition of the aluminum

alloy,

reaction

is
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temperature of processing, and presence of coatings on the reinforcements. The reaction
layers that have

been observed

thickness [87].

The two

brittleness

and

its

properties of A1 4 C 3 that are of the

extreme environmental

The environmental
investigation.

most studies are on the order of several microns

in

is

its

intrinsic

sensitivity.

aluminum carbide

sensitivity of

Aluminum carbide

most concern are

in

is

of most interest to

this

notoriously susceptible to attack in moisture-containing

environments. The dissolution of aluminum carbide in water

is

shown

in the

following

reaction:

A14 C 3 + 18H 2 0 = 4Al(OH) 3 +

It

3C0 +
2

has been shown that submersion of SiC /6061 composites in

48 hours causes severe
dissolution of

pitting

12

H

(2.10)

2

room temperature water

for

around the matrix/reinforcement interface from the complete

aluminum carbide

atmospheric moisture as shown by

A1 4 C 3 +

Aluminum carbide

[82].

1

is

also plagued

by a

sensitivity to

this equation:

.5H 2 0 + 2.25

0

2

=

1

.5C 2 H 2 + 2A1 2 0 3

Exposure of aluminum carbide to moist

air

degradation in a period of 120 hours

room temperature

at

(2.11)

environments will cause extreme surface
[82],

For these reasons, the

suppression of aluminum carbide formation in aluminum matrix composites has been the
focus of many of the alloying efforts in these materials.

2.8 Ternary Phase

Diagrams

A phase diagram is a graphical representation of the stability of constituents in a
chemical system as defined by thermodynamic variables (temperature, pressure and
composition).

A ternary phase diagram is such a depiction for a chemical system

comprised of three atomic components. Part of this investigation involved the
reassessment of the Mo-Si-Al isothermal diagram

at

1400°C. The basis for the strategy of
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this

endeavor requires a review of some thermodynamic concepts involved

in

multicomponent reacting systems. There are two kinds of information to assess
determination of a phase diagram,

1)

in the

the layout of the phases present, identity of those

phases, and the univariant equilibria in which they participate, and 2) the true temperatures

and compositions along the phase boundaries
former was the goal of this investigation.

To

in the

system

The determination of the

[88].

that end, the basic

thermodynamic concepts

of a three-component system will be discussed.

The Gibbs phase
rule dictates

how

variables that

rule

is

the defining law of phase diagram behavior.

a diagram can be represented graphically by telling the

must be assigned

to define the state of the

system

The phase

number of

[89, 90].

The Gibbs phase

rule is as follows:

Where

c

is

the

=

-

p + 2

number of atomic components

in the

f

involved in an equilibrium.

c

(2.12)

system and p

A graphical representation on paper

is

the

number phases

can display up to three

“dimensions”, but most often two dimensional depiction’s are easier to interpret.
Therefore, a system with two variable components can be represented in a clear
the definition of

these

two axes

two independent

axes. In binary (two atomic

are often chosen to be temperature

components) phase diagrams

and composition (Note:

system defining the fraction of one atomic species automatically
fractions

must sum

to unity).

In a three

component system,

manner by

in

a binary

sets the other, as

the fraction of

both

two atomic

species must be assigned to fully define composition for the system. For this purpose,
ternary phase diagrams are usually plotted in triangular coordinates with the corners of an
equilateral triangle depicting pure atomic species, thus allowing the selection of

two

independent atomic fractions. Setting the temperature and pressure as constants defines the
graphical depiction as an “isobaric, isothermal” section of the diagram, though the term

“isotherm”

is

used most

commonly used

to describe these figures.

Looking

at the

Gibbs
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phase rule

we can now

determine the

maximum number of phases we can

depict in in

equilibrium in this system, allowing varying composition as our two degrees of freedom:

2

Solving for
this

system

p,

we

find the

is three.

=

3

-p+2

(2.13)

maximum number of phases we can

describe in equilibrium in

A three-phase equilibrium is represented by a “tie triangle” whose

terminal ends represent the invariant compositions of the three phases in equilibrium.

While

shifting composition within a tie triangle will affect the relative

phases present, the compositions of the phases remain constant.

By

amounts of the

locating the three-

phase equilibria in a ternary isotherm, the terminal compositions of three single-phase
can be determined. These terminal compositions aid
present in the system.

The

in

fields

determining the layout of phases

other phase fields (single phase and two phase) must be

assessed by the production of

many

alloys of incremented compositions to ascertain the

true shape of the boundaries that border these equilibria.

There are rules

that

govern the

layout of phase diagrams which can simplify the process of determining an isotherm while
greatly reducing the
rule

is

phase

number of alloys

that “sides” of tie triangles

field.

It is

that

must be produced

must also be the terminal

in the process [88].

“tie line”

The

first

of an adjacent two-

impossible for a pair of three phase field to share an edge. The second

rule is that the boundaries

between one and two phase

fields

must always be convex with

respect to the single phase field, and both must either project into or out any adjacent three

phase

field (Figure 2.23).
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Figure 2.23 Possible arrangements of the boundaries of single phase fields in isothermal
sections of ternary phase diagrams. Labels indicate whether the arrangement is
allowed under the rules of free energy minimization [88].

CHAPTER 3
EXPERIMENTAL PROCEDURE
This investigation has encompassed three major areas in the study of the Mo(Si,Al) 2

C40

intermetallic

The processing

compound:

1)

processing 2) phase equilibria 3) environmental behavior.

investigation involved the assessment of production

methods on the basis

of reproducibility and efficiency for several techniques of hot-pressing charge production.

The phase

equilibria study

was performed

to reevaluate the

Mo-Si- A1 ternary isotherm

at

the desired processing temperature for the samples in this study. Finally, the investigation

of the environmental behavior grew from observations of phenomena noted throughout the
course of the aforementioned efforts. These three topics differ in both scope and nature of
investigation. Accordingly, the proceeding information concerning the experimental

procedure, results and conclusions will be addressed by topic.

3

The

.

1

Raw

Materials

materials used in this investigation were chosen as the highest purity

commercially available materials

to eliminate the possibility

of contamination affecting the

results of the study (Table 3.1).

Table

3.1 Listing of

raw materials

Material

Molybdenum

(rod)

Silicon (pieces)

Aluminum (shot)
Molybdenum (powder)
Aluminum (powder)
MoSi, (powder)
WSi, (powder)
TiSi, (powder)

Size

Purity

Supplier

3mm diam.

% WB
99.9995 % WB
99.7 % MB
99.999 % WB
99.5 % MB
99.995 % WB
99.995 % WB
99.95 % WB

Johnson Matthey
Johnson Matthey
Johnson Matthey
Cerac
Johnson Matthey
Cerac
Cerac
Cerac

99.7

<10 mm
<10 mm
<44 pm
<44 pm
<149 pm
<149 pm
<149 pm

49

50

3.2

Sample Processing

All samples in this investigation were produced by compaction of powders in hot

The

uniaxial compression.
the

variation in processing

schemes

lies in the

methods by which

powder charges were produced. Arc-melting and comminution, mechanical alloying

and blending of powders were the different techniques compared

powder charges were loaded

into graphite dies that

and graphite paper. Samples were heated

ram pressure

1

partially

back

The

had been lined with boron nitride spray

100°C under a vacuum of <10

3

torr,

The temperature was then increased

applied, and held for one hour.

1400°C and the chamber was
pressure.

to

in this study.

filled

with no

to

with argon to one-half atmospheric

A pressure of approximately 45 MPa was then applied to the sample by the

hydraulic ram. This condition

was sustained

pressure to maintain constant load.

for three hours

by continually adjusting ram

The Sample temperature was measured with a two-

color optical pyrometer which had been calibrated with a

Type B (Pt-Rh) thermocouple

be within 25°C accuracy. Samples were allowed to cool

in the hot press

700°C within 30 minutes. Upon removal from
silicon carbide paper to

remove any reaction

the dies, contact surfaces

layer

chamber

to

to

below

were ground with

from the graphite paper. All samples

the single phase processing optimization study were produced with the

for

same nominal

composition:

Molybdenum
Silicon

Aluminum

3.2.1 Arc-melting

33.333% at.
46.667% at.
20.000% at.

and Comminution

Molybdenum

rod, silicon

lump and aluminum shot were arc-melted under

gettered

argon to produce 25 gram buttons. To reduce volatilization, molybdenum was placed on
top of silicon and melted

first,

then placed on top of the

aluminum and melted around

it.

Buttons were turned over and remelted five times to ensure homogeneity. The pellets were
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crushed with a
resulting

steel

crushing device and ground by hand with a mortar and pestle. The

powder was sieved and reground

was analyzed by

to a final

powder

size of

<74 pm. The powder

XRD for phase verification and consolidated by the method discussed

above.

