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CHAPTER 1: GENERAL INTRODUCTION

I. Dissertation Organization

This dissertation is organized in an alternate format. Several papers which have
already been published or are to be submitted for publication have been included as
separate chapters. Although the title of the dissertation implies concentration on oxidation
behavior, the included papers discuss a broad range of topics.

Chapter I is a general

introduction which describes the dissertation organization, discusses the background
motivation for the research, and reviews literature pertinent to Ti-Si oxidation. Chapter 2
is a paper entitled "Single Crystal Studies of Ti5Si3Zx" which is to be submitted to
Journal of Materials Research for publication ^

Chapter 2 describes the synthesis and

characterization of material used in the dissertation research.

Victor Young, a

crystallographer now working at the University of Minnesota, is listed as a co-author
because of his contributions in the collection of the single crystal x-ray data.
Some general material properties of Ti5Si3 are discussed in Chapter 3, a paper
entitled "Thermal Expansion Anisotropy of Ti5Si3" which has been published in Journal
of Materials Science Letters^. Burl Cavin and Camden Hubbard are included as authors
for their assistance during data collection which was performed by the dissertation author
at the High Temperature Materials Laboratory at Oak Ridge National Laboratory.
Finally, oxidation resistance is discussed in Chapter 4 and Chapter 5. Chapter 4 is
a paper entitled "Effect of Processing on Oxidation of Ti5Si3" and has been published in
Materials Research Society Symposium Proceedings^. This paper describes the oxidative
stability of undoped Ti5Si3. Finally, Chapter 5 is a paper entitled "Improved Oxidation
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Resistance of Ti5Si3 by Small Atom Doping" which is to be submitted to Journal of
Materials Science for publication'^.
General processing, ranging from synthesis of the intermetallic silicide to hot
consolidation to yield dense, crack-free material, is discussed in Appendix A and
Appendix B. Appendix A is a paper entitled "Interstitial Chemistry Effects on Processing
of Ti5Si3" which is to be submitted to Intermetallics for publication^. This material has
been listed as an appendix since the processing issues do not directly relate to oxidation
resistance of Ti5Si3.

Appendix B is a paper entitled "Synthesis, Processing, and

Properties of Ti5Si3" which was published in Processing and Fabrication of Advanced
Materials for High Temperature Applications-}!^.

This paper contains additional

information on initial processing and consolidation efforts; however, since Youngman
Kim was the primary author of the work, the paper is included as an appendix. Appendix
B also gives cursory details of the mechanical properties of Ti5Si3.

Initial results of

doping effects on the oxidation resistance of Ti5Si3 are discussed in Appendix C which is
a paper entitled "Evaluation of A5Si3Zx Intermetallics for Use as High Temperature
Structural Materials" already published in Processing and Fabrication of Advanced
Materials-llf. This was a review-type article incorporating recent experimental results,
and both Youngman Kim and Mitch Meyer were included as co-authors because of their
experimental contributions.
Dr. Mufit Akinc as major professor has been included as co-author on all of the
papers included in this dissertation. His guidance and oversight have been crucial during
this research.
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II. Background

This research arose from an effort to bridge the research of solid state chemists and
material scientists.

For several years, researchers at Ames Laboratory have been

investigating an interesting class of binary intermetallic materials that have a demonstrated
ability to incorporate substantial quantities of ternary additions while maintaining the
structure of the host material^'^'^®-^'. This ability arises from the presence of interstices
within the Mn5Si3-type structure of the host binary intermetallic which can accommodate
a wide variety and amount of ternary elements.

This research demonstrated marked

effects on the structure of the host material, namely, changes in lattice constants and bond
lengths as determined by careful structural studies.

With the realization that these

additions may also significantly affect material properties, a window of opportunity was
presented to utilize this "doping" effect and determine the potential engineering usefulness
of these materials. Approximately 175 binary intermetallic compounds are known to exist
in the Mn5Si3 structure'^, and considering the substantial number of possible ternary
alloying elements which could be added, one is presented with an overwhelming number
of material systems for investigation. Fortunately from an engineering point of view, this
field can be significantly narrowed by considering some of the critical material properties
required for a particular type of application.

High strength, stiffness, creep resistance,

and oxidation resistance are needed for high temperature structural applications.
Oxidation resistance at elevated temperatures limits the potential systems to those based on
silicon, aluminum, and chromium since these systems have the potential to form
passivating layers of silica, alumina, and chromia, respectively. Fleischer surveyed 293
binary intermetallic compounds with melting temperatures greater than 1500°C'3.
Melting temperature was chosen as a figure of merit based on the general rule of thumb
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that the upper operating temperature for a monolithic material ranges from one-half to
two-thirds of the absolute melting temperature^'^. Density was also selected as a critical
material property for applications in which component mass is important, so that
correlating density to melting temperature gives a useful method for ranking potential
material systems. For a given melting temperature, materials with the lowest density are
most desirable.

This analysis indicates that in particular, Ti5Si3 has an attractive

combination of high melting temperature (2130°C) and low density (4.32 g /cm^).
Having been established as a potential high temperature structural material, Ti5Si3
was selected for further investigation. Most investigations of potential high temperature
structural materials are centered around the development of material systems for
maximized mechanical performance. Oxidation resistance is most usually measured as a
secondary result of the research, and a fundamental understanding of oxidation resistance
is seldom achieved. If indeed any material is someday to be used as a structural material
in oxidizing environments, an understanding of the oxidation mechanism is needed. Very
little information exists in the literature on the oxidative properties of Ti5Si3, and no
attempt has been made to exploit the ternary "doping" effect to substantially improve
oxidation resistance as well as other properties including strength, fracture toughness, and
creep resistance. The unique and novel aspect of this research is the intentional addition
of ternary interstitial alloying elements, namely boron, carbon, nitrogen, and oxygen, with
the stated goal of improving critical material properties such as oxidation resistance.
As a prelude to discussion of the dissertation research, a review of the literature
pertinent to the current state of understanding of oxidation in the Ti-Si system is needed.
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III. Literature Review

Critical to any high temperature oxidation process are the diffusional processes
responsible for growth of the resulting oxide scale.

Therefore a review of the defect

chemistry and oxidation of the major constituents titanium and silicon is included.
Available literature on the oxidation of Ti5Si3 is also discussed.

Finally, oxidation of

other engineering materials is reviewed.

1. Oxidation of Titanium
a. Defect chemistry
During the oxidation of an engineering material, one or several of the components
are oxidized. Product layers are formed during this process, and for further oxidation to
occur, transport must occur through the developing product layer. Formation of an oxide
layer (called as "scale") may lead to diffusion limited oxidation kinetics where the scale
may grow inward, outward, or in both directions.

Parabolic oxidation is a diffusion

limited process in which the oxidation rate decreases as thickness increases. That is.

f =^
dt
X

(1)

where x is the scale thickness and kp is the parabolic rate constant.
Ionic and electronic transport through the product layer occurs by diffusion of
crystal defect species. Therefore consideration of defect chemistry in the developing layer
is necessary. The steady state growth of an oxide layer has been treated by Wagner'^. A
simplified treatment given by Birks and Meier'^ assumes that the mobility of one of the
ionic species, either cations or anions, is much larger so that transport of the slower

6

moving species can be ignored. Assuming that anions and electrons are the mobile species
and neglecting cation transport gives a parabolic rate constant

= „2 i:2 ^

where

and

I*

(2)

are the partial conductivities of the anion and electrons, X denotes

oxygen, F is the Faraday constant,

is the concentration of the anion in the scale,

is

the charge of the anion, and the chemical potential of oxygen at the metal/scale and
scale/gas interface are given by

and

, respectively. By further assuming that

approaches unity and is much greater than a., (i.e., that the scale is an electronic
conductor or semiconductor), Eq. 2 simplifies to

1

' ,2,2^

''a

<3)

which relates the parabolic oxidation rate constant to the partial conductivity of the oxygen
ions in the growing scale. Eq. 3 shows that the rate constant is proportional to

, and,

therefore oxides which maintain low defect concentrations (and hence, low ionic
conductivities) will have lower rate constants and thus are expected to be more oxidation
resistant.
With regard to oxidation of titanium, Ti02 is the main oxide of concern. Rutile is
a metal excess semiconductor (n-type).

There is some uncertainty whether the metal-

excess nature is manifested by oxygen vacancies or cation interstitials. Kofstad proposed
that the defect structure simultaneously consists of doubly ionized oxygen vacancies and

7

triply or quadruply charged titanium interstitials^"'. According to Kofstad, the appropriate
defect reactions are:

O q ^ Vq + 2e' + yOj

(4)

Ti^j —> Ti, + 3e' + O2

(5)

Tij"

(6)

Ti-" + e'

Neglecting intrinsic electronic equilibrium in the wide bandgap material, the electrical
neutrality equation becomes:

Tiy + 4 Ti;- + 2 Vo' = n

(7)

If oxygen vacancies dominate at atmospheric oxygen pressures, Eq. 7 becomes n

2

v;-

The equilibrium of Eq. 4 is

n' = k,

(8)

and substitution of Eq. 7 (where n » 2 Vq ) into Eq. 8 gives

Vo'

(9)

For sufficiently low impurity concentrations, data verifies this relationship'^. At higher
temperatures, diffusion of titanium interstitials also becomes important'^.
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b. Oxidation thermodynamics and kinetics
Considering the Ti-0 binary phase diagram, the oxidation of titanium should
produce a scale of oxides consisting of TiO, 71263, 71305, and Ti02.

However, for

oxidation in air at or below 1000°C, only rutile is detected, and the presence of water
vapor in air can lead to the formation of lower oxides such as TiO and 7120320.
The oxidation of Ti is summarized in Figure 1 and has been discussed in detail by
Kofstad". A brief description of the mechanism for each of the rate equations listed in
Figure 1 follows.

Logarithmic oxidation (JCCC log/) is not well understood but is

generally associated with the formation of thin oxide films on the order of a few hundred
Angstroms. One such theory asserts that the rate of chemisorption of the oxidant gas on
the surface is a logarithmic rate process, and thus the rate controlling step in logarithmic
scale growth is chemisorption^'. The mechanism of cubic oxidation (.r^ oc /) also has not
been established.

It is possible that cubic oxidation simply is a transition between

logarithmic and parabolic oxidation, describing the simultaneous parabolic scale growth
and oxygen dissolution—.

Because of the high oxygen solubility of a-Ti, parabolic

oxidation above 600°C involves parabolic scale formation and oxygen dissolution. From
an Arrhenius plot of the linear and parabolic rate constants, Welsch^^ estimated the
activation energy for parabolic and linear oxidation to be 59.8 and 45.7 kcal/mol,
respectively. Prolonged oxidation above 900°C leads to a decrease in the oxidation rate.
The linear regime is associated with a loss of protective behavior. As temperature
increases, the transition from parabolic to linear behavior occurs at shorter times. The
mass gain significantly increases in the linear regime, and the scale is characterized by a
stratified growth pattern.

The dense outer rutile layer reaches a limiting thickness of

about 15-20 |am and begins to spall-2.

Continued spalling and oxidation produces a

stratified layer beneath the outer layer. Scale cracking may occur from a high Pilling and
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Bedworth ratio (ratio of the volume of the oxide per metal ion to the volume of the metal
per metal atom) of 1.75 which predicts compressive stress in the oxide and tension at the
metal surface.

Other mechanisms include stress build-up due to dissolution of oxygen

into Ti, causing a large change in lattice parameters for formation of Ti3024, and
condensation of titanium vacancies at the metal/oxide interface^^. A post-linear regime is
reported above 900°C where the oxidation rate begins to decrease with long exposure
times.

The duration of the linear stage decreases with increasing temperature, and by

1200°C the linear stage is not detected.

Kofstad has correlated this behavior with

sintering and grain growth of the rutile scale which then acts as a diffusion barrier

This

suggests that outward diffusion of titanium interstitial ions through the rutile scale under
those conditions is also important.

Smeltzer has proposed that linear oxidation is

indicative of oxide growth by grain boundary diffusion of oxygen^S.

As grain growth

occurs with time, the relative contribution of grain boundary transport decreases so that
the number of short circuit paths decreases.

Eventually volume diffusion of oxygen

vacancies dominates and the rate becomes parabolic.

However, large grain growth

decreases the plasticity of the scale and thus should decrease its ability to remain adherent
under cyclic temperature conditions.

2. Oxidation of Silicon
a. Defect chemistry
The principal oxide of concern is Si02.

Silica exists in both the vitreous and

crystalline states. For crystalline silica at 1 atm. there are four equilibrium polymorphs;
a-quartz below 573°C, P-quartz up to 867°C, P2'^^'''dymite up to 1470°C, and 3cristobalite up to the melting point of 1710°C26. The P to ar-quartz transformation is
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Figure 1: Schematic diagram of rate equations in oxidation of titanium—.
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reversible and occurs rapidly during cooling.

The P2''^ridymite and P-cristobalite

transformation to quartz is slow and during cooling, |32-tridymite transforms into unstable
3-tridymite and P-cristobalite transforms into unstable a-cristobalite. Silica glass held at
elevated temperature may devitrify to form P-cristobalite which transforms to unstable acristobalite during cooling. The structures of both crystalline and vitreous silica are based
on Si04^" tetrahedra. A three dimensional network is fornaed by comer sharing of oxygen
in these tetrahedra. Vitreous silica lacks the long range order of crystalline forms, and all
defects which are present in crystalline silica can exist in vitreous silica. However, not all
defects found in vitreous silica are present in crystalline silica^^.
Tracer diffusion studies have shown that DQ is much greater than DSI in both
vitreous and crystalline silica. Diffusion of molecular oxygen in quartz glass is about two
orders of magnitude faster than in crystalline quartz at 1000°C28. The activation energy
for Si diffusion is very high, reflecting the large number of directional bonds which must
be broken and reformed for Si diffusion. Quartz glass has a permeability for O? and H9O
proportional to partial pressure. Transport in quartz glass is believed to occur by two
mechanisms29.

Neutral oxygen molecules can diffuse through connected pores or micro

channels created by the relatively open structure.
exchange with network oxygen for transport.
molecules dominates.

This interstitial oxygen can also

Normally diffusion of neutral oxygen

However, the presence of H2O vapor serves to break up the

network according to the reaction

H^O -f =Si-0-Sis ^ 2 = SiOH

and promotes exchange between interstitial oxygen and network oxygen.

(10)
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b. Oxidation kinetics
An important aspect of oxidation by the formation of silica scales is the transition
from active to passive oxidation.

Passive oxidation is diffusion-controlled parabolic

growth of the silica scale. Low P q ^ environments lead to rapid oxidation due to SiO(g)
generation, a process called active oxidation.
decreases.

PJ^Q increases dramatically as PQ^

Consequently, if the Si02 passivating surface is exposed to a low P q ^

environment, a SiO "smoke" is formed and the Si02 layer is reduced, eventually leading
to consumption of the base material. Birks and Meier'^ have given a simplified analysis
of the process. The critical oxygen pressure below which active oxidation will occur is
given as

Po^(crit)^ jPsiO(eq)

(11)

where PsioC^q) is the equilibrium Pgio above the Si surface at the temperature of interest.
The consumption of Si due to the flux of SiO vapor across a boundary layer is given as

2^0 ^O

JsiO=

(12)

Increasing the flow rate of gas over the surface decreases the stagnation layer thickness, 6,
through which O2 and SiO must diffuse. This leads to linear oxidation kinetics in which
the rate-determining step is the supply of O2 to and removal of SiO from the scale/gas
surface. For oxygen pressures below Po^(crit), the rate of Si consumption is about 300
times faster than it is for oxygen pressures above Po^(crit). This limits the use of Si02forming alloys to atmospheres containing a minimum oxygen content of about 8 Torr^'^.
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The overall oxidation process for silicon has been described by Deal and Grove^ i
as being divided into three processes. First, the oxidant is transported from the gaseous
atmosphere to the outer surface of the scale. Second, the oxidant diffuses across the scale
according to Pick's Law. Finally, it reacts at the silicon/scale interface to form Si02. At
steady-state, the flux of the oxidant in each of the three steps is identical, leading to the
following equation:

x-+Ax = B(t + r)

(13)

where x is the scale thickness, t is time, B is the parabolic rate constant, T is the time
coordinate correcting for an initial oxide thickness, and B/A is the linear rate constant
related to phase boundary reactions (thin oxide formation) and solubility of oxygen in
Si02. Solving the quadratic equation in Eq. 13 yields

1/
/2

1 +

t+r

- 1

(14)

4B .

At large times, t> > A2/4B and t> > T, so that x" s Bt (parabolic scale growth). For
short times, t<<A2/4B so that ^ = ^

or linear scale growth.

The activation

energy of B compares closely to that for the diffusion of molecular oxygen through fused
silica, indicating that molecular oxygen diffusion through silica is rate determining during
oxidation.
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3. Oxidation of Ti5Si3
Literature on the oxidation of Ti5Si3 is rather limited. An early investigation of
oxidation in the Ti-Si system was conducted by Paine et al.^^ They tested sintered plates
in dry air at 1260°C for 100 hours. Good oxidation resistance was reported in spite of the
inability to synthesize single-phase compositions. TiSi2 was reported to experience mass
gains of 2.2 and 4.4 mg /cm^ in 100 hours at 1260 and 1370°C.

Anton and Shah^^

performed cyclical oxidation testing of arc-cast 115813 at 1149°C. Samples were lowered
into a furnace for 55 minutes followed by withdrawal for 5 minutes. After 50 hours the
mass gain was 30.76 mg/cm^, indicating substantial consumption of the alloy.

An

external brown oxide was observed, and x-ray diffraction of the oxidation products
indicated 75-80 vol% Ti02 (rutile), 20 vol% hexagonal 115813 and < 5 vol% tetragonal
Si02 (a-cristobalite).

The estimated rate of metal consumption based on the density of

Ti02 was 1.44 (.im/hour. Good scale adherence was obsei'ved, possibly attributable to the
formation of Ti02. In future combustor liners, an estimated acceptable metal recession
rate'*'^ is 10 x 10*3 inches per 10,000 hours or 0.025 |.im/hour. Clearly, the above tested
material lacks adequate oxidation resistance at these conditions.
Liu, Lee, and Henson^^ produced alloys of Ti-298i-8Cr, Ti-33Si-4Cr-4Zr, and Ti36.5Si by arc melting and casting. Isothermal oxidation at 800°C in air showed parabolic
oxidation for the last two alloys with a mass gain of 0.88 and 0.98 mg/cm^ at 120 hours.
The alloy of lowest silicon content showed linear oxidation with a mass gain of 1.8
mg/cm^ at 120 hours. All three alloys formed adherent scales.
Eutectic alloys of P-Ti and Ti58i3 have been produced^^'^^'^^. These composite
materials show a dramatic improvement in the otherwise poor mechanical properties of
Ti5Si3. The eutectic alloy shows parabolic oxidation kinetics after transient oxidation of 6
hours and 0.8mg/cm- at 845 °C. The activation energy was 180 kJ/mol, and at longer
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time tests the data did not fit well to a parabolic model. A Ti-Si solid solution containing
0.5 wt% Si showed parabolic oxidation after transient oxidation of 4 hours at 870°C. The
activation energy was 182 kJ/mol, but the

parabolic rate constant was about 2 times

higher than the eutectic alloy. At 850°C the parabolic rate constant for the eutectic alloy
was 0.256 mg'/cm'^/hr.

This is orders of magnitude higher than the parabolic rate

constant for other common oxidation resistant silica formers such as SiC, Si3N4, and
MoSi?.

4. Oxidation of Other Engineering Materials
Figure 2 shows the oxidation kinetics for several of the stable oxide formers^^. As
shown in Eq. 3, oxides which maintain low defect concentrations are expected to have
lower parabolic rate constants.

Chromia, silica, and alumina scales are slower growing

because of their smaller deviations from stoichiometry and therefore lower concentrations
of defect species.

a. Chromia formers
Formation of chromia scales is the basis for the oxidation protection of many hightemperature stainless steels and superalloys.

In the case of Ni-Cr alloys, addition of

chromium to nickel above a minimum concentration promotes the selective oxidation of
Cr atoms to form a slower growing, protective chromia scale.

Unfortunately, chromia

formers are not suitable in extreme PQ^ environments or at temperatures in excess of
1000-1100°C. As temperature increases, the rate of chromia consumption increases since
Per and PctOj increase. This leads to an increased rate of consumption of the base alloy.
Therefore, oxidation-resistant high temperature structural materials must be based on
materials which form silica or alumina scales.
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b. Alumina formers
For applications at higher temperatures, alumina scales provide significantly better
oxidation resistance than chromia scales. Alloy 214 (FeNiCrAlY) and MA956 (FeCrAlY)
are two recently developed alumina formers which maintain oxidation resistance up to
1200°C3^. Intermetallic aluminides have also received considerable attention. In the TiA1 system, the oxidation resistance of Ti is substantially improved when the A1 content is
greater than about 25 at.%.

At temperatures up to about 950°C in pure oxygen, the

oxidation rate of y-TiAl is low.

However, the presence of nitrogen in the atmosphere

leads to a loss of oxidation resistance. The scale consists of an outer layer of rutile over a
mixed layer of alumina and rutile with an internal oxidation zone below the scale^^. It is
believed that internal precipitates of TiN^ form which rapidly oxidize to form rutile"^®.
These precipitates prevent formation of a continuous alumina layer and act as a path for
rapid inward oxygen diffusion.

In the Ni-Al system, P-NiAl is extremely oxidation

resistant. At 1100°C in air, Doychak and MitchelH^ observed parabolic mass gain with a
rate constant of 1.12 x 10""^ mg^/cm'^/hr.

Unfortunately, the melting point of (3-NiAl

(I650°C) substantially limits its potential high-temperature usefulness.

c. Silica formers
Nickel and iron have poor high-temperature oxidation resistance. Silicon has been
added to these materials to promote formation of a slow-growing silica

layer.42,43

Nj-Si

alloys containing more than 10 wt. % Si exhibit slow linear rates, comparable to Ni-20CrlOAl. At 1100°C in air, linear rates of 1-2 x 10'^ mg/cm-/hr are observed. Similarly for
Fe-Si alloys, approximately 10 wt. % Si promotes slow linear oxidation. These rates are
substantially lower than that for pure Si oxidation, and outward diffusion of Ni and Fe
through the silica layer occurs.

n

Temperature

1250

1300

1350

1400

FeO

CoO

NiO

-10^

Cr,0

-I2l

7.0

7.2

7.4

TB
IxlO*

7.8

-

^

8.0

8.2
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Silicon-based ceramics including SiC and Si3N4 exhibit excellent oxidation
resistance'*'^. According to Jacobson, SiC oxidation occurs by the following reaction:

SiC(s) + 1.50,(g) = SiO,(5) + CO(g)

(15)

The oxidized microstructure is characterized by formation of a single phase silica scale.
Rate constants'*'*, kp = 1.3xl0'3 mg-/cm'*/hr at 1400°C in dry oxygen, are slightly less
than those for silicon. As with silicon, it is believed that the rate of inward diffusion of
molecular oxygen is rate determining.