3.2.2 Mechanical Alloying

Elemental powders of molybdenum, silicon and aluminum were mechanically

blended for preparation of the mechanical alloying process. To minimize the amount of
incorporated oxides, the powder blend

was

under a high purity argon atmosphere.

A milling media of steel balls was added to the

charge

at a

weight

ratio of 3.5 to

1

(milling

stirred

media

and placed into a

to charge ratio).

the argon glovebag to contain the inert atmosphere.

The

vial

steel alloying vial

The

vial

was sealed

in

was placed on a Spex 8000

Mixer/Mill and milled for 12 hours. After completion of the milling, the charge was

removed from
hot pressing.

the vial in an inert argon atmosphere and transferred to the graphite die for

A small portion of the charge was retained for X-Ray powder diffraction

analysis to assess the extent of formation of the

C40 phase

as a result of mechanical

alloying.

A later experiment involved the use of an aluminum oxide vial and spherical
alumina milling media to eliminate the contamination by iron picked up from the

steel

milling apparatus. All other aspects of processing remained the same. Spalling of the

alumina milling media was detected and

this

method dismissed

as a possible route for

processing.

3.2.2

Hot Pressing of Blended Powders

Powders of molybdenum
plastic vial

disilicide,

and tumbled for one hour

powders. The blend was placed

to

molybdenum and aluminum were placed

in a

break up agglomerates and mechanically blend the

in the graphite die

under normal atmospheric conditions
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and hot pressed according

to the standard

during the heating cycle of the press.
reaction

intent of

C40 phase formation
X-Rayed

pre-pressed powders were

since a

would not be expected from blending under ambient conditions.

3.3

Mo-Si-Al Ternary Phase Diagram Reassessment

Vital to this investigation

the

No

scheme with the

was

the development of a "working phase diagram” for

Mo-Si-Al ternary system. The term “working phase diagram”

the assesment
equilibira.

was not

to determine the exact

is

used since the goal of

compostions of the phases participating in

The approach was based on determining

all

the presence and location of the ternary

phases in the system, and the nature of their equilibira with the

C40 phase

field.

Therefore,

a phase diagram was established that provides an accurate placement of phase boundaries
for the

3.3.1

C40 phase

field,

and relations

to adjacent phases.

Alloy Composition Selection

Seven alloy compositions were chosen based on the location of phases

in the Brukl

isotherm with the strategy of producing multiphase structures having compositions near the
terminal ends of the C40, C54, T1 and

Mo

3

A1 8 phase

fields (see Figure 3.1).

compositions were chosen for their locations in two- and three-phase

The

fields, to

provide the

most information possible about the boundaries of adjacent phases. Samples were
produced from powders of MoSi 2 A1 and Mo. The powders were mechanically blended
,

to

break up agglomerates and insure homogeneity, then charged into graphite dies and

densified by the standard hot pressing scheme.

3.3.2 Equilibration

The

fully

and Analysis

dense compacts were heat treated in a tube furnace

at

1400°C under

flowing gettered argon for 50 hours to equilibrate the microstructures (alloys

5,

6 and 7 did

not undergo 50 hour heat treatment as they displayed two-phase eqilibrium structures after
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Mo

Figure 3.1 Compositions selected from the Brukl isotherm for assessment of the 1400°C
isothermal phase diagram.
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the intitial hot pressing).
qualitative

alloys

Ray

The

alloys

and quantitative phase

were ground

were sectioned, polished and analyzed for both

identification.

in a high purity

The remaining

sections of the heat treated

alumina mortar and pestle and examined by powder X-

diffraction.

3.4 Atmospheric Testing

The environmental degradation of the C40 compound was

room temperature

long term exposure to

replication of the effect at
that

air.

room temperature

initially

observed after

The 17 month duration of exposure made
prohibitively slow. Therefore,

it

was decided

mild heating of the material would be used in an attempt to accelerate the effect without

altering the

mechanism

at

work. Samples were exposed to laboratory

air at

200°C

in a

horizontal tube furnace for periods of 20, 40, 80 and 160 hours. Initial exposure

treatments did not involve any atmospheric regulation, thus the ends of the furnace tube

were

left

uncovered.

When

it

was observed

that moisture

phenomenon, subsequent treatments involved
through a

warm water bath

samples (see Figure

One
for

1

the use of commercial grade air bubbled

to increase the moisture content of the air in contact with the

3.2).

control sample

60 hours

had an effect on the

to assess the

was vacuum encapsulated
need for atmosphere

in a quartz tube

and heated

to induce attack. All but

at

200°C

one sample were

polished with 6 micron diamond suspension before exposure to produce mirror finishes

which aided

in the identification

of attack.

One sample was

prepared for atmospheric

exposure by producing a fresh fracture surface to assess the effect of grain boundary
chemistry on the nature of attack. After exposure, samples were analyzed for chemical and
topographical changes by

SEM, EDS and

optical microscopy.
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Figure 3.2 Schematic of environmental exposure apparatus.

3.5 Analytical Techniques

3.5.1 Metallographic Preparation

Samples were prepared by the following standard metallographic techniques

for

inspection by optical microscopy, secondary electron microscopy, backscattered electron

microscopy and

EDS

and

WDS.

diamond saw, and mounted
silicon carbide papers

in standard

from 120

diamond suspension on napless
the samples

Samples were sectioned

to

necessary) with a low speed

epoxy mounts. Grinding was performed on wet

1200

cloth.

(if

grit

folowed by polishing with a

In cases

were polished with a 0.2 micron

six

micron

where the surface condition was

silica

critical,

suspension on a Vibramet polisher.

After polishing, samples were placed in a sonically vibrated methanol bath to remove any

grinding and polishing media

performed with

System
733

II

EDS

embedded

in the surface.

Scanning electron microscopy was

JEOL 35CF and JEOL 6400 microscopes

the latter equipped with a Tracor

system. Wavelength dispersive spectroscopy was performed on a

SUPERPROBE using Mo,

SiC, Al, A1,0 3

,

W and Ti standards.

JEOL

The JEOL 733

SUPERPROBE was also employed in the production of X-ray dot maps.
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3.5.2

X-Ray

Diffraction

Both powder and consolidated bulk samples were examined by X-ray diffraction

(XRD). The powders were placed on a
solution
create

glass slide using a drop of a quick drying organic

which acted as an adhesive. Some samples were crushed

powder

for the

after consolidation to

method just mentioned. The bulk samples were cut

into thin sections

using a low speed diamond saw, polished, and mounted on a glass slide with wax. Since

bulk samples were fine polycrystals, the sections provided adequate diffraction for the

The base of the

analysis.

was layered with tape

glass slide

the thickness of the thin section so the diffractometer
diffraction. All

3.5.3

to bring the surface level with

would read

the correct angles of

XRD analysis was performed in a Philips APD 3720 diffractometer.

Auger Electron Spectroscopy

Auger

electron spectroscopy

chemistry of the Mo(Si,Al) 2 phase.

(AES) was used

Due

to the adsorption of

boundary behavior, samples were fractured

the grain

for analysis of the grain

chamber of the system immediately before

atmospheric species affecting

in the high

this analysis.

Special sample preparation

sample for the fracture study (see Figure
longitudinally from hot pressed pellets
to the specified length with a

3.3).

by

vacuum

was required

to

fracture

and was machined

Three millimeter diameter rods were cut

electric discharge

machining. The rods were cut

geometry was assumed

to

be non-critical

all

fine silicon

exhibit very

to the intiation of

by hand with the low speed diamond saw. All

AES

samples

an ultrasonically-vibrated bath of acetone, followed by ethanol, then finally

were placed

in

methanol

remove any

to

in

was

produce the necessary

low speed diamond saw and then polished with

fracture notch

A Perkin-

in-situ fracture stage

carbide paper to improve surface quality. Since the materials in this study

low toughenss the

9

(<10' torr)

analysis to avoid any contaminants.

Elmer PHI 660 Scanning Auger Multiprobe equipped with an
used for

boundary

volatile species that

would disrupt

the high

vacuum of the

chamber. Once inside the chamber, the samples were placed in the fracture stage and the
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SPECIMEN

IONS END

Figure 3.3 Sample fracture stage and dimensions for

AES

in-situ fracture

experiment.
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hammer device was
mallet. Spectra

were obtained from

grain boundaries.
the surface

actuated by striking the external portion of the device with a rubber

by ion

Depth

profiles

all initial

fracture surfaces to asses the chemistry of the

were obtained by continually taking spectra while milling

sputtering.

3.5.4 Transmission Electron

Microscopy

For transmission electron microscopy (TEM) analysis, samples were prepared from
the

same hot pressed samples used

for the other analyses.

low speed diamond saw, and ground

to approximately

Thin sections were cut on the

300 micron thickness. Three

millimeter disks were cut from the thin sections with an ultrasonic
abrasive media.

The

resulting disks

were mounted and polished

micron thickness. The disks were dimpled
produce the thin area for analysis.

and Philips 420 microscopes, the

to

drill

to

and

silicon carbide

approximately 200

20 micron thickness and ion-milled

to

TEM was performed on JEOL 200CX, JEOL 4000FX,

latter

two equipped with standard attachments.

CHAPTER 4
RESULTS AND DISCUSSION
4.

The
scheme

first

Single Phase Processing Optimization

1

was

step in this investigation

to select an appropriate

powder processing

for the production of dense, nearly-single-phase Mo(Si,Al) 2 C40.

the term “nearly single-phase”

comes from

particles are often incorporated into final

The reason

for

the previously mentioned fact that oxide

powder compacts. Since

previous studies that additions of aluminum to

it

had been shown

MoSi 2 powders reduced

in

the existing silicon

dioxide to form aluminum oxide, the powder-processed samples in this investigation were

expected to contain a small amount of aluminum oxide. Part of the goal of this process
optimization

was

polycrystalline
efficient

to

minimize the fraction of secondary phases so

C40 could be

investigated.

that the true properties of

The other aim of optimization was

to identify

an

and reproducible production method for nearly single phase material. Each of the

processing techniques will be discussed on the basis of these two factors.

4.1.1

Arc -Melting and Comminution

Despite efforts to remelt samples for homogenization, the resulting arc-melted
buttons

showed evidence of incomplete homogenization. Continued attempts

samples only resulted
It

was assumed

in vaporization

that despite

to melt the

of material and an unacceptable shift in composition.

complete homogenization, the samples would

still

maintain the

correct overall composition, and were processed according to the original procedure.

The

buttons were easily crushed into coarse powders measuring

<1680 microns by

The

be the rate limiting step of the

further

comminution of these coarse powders proved

process. All grinding of powders

to

was performed by hand using a

59

sieving.

high-purity, alumina

60

mortar and pestle. The powders were ground to <200 mesh in an attempt to limit the grain
size in the resulting compacts.

powder required
were shown by

It

required 10 hours of grinding to produce the ten grams of

for an adequate hot pressing charge.

Powders produced by

XRD to be mostly single-phase C40 (Figure 4.1),

this

method

indicating that sufficient

homogenization had occurred. Samples were then hot pressed and the resulting compacts

were analyzed.

Bulk

C40

XRD of the samples showed that the compacts remained mostly single-phase

(Figure 4.2). Electron microprobe analysis of the resulting compacts revealed the

matrix to be of the target composition in the
in the electron

C40

single phase field with the darker regions

micrograph indicating alumina and porosity (Figure 4.3)

to the extent of porosity in the sample, since

some of the dark regions

.

It is

that appear to

porosity could easily be from pull-out of alumina particles during polishing.
that as long as the secondary phases observed in the

Figure 4.

1

not clear as

It

be

was decided

microprobe were either alumina or

Spectrum obtained from XRD of pre-pressed powders produced by arc-melting
and comminution of Mo, Si and Al.
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XRD of hot pressed powders produced by arc-melting
and comminution of Mo, Si and Al.

Figure 4.2 Spectrum obtained from

62

Figure 4.3 Backscattered electron image of hot pressed samples made from powders
produced by arc-melting and comminution of Mo, Si, and Al. The light gray matrix
is C40, the black regions are porosity and/or aluminum oxide.
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porosity then no clear distinction

processing attempted,

it

would be necessary. This being

was impossible

at this

the first

method of

time to gauge the success of minimizing size

and number of oxide inclusions and pores. This sample then became the benchmark for
further comparison. This sample processing

method was not investigated

lengthy comminution involved in the production of the powders.

EMPA, XRD and EDS

was

powder production made

unappealing from the standpoint of efficiency.

comminution

there

compacts by further reduction

would be

little

powder

size.

in

was

It

due

to the

from the

clear

results that the microstructure contained all of the

constituent phases, but the difficulty in

difficulty in

It

further

expected

the processing route

also suspected that because of the

hope of refining the grain size

in the final

4,1.2 Mechanical Alloying

X-Ray

diffraction analysis of the mechanically alloyed

powders indicated a nearly

complete conversion of the powders to the C40 compound (Figure

4.4). After the

powders

were pressed, inspection of the microstructure revealed a large amount of a high averageatomic-number phase (Figure
iron,

which

is

4.5).

Analysis by

EDS

of this phase indicated high levels of

suspected to be a contaminant from the steel milling media and

microprobe of the particle shows the stoichiometry to be consistent with the

compound

containing Fe substituted for

it

was noted

in the

from the

vial

that the refined scale of the microstructure

and milling media,

it

and media was partitioning

was decided

that an

alumina

is

to the

T1

media had spalled

Si 3

T1

unavoidable

vial

attractive

was

clear that

phase, thus making

when

significantly during the milling procedure.

it

using steel

and media would be used

further explore this processing route. Visual inspection of the resulting
that the

was

size with this technique. It

an unacceptable contaminant. Since iron contamination
vials

5

compacts made these samples unsuitable

from the standpoint of greater control of the grain
the iron picked up

Mo

Electron

Mo.

While the presence of the T 1 phase
for further testing,

vial.

to

powders revealed

The powders were hot
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f i: Si

li

M tit

1

null

Figure 4.4

XRD spectrum obtained from Mo(Si,Al)

2

powders produced by mechanical
T1 phase.

alloying. Note: other small peaks appear consistent with the
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Figure 4.5 Backscattered electron image of hot pressed C40-Mo(Si,Al) 2 powders
produced by mechanical alloying. The light gray regions are C40, the dark regions
are oxide particles and/or porosity, and the white regions are iron containing T1
phase.
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(b)

Figure 4.6 Micrographs of hot pressed C40 -Mo(Si,Al) 2 powders produced by
mechanically alloying with an aluminum oxide vial and media, a) Secondary
electron image of the microstructure with significant charging (bright regions) due
to the electrical insulating properties of alumina, b)
Aluminum K,, dot map
produced from the same region as the secondary electron image. White regions
indicate high aluminum concentration.
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pressed despite this observation in order to allow inspection of the alumina particles as well
as an assessment of the extent of

C40 phase

formation. During microscopic analysis,

alumina particles were observed to be on the order five to ten microns

in

diameter which

made them unacceptable

It

should also noted

that there

additions to the microstructure (Figure 4.6).

was no way of predicting
was expected from

reproducibility

the spall rate of the milling media; thus,
this technique.

little

Because of these complicating

factors,

mechanical alloying was discarded as a processing scheme for further investigation.

4.1.3

Hot Pressing of Blended Powders

As mentioned

in the previous chapter, there

between powders blended

at

room

was no reason

temperature, thus,

to expect

any reaction

XRD was not performed on the pre-

pressed powders. Electron microprobe analysis indicates complete formation of the

Mo(Si,Al) 2

C40 phase

in the matrix

during the hot press procedure (Figure 4.7). There was no variation

composition throughout the sample which was taken as evidence of complete

reaction and equilibration of the final microstructure.

microstructure,

X-Ray

dot

maps were obtained

from the process was indeed alumina (Figure

(TEM) was
Due

To

further characterize the

to verify that the

4.8).

second phase produced

Transmission electron microscopy

also used to verify the identity of the alumina secondary phase (Figure 4.9).

to the relative ease of this

method of processing,

it

was decided

that optimization of the

powder blend technique should be attempted.
Since the primary goal of this investigation was to study the properties of the single

phase Mo(Si,Al) 2
technique was

C40 compound,

now

optimization in processing of the blended

focused on the minimization of secondary phases in the final dense

compacts. Since the oxides that are incorporated during the process
surfaces of the

powder

powder charge,

the

amount of powder surface area was reduced by

increasing particle size of the raw material powder.

powder blend was changed

come from the

The molybdenum

to allow an increase in particle size

(

disilicide

<44 microns

to

used

in the

<149
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Figure 4.7 Backscattered electron image of the hot pressed powder blend. Powder blend
consisted of Mo, MoSi 2 and A1 podwers Gray regions are C40-Mo(Si,Al) 2 dark
regions are alumina and/or porosity.
,
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(c)

(d)

X-Ray dot maps of second phase particles in a C40-Mo(Si,Al) 2 sample
produced from blended powders, a) Aluminum K„dot map, b) Oxygen K„ dot
map, c) Silicon Ka dot map, d) Molybdenum La dot map.

Figure 4.8
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Figure 4.9 Transmission electron microscopy of an alumina particle in the C40 matrix, a)
Bright field image of the alumina particle, b) Selected area diffraction pattern of the
particle B=[0 2 2 1].
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microns).
resulting

The blending technique was employed

in the

same manner

as before,

and the

compacts were analyzed.

Bulk

XRD of the samples produced from the larger powders indicates the

formation of the

C40 phase

(Figure 4.10). Electron microprobe analysis revealed a

decrease in both the size and number alumina particles versus the samples produced from
smaller powders (Figure
liquid

4.

1

1).