For temperatures below about 1450°C, the

activation energy'*'* is similar to that for silicon oxidation and molecular oxygen diffusion
(120-140 kJ/mol). For temperatures above about 1500°C, the activation energy of SiC
oxidation increases (260-300 kJ/mol), and this is attributed to the increasing contribution
of network exchange diffusion.
Also from Jacobson, the oxidation of Si3N4 occurs by the reactions:

Si3N, (s) + J O3 (^) = ^SuN,0{s) +; N,(^)

(16)

Si3N.0(s) + ^-03(^) = 2Si03(s) + N3(^r)

(17)

A duplex scale forms with an underlying silicon oxynitride layer and an exterior silica
layer. The activation energy for the oxidation of Si3N4 is larger than for silicon, and this
is reflected in the parabolic rate constant for Si3N4 being about two orders of magnitude
lower than for silicon and SiC.

As for the case of SiC, it is believed that molecular

oxygen is rate determining with considerable network exchange occurring at higher
temperatures. The lower rate for Si3N4 has been explained by Du et al.'*^ In the duplex
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structure, the oxide layer is about nine times thicker than the oxynitride layer.

The

oxynitride is proposed to act as a diffusion barrier, having a lower permeability to oxygen
than silica. Luthra'^^ has shown that the substantially lower rate of oxidation for Si3N4
predicts an unreasonably large buildup of nitrogen pressure at the oxynitride/silica
interface within the duplex scale.

Since spalling of the scale is not experimentally

observed, Luthra concludes that thermodynamic equilibrium is not attained. As such true
diffusion control may not be rate determining, and mixed control by interfacial reaction
and nitrogen outward diffusion is proposed.

Clearly, there are several unanswered

questions regarding the oxidation mechanism of silicon-based ceramics.
It is worth noting that while many of the above engineering materials possess good
high temperature oxidation resistance, each of the materials has basic limitations
preventing its use in monolithic form in high temperature structural applications.
chromia formers lose oxidation resistance above about 1000-1100°C.

The

Alumina formers

provide improved protection, but for P-NiAl the lower melting point (T<I650°C)
precludes use in high temperature applications exceeding about 1265°C (0.8T^). Silicon
based ceramics including SiC and Si3N4 have excellent oxidation resistance, but these
materials lack the necessary low temperature ductility and fracture toughness required for
structural applications.

Considering the limitations of the mentioned engineering

materials, investigation of the Mn5Si3-type materials such as Ti5Si3 which allow for
manipulation of critical physical properties by extensive ternary additions is cleariy
warranted.
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CHAPTER 2;
SINGLE CRYSTAL STUDIES OF TijSigZ^

A manuscript to be submitted to Journal of Materials Research

Andrew J. Thorn, Victor Young, and Mufit Akinc
Ames Laboratory and Department of Materials Science and Engineering

Abstract

Several Ti5Si3Zx compositions (Z=B,C,N,0) have been synthesized by arcmelting.

Powder x-ray diffraction indicates the materials maintain the Mn5Si3-type

structure possessed by Ti5Si3.

Calculated cell constants are correlated to ternary

composition based on careful chemical analysis. Nitrogen and oxygen promote a volume
decrease, while boron promotes a volume increase. Carbon causes a decrease in the aparameter and an increase in the c-parameter with a concomitant volume increase. Room
temperature x-ray single crystal structural analysis was performed on one composition for
each ternary addition.

Each analyzed composition has the P63/mcm space group (No.

193) with the Mn5Si3-type structure. Each ternary addition occupies the normally vacant
interstitial site at the center of the trigonal antiprisms of titanium (Ti2) atoms (TigZ
polyhedra), located in chains at the comers of the unit cell.

Bonding between the

interstitial atoms and the titanium (Ti2) atoms in the Ti^Z polyhedra is suggested by a
decrease in the cavity size, and significant changes in other bond lengths also occur.
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I. Introduction

Previous experimental work by Corbett and collaboratorsi'2'3.4 has shown that
intermetallic compounds of the form

A5B3

which possess the Mn5Si3-type structure

present a wealth of potential interstitial chemistries.

Materials with the base

A5B3

composition can be doped with a wide variety and substantial amount of various Z
elements.

The resulting A5B3ZX compound possesses the same Mn5Si3-type structure.

The dopant Z occupies an interstitial site within the structure which contributes to a
change in the lattice parameters of the material. This presents a unique opportunity to
modify

material

properties

by

suitable

interstitial

additions.

A5Si3

silicide

intermetallics5'6,7,8,9^ which are potential high temperature structural materials, can be
made more attractive for potential use by suitable additions which improve critical
material properties^®.

Otherwise inferior materials can be dramatically improved by

appropriate additions.
Transition metal silicides of the form M5Si3 exist in three structures: tetragonal
Cr5B3-type (T2 phases), tetragonal W5Si3-type (Tj phases), and hexagonal Mn5Si3-type
(DSg phases). Some M5Si3 silicides will only exist in the Mn5Si3-type structure in the
presence of ternary stabilizing elements such as boron, carbon, nitrogen, and oxygen.
These hexagonally stabilized materials, formulated as M5Si3Zx, are called Nowotny
phasesi^. In the absence of the stabilizer, the pure binary M5Si3 compound has the W5Si3
structure.

The voids within the W5Si3-type structure are not large enough to

accommodate significant amount of Z interstitials, and the Mn5Si3-type structure becomes
favored because of its ability to incorporate these additions'^.
interstitial is further increased, a ternary T2 phase may form.

As the amount of

26

Parthe summarized the compositional variation of the M5Si3Zj^ Nowotny phases^^.
Considering the transition metals from Group IV to VI, the amount of carbon required to
stabilize the D8g phase increases with both group and period of the metal. It has yet to be
established whether Ti5Si3 is a true binary D8g phase or simply a Nowotny phase
stabilized by a small amount of Z. For Group VI metal Mo, the interstitial occupancy
does not sufficiently explain the observed decrease in density of the DSg Mo5Si3Ci'^.
Kieffer et al.'^ suggested a metal deficiency via silicon substitution and carbon
substitution for silicon.

Parthe'^ suggested interstitial occupancy by carbon with metal

deficiency. This was later verified in a neutron diffraction study by Parthe.'^
It is important to note, however, that the discovery of the interstitial stabilization
effect by Nowotny was based on the accidental introduction of impurities.

More recent

investigations using purer starting materials and modern equipment and synthesis
techniques have revealed the existence of many true binary

A5B3

compositions with the

Mn5Si3-type structure'^.
Figure 1 shows an [001] projection of the Ti5Si3 unit cell. This is a hexagonal
structure (hP16) in space group P63/mcm which is characterized by two distinct chains
extending along the c-direction. The first chain is a linear chain of titanium atoms (Til)
located at (1/3,2/3 ,z) where z = 0,1/2 . Til atoms are coordinated by six silicon atoms
(Si) which form irregular trigonal antiprisms, being intermediate between trigonal
prismatic and trigonal antiprismatic. The second chain is composed of titanium atoms
(Ti2) which form trigonal antiprisms. Within the cavity of the (Ti2) trigonal antiprism is
an interstitial site at (0,0,0) which is normally vacant in the undoped material. With two
formula units per unit cell, up to two interstitial atoms can be accommodated within the
cell, yielding a formula for the fully stuffed Mn5Si3-type structure of Mn5Si3Zi Q which is
isostructural with the Ti5Ga4-type structure (hP18).

The silicon homogeneity range of
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(S)
(S)

0

0

Figure 1:

•

[001] projection of Ti^Si^ which has the Mn^Si^-type structure. The large
circles are Ti, medium circles are Si, and the small circles are interstitial sites.
Height symbol key: ® (z=G ,'/2), ® (z='4), ® (z=%).
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Ti5Si3 was not investigated in this work.

Based on the binary Ti-Si phase diagram'^

which indicates »2.5 at% homogeneity range, a 1.25 at% addition of silicon to
stoichiometric TigSi3 yields a formula of Ti5Si3Sio. 15.

Stuffing beyond this point

promotes formation of a biphasic mixture of Ti5Si3Sio.i6 and Ti5Si4. Tetragonal 115814
has an unrelated Zr5Si4-type (tP36) structure.
The Ti2 chains are located at the corners of the hexagonal unit cell. The trigonal
antiprisms can also be considered face sharing octahedra as shown in Figure 2. Silicon
atoms are at the three edges of each shared face, bonding to two Ti2 atoms within the
plane (in-plane) on the face edge and also bonding to two Ti2 atoms (out-of-plane), one
each above and below the plane. The silicon atoms serve to bond together the structure by
forming an (interchain) bond with the Ti2 atom of another trigonal antiprism within the
plane and also forming the irregular trigonal antiprismatic chains about the Til atoms. An
ABACA stacking sequence can be envisioned by considering an A plane of the interstitial
sites and Til atoms. The C plane, which contains the Ti2 and Si atoms, is rotated by ISO"
with respect to the B plane.
Kajitani et al.-*^ studied the structure of Ti5Si3 doped with hydrogen isotopes. For
the composition of Ti5Si3Do.9, deuterium occupied the interstitial sites at (0,0,0). The cparameter expanded about 0.3% and the a-parameter contracted about 0.16% compared to
Ti5Si3.
The high degree of stability of this structure promoted by these strong chains is
evidenced by the high melting point of many of the Mn5Si3-type materials. Table I shows
the melting point of several A5Si3 compositions which can be stabilized in the Mn5Si3type structure.
To exploit the possibility of tailoring critical material properties, Ti5Si3 was
selected for further investigation because of its potential as a structural material. Several
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Ti(l)

Figure 2; Til linear chain and Ti2 trigonal antiprismatic chain.
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light elements have been added to the base Ti5Si3 composition, and the effect of these
additions on properties such as oxidation resistance-^, mechanical properties, and thermal
expansion anisotropy22.23 jg currently being investigated.

In all of the preceding

experimental work in which the base composition TisSis has been doped with ternary
additions such as carbon, boron, nitrogen, and oxygen, the assumption has been made that
the dopant occupies an interstitial site at (0,0,0) within the structure. In order to validate
this assumption, several single crystal x-ray diffraction studies have been conducted. The
goal of these studies is to verify that the dopant atom is occupying the stated interstitial
position within the Mn5Si3-type structure.
Table I: Melting Point+ (°C) of Various
Transition Metal A5Si3 Compositions

Group IIIB

Group IVB

Group VB

Group VIB

Group VIIB

Sc^
2200

Ti
2130

V
2125

Cr
1650

Mn
1300

Y
1855

Zr
2210

Nb
2450

Mo
2180

Tc

La

Hf
2600

W
2350

Re

Ta
2500
+ Ref. 24
^ Ref. 25

II. Experimenta!

Nominal compositions of Ti5Si3Zx (Z = B,C,N,0 and x = 0.25, 0.50, 0.75) were
synthesized by the method of arc-melting.

Table II shows the starting constituents for
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each of the various compositions synthesized.
using a non-consumable tungsten electrode.

Materials were arc-melted under argon
Materials were triple melted to promote

chemical homogenization.
For each of the synthesized compositions, the starting Ti5Si3 was previously arcmelted from elemental Ti and Si.

Because of the high melting point of boron and

graphite, prealloyed Ti5Si3 was used as a starting material to reduce the amount of silicon
volatilization compared to using elemental silicon. Carbon, nitrogen, and oxygen content
were determined by combustion analysis and the inert gas fusion technique.

Boron was

analyzed by spark source laser mass spectroscopy. The arc-melt buttons were ground in
an agate mortar and pestle and sieved to -325 mesh for x-ray diffraction. The powders
were analyzed in a powder x-ray diffractometer using Cu

radiation.

Lattice

parameters were calculated for each of the compositions using a method previously
described22.
For each composition to be studied, a crystal of the compound was extracted from
the arc-melted button and mounted on a glass fiber on a Enraf-Nonius CAD4
diffractometer. Data were collected at 293 + IK using monochromated Mo

Table 11; Starting Materials for Synthesized Ti5Si3Zx

Composition

Starting materials

TisSiaBx

Ti5Si3 + B

Ti5Si3Cx

Ti5Si3 + graphite

Ti5Si3Nx

TijSig + TiN

Si

Ti5Si30jj

Ti5Si3 4- TiO^ + Si

radiation.
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The typical 9 range was from 3.16° to 29.96° with an index range of -10<h<10,
-10<k< 10, 0<1<7. The (o-20 scan technique was used to collect all x-ray data.
The cell constants for the data collections were determined from reflections found
from a random search routine.

Lorentz and polarization corrections were applied.

A

nonlinear correction based on the decay in the standard reflections was applied to the data
although there was no measurable radiation decay. A series of azimuthal reflections was
collected for each specimen. An empirical absorption correction was applied to the data
for each specimen. Details of the x-ray single crystal experiments are given in Table III.

III. Results

1. Chemical Analysis
The results of chemical analysis performed on chunks of each arc-melt composition
is shown in Table IV. The level of non-doped Z is relatively constant between the various
compositions, carbon ranging from 120-300 ppm and nitrogen ranging from 53-200 ppm.
However, the most interesting difference is the variation in oxygen content. For undoped,
boron-, and nitrogen-doped Ti5Si3, the oxygen level is relatively constant at around 1000
ppm.

For the carbon doped material, the oxygen level significantly decreases with

increasing carbon content.

Carbon may act as an oxygen getter, producing a gaseous

species which evolves from the material. The accompanying decrease in carbon content
would not be detectable given the significantly larger level of carbon added to the sample.
The potential effect on critical material properties could be significant if this level of
oxygen (=1100 ppm wt%) is found to have deleterious effects. The location of the various
non-doped Z atoms is unknown. Oxygen is presumably in the form of both surface oxide
and interstitial oxygen, while carbon and nitrogen could be interstitial or perhaps
substituted on another lattice site such as silicon.

Table III: X-ray Single Crystal Experimental Variables
Empirical Formula

Ti5Si30o.o9(i)

Ti5Si3Bo.45(2)

TisSisCo.sid)

Crystal Size (mm)
Cell Dimensions
a (A)
c(A)
vol. (A^)
z
Formula Weight
Density (Mg/m^)
(mm"')
FQOO
Ref. Collected
Ind. Reflections
Obs. Ref.
Min./Max. Trans.
Extinct. Corr.
Param. Refmed
Rl[I>2a(I)]
wR2
GooF

0.18x0.12x0.04

0.58x0.10x0.07

0.23x0.10x0.10

7.4521(8)
5.1522(15)
247.79(8)
2
325.21
4.359
8.258
305
1463
154
142
0.703/1.000
0.0070(13)
15
0.0108
0.0223
1.096

7.464(1)
5.165(3)
249.2(2)
2
328.64
4.380
8.214
309
1467
154
152
1.000/0.449
0.1365(39)
15
0.0092
0.0237
I.IIO

wR2 =

R1 = Zj|F„| - IF.II/Il^ol
OooF =

2; "[K- - /•;')"

7.4477(7)
5.153(1)
247.54(7)
2
327.49
4.394
8.268
307
1453
153
148
1.0/0.691
0.1185(37)
15
0.0091
0.0200
1.293

(n-p)

where ty =

Ti5Si3No.42(i)
0.50x0.10x0.10

Ti5Si30o.43(i)
0.23x0.10x0.10

7.4309(7)
5.138(1)
245.71(7)
2
329.65
4.456
8.333
309
1431
151
149
0.979/0.861
0.0394(24)
15
0.0092
0.0221
1.316

7.4356(7)
5.131(1)
245.68(6)
2
330.65
4.470
8.339
311
1431
151
150
0.924/0.699
0.1749(68)
15
0.0128
0.0292
1.397

- F;]-\IY\_<o(F;)
+ {«•/')" + b P + cl +
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Table IV: Chemical Analysis of Arc-Melted Ti5Si3Zx

Carbon (x)

Nitrogen (x)

Oxygen (x)

69 ppm

1100 ppm

-1-

Zx=Co.25

120 ppm
(0.251)

56 ppm

674 ppm

Co.50

(0.579)

53 ppm

469 ppm

Co.75

(0.709)

58 ppm

186 ppm

+
+
+

^0.25

260 ppm

58 ppm

750 ppm

(0.183)

^0.50

200 ppm

58 ppm

1100 ppm

(0.394)

^0.75

180 ppm

58 ppm

940 ppm

(0.746)

NO.25

150 ppm

(0.172)

910 ppm

-f-

NQ.SO

200 ppm

(0.376)

1100 ppm

-1-

^0.75

170 ppm

(0.520)

1200 ppm

-h

Oo.25

290 ppm

120 ppm

(0.267)

-h

OQ.SO

300 ppm

170 ppm

(0.455)

+

O0.75

250 ppm

200 ppm

(0.647)

Nominal
Composition (Zy)
Z, = 0

Boron (x)

+Not analyzed

2. Room Temperature Lattice Parameters
The variation of lattice parameter with level of interstitial addition is shown for Z
= B, C, N, and O in Figures 3-6. The addition of boron promotes a significant expansion
in both parameters, with the change in each parameter being about the same. In contrast,
the addition of oxygen promotes a strong contraction in each parameter.

For the

introduction of nitrogen, the a-parameter significantly contracts while the c-parameter is
relatively unaffected. Carbon has an intermediate effect in which the c-parameter strongly
expands while the a-parameter undergoes a minimum. For carbon, nitrogen, and oxygen,
the effect of increasing additions appears to decrease and may indicate a solubility limit in
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Figure 3; Variation of A and C lattice parameter with level of boron content. Open
symbols denote parameters calculated from powder diffraction. Solid symbols
denote parameters calculated from single crystal diffraction.
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Figure 4: Variation of A and C lattice parameter with level of carbon content. Open
symbols denote parameters calculated from powder diffraction. Solid symbols
denote parameters calculated from single crystal diffraction.

37

7.460
-5.180
7.450-5.170
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Figure 5; Variation of A and C lattice parameter with level of nitrogen content. Open
symbols denote parameters calculated from powder diffraction. Solid symbols
denote parameters calculated from single crystal diffraction.
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Figure 6: Variation of A and C lattice parameter with level of oxygen content. Open
symbols denote parameters calculated from powder diffraction. Solid symbols
denote parameters calculated from single crystal diffraction.
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Ti5Si3.

Boron does not exhibit this decreasing effect and so Ti5Si3 may be able to

incorporate additional boron.
No data exists for the direct comparison of the measured lattice parameters.
However, the effect of similar interstitial additions on the lattice parameters of Zr5Si3 and
Zr5Sn3 has been measured^-^. These data are summarized in Table V. The addition of
carbon and oxygen to Zr5Si3 causes behavior similar to that of Ti5Si3. Carbon causes a
decrease in the a-parameter and an increase in the c-parameter with an overall volume

Table V: Unit Cell Values for A5Si3Zx Compositions

Compound

a (A)

Ti5Si3

7.4543(4)

TigSijCo.so

7.4424(3)

TijSigCo.Qo

Aa (A)

c (A)

Ac (A)

Volume

AVol.

(A3)

(%)

Ret'

5.1474(6)

247.70(3)

- 0.0119

5.1677(4)

+0.0203 247.89(2)

+0.077

a

7.4495(2)

- 0.0048

5.1691(3)

+0.0217 248.43(2)

+0.295

a

TigSigOo.ys

7.4305(4)

-0.0238

5.1333(2)

- 0.0141

245.45(3)

- 0.908 a

TisSigBo.vs

7.478(1)

+0.0237 5.1799(7)

+0.0325

250.87(6)

+1.28

a

TisSijNo.ys

7.4259(5)

- 0.0284

- 0.0022

245.71(3)

-0.803

^

Zr5Si3 1

7.9582(6)

Zr5Si3Co.5

7.9409(5)

Zr5Si3C

5.1452(3)

a

5.5613(8)

305.03(6)

-0.0173

5.6016(6)

+0.0403 305.90(5)

+0.285

2

7.9400(6)

-0.0182

5.6116(8)

+0.0503 306.38(7)

+0.443

2

Zr5Si30

7.9200(6)

- 0.0382

5.5502(7)

-0.0111

-1.16

2

Zr5Sn3

8.4560(7)

Zr5Sn3B

8.4936(4)

+0.0376

5.8029(5)

+0.0239 362.54(5)

+ 1.31

4

ZrgSnjN

8.4040(8)

- 0.0520

5.7698(8)

- 0.0092

352.91(8)

-1.38

4

5.779(1)

^This work

301.50(6)

2

357.86(9)

4
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increase.

In contrast, oxygen decreases both parameters which results in a volume

decrease. The addition of boron and nitrogen to Zr5Sn3 also causes behavior similar to
that of boron- and nitrogen-doped Ti5Si3.

Boron causes a strong increase in both

parameters with an increase in
volume.

Conversely, nitrogen decreases both parameters, as did oxygen, to decrease

volume. This analysis has established that several at. % of boron, carbon, nitrogen, and
oxygen can be added to Ti5Si3 while still maintaining the Mn5Si3-type structure. This is
consistent with available ternary phase diagrams which indicate that Ti5Si3Z^ may contain
up to 10 at. % of carbon, nitrogen, and oxygen at 1000-1100°C26.27,28

3. Single Crystal Results
The space group P63/mcm and the Mn5Si3-type structure were used for the initial
structural model. All atoms were refined with anisotropic displacement parameters. Final
refinements were done with SHELXL-9329.30_

(010) reflection was omitted from the

refinements for each sample. Inclusion of this low-angle reflection caused problems with
anisotropic refinement of the doped site. Fq was always about 20% higher than F^ for this
reflection.

The error is most likely due to inaccuracies in the extinction correction.

Refinement calculations were performed using the SHELXTL-Plus^^ and SHELXL-QS^®
programs.
The calculated stoichiometry for each analyzed single crystal is given in Table VI.
There is some deviation of the refined composition from the chemically analyzed
composition.

This difference is likely related to the method of sampling for analysis.

During the arc-melting process, rapid cooling occurs when the electrode is deenergized
and the molten button solidifies in the chilled copper hearth in which it sits. This results
in variation in stoichiometry within the button.