It is

upon heating of the powders

suspected that the formation of an aluminum-rich

acts as a sintering aid, thus reducing

much

porosity seen in the other techniques. This improvement in the microstructure

most

significant progress in the process optimization.

of the

marked

the

The powder blending technique was

notable for both simplicity and reproducibility.

26
Figure

4.

10 Spectrum obtained from XRD of a section of a compact pressed from blended
powders of Mo, MoSi 2 and A1 to form C40-Mo(Si,Al) 2
,

.
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Figure

4.

1 1

Secondary electron image of a hot pressed C40-Mo(Si,Al) 2 sample produced
MoSi 2 powder. The gray area is the C40 phase and the dark
regions are alumina and/or porosity.

with large (-200 mesh)
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4.2 Assessment of the Mo-Si-Al Ternary Isotherm at

The isotherms proposed

for the

1400°C

Mo-Si- A1 system by Brukl and Yanigahara display

discrepancies with each other and with recent experimental findings. During the course of

process optimization, a liquid phase was present in alloys of higher aluminum content

heated above 1500°C. The liquid phase, which was ejected from the hot pressing die
during the heating cycle, was collected as a solid from the base of the hot pressing
apparatus and ground for identification by

XRD (Figure 4.12).

The

ejected liquid

was

discovered to be mostly single phase C40. The resulting compact did not appear to be
significantly shifted

claims

made

C40 phase
made

in the

from the

target composition.

This finding brought into question the

Yanigahara diagram, which shows extensive solid phase

of the

stability

across the 1550°C isotherm. This lack of consistency with available diagrams

process optimization

reproducible at 1400°C,

it

difficult.

Since processing appeared to be adequately

was decided

that a reassessment of the

1400°C isotherm should

be performed.

A series of seven alloys was produced with the compositions presented in section
3.3.2 of this document. Figures 4.13 through 4.17

show

the microsturctures of the alloys

used in the assessment. Identification of the phases in these alloys

is

discussed in the

proceeding subsections. Table 4.1 shows the measured compositions grouped according to
their respective

phase equilibria. Each phase was measured in four random locations

throughout the individual alloy microstructures. Alloys
the

same three-phase

overlap.

By

field, therefore, the

plotting the

2,

3 and 4 were found to

lie

within

compositions were averaged together due to their

EPMA results on triaxial coordinate paper, an isothermal section

was constructed by overlapping data from each of the

individual multiphase alloys.

Each

phase equilibrium will be discussed to address the specific issues raised by the conflicting
Brukl and Yanigahara isotherms.
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4.
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Figure 4.13 Backscattered electron image of the microstructure of alloy 1 after heat treating
at 1400°C for 50 hours. The dark-gray phase is Mo 3 Al g and the light-gray phase is
Tl. Black regions are alumina and/or porosity.
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Figure 4.14 Backscattered electron image of the microstructure of alloy 2 after heat
treatment at 1400°C for 50 hours. The dark-gray phase is
A1 8 the medium3
gray phase is C54 and the light-gray phase is T 1 The black regions are alumina
and/or porosity.

Mo

.

,

77

Figure 4.15 Backscattered electron image of the microstructure of alloy 3 after heat
treatment 1400°C for 50 hours. The dark-gray phase is Mo 3 A1 8 the medium-gray
phase is C54 and the light-gray phase is T 1 The black regions are alumina and/or
,

.

porosity.
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Figure 4.16 Backscattered electron image of the microstructure of alloy 4 after heat
treatment at 1400°C for 50 hours. The dark-gray phase is Mo 3 A1 8 the mediumgray phase is C54 and the light-gray phase is T 1 The black regions are alumina
and/or porosity.
,

.

79

/

Figure 4. 17 Backscattered electron image of the microstructure of alloy 7 after heat
treatment at 1400°C. This sample was heat treated for only 5 hours. The gray
matrix is the C40 phase, the white regions are T1 and the black regions are alumina
and/or porosity.

)
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Table

Measured equilibrium compositions from the seven alloys chosen for
reassessment of the Mo-Si- A1 ternary isotherm.

4.

At.

Mo^Alg

Mo^Alg

-

-

T1 Two-p hase equilibrium (Alloy

#7

%

Si

At.

% A1

1

28

1

71

Tl

63

26

11

Tl- C54 Three-phase equilibrium (Alloys 2,3,4 data averaged)
A1 8

27

2

71

Tl

61

30

9

C54

35

23

42

3

C40 - Tl Two-phase

#6

At.

Mo,A1 8

Mo

#5

% Mo

equilibrium (Alloys 5,6,7

shown

individually)

C40

34

39

28

Tl

61

32

6

C40

34

46

20

Tl

62

33

5

C40

33

54

13

Tl

60

35

5
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4.2.1

The

The Tl-Mo AL Two-Phase Equilibrium
,

current

work

indicates that at

1400°C T1

is in

equilibrium with

Mo ,Al
:

MoAl compound
content of the

C54 and

Mo

3

T1

as

shown on

phase

in

Alloy

A1 8 suggesting
,

the

1

Y anigahara isotherm.

was -1.7% higher than

that this

boundary for the T1 single-phase

In addition, the
that

s

and not with the

measured

Mo

of T 1 in equilibrium with

higher-Mo T1 composition forms a terminal

field (Figure 4.18).

The T1 phase

is

not expected to

display Mo-solubility greatly in excess of that of the binary 5-3 silicide, as observed in

other systems where there

is little

deviation in Mo-solubility between

associated ternary compound. Therefore,
the diagram

beyond

it

is

Mo Si
5

3

and

its

improbable that the field could extend into

this point.

Figure 4.18 Backscattered electron image of Alloy 1 whose composition is indicated on the
isotherm. Light, gray and black contrast corresponds to T 1 Mo 3 A1 8 and A1 2 3 or
,

porosity, respectively.

0
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C54-Tl-Mo

4.2.2

,

Al„ Three-Phase Equilibrium

The presence of the C54 phase, which
the existence of this three-phase

is

absent in the Yanigahara isotherm,

tie triangle.

The placement of this

degree of overlap in the data obtained from Alloys
the relative

C54

crystal structure is

should be noted that verifying the existence of the

confirmed by the

initial

shown by

C54 phase

at

alloy compositions

XRD (Figure 4.20) It

1400°C does not

directly

Y anigahara isotherm since the phase may not be present at elevated

temperatures, although

its

disappearance

these alloys. Further study

C54

proven by

and 4 as well as the agreement of

amounts of the three phases with the location of the

(Figure 4.19). Verification of the

dispute the

2, 3,

field is

is

is

needed

is

unlikely based on data generated to date on

to determine the elevated temperature stability of the

phase.

2, 3, and 4 at compositions indicated
on the diagram section. Light, medium and dark gray phases are T 1 C54 and
Mo 3 A1 8 respectively, while black regions are oxide or porosity.

Figure 4.19 Backscattered electron images of Alloys

,

,
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Figure 4.20 Spectrum obtained by XRD from alloy number four. The Spectra for the C54
and Mo 3 Al 8 phases are both present. The T 1 phase observed in the microstructure
is suspected to be absent from this spectrum due to its small volume fraction in the
alloy.
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4.2.3

T1

-

C40 Two-Phase Equilibrium

The Brukl and Yanigahara diagrams

differ with respect to the

compositions in two-phase equilibrium with the
range of the T1 single-phase

C40 phases

field.

C40 phase

Data from Alloys

5, 6,

range of T1

as well as the

homogeneity

and 7 indicate that the T1 and

are in equilibrium over a wider range of compositions than reported

These data also indicate a broader homogeneity range

for the

T1 phase (Figure

by Brukl.

4.21).

Figure 4.21 Backscattered electron micrograph of Alloy 7 whose composition is indicated
on the diagram. Light and dark gray phases are T 1 and C40, respectively, while
black areas are oxide or porosity.

Based on

the placement of the phase fields determined in this study, an isothermal

phase diagram was produced for the Mo-Si-Al ternary system

at

1400°C (Figure

4.22).

This diagram should provide a more accurate guide for the production of Mo-Si- A1 ternary
alloys. It should

be noted that

all

phase boundaries on

this

diagram were not assessed

experimentally; they merely connect the experimentally-determined data in the most logical

manner based on

the

Gibbs phase

rule

and knowledge about the other phase

fields.
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Mo

Figure 4.22 Proposed Mo-Si-Al isotherm

at

1400°C.

86

4.3 Environmental Degradation

As mentioned

in

Chapter

2,

much of what

is

Phenomenon

known of the room temperature

environmental behavior associated with the Mo(Si, Al) 2

through the course of

this investigation.

C40 phase

has been discovered

The phenomena discussed previously

addressed as experimental results leading to the investigation of the anomalous
temperature degradation and grain boundary attack that has been observed.

experimentation was guided by each

new

will

be

room

Much of the

observation. Accordingly, the results will be

presented (as possible) in the chronological order in which the study was performed.

Room Temperature Behavior

4.3.1

The

first

observation of room temperature attack occurred

when samples produced

by various processing techniques were being compared for the process optimization
4.23)
investigation.

It

was noted

that

samples produced 17 months prior had undergone attack

at

the grain boundaries and specifically at the triple points. There appeared to be either a loss

4.24)

of entire grains or the growth of pores to the scale of the matrix grain structure (Figure
.

Investigation of the attack in the

triple-points

.

It

SEM revealed the boundaries and,

more

often,

had been attacked, leaving behind no discernible reaction product (Figure

was evident

that an extensive attack of the grain boundaries

ambient conditions. Despite the discovery of this

was occurring under

effect, the initial investigation

continued

with an emphasis on the evaluation of room temperature mechanical properties under the

assumption that the kinetics involved

in the attack

were

sufficiently slow,

and

that reliable

mechanical property information could be obtained prior to any significant degradation.

Attempts

at evaluating

microhardness were met with inconclusive results due to excessive

grain boundary decohesion surrounding the Vickers indents (Figure 4.25). Deformation

from the cracking invalidated

the microhardness test, and

it

was decided

that further

evaluation of mechanical properties should be reserved until the grain boundary deficiencies

of the

C40 sample

could be assessed.
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(b)

Figure 4.23 Optical micrographs of C40-Mo(Si,Al) 2 samples produced by the blended
powder technique, a) Microstructure of a sample immediately after production.
Black regions are alumina and/or pores, b) Microstructure of a sample after 17
months in air at room temperature. Black regions are either sites of attack or
preexisting alumina and pores.
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Figure 4.24 Scanning electron micrograph of a grain boundary triple point of a C40Mo(Si,Al) 2 sample after 17 months in air at room temperature. A) Secondary
electron image. Black regions denote alumina and/or pores. Light outlines on
pores are due to edge charging effects. B) Backscattered electron image of same
region.
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Figure 4.25 Secondary electron image of a Vickers microhardness indent in C40Mo(Si,Al) 2 Note the grain boundary decohesion surrounding the indent.
.
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4.3.2 Elevated Temperature Behavior

In order to enhance the reaction kinetics, samples

environment

at

200°C

in attempts to expedite the process

were heat treated

which occurred

room temperature. The samples were removed from the furnace
hours and inspected by

SEM for signs of grain boundary attack.

microscopy of the exposed surfaces showed
4.26-4.28).

Between 80 and 160 hours

little

there

air

months

in 17

after 20, 40,

moist

at

80 and 160

Scanning electron

sign of attack up to 80 hours (Figures

was a noticeable change

a result of grain boundary attack. The affected surface

boundaries as well as what appears to be the

in a

lifting

is

in surface quality as

marked by grooving along

out of grain comers

at

boundary

triple

points (Figure 4.29). Inspection of the grain boundary surfaces exposed by the

disappearance of grain corners revealed a dimpled surface, with the dimple features
arranged in an evenly spaced, periodic manner. Secondary electron imaging of the dimples

was

difficult

due

to the lack of

topography (the source of most contrast in secondary

electron imaging) coupled with the fact that the features

magnification.

reduced

at

The dimples became

high magnification.

appeared with moderate

difficult to

were not discernible

high

image when the electron beam diameter was

When the electron beam was widened,

clarity,

at

but the size of the

beam

the dimples

did not allow for

good resolution

of the image. Suspecting that the increased current was increasing the backscattered

component of the secondary

electron imaging, backscattered electron imaging

study the dimples (Figure 4.30).

The backscattered images show

was used

the dimples with

to

more

contrast than in the secondary images. This suggests a chemical segregation in the dimpled
regions, and that these regions have a lower average atomic

number than

the matrix.

Otherwise, the backscattered images do not indicate any significant chemical variation on
the surfaces of the grains.

compare
4.31).

Energy dispersive X-ray spectroscopy (EDS) was used

to

the compositions of the dimple surfaces to the composition of the matrix (Figure

The

resulting

EDS

spectra indicate that the “dimples” are rich in silicon relative to
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the matrix. Unfortunately the fine scale of the segregation

would not permit a

quantitative

analysis of the chemistry of the dimples.

When

attempts were

made

to section the

low speed diamond saw cut through

samples after exposure for

1

60 hours, the

the material at an accelerated rate. Attempts to polish

the surface for metallographic inspection were frustrated by grain pullout

production of an adequate surface condition for microscopy.

It

which prevented

appeared the boundaries

were weakened severely by the elevated temperature exposures.

Figure 4.26 Backscattered electron image of a polished C40-Mo(Si,Al) 2 sample heated at
200°C in air for 20 hours. Surface shows no evidence of atmospheric attack along
boundaries.
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seamara

Figure 4.27 Backscattered electron image of a polished C40-Mo(Si,Al) 2 sample heated
200°C in air for 40 hours. Surface shows no evidence of atmospheric attack along
boundaries.

at
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Figure 4.28 Backscattered electron image of a polished C40-Mo(Si,Al) 2 sample heated
200°C in air for 80 hours. Surface shows no evidence of atmospheric attack along
boundaries.

at
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Figure 4.29 Electron micrographs of a polished C40-Mo(Si,Al) 2 sample heated at 200°C in
air for 160 hours, a) Secondary electron image shows boundary grooving and loss
of material a boundary triple points, b) Backscattered electron image shows no
chemical segregation due to boundary attack at this magnification.
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(b)

Figure 4.30 Electron micrographs of C40-Mo(Si,Al) 2 grain boundary triple point with
grain corner removed. Surface of grain boundary marked with periodic array of
dimples, a) Secondary electron image showing little contrast of dimple regions.
Bright region due to charging due to wide electron beam b) Backscattered electron
image showing higher contrast of dimple regions.
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University o-f Florida / MRIC
Cursor 0 000keV = 0
5

*

Figure 4.3 1 Spectra obtained by EDS from both a dimpled region and the adjacent matrix
on an exposed grain facet of C40-Mo(Si,Al) 2 Relative peak heights of silicon to
the other atomic species indicate an enrichment of silicon in the dimpled region.
.
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Boundary Investigation

4.3.3 Grain

Since the atmospheric attack was noted

at grain

boundaries and

triple points,

samples were fractured to expose grain boundary surfaces, then examined in the
(Figure 4.32).

The

SEM

surfaces exposed by the fracture were intergranular fracture, and

allowed the investigation of grain boundary surfaces and

some of the boundaries displayed a contrast

triple points.

effect that could not

It

was noted

that

be attributed to edge

enhanced secondary electron emission. The morphology and scale of these bright regions

made them

too fine for good resolution by scanning electron microscopy.

The

EDS

obtained from the charged regions indicated the presence of a small quantity of carbon
(Figure 4.33). This evidence of carbon in the boundaries could not be taken as conclusive
since fracture of the sample

boundary

to contamination

was performed

in the

ambient atmosphere, and exposure of the

was unavoidable. The data from

the

SEM investigation could

not be used to quantify the extent of the carbon contamination because

molybdenum,

aluminum and

EDS. Thus,

silicon all

have high absorbence of carbon signal

in the

decided that

AES

might provide a more accurate account of the role of carbon in the

boundaries.

Due

to the high

fractured in the

vacuum

(typically 10

10

it

was

Torr), examination of surfaces

Auger chamber allowed inspection of the

grain boundary surfaces without

exposure to any atmospheric species. Again the fracture surfaces were perfectly
intergranular and the spectrum obtained

from these grain boundary surfaces indicated the

presence of the expected atomic species (Mo, Al,

Si,

O)

as well as the presence of carbon

(Figure 4.34).

To

ascertain the extent of the carbon impurity

were generated and

it

was

and segregation,

AES

depth profiles

clear that the carbon observed in the initial spectrum drops off

almost instantaneously as does oxygen (Figure 4.35).

More

surprising

was

the slight
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Figure 4.32 Secondary electron images of fracture surfaces of C40-Mo(Si,Al) 2 a) Image
shows perfectly intergranular fracture surface, b) High magnification image
shows contrast along grain boundary triple points.
.
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Figure 4.33 EDS spectrum from the ccontrasting regions of the C40-Mo(Si,Al) 2 grain
boundary. Note the small carbon peak despite high carbon emission absorption by
other atomic species.
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enrichment of aluminum and silicon

at the

boundaries, and the associated depletion of

molybdenum
The general

nature of data from the

interpreting the apparent

it is

difficult to say

phenomena.

what the

be noted that the spectrum

AES

begs the mention of some caveats to

First, the sputter rate

of C40

is

true depth of this compositional variation

is

taken from an entire grain facet which

not known, therefore
is.

Second,

may have

it

should

local regions

of chemical segregation which could exaggerate the appearance of overall bulk segregation.
Third, the apparent drastic change in

change

in the

bonding

state

complicating issues, the

of

AES

molybdenum

concentration

molybdenum near the

is

may be an

artifact

boundaries. Despite these

showing the presence of elemental species

clear in

boundary and the evidence of carbon contamination

of a

is

Fracture surfaces were exposed to moist air at

at the

taken as reliable data.