Since the arc-melt buttons were not
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annealed, composition of individual single crystals which were used for the x-ray analysis
may vary.

The composition determined by chemical analysis reflects the average

composition since a larger amount of material is analyzed. Similarly, lattice parameters
determined by powder x-ray diffraction are more indicative of the average composition
since grinding to produce a powder sample mixes the material.
The undoped crystal refined better when including interstitial oxygen in the
structure. Oxygen presence is expected because the arc-melting process does not establish
an oxygen-free atmosphere, as evidenced by chemical analysis.

It is possible that the

added dopant does not completely displace all of the oxygen and that some oxygen may
still remain interstitially within the structure.

However, the overall effect would be

Table VI; Stoichiometry of Arc-Melted Materials

Nominal
Composition
Ti5Si30o.o8

Chemical
Analysis
x = 0.022

TifSisBo 50

X = 0.41

X = 0.45(2)

Ti5Si3Co.25

X = 0.25

X = 0.31(1)

Ti5Si3No.5o

X = 0.38

X = 0.42(1)

TisSisOo.so

X = 0.46

X = 0.43(1)

Single Crystal
Analysis
X = 0.09(1)

minimal since the concentration of the principal dopant is at least an order of magnitude
larger than the residual oxygen, seen in Table IV. The effect of this residual interstitial
oxygen could be determined by constraining the amount of oxygen in the structure and rerefining the single crystal data.

Any statistically significant differences in the

stoichiometry and bond lengths would indicate the relative effect of the residual oxygen.
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The results of the single crystal analyses are shown below in Table VII, together
with the results of a single crystal study of Ti5Si30 by
work agree well with those of Perchenek.

Perchenek32.

The results from this

In general, the data of Perchenek show a

greater change in bond lengths, and this likely results from the increased oxygen content
of Perchenek's material.
Table VIII shows the crystal structure refmement results by Kwon and Corbett"^ for
Zr5Sn3C and Zr5Sn30. The addition of carbon caused the interstitial cavity, given by
Zr2-Z, to decrease by 0.08 A, and the edges of the Zr trigonal antiprisms, given by Zr2Zr2, to decrease by 0.10-0.12 A. All Zr2-Sn distances increased, with the interchain and
out-of-plane distances about equally affected.

The in-plane distance was only slightly

increased. The addition of oxygen causes similar changes in bond lengths. This behavior
is also observed for Ti5Si3Cx and Ti5Si30x.

IV. Discussion

The unit cell constants determined from the single crystal study differ somewhat
from the trend of unit cell constants determined from powder x-ray diffraction. Figures 36 show the single crystal cell constants plotted as solid symbols. The unit cell constants
determined by powder x-ray diffraction reflect a sample which is not compositionally
homogeneous, compared to the compositionally homogeneous single crystals. The powder
data reflects an average composition of the sample taken from the arc-melted button.
The change in the a and c-parameters can be related to changes in local bonding
caused by introduction of the interstitial atom. The effect of the interstitial addition can be
characterized by the Ti2-Z bond length, indicating the size of the interstitial cavity, and
the octahedral nature of the Ti2 trigonal antiprismatic unit, indicated by the difference of
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Table VII: Bond Lengths for Various Interstitial Additions (Z) to Ti5Si3Zx (A)

Bond Type

Z =C

Z = N

Z =0

2.2461(5)

2.2305(3)

2.2024(4)

2.2105(4)

2.183(3)

Ti2 - Si
interchain 2.6650(8)
out-of-plane 2.7865(7)
in-plane 2.5642(6)

2.6757(6)
2.8118(13)
2.5804(5)

2.6799(5)
2.8119(6)
2.5757(4)

2.6833(6)
2.8227(6)
2.5808(5)

2.6735(6)
2.8162(5)
2.5849(5)

2.644(3)
2.851(4)
2.609(3)

Til-Si

2.6307(5)

2.6240(3)

2.6124(3)

2.6123(3)

2.593(3)

Ti2 - Ti2
out-of-plane 3.2256
in-plane 3.1789(7)

3.1697(12)
3.1829

3.1550
3.1537(6)

3.1306(6)
3.0988(7)

3.1341(5)
3.1181(7)

3.118(4)
3.056(4)

Til-Ti2

3.1241(4)

3.1458(6)

3.1470(3)

3.1563(3)

3.1512(3)

3.159(4)

Til-Til

2.5761(7)

2.5825(14)

2.5766(6)

2.5691(7)

2.5655(5)

2.571(3)

Ti2-Z

Empty

2.2645(4)

2.6323(3)

Z = B

Table VIII; Bond Distances'* in Zr5Sn3Z (A)

Bond Type

Zr5Sn3 +

Zr5Sn3C

2.536
2.459(1)
Zr2 - Z
Zr2 - Sn
interchain
3.068
3.102(2)
out of plane
3.142
3.1973(8)
in plane
2.903
2.9142(9)
Zrl - Sn
2.984
2.9641(3)
Zr2 - Zr2
out of plane
3.565
3.443(2)
in plane
3.614
3.5118(7)
3.566
3.605(1)
Zrl - Zr2
H-Extrapolated from data for Zr5Sn3Sno.io and

Zr5Sn30
2.4562(8)
3.093(1)
3.1875(6)
2.9190(5)
2.9582(2)
3.445(2)
3.5017(6)
3.6004(6)
Zr5Sn3Sno jg.

Ti5Si3033
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the Ti2-Ti2 (out-of-plane) and the Ti2-Ti2 (in-plane) bond lengths. These differences are
given below in Table IX. For all additions, contraction of the interstitial cavity occurs,
suggesting bonding between the Ti2 atoms and Z atoms. Even for boron in which both
lattice parameters expand, the cavity contracts.

As the Ti2-Ti2 difference approaches

zero, the stability of the trigonal antiprismatic unit should increase due to the increased
symmetry of the bonding between Ti2 atoms. This decrease is accompanied by a decrease
in cavity contraction, and together they affect the a-parameter and c-parameter. Nitrogen
and oxygen promote the strongest cavity contraction and thus a contraction is observed in
both the a-parameter and c-parameter. Carbon promotes a smaller cavity contraction, and
this contributes to a decrease in the a-parameter despite a nearly constant c-parameter.
Finally, boron promotes the smallest cavity contraction, and this occurs even though both
parameters increase.
While the decrease in Ti2-Z dimension suggests bonding between Ti2 and Z, bond
strength does not necessarily correlate to bond length^^.

Extended Huckel band

calculations are planned to quantify the extent of bonding between Ti2 atoms and Z atoms.

V. Conclusions

Ti5Si3 can incorporate ternary additions such as boron, carbon, nitrogen, and
oxygen.

X-ray single crystal diffraction studies have verified that these additions are

accommodated in the interstitial sites within the trigonal antiprismatic chains of Ti2 atoms
of the Mn5Si3-type structure of Ti5Si3. Bonding between the interstitial atom and Ti2 is
suggested by cavity contraction. There are significant changes in bond lengths as a result
of these additions. Most notably there is an increase in the Ti2-Si and decrease in the Ti2Ti2 bond lengths.
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Table IX: Influence of Interstitial Additions on Bonding Nature

Ti5Si30o.o9

(Ti2-Ti2)=i
Difference
+0.0467

(Ti2-Z)
Contraction
0.0000

Ti5Si3No.42

+0.0318

0.0621

Ti5Si30o.43

+0.0160

0.0540

Ti5Si3Co.3i

+0.0013

0.0340

Ti5Si3Bo.45

-0.0132

0.0184

Composition

® (out-of-plane)-(in-plane)
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CHAPTER 3:
THERMAL EXPANSION ANISOTROPY OF TijSig

A paper published in the Journal of Materials Science Letters^
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O.B. Cavin and C. R. Hubbard
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Abstract

TijSig and Ti^Si^Cg

were synthesized

by arc-melting.

The materials were

characterized by chemical analysis and x-ray diffraction and were judged to be single
phase. Coefficient of thermal expansion (CTE) along the a-axis and c-axis was measured
by the method of high temperature x-ray diffraction. Bulk CTE of Ti^Si^ was measured
by thermomechanical analysis. The addition of carbon to Ti^Si^ significantly reduced the
intrinsic CTE anisotropy. For Ti^Si^ from 298-873K, a^=8.68±0.14 and aj,=20.4+0.4
ppm/K. For Ti^Si^Cg

from 298-873K, ajj=9.43±0.29 and a^.= 17.9+0.6 ppm/K.

'Reprinted with permission from Journal of Materials Science Letters 1994, 13, 16571660. Copyright © Chapman and Hall.
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I. Introduction

Intermetallics have long been considered as prospective high temperature structural
materials. Advanced projects such as the National Aerospace Plane (NASP) rely on the
development of a new generation of materials.

Anticipated operating environments are

too severe for conventional materials such as superalloys.
silicides are candidate materials [1].

Refractory transition metal

Among these materials,

Ti^Si^ is particularly

interesting due to its low density, high melting point, and potential oxidation resistance
[2, 3],
TijSi^ has an interesting crystal structure. It possesses a hexagonal unit cell with
two formula units per unit cell. It has the Mn^Si3-type structure, and an [001] projection
of the unit cell is shown in Figure 1. The structure is characterized by chains of titanium
and silicon atoms in the [001] or c-direction. One group of titanium atoms (Til) forms
linear chains at

(1/3,2/3, z)

and

(2/3,1/3, z)

with z=0,'/2 while the other group (Ti2) forms

chains of trigonal antiprisms at the corners of the unit cell.

Silicon atoms (Si) form

trigonal layers which create chains of irregular trigonal antiprisms.

The Mn^Si^-type

structure has the ability to incorporate a wide variety of interstitial atoms at the corners of
the unit cell [4,5,6,7]. Linear chains of interstitial atoms occupy the centers of trigonal
antiprisms of the (Ti2) titanium atoms. These interstitial additions may significantly affect
the bonding of the structure to change the thermal expansion, oxidative, and mechanical
behavior.
Critical to evaluating the engineering usefulness of such materials is the ability to
hot consolidate the material into a dense, crack-free body. Structure sensitive mechanical
properties such as hardness, fracture toughness, and modulus are influenced by the
microstructure.

Materials which possess a large thermal expansion anisotropy are
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o

0

9

Figure 1:

[001] projection of Ti-Si^ which has the Mn-Si^-type structure. The large circles
are Ti, medium circles are Si, and the small circles are interstitial sites. Height
symbol key: © (z=0,y2), ® iz=V4), © (2=^/4).
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particularly difficult to process into dense, crack-free bodies.

This anisotropy in

coefficient of thermal expansion (CTE) contributes to residual stresses within and between
grains during cooling from the consolidating temperature and contributes to transgranular
and/or intergranular microcracking [8]. The extent of the microcracking can be reduced
by decreasing the grain size of the consolidated body to less than some critical grain size
for microcracking [9]. Any attempt to model the critical grain size necessitates knowledge
of the crystallographic CTE values.
Determination of the crystallographic CTE is thus necessary to understand the
processing of anisotropic materials.

Previous work has shown that Ti^Si^ exhibits

transgranular microcracking [1,10]. Since Ti^Si^ has a hexagonal unit cell, it is expected
to exhibit CTE anisotropy. The CTE of Ti^Si^ along the a-axis and c-axis, denoted as
and a^, has been estimated from bulk CTE measurements to be 3.1 ppm/K and 10.7
ppm/K, respectively [2]. However, no data exist for the direct measurement of

and

ttQ. (During revision of this publication, a single crystal measurement of ag^ and

was

made [11]). In this study,

^c

measured by the technique of high temperature

x-ray powder diffraction (HTXRPD). Ti^Si^ and carbon doped Ti^Si^ are investigated.
Bulk CTE measurements are made to correlate with the HTXRPD measurements.