200°C

to observe the

behavior of the

boundary surface. The resulting surface displayed regions of boundary recession around
alumina particles as well as recession of some of the boundary

The

investigation

by

triple points

(Figure 4.36).

SEM also revealed an altered state of the regions which displayed

charge prior to atmospheric exposure (Figure 4.37). The regions were characterized by a
loss

of material along the boundaries

in a

segmented fashion. Within each segment of

receded boundary appeared an acicular particle concentric to the shape of the formed cavity.
Analysis of the particles by

alumina particles found

suggests that they are alumina (Figure 4.38).

in these cavities

alumina formed from the
to

EDS

initial

reduction of silica in processing, and are therefore assumed

showed no sign of carbon, nor did
is

acicular

do not possess the same globular morphology as

have formed as a result of the atmospheric

evolution

The

attack.

The

particles in the boundaries

the surrounding cavity, suggesting that carbon

a mechanism involved in the attack.
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(b)

Figure 4.36 Scanning electron micrographs of fracture surfaces of C40-Mo(Si,Al) 2 a)
Secondary electron image of sample surface before exposure to air at 200°C for 1 60
hours. Small bright spots are alumina b) Secondary electron image of sample
surface after atmospheric exposure. Note the recession of material around alumina
particles and along some boundaries.
.
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Figure 4.37 Secondary electron image of segmented recession of a C40-Mo(Si,Al) 2 grain
boundary due to atmospheric exposure for 160 hours at 200°C. Arrows point to
apparent alumina particles inside segmented regions.
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Figure 4.38 Spectrum obtained by EDS of acicular particles found in the receded segments
of C40 Mo(Si,Al) 2 grain boundaries after exposure to air at 200°C for 160 hours.
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Transmission electron microscopy was performed to examine the nature of the grain
boundaries in the pre-exposed
relatively

C40

samples. The samples were found to contain the

equiaxed alumina particles as expected from the reduction of

silica

during

processing (Figure 4.39). The boundaries also contained lens-shaped particles consisting

of two phases which were identified to be aluminum and silicon carbide (Figure 4.40).

The lens-shaped

particles

were not resident on

all

boundaries, but were

commonly found

in

groups along some boundaries (Figure 4.41). The necklace arrangement of the particles

was

similar in scale and spacing to the dimpled regions seen

on the surface of samples

heated in air at 200°C for 160 hours. These particles were not observed in the samples that

had been exposed

to attack, suggesting that the disappearance of the

be the source of the dimpled cavities remnant of atmospheric

coupled particles could

attack.

Figure 4.39 Transmission electron microscopy of an aluminum oxide particle found in the
C40-Mo(Si,Al) 2 alloy, a) BF micrograph of the alumina particle, b) SADP of
alumina particle with B = [0 2 2 ].
1
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(b)

(c)

Figure 4.40 Transmission electron microscopy of an aluminum / silicon carbide coupled
particle found along a C40-Mo(Si,Al) 2 grain boundary, a) BF image of the particle
with the phases denoted, b) SADP of (3 silicon carbide, B = [0 1 1]. c) SADP of

aluminum,

B=

[0

0

1].
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Figure 4.41 Bright field

TEM of necklace arrangement of particles along a Mo(Si,Al)

2

grain boundary.

4.4 Alloying Additions and Other Alloy Systems

4.4.1

The W-Si-Al System

It

was postulated

that the behavior

observed for Mo(Si,Al) 2 should extend to other

X-Si-Al systems when contaminated with crabon.

compound

yet has the

similarities that

affinity for

(X) that forms an X(Si,Al) 2

carbon as does molybdenum was needed. The

were established between tungsten and molybdenum

an ideal choice to

Thermocalc

same

A material

test this

to determine

with respect to the

assumption.

in

Table 2.3 made

it

A thermodynamic estimation was performed using

whether tungsten would behave analogously with molybdenum

stability

of their respective carbide phases (Figure 4.42). The results

indicated similar behavior between

molybdenum and

tungsten with respect to the free

energy of formation of the various carbide phases in the presence of excess carbon.

Alloys were produced of W(Si,Al) 2 with a composition analogous to the 20 at%

aluminum composition produced

for Mo(Si,Al) 2 samples.

Compacts were produced by

the
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blended powder technique from powders of the same size and purity of the corresponding

Mo-Si-Al powders. Scanning electron microscopy of the

resulting

compacts indicates

that

the samples are nearly-single-phase, containing secondary phases in the forms of alumina

and a phase of higher average atomic number which
(Figure 4.43).

sample
4.44).

is

The

results

from

While there

aluminum

5

to

aluminum

in the binary

for the

W-SI-A1 system,

Cl l b phase

since

EDS

l

(Figure

b

it is

assumed

scans indicate

be present throughout the matrix. Since the overall stoichiometry of the alloy
,

it

was assumed

that the

nearly-single-phase Mo-Si-Al-based alloys.
in the polished surface

sample would exhibit similar behavior

is

that

were observed

alloys differed

were not

A spectrum obtained by EDS

strongly

SiC (Figure 4.45)

Fractured samples were examined in the

boundary phases

to the

A small region of carbide phase was observed

of the tungsten-based alloy.

indicates that the particle

W-based

3

XRD of a thin section of the bulk compact indicate the

no available ternary isotherm

is

remained W(Si,Al) 2

fracture

W (Si,Al)

1

comprised of mostly two phases; hexagonal C40 and tetragonal Cl

that there is solubility of

the

WDS indicates to be T

in

SEM for evidence of the same grain

Mo(Si,Al) 2

from the Mo-based

.

Unfortunately the

mode

of fracture of

alloys in that the surfaces produced

by

fully intergranular (Figure 4.46). Despite the often transgranular nature

of the fracture path, an adequate amount of grain boundary area was exposed in the
fracture.

The presence of alumina was confirmed by performing

EDS

analysis

small charging particles in the boundaries since these had essentially the
as the alumina

formed

in the

Mo-based

on the

same morphology

alloys (Figure 4.47).

Scanning electron microscopy revealed small dimpled regions on the grain

boundary surfaces of the tungsten-based alloys (Figure
in size

EDS

and morphology

to those

observed

in the

4.48).

These regions were similar

molybdenum-based

alloys. Inspection

indicates that these regions are each comprised of an aluminum-rich region

and a

by
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Figure 4.42 Gibbs free energy per gram-atom for tungsten carbide, molybdenum carbides,
and carbon as a function of temperature. This plot illustrates the similarities between
and Mo with respect to the free energy formation of carbide phases.

W

Ill

Figure 4.43 Backscattered electron image of W(Si,Al) 2 sample produced by blended
powder technique. Gray matrix indicates the Cl l b and C40 phases, black regions
(Si,Al) 3 phase.
are porosity and/or alumina; bright particle to the far left is the T1
5

W
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Figure 4.44 Spectrum obtained by

XRD of the W(Si,Al)

2

•

W(Si,Al) 2 (C40)

t

WSi 2

alloy

(Cll b )

JCPDS

JCPDS

10-242

11-195

produced by the blended

powder technique.

Counts

Figure 4.45 Spectrum obtained by EDS of a carbide particle found in the polished surface
of the W(Si,Al) 2 alloy.
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Figure 4.46 Secondary electron image of a fracture surface in W(Si,Al) 2 Note: the
fracture surface is mostly transgranular, unlike the fracture surfaces observed in the
.

Mo(Si,Al) 2 alloys.
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Count!

(b)

Figure 4.47 Evidence of aluminum oxide present in the grain boundaries of the W(Si,Al) 2
alloy, a) Secondary electron image of alumina (bright particles) present in the
fracture surface, b) spectrum obtained by EDS of the same particle. Note: small Si
peaks possibly due to beam interaction with surrounding matrix.
and

W
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Figure 4.48 Secondary electron image of a dimpled region on the fracture surface of the

W(Si,Al) 2

silicon/carbon-rich region (Figure 4.49).

elevation in Si and

Humid

air

C while

alloy.

The edge of the dimpled regions show an

the interior region appears rich in

oxidation testing

W(Si,Al) 2 surfaces for comparison

was performed
to the

at

Mo(Si,Al) 2

.

200°C

aluminum.

for

1

60 hours on the fractured

The behavior was

identical to that

seen in the molybdenum-based materials. These findings indicate a generality in the

mechanism of environmental

The

sensitivity of alumino-silicides with small

carbon impurities.

surfaces also displayed grain boundary recession around alumina particles, although

examination of triple-points was
fracture (Figure 4.50).

difficult

due

to the significant

amount of transgranular
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Counts

Counts

(b)

Figure 4.49 Spectra obtained from EDS of dimpled regions on W(Si,Al) 2 grain facet, a)
Spectrum taken from the edge of the dimpled region, indicating elevated levels of Si
and C. b) Spectrum obtained from the interior of the dimpled region indicating an
elevated level of Al.
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Figure 4.50 Secondary electron image of a receded grain boundary intersecting the fracture
surface of the W(Si,Al) 2 alloy. Bright particles in the boundary are alumina. Black
regions are either porosity or sites of alumina pullout. Sample was exposed to air at

200°C

for 160 hours.
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4.4.2

The Mo-Ti-Si-Al system

As mentioned

C40 compound is known

in the literature review, the

solutions of (Mo,X)Si 2 alloys,

where

X represents Nb, Ta, Cr and Ti.

to exist in solid

Working on

the

assumption that the (Mo,Ti)(Si,Al) 2 compound would form the C40 structure, samples

were made

for assessment of environmental properties. This investigation

began before the

discovery of the SiC/Al particles, and was inspired by the notion that a pest

was occurring

made

in the

to the alloy

molybdenum

C40 because

of the increased Mo/Si

by the use of titanium

disilicide

disilicide to create a (Mo,Ti)(Si,Al) 2

ratio.

powder,

Titanium additions were

in substitution for

C40

enough

almost single-phase alloy containing five

atomic percent titanium. The resulting alloy was ground and analyzed by
verification of the formation of the

phenomenon

structure (Figure 4.51).

Upon

XRD for

verification of

C40

formation, the samples were examined in the

SEM to assess the microstructure and look for

possible secondary phases undetected by the

XRD. The

resulting microstructure appears to

be nearly single phase with the exception of alumina and porosity as seen

in the other

ternary alloys (Figure 4.52).

Microhardness

tests

were performed on the Ti-containing C40 material

qualitatively assess the effect Ti additions

The

might have on the grain boundary properties.

indents produced by the microhardness tester were square and

signs of intergranular decohesion (Figure 4.53).

some way,

alter the grain

showed

little

The cracks emanating from

the indent appear to indicate transgranular cracking. This evidence

Ti did, in

in order to

or no

the corners of

was taken

boundary behavior of the C40 compound.

to

show

that
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Figure 4.5

1

Spectrum obtained by
with the

C40

XRD of (Mo,Ti)(Si,Al)

structure observed in ternary

alloy. Peaks are consistent
2
Mo(Si,Al) 2
-
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Figure 4.52 Secondary electron image of the microstructure of (Mo,Ti)(Si,Al) 2 produced
by blended powder technique. Gray matrix represents single-phase C40. Dark
regions are alumina and/or porosity.
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Figure 4.53 Secondary electron image of a Vickers microhardness indent in C40(Mo,Ti)(Si,Al) 2 Note: the absence of grain boundary cracking observed
.

in ternary

Mo(Si,Al) 2

122

Fortunately the ability to produce intergranular fracture

made

additions of titanium; thus, suitable samples were
testing in the

AES. The

resulting analysis of the grain

was not

for inspection

lost

by

due

to the

in-situ fracture

boundary surfaces revealed the

presence of carbon on the boundaries as well as oxygen and the expected alloy constituents
(Figure 4.54). Depth profiles indicate that the alloy behaves similarly to the ternary alloys,
in that, while

As

Mo appears depleted at the boundaries, all other components appear enriched.

stated previously, the information

from the

AES

depth profiles can be interpreted in

different ways, but the presence of carbon at the boundaries

data

shown

definitely indicated

is

by the

(Figure 4.55).

Atmospheric exposure

tests

were performed on the Ti-containing samples

whether the alloying additions could mitigate the effects seen

were polished then heated

in

moist

air at

200°C

for 160 hours.

optically for signs of atmospheric attack (Figure 4.56)

boundary grooving or attack
effectively eliminate the

problem experienced

for this lies in the fact that the formation of

both A1 4C 3 and SiC. In

Thus,

at triple points.

fact,

in the ternary alloys.

it

is

Samples

The samples were inspected

and there was no evidence of

appears that the titanium additions

in the ternary alloys.

TiC

to assess

A possible mechanism

greatly favored over the formation of

Ti additions have been used in aluminum alloy reinforced

with graphite or SiC, to prevent the formation of aluminum carbide

at interfaces [83, 91].

Transmission electron microscopy of the titanium alloys was performed in order to
determine the effects of Ti on the microstructure.
present along the grain boundaries and there
particles

observed

in the ternary alloys

As expected alumina particles were

was no evidence of the coupled SiC/Al

although some aluminum was observed along the

boundaries. Evidence of TiC was also observed as seen in Figure 4.57.
that

TiC was not observed commonly

absence of SiC

is

in the microstructure.

predicted from thermodynamic data and

is

It

should be noted

The presence of TiC and
suspected to be partially

responsible for preventing the atmospheric degradation of these samples since
energetically impossible to

form A14C 3 from aluminum

in contact

with TiC.

it is

the
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Figure 4.56 Optical micrograph of C40- (Mo,Ti)(Si,Al) 2 after 160 hours in moist air at
200°C. The sample shows no sign of the attack that occured in the ternary
Mo(Si,Al) 2 material.
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Figure 4.57 Transmission electron microscopy of a titanium carbide particle found in the
(Mo,Ti)(Si,Al) 2 alloy, a) Bright field image of the TiC particle, b) [0 0 1] SADP
taken from the TiC particle.
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4.5 General Discussion

A review of the thermodynamics of the Al-Si-C system reveals that A1 and SiC,
although

commonly used

each other

at

room

together in SiC-reinforced aluminum, are not in equilibrium with

temperature. In SiC-reinforced aluminum, the reaction between the

matrix and the reinforcing phase

is

mitigated by both coatings on the SiC or the silicon

enrichment of the aluminum matrix immediately surrounding the SiC induced by the
rejection of Si associated with A1 4 C 3 formation.

driving force

(AG =

At room temperature there

is

a mild

-2.673 kJ/mol) for the reaction of the phases to form silicon and

aluminum carbide according

to the following reaction:

4A1 + 3SiC = 3Si + A1 4 C 3

The A1 4C 3 compound

is

noted for

its

(4.1)

extreme environmental sensitivity and has a

high driving force to react with aqueous solutions and moist

air

by the following reactions

[82]:

A1 4 C 3 +

1

8H,0 = 4A1(0H) 3 + 3C0 2

(g)+

12H 2 (g)

(4.2)

A1 4 C 3 + 1.5H 2 0(v) + 2.250 2 (g) = 1.5C 2 H 2 (g) + 2A1 2 0 3

The noted environmental

sensitivity of the

(4.3)

aluminum carbide compound combined

with the evidence of carbon consumption in the environmental attack and the silicon and

alumina products of the observed reaction, led
scenario.

Upon

development of the following

melting of the aluminum powder during the heating cycle of the hot

pressing operation, liquid

and permitted

to the

its

aluminum

in contact

transport into the sample.

The

with the graphite paper dissolved carbon
probability that the samples

were mildly

hyperstoichiometric with respect to aluminum and silicon (as a result of the narrow
solubility range for the

C40 compound)

coupled SiC/Al particles observed

aluminum

to

form A1 4 C 3 and Si

left

in the

(see

an aluminum-rich liquid which formed the

TEM. The

reaction

between

silicon carbide

and

eqn 4.1) was enhanced by the consumption of the
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forming A1 4C 3 by environmental attack thus pulling the reaction forward by a LeChatelier
effect.

first

as

is

The byproducts of this sequence of events would be A1 2 0 3

,

Si

of which has been directly observed and presence of the second

mentioned previously
consistent with the

in this chapter.

EDS

results

is

and

C 2 H 2 (g),

the

strongly suggested

The removal of the carbon by gaseous byproduct

on the attacked

fracture surfaces

which show no evidence

of carbon in samples after long term atmospheric exposure.

The formation of the coupled Al/SiC
[82]

who

observed

that, at

particles is consistent with the

high temperatures, SiC

liquid containing dissolved silicon.

The SiC

equilibrium with an

is in

particles,

aluminum

to

form aluminum carbide and

The forward
silicon at

SiC and Al, then the
initial

the

It is

assumed

aluminum and

silicon carbide are

reaction of silicon carbide and

room temperature has been shown by

calculations to be energetically favored. This reaction

presence of alumina.

aluminum

once formed, are sluggish to

dissolve and could remain intact despite the fact that the

not in equilibrium at lower temperatures.

work of Park

is

known

to

be catalyzed by the

that if there is not a reaction layer present

internal oxidation of

aluminum would provide

between the

the catalyst for the

formation of aluminum carbide. The continued reaction of atmospheric species with

aluminum carbide would produce more alumina and,

the exhaustion of the carbon in the silicon carbide.

The

in turn, perpetuate the reaction to

reaction of these

leave alumina and silicon as the only solid products, which

is

two phases would

consistent with the

observations on oxidized fracture surfaces. The reaction scenario just described would

produce alumina and silicon with a combined volume
of the coupled SiC/Al

particles.