II. Experimental

The material to be measured was prepared by arc-melting under argon. Ti-Si^ was
produced from a stoichiometric mixture of titanium and silicon, and a nominal Ti^Si^C^ g
composition was produced from a stoichiometric mixture of Ti^Si^ and graphite.
Zirconium metal was first melted inside the arc-melter to getter oxygen prior to melting
the elements. Batches were then triple melted to promote homogenization.
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The high-temperature x-ray powder diffractometer used has a stationary sample
holder within an atmospheric controlled x-ray diffraction furnace. The sample holder also
functions as a resistive heater strip.

Typical heater strip materials include platinum,

molybdenum, tungsten, and tantalum. However, since silicon forms binary compounds
with all of these metals, a thin quartz wedge was used as a setter plate. A quantity of the
arc-melted Ti^Si^ was ground in an agate mortar and pestle to -325 mesh (<43 |.im). A
small amount of the -325 mesh powder was floated onto the quartz wedge using ethanol.
The quartz wedge was then placed on the platinum heater strip, and the system was
evacuated to 1.3 x 10"^ Pa for 18 hours. X-ray diffraction patterns using Cu Ka radiation
were then collected using a 0.02° step size at a scan rate of l°20/minute. Patterns were
collected during heating and cooling over the temperature range 298-873 K.

The

temperature was measured using a Pt/PtlORh thermocouple placed in contact with the Pt
heating strip. Temperature calibration was achieved by measuring the thermal expansion
of MgO under identical experimental conditions [12].
Peak positions and intensities were determined using the profile-fitting capabilities
of the diffractometer software. Deconvolution of Kaj and Ka, peaks was achieved by use
of the software.
program [13].
analyzer (TMA).

Lattice parameters were determined using a least-squares refmement
Bulk CTE was measured from 298-873 K using a thermomechanical
Samples for bulk CTE measurements were hot isostatically pressed

from arc-melted powders and cut into 3.5 x 3.5 x 6.5 mm specimens.
measured on the long dimension and heated at 5 K/min in flowing argon.

Samples were
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III. Results and Discussion

Room temperature powder x-ray diffraction patterns of the arc-melted powders of
Ti^Si^ and Ti^Si^CQ g are shown in Figure 2.

The patterns match closely, and no

unmatched peaks were found in the Ti^Si^ pattern. TigSi^Cp ^ contained six additional
minor peaks which could not be matched.

Chemical analysis of both compositions is

shown in Table I.

Table I: Chemical Analysis of Arc-Melted Compositions

TisSia

TisSisCo.ss

Ti

73.02%

Si

26.38%

C

120 ppm

3.10%

N

69 ppm

58 ppm

0

1100 ppm

186 ppm

The major impurity is oxygen, and it is believed that this oxygen is incorporated into the
interstitial sites of the structure. The analysis of the carbon containing sample indicated an
actual composition of Ti^SigCg g^, assuming all carbon occupies the interstitial sites. The
oxygen content has decreased presumably due to carbon substituting for some of the
interstitial oxygen.
Measured room temperature lattice parameters are shown in Table II.
compare well with the reported values for Ti^Si^ [14].

These

For all measured lattice

parameters, the standard errors are iess than 0.00010 nm which corresponds to less than
half the symbol size used in figures. Therefore the error bars have been omitted.
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Figure 2; X-ray diffraction pattern of arc-melted Ti^Sig and Ti^SijCg g^.
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Table II: Room Temperature Lattice Parameters
a (nm)

c (nm)

TijSig (this study)

0.74514(4)

0.51464(3)

Ti5Si3 (literature)

0.74440(4)

0.51430(5)

TisSigCo.ss (this study)

0.74438(4)

0.51643(4)

Figure 3 shows the linear temperature dependence of the a-parameter and cparameter of Ti^Sij and Ti^Si^CQ

There appears to be some curvature in the plots, but

higher order terms are not statistically significant.

The linear thermal expansion

coefficient is defined as

where / is a function of temperature and /„ is the lattice parameter at 298 K. The Ti2Si3
unit cell expands at a greater rate in the c-direction. There has been expansion in the cdirection and contraction in the a-direction due to the addition of carbon to Ti^Si^.
Table III gives the slope and standard error for the plots in Figure 3.

For both

compositions, the calculated linear thermal expansion coefficients in the c-direction are
much larger than in the a-direction. The calculated thermal expansion coefficients are
independent of temperature and are listed in Table III.
For a hexagonal crystal, the upper and lower bound of the bulk CTE can be
estimated by the Voight and Reuss methods, respectively [15] :
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Figure 3: Lattice parameters of Ti-Si^ and Ti-Si^Cg
n Ti^Si^

a-parameter, O Ti^SijCp
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versus temperature. Symbol key:
a-parameter, ® Ti^Si^ c-parameter,
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Table III: Thermal Expansion Data
Slope+Std.Err.
(nm/K) X 10^

CTE+Std.Err.
(ppm/K)

TisSia
6.47 + 0.10

a-axis

10.5

c-axis

+ 0.2

8.68 + 0.14
20.4

+ 0.4

TisSisCo.ss
a-axis

7.02 ± 0.21

c-axis

9.23 + 0.33

ar =

3
2
—

I

9.43 ± 0.29
17.9

+ 0.6

(3)

+

The mean of the Reuss and Voight estimates gives a good approximation of the true bulk
CTE. From the values of

and

obtained by HTXRPD, the bulk CTE of Ti^Si^ and

Ti^SigCg gj is estimated to be 11.6+0.1 and 11.7+0.2 ppm/K, respectively.
shows the expansion of a bulk Ti^Si^ sample.

Figure 4

The approximately linear temperature

dependence gives a constant bulk CTE value of 10.4+0.1 ppm/K. Summarized in Table
IV, the measured bulk CTE value of Ti^Si^ compares reasonably well to the estimated
value.
The measured room temperature lattice parameters listed in Table II show that the
unit cell measured in this study was slightly larger than the unit cell of the reference value.
Quakernaat and Visser made their measurements on a relatively pure sample which fit the
theoretical composition and showed an impurity content of carbon, boron, nitrogen, and
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oxygen of less than 500 ppm, 1000 ppm, 10000 ppm, and 1000 ppm, respectively. They
were unable to determine either the presence or absence of nitrogen by emission
spectrographic analysis. The samples used in this study were essentially nitrogen free, and
nitrogen levels up to 10000 ppm might cause a contraction of the a-parameter and cparameter of Quakemaat and Visser's sample.

Table IV: Bulk CTE Values

TisSia

Estimated

Measured

Literature

11.6 ± 0.1

10.4 ± 0.1

ll.O''
7.1-9.1*'

Ti5Si3Co.85

11.7 ± 0.2

not measured

not available

a450-1350K; Ref. 16
^293-1273 K; Ref. 2

The addition of carbon to Ti^Si^ caused expansion in the c-parameter and
contraction in the a-parameter. No data exist for the direct comparison of these results.
However, the effect of interstitial additions on the lattice parameters of Zr^Si^ and Zr^Sn^
has been measured [5,7], These data are summarized in Table V. The addition of carbon
to Zr^Si^ and Zr^Sn^ causes behavior similar to that of Ti^Si^. The unit cell contracts in
the a-direction and expands in the c-direction. Zr^Si^ also exhibits an increase in unit cell
volume with the addition of carbon. Zr^Sn^ shows a decrease in unit cell volume, which
occurs due to the proportionately larger decrease in the a-parameter.

This change in

volume is not of great concern since the Zr^Sn^ unit cell volume is about 40% larger than
that of TigSij.
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Regression line
0.6-

Experimental data

0.4-

0.2-

0.0-

T
200

300

400
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T
600

T
700

800

Temperature, K

Figure 4: Bulk CTE measurement of Ti^Si^ versus temperature.
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Table V: Effect of Carbon on A-Si^C^ Compositions
Compound

a (nm)

Aa (nm)

TisSia

0.74514(4)

TisSisCo.ss

0.74438(4)

Zr5Si3

0.79582(9)

Zr5Si3Cj 0

0.79400(6)

Zr5Sn3

0.84560(7)

Zr5Sn3Ci 0

0.84268(9)

c (nm)

Ac (nm)

0.51464(3)
-0.00076

0.51643(4)

0.56116(8)

+0.00182

0.58001(8)

(nm^)

(%)

0.24782(3)

+0.15

0.30518(8)
+0.00478

0.5779(1)
-0.00292

AVol

0.24746(4)

0.55638(8)
-0.00182

Volume

0.30638(7)

+0.39

0.35786(9)
+0.00211

0.35669(9)

-0.33

From Table IV the estimated and measured bulk CTE value of Ti^Si^ compare
well to the value given by Kosolapova [16] but are larger than that measured by
Frommeyer, Rosenkranz, and Ludecke [2],

If the measured bulk CTE is considered as

non-constant, it varies from 6.4 to 11.9 ppm/K from 298 to 873 K which compares better
to Frommeyer et al.

It is unclear whether the value from Kosolapova is truely

independent of temperature or simply an average over the temperature range. In general,
the thermal expansion measured by linear bulk expansion may not equal the thermal
expansion measured by change in the unit cell or lattice parameter.

The presence of

thermally generated defects such as vacancies can cause the linear bulk expansion to be
less than the linear expansion measured by the change in length of the unit cell. However,
the measurements made in this study were at low homologous temperatures of less than
0.4Tn, (Tjj,=2403 K). The equilibrium concentration of defect species is expected to be
low. Thus a significant difference between the two methods is not expected.
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IV. Conclusions

The addition of carbon to Ti^Si^ changed the thermal expansion behavior.
decrease in

A

C was observed while a d increased. The overall net effect of the increase

and decrease was no predicted change in the bulk CTE.

While there is little expected

change in the overall bulk behavior, CTE anisotropy was significantly reduced from Aa =
11.7to Aa = 8.5.
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CHAPTER 4:
EFFECT OF PROCESSING ON OXIDATION OF Ti^Si^

A paper published in Materials Research Society Symposium Proceedings^

Andrew J. Thorn, Youngman Kim, and Mufit Akinc
Ames Laboratory and Department of Materials Science and Engineering

Abstract

The mechanical properties and oxidation resistance of HIPed Ti^Si^ have been
measured. HIPing submicron size powder compacts produces a crack-free, fine-grained
microstructure with significantly higher hardness and toughness than a coarse-grained
microstructure which contains microcracks within larger grains. Oxidation resistance is
influenced by the grain size.

Coarse-grained material has much lower mass gain than

fine-grained material in an oxidizing atmosphere and exhibits parabolic oxidation kinetics.
The oxidation resistance of fine-grained

material was measured between 700°C and

1000°C in air. Mass gain at 120 hours was measured to be 0.07 mg/cm" at 700°C. At
900°C cracking of the scale leads to linear oxidation kinetics and significantly higher mass
gain.

' Reprinted with permission from Materials Research Society Symposium Proceedings
1993, 288, 1037-1042. Copyright © Materials Research Society.
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I. Introduction

Silicides have received considerable attention as potential high temperature
structural materials.

Of the less commonly investigated silicides[l], Mo^Si^, Nb^Si^,

Cr^Sij, Zr^Sig, Ti^Si^, V^Si^, and Ta^Si^ are particularly interesting as potential high
temperature materials. Among this group of materials, Ti^Si^ is attractive due to its low
density, high melting point, potential oxidation resistance, and interesting interstitial
chemistry.

The previous work indicates that the monolithic material suffers from

microcracking [2-7] which degrades the mechanical properties.

Additionally, the

oxidative behavior of Ti^Sig has received only limited attention[2,7,8].
In this paper, the effect of processing upon the mechanical and oxidative behavior of
Ti^Si^ is studied.

In particular, the influence of grain size on the mechanical and

oxidative behavior is discussed.

II. Experimental

Ti^Sig was synthesized in 125g batches. A stoichiometric mixture of titanium and
silicon was arc-melted under an argon atmosphere using a non-consumable electrode. The
buttons were milled to -325 mesh (<43 f.im) powder in a WC-lined mill.

X-ray

diffraction patterns indicated the powders were single phase Ti^Si^ with the Mn^Si^-type
structure. Powders were then milled for up to an additional six hours. Submicron size
powders were pressed into 15mm x 15mm x 60mm bars, coated with boron nitride, and
HIPed in a borosilicate encapsulating glass at 206 iMPa at 1250°C for 10 hours. A slow
cooling rate of l-2°C/min was used to minimize bulk thermal stresses and reduce
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cracking. Room temperature hardness and fracture toughness were measured by Vickers
indentation technique.
Specimens for thermal oxidation studies were prepared by cutting 10mm x 5mm x
2mm coupons from the HIPed bar. These coupons were polished through 0.05(.im Al^O^
abrasive. Samples were suspended from a sapphire hangdown wire in a TGA and heated
at 20°C/min in a flowing stream of synthetic air (mixture of 79%N^-21%0^, free of
H^O). Continuous isothermal oxidation was measured for up to 120 hours.

III. Results and Discussion

The grain size of the HIPed monoliths varied significantly with initial powder size.
A starting powder of -325 mesh produced a coarse-grained microstructure of 10-25|.im
which exhibited transgranular microcracks.

A starting powder which was milled for an

additional six hours produced a fine-grained microstructure of l-2|iim and was free of
microcracks.

The room temperature hardness and fracture toughness increased as the

grain size decreased. The fine-grained material had hardness and toughness values up to
17.1±0.7 GPa and 2.9+0.2 MPa'm''^, respectively, for an indentation load of 500 g.
The corresponding values for the coarse-grained material were 9.1+0.5 GPa and 1.6+0.2
MPa*m''^ . The lower values of hardness and fracture toughness exhibited by the largegrained material are attributed to the transgranular microcracking. This microcracking is
believed to arise from the large thermal expansion anisotropy of the material [9]. The
coefficient of thermal expansion (CTE) as measured by high temperature x-ray diffraction
is: a d. = 8.7+0.2 ppm/K and a c - 20.4±0.4 ppm/K. The large difference between a_3.
and

(thermal expansion anisotropy) results in large thermal stresses during processing

which may exceed the strength of the material when the grain size exceeds a critical
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value[10].

Residual stresses which develop during cooling from the processing

temperature are believed

to cause

transgranular

microcracking

in

large-grained

microstructures.
Oxidation resistance measurements indicated that the coarse-grained material
showed good oxidation resistance at 1000°C.

The mass gain after 72 hours was 1.5

mg/cm~ and was parabolic with a rate constant of 0.027 mg^/cm'^/hr.

Fine-grained

material showed significantly lower oxidation resistance, experiencing nearly an order of
magnitude increase in mass gain at 1000°C after 72 hours.
showed a complex scale development.

The fine-grained material

An outer 10 |.im thick layer of TiO^ formed.

Below this layer was a 10 |.im layer composed of TiO^ particles mixed with a
discontinuous silicon rich, titanium depleted phase, presumably SiO^.
oxidation resistance of fine-grained

The lower

material is likely related to the increased grain

boundary area. A continuous, protective SiO, layer was not observed to form.
The oxidative behavior of the fine-grained material was further investigated from
700°C-1000°C in air.

For each temperature, two flow rates were used, 30 and 150

ml/min. If linear oxidation kinetics occurred, a dependence of the linear rate on gas flow
would indicate that the supply of oxygen at the surface is the rate determining step[ll].
Figure 1 shows the isothermal oxidation at 700°C. The mass gain is quite small, less than
0.07 mg/cm^ after 120 hours. Figure 2 shows the isothermal oxidation at 800, 900, and
1000°C. Mass gain increases as temperature increases. The complex nature of the scale
development is evident from the changing oxidation kinetics outlined in Table I.

Two

equations are listed when the data are intermediate between two rate equations. There is
similar behavior in the oxidation kinetics between flow rates at each temperature except at
800°C which indicates reproducibility of the data.
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Figure 1:

Isothermal oxidation of fine-grained Ti^Si^ at 700°C in air at low and
flow rate (30 and 150 ml/min).
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Figure 2:

Isothermal oxidation of fine-grained Ti^Si^ in air from 800°C-I000°C at low
and high flow (30 and 150 ml/inin). Curves for high flow rate at each
temperature are labeled.
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All samples show an initial transient oxidation.

This initial rate changes as the

scale grows inward, and a second rate-controlling mechanism dominates. At 700°C and
800°C, the steady state oxidation rate is between parabolic and cubic. The low level of
mass gain at 700°C approaches the sensitivity of the microbalance and prevents an
accurate determination of the steady state reaction kinetics.

At 800°C and low flow,

transient paralinear oxidation occurs up to 15 hours and changes to cubic oxidation at 22
hours.

At 800°C and high flow, the transient oxidation is parabolic and changes to a

higher parabolic rate after 22 hours. Since these are not linear mechanisms, flow rate is
not expected to cause this different behavior.

Table I: Oxidation Kinetics

4-

CO

Flow
Rate

Time Scale/
Rate Equation

Time Scale/
Rate Equation

700

low

0-3 hrs/Log

3-120 hrs/PB,C

high

0-3 hrs/Log

3-120 hrs/PB,C

low

0-15 hrs/PL

22-70 hrs/C

high

0-15 hrs/PB

22-70 hrs/PB

low

0-3 hrs/PL, PB

10-30 hrs/Log

> 30 hrs/L

high

0-3 hrs/PL,PB

10-30 hrs/Log

> 30 hrs/L

low

0-3 hrs/L

7-35 hrs/Log

>40 hrs/L

high

0-3 hrs/L

7-35 hrs/Log

>40 hrs/L

Temp

800

900

1000

Time Scale/
Rate Equation

"^Abbreviations used for the rate equations fit to the data are as follows:
Log=direct logarithmic, C=cubic, PB=parabolic, PL == paralinear, and
L=linear.
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The linear rate constants at 900°C for long times (t>30 hours) and 1000°C for short times
(t=0-3 hours) for low and high flow rate are nearly identical, indicating that the rate
determining step is not associated with an adsorption of oxygen. The increased rate for
1000°C for low flow and (t>40 hours) may be due to formation of stress cracks in the
scale which exposed large amounts of new surface. The linear rate at (t>40 hours) is
slighdy less than the initial rate for (t=0-3 hours), indicating this to be a plausible event.
For both 900 and 1000°C, the linear rates are associated with the cracking of the scales,
causing short circuit paths to the base material and allowing for an increased rate of mass
gain.
No scale formation was observed for samples exposed to air at 700°C.

The

external surface was slightly tarnished, indicating the presence of a thin tllm. The scale
formation from 800 to 1000°C is shown in Figure 3. A dense outer 15 |.im thick layer
forms at 800°C. Dendrites about 12 urn wide grow from this outer layer into the base
material. The total thickness of the layer and dendrites is about 150 (.im. At 900°C the
dense outer layer has grown to 35 |.im. The dendrites have coarsened to about 50 |.un in
width, and the total thickness is about 275 f.im. At 900°C the mass gain is about twice
that at 800°C. The increased thickness at 900°C accounts for most of the mass gain. By
1000°C the dense outer layer has separated into a two phase region as seen in the previous
oxidation study of the fme-grained material.

The dendrites have grown in width to

consume all of the base material so that no base material extends to the dense outer scale.
The total thickness is about 300 |.im. The mass gain has increased by 15% from 900°C,
and this increase is reflected in the increase in total thickness to 300 )Lim and the
coarsening of the dendrites.

'•f

Figure 3:

Microstructures of fine-grained Ti^Si^ oxidized in air. (a),(b) 800°C for 115
hours, (c),(d) 900°C for 72 hours, (e),(f) 1000°C for 60 hours.
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IV. Conclusions

Dense, microcrack-free Ti^Si^ was produced by HIPing powder milled to
submicron size.

Hardness and fracture toughness improves as grain size decreases.

Oxidation resistance appears to decrease as grain size decreases, presumably due to
increased grain boundary diffusion.
700°C is excellent.

For fine grained material, oxidation resistance at

Above 700°C oxygen uptake increases significantly as temperature

increases. By 900°C substantial cracking occurs to prevent the formation of a protective
scale and linear oxidation kinetics dominate.
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CHAPTER 5:
IMPROVED OXIDATION RESISTANCE OF TigSij BY SMALL ATOM DOPING

A manuscript to be submitted to Journal of Materials Science

Andrew J. Thorn and Mufit Aidnc
Ames Laboratory and Department of Materials Science and Engineering

Abstract

Refractory intermetallic silicides are receiving increasing consideration for use as
high temperature structural materials.

Ti5Si3-based compositions are attractive due to

their ability to incorporate a variety of ternary interstitial additions.

These ternary

additions present a unique opportunity to potentially tailor physical properties. Previous
experimental work by the authors has shown that these additions significantly increase the
otherwise poor oxidation resistance of undoped Ti5Si3 above 700°C. Recent experimental
work by the authors on the oxidation of small atom doped Ti5Si3 is discussed. Interstitial
additions of boron, carbon, and oxygen substantially improve the isothermal oxidation
resistance of Ti5Si3 up to 1079°C.
significant improvement.

In contrast, added nitrogen does not provide

Even up to 1306°C, interstitial oxygen imparts excellent

oxidation resistance with a mass gain of 1.1 mg/cm^ after 240 hours.
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I. Introduction

Tlie need for improved-performance high temperature structural materials has
generated considerable interest in the processing and properties of advanced intermetallics.
The status of intermetallic research pertaining to high temperature structural applications
has been summarized by several authors (1,2,3,4,5).

Anton et al. have recommended

several selection criteria for determining candidate material systems (1).

One of these

criteria is adequate oxidation resistance, and thus silicon-bearing intermetallics are
candidate materials since they are more likely to form protective scales.

A5Si3

intermetallic silicides (A=transition metal) are particularly interesting since this phase is
typically the highest melting phase in the respective A-Si binary phase diagram.

The

compound Ti5Si3 is particularly attractive because of its high melting point of 2130°C,
adequate oxidation resistance at moderate temperatures, and low density of 4.32 g/cm^.
Liu et al. (6) produced alloys of Ti-29Si-8Cr, Ti-33Si-4Cr-4Zr, and Ti-36.5Si by
arc melting and casting.

Isothermal oxidation of these alloys at 800°C in air showed

parabolic oxidation for the last two alloys with a mass gain of 0.88 and 0.98 mg/cm^ at
120 hours. The alloy of lowest silicon content showed linear oxidation with a mass gain
of 1.8 mg/cm- at 120 hours. All three alloys formed adherent scales. Anton and Shah (7)
performed cyclical oxidation testing of arc-cast Ti5Si3 at 1149°C.
mass gain was about 31 mglcm-.

After 50 hours the

An external brown oxide was observed, and x-ray

diffraction of the oxidation products indicated 75-80 vol.% Ti07 (rutile), 20 vol.%
hexagonal Ti5Si3 and less than 5 vol.% tetragonal Si02 (a-cristobalite).
While Ti5Si3 has adequate oxidation resistance up to about 800°C,

use

temperatures for new high temperature structural applications extend well in excess of
1000°C. A key to the potential usefulness of Ti5Si3-based materials lies in the ability to
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vary composition by the incorporation of ternary interstitial additions.

This capability

arises from the ability of the hexagonal Mn5Si3-type structure to incorporate a wide
variety and amount of atoms in interstitial sites at the corners of the unit cell (8,9,10,11).
This presents an opportunity to tailor properties such as oxidation resistance by making the
proper interstitial addition.

II. Experimenta!

Nominal compositions of Ti5Si3Zx (Z = B,C,N,0 and x = 0.25, 0.50, 0.75) were
synthesized.

The details of the synthesis and characterization of these materials are

discussed elsewhere (12).

Arc-melted buttons were milled to produce fine powders.

Atmospheric control is necessary because finely milled Ti5Si3 will visibly combust when
exposed to ambient air. Therefore, during powder processing of Ti5Si3, material must be
handled in an inert atmosphere. To accomplish this, operations were performed inside a
glovebox which contained an argon atmosphere and an attached recirculating purification
system to maintain a low water and oxygen content, with oxygen measured to be less than
0.5 parts per million (ppm).
Powders (Z == B, N, O) were prepared by loading arc-melt material into a WClined mill inside the glovebox and milling within the glovebox for 90 minutes.

Aspirin

was used as a grinding additive to reduce caking of the powders and increase grinding
efficiency. The milled powder was sieved to -635 mesh (less than 20 j-im). Pellets were
cold-pressed inside the glovebox in a 13 mm diameter die at 87 MPa, yielding typical
green densities of about 62% of theoretical (p^ = 4.32 g/cm^). The pellets containing a
grinding additive were slowly heated at 2°C/min. and prefired at 1000°C, in flowing
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ultra-high purity (UHP) argon, to burnout the grinding additive prior to encapsulation for
hot isostatic pressing (HlPing).
The green bodies were then embedded in boron nitride powder and sealed into
borosilicate tubes at 10"^ Torr argon. Material was HIPed at 206 MPa and 1200°C for 10
hours. A slow cooling rate of l-2°C/min. was used to minimize bulk thermal stresses and
reduce cracking.
The undoped and carbon-doped material discussed in this paper was produced prior
to the availability of the above mentioned facilities, and processing of the material has
been discussed elsewhere (13,14,15). In summary, the arc-melt material was ground in a
Spex mill inside an argon filled glovebox. Oxygen was judged to be less than 10 ppm
based on the exposed light bulb filament test. The material was milled without a grinding
aid which contributed to significant caking of the powder. Milled material was sieved to
-325 mesh and pressed into a pellet in a die using a hydraulic press outside the glovebox.
The powder was handled within an argon-filled glove bag during the pressing operation to
minimize exposure to ambient air.

Samples of coarse-grained, undoped material were

similarly prepared by using commercially available, unmilled -325 mesh powder. HIPing
was performed as described above with the exception that the pellets were sprayed-coated
with a BN solution and embedded in borosilicate powder. Material was then HIPed as
described above.
Specimens for isothermal oxidation studies were prepared by cutting coupons from
HIPed material. A 0.5 mm diameter hole was EDM-drilled in the coupons from which lo
suspend the samples in a vertical tube thermogravimetric analyzer (TGA) using a 125 ^m
diameter sapphire fiber. Test coupons were polished through 0.05 |Lim AI2O3 abrasive,
rinsed in acetone, and dried at 105°C for 24 hours. The coupons were then loaded into
the TGA and heated at 20°C/min. in flowing synthetic 'zero' air (H2O < 3.5 ppm and
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total hydrocarbons <0.8 ppm). Sample surface area varied from 1-2 cm^. Continuous
isothermal weight change was measured for up to 240 hours.
Steady state oxidation rate constants were determined from the mass gain data
using the following equations:
(M)=. k ' - i - +

(1)

(2)

(3)

In Eqs. 1-3, Am is the mass change which occurs in the time interval / after attainment of
the isothermal temperature and A is the initial surface area. The linear and parabolic rate
constants are given by kj and kp, respectively, while cj is simply the intercept calculated
from the regression analysis. Equation 3 describes paralinear kinetics in which a parabolic
and linear process are simultaneously acting as rate determining mechanisms. It should be
noted that a negative linear rate constant in paralinear kinetics indicates that a net mass
loss process is occurring. However, the linear rate constant calculated from Equation 3
for such a process is not correct and can only be used as a relative indicator. The rate
constant is dependent on scale growth and volatilization, and calculation of such constants
has been recently discussed by Opila (16). As indicated by Pieraggi (17), parabolic rate
constants determined from plots of

have lower relative error and can be

determined in much shorter time durations than from plots of
The scales of the oxidized samples were analyzed by x-ray diffraction (XRD).
Cross-sections of selected oxidized samples were analyzed by optical and scanning
electron microscopy (SEM), including elemental analysis by x-ray dot mapping and spot
analysis by energy dispersive spectroscopy (EDS).
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III. Results

1. Composition and Structure
The synthesis and characterization of the arc-melted material used in this study has
been discussed elsewhere (12).

Table I shows the chemical analysis of the arc-melted

materials, indicating the presence of the intended dopant at levels reasonably close to the
nominal (batched) composition.

Powder x-ray diffraction (XRD) indicates that each

composition maintains the Mn5Si3-type structure of the undoped Ti5Si3.

Chemical

analysis for silicon content was performed on selected arc-melted samples. Silicon was
measured by a wet chemistry technique, and all samples lost silicon, probably from
volatilization during arc-melting.

Table I: Chemical Analysis of Arc-Melted Ti5Si3Zx

Nominal
Composition
TijSig

Alloy
Designation

Analyzed
Composition (x)

—

—

Ti5Si3Co.25

C25

0.25

Ti5Si3Co,5o

C50

0.58

Ti5Si3Co.75

C75

0.71

Ti5Si3Bo.25

B25

0.18

TisSisBojs

B75

0.75

Ti5Si3No.25

N25

0.17

Ti5Si3No.75

N75

0.52

Ti5Si30o,25

025

0.27

Ti5Si30o.75

075

0.65
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By assuming that the amount of Ti and Z is the same as originally batched, the proportion
of Ti, Si, and Z can be calculated for each composition. These compositions are shown in
Table II. These calculated compositions were compared to available phase diagrams for
Ti-Si-Z systems (18,19,20), and the phases predicted to be present are listed in Table III.
With the exception of Ti5Si3No,25- each composition is predicted to contain additional

Table II: Chemical Composition Based on Silicon Analysis
Nominal
Composition

Ti (at%)

Si (at%)

Z (at%)

TisSis

67.5

32.5

Ti5Si3Co.24

63.3

33.7

Ti5Si3Co.85

58.9

31.1

Ti5Si3Bo,25

63.3

33.5

3.17

Ti5Si3Bo.5o

61.6

32.3

6.16

Ti5Si3No.25

63.7

33.1

3.18

Ti5Si3No.75

59.3

31.8

8.90

3.04
10.0

Table III: Predicted Phases for Selected Arc-Melted Compositions
Nominal
Composition

Predicted phases based on
chemical analysis

T»5Si3

Ti5Si3 + P-Ti

Ti5Si3Co,24

Ti5Si3Cx + TiCy and/or P-Ti

Ti5Si3Co.85

Ti5Si3Cx + TiCy

Ti5Si3No.25

TisSisN,
TigSigNx + TiNy and/or TiSi
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phase(s). Generally, the composition points lie close to the Ti5Si3Zx phase field so that
only small amounts of additional phase(s) are predicted.

However, about 8% TiCy is

predicted for Ti5Si3Co.85- Figure 1 shows an optical micrograph of HIPed C85 in which
a precipitate phase is clearly visible. The precipitate phase is also observed in C75, C50,
and C25, decreasing in proportion to carbon content. Visual inspection indicates that the
proportion of the precipitate phase in C85 is somewhat greater than in C75.

The

proportion in C50 is somewhat less than in C25, with both substantially less than C85.
EDS spot analysis indicates the precipitates to be Ti-rich and nearly Si-void with
measurable carbon.

A XRD scan of -635 mesh CBS powder from 34-44° 29 with 10

seconds counting time is shown in Figure 2 and clearly indicates the (100) and (110) peaks
for TiCy. However, TiCy is not detected in C75, C50, or C25 by similar XRD analysis.
Based on the microstructural observations, TiCy precipitates are judged to be present in
each of the carbon-doped materials.

TiCy has poor oxidation resistance at elevated

temperatures, and its effect on oxidation resistance of the carbon-doped material will be
discussed later.

2. Oxidation of Undoped Ti5Si3
The isothermal oxidation of undoped Ti5Si3 has been previously investigated from
700-1000°C in zero air (13,15). In summary, material at 700°C showed mass gains of
less than 0.1 mg/cm^ after 120 hours. For temperatures from 800-1000°C, the samples
showed initial transient oxidation followed by onset of a higher rate of mass gain. Figure
3 shows the mass gain of Ti5Si3 oxidized from 967°-l 191 °C in the present work. Coarse
grained (CGI) material at 1079°C behaves like fine-grained (FGl) material at 967°C.
While mass gain increases with increasing temperature from 967-1079°C, mass gain
significantly decreases at 1I91°C.

This behavior is consistent with that observed for
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Figure 1: Optical micrograph of HIPed Ti5Si3Co §5 showing precipitate phase.
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Figure 2: X-ray diffraction pattern of Ti5Si3Co.85, indicating presence of TiCy (S
denotes silicide and C denotes carbide phases).
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Figure 3: Isothermal oxidation of Ti5Si3 in zero air from 967°-1191°C.
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oxidation of titanium (21) in which the outer rutile scale coarsens from sintering,
decreasing the relative contribution of inward grain boundary diffusion of oxygen so that
slower inward volume diffusion of oxygen becomes the rate limiting step.
Steady state oxidation kinetics are given in Table IV.

Between 967°-1079°C,

steady state linear kinetics are achieved after about 40 hours. The linear rate constants for
the three samples are approximately 0.1 mg/cm^/hr.

However, at 1191°C parabolic

kinetics are observed as mass gain significantly decreases.

Table IV: Steady State Rate Constants for Oxidation of Undoped Ti5Si3

Temp.(°C)

Rate^

Value''

Fine-grained

Alloy
Designation
FGl

967

L

0.10

Time
(hrs)
t>45

Fine-grained

FG2

1079

L

0.099

t>40

Coarse-grained

CGI

1079

L

0.13

t>40

Coarse-grained

CG2

1191

P

0.10

t>4

Material

linear; P=parabolic
''L(mg/cm2/hr), P(mg2/cm'*/hr)

X-ray diffraction of the exterior scale of FGl, FG2, and CGI reveals a well developed
rutile scale with no indication of the underlying Ti5Si3. A rutile scale