14%

greater than the original

volume

This volumetric increase would create tensile stress on the

grain boundaries, essentially pulling the boundaries apart. This

mechanism

is

addressed

Section 2.4.1 of this text, as a cause of pest disintegration. Figures 4.58 through 4.62
schematically depict the process described above.

in
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C40
Matrix

Typically 0.1 microns

Figure 4.58 Schematic representation of the formation of SiC as a primary precipitate from
the aluminum rich liquid present in C40 grain boundaries at processing temperature.
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C40
Matrix

Figure 4.59 Schematic representation of the coupled SiC/Al particles observed in the
analysis of powder processed C40.

TEM

131

Interfacial

Aluminum

Carbide

Diffusion path of

Atmospheric species

Figure 4.60 Schematic representation of the incipient stages of atmospheric attack of C40.
The dashed line represents the diffusion path along the grain boundary and
interphase boundaries. Note: the initial oxidation of A1 provides active aluminum
sites for catalysis of the aluminum carbide formation. Local rejection of silicon is
also depicted.
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Figure 4.61 Schematic representation of the growth of alumina and rejection of silicon in
the continued reaction of the coupled SiC/Al particle.

133

Figure 4.62 Schematic of the final state of the former SiC/Al particle. The cavity and
boundary cracking are resultant from the 14% volumetric expansion from the
formation of alumina and silicon. This morphology is observed in the SEM
analysis of samples after long term atmospheric exposure.
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Results from a thermodynamic assessment of the titanium effect on these alloys

shows

that the formation of titanium carbide is highly favored over the formation

assumed

of silicon

that titanium adequately “ties

up” the carbon to prevent

the formation of the coupled SiC/Al particles in the boundaries.

A similar estimation was

carbide. Therefore,

it is

performed for each of the elements
results

listed as possible

have been graphically arranged

show both

to

Mo substitutes in Table 2.3.

suitable

The

and unsuitable alloying

additions on the basis of the element’s ability to “tie up” the carbon (Figure 4.63).
the elements in Table 2.3 (Re, Ni, Te, and Fe) form silicide or aluminide

Some

compounds

presence of Al, Si and C, thus these elements were not included in Figure 4.64 since

of

in the

it

could not be extrapolated from experimental results whether “tying up” Al or Si would
affect formation of the SiC/Al particles.

Elements

listed

above SiC

in the figure, are

considered unsuitable as they are not energetically capable of preventing SiC formation.

Elements

listed

below SiC are considered

suitable as they

would

formation of SiC by forming their respective carbide phase.
alloying additions

consume

would have

to

It is

likely prevent the

important to note that the

exceed the amount of the element required to completely

the carbon, to prevent formation of SiC.

A compilation of the free energy plots

for each of the alloying additions is available in the Appendix.
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Figure 4.63 Free energy plot of SiC with a listing of the elements considered for
substitutional alloying in (Mo,X)(Si,Al) 2 The elements are grouped by their ability
to form carbide phases, and are labeled for suitability accordingly.
.

CHAPTER 5

SUMMARY & CONCLUSIONS
Several powder processing routes have been established as viable methods for the

production of the Mo(Si,Al) 2 intermetallic compound. Arc-melting of bulk materials

followed by comminution and hot pressing of the subsequent powders was shown to
provide near single-phase microstructures. The drawback of the arc-melting method
lengthy comminution process which
size.

is

ability to

the

also responsible for the lack of control over grain

Mechanical alloying has been shown

Mo(Si,Al) 2 given the

is

to

be a promising route for the production

prevent contamination of the milling charge by the vial and

milling media. This process does

show

greater control over grain size than other methods,

and should be considered for future processing investigations of this material. The blended

powder technique

in

which the C40 phase formed during the heating cycle of the hot

compaction of powders has been shown
dense, nearly single-phase Mo(Si,Al) 2

.

be the preferred method for production of

The

production of optimized microstructures

C40

to

simplicity of the process

made

this

combined with the

process the choice for production of

for further investigation.

The Mo-Si- A1 isothermal phase diagram was evaluated

at

1400°C. The strategy for

the assessment of the diagram involved selection of alloy compositions based

conflicting claims of previous investigations.

was
both

verified.

C54 and

It

was

the

T1

The presence of C54 Mo(Si,Al) 2

also established that the binary

Mo

5

(Si,Al) 3 phase.

The

Mo

3

A1 8 phase

ternary terminal

is

T 1 boundary

produced.
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at

1400°C

in equilibrium with

end of the T1 phase was also

determined, establishing the extent of aluminum solubility in the 5-3
accurate depiction of the shape of the

on the

in equilibrium

silicide.

with

A more

C40 was

also
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Discovery of an environmentally induced grain boundary degradation diverted the
investigation

from the

initial

goal of determining the mechanical properties of the

phase. Attempts to accelerate the observed

phenomenon by heating

successful, indicating a moisture sensitive reaction

microscopy show the presence of coupled Al/SiC
boundaries of the
pressing

is

C40

occurring. Findings

particles distributed

air

were

from electron

on the grain

samples. Carbon picked up from the graphite dies used in hot

reaction of the A1 and

energetically possible.

air.

humid

thought to be the source of the carbon in the SiC phase.

The

moist

was

in

C40

The

SiC

to

form A1 4C 3 and Si has been shown

The aluminum carbide phase

reaction of

A1 4 C 3 with moist

is

air is consistent

with respect to the byproducts of the observed reaction.

C40

not a property of the

known

It

to

be

for extreme sensitivity to

with the observed behavior

should be noted that the attack

is

phase, but of the secondary phases lining the grain boundaries.

Alloying studies were employed to validate the mechanisms suspected in the

environmental sensitivity. Additions of titanium to form (Mo,Ti)(Si, Al) 2 have been shown
to eliminate the grain

boundary degradation observed

shown through thermodynamic
than either

aluminum or

mechanism by which
susceptible A1 4 C 3
that

is

silicon.

in ternary

data that titanium has a

much

Mo(Si,Al) 2

has been

in these alloys is the

SiC and, subsequently, environmentally

suppressed. Production of W(Si,Al) 2 by the

powder processing of these

It

stronger affinity for carbon

The formation of titanium carbides

the formation of the

.

same process has shown

alumino-silicide materials in graphite dies will invariably

lead to carbon contamination. This contamination will likely take the form of coupled

Al/SiC particles in the absence any strong carbide forming elements.

The conclusions made from

1)

this investigation are as follows:

Powder processing can be employed
single-phase Mo(Si,Al) 2

.

to successfully

produce dense, nearly-
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2)

Carbon contamination from pressing

in graphite dies is responsible for the

formation of coupled SiC/Al particles observed in the grain boundaries of

powder processed Mo(Si,Al) 2
3)

The

grain boundary attack observed in the

C40 compacts

is

a result of the

coupled SiC/Al particles reacting with each other and the environment, and
is

not an intrinsic property of

C40 Mo(Si,Al) 2

.

4) X(Si,Al) 2 materials processed in this fashion will exhibit identical grain

boundary behavior

if

the element

for carbon than silicon
5) Alloying to

X does not have a stronger affinity

and aluminum,.

form (Mo,X)(Si,Al) 2 (where

carbides

more

stable than

X represents elements that form

SiC and A1 4C 3 )

susceptibility of the grain boundaries

will prevent the environmental

by suppressing the formation of

SiC and the subsequent formation of A14 C 3

.

Future studies of the processing of Mo(Si,Al) 2 should focus on the relationship

between composition and

its

effect

on the disposition of carbide phases in the grain

boundaries. Minimization of carbon contamination could be achieved through different

consolidation methods
elimination of liquid

(i.e.

HIPing) and complete solid

aluminum

environmental susceptibility

is

that

state

processing through the

forms upon heating of the powders. Once the

compensated

for, the

the basis of mechanical behavior could continue.

study of polycrystalline Mo(Si,Al) 7 on

APPENDIX
FREE ENERGY DIAGRAMS
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Figure A-l Free energy diagram showing the relative free energies of the C, A1 4 C 4 SiC,
and Cr 2 C 3 phases.
,

141

Figure A-2 Free energy diagram showing the relative free energies of the C, A1 4 C 4 SiC,
and HfC phases.
,
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Figure A-3 Free energy diagram showing the relative free energies of the C, A1 4C 4 SiC,
and NbC phases.
,
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Figure A-4 Free energy diagram showing the relative free energies of the C, A1 4 C 4 SiC,
and TaC phases.
,
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Figure A-5 Free energy diagram showing the relative free energies of the C, A1 4 C 4 SiC,
,

and TiC phases.
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Figure A-6 Free energy diagram showing the relative free energies of the C, A1 4 C 4 SiC,
,

and

VC phases.

146

Figure A-7 Free energy diagram showing the relative free energies of the C, A1 4 C 4 SiC,
and ZrC phases.
,
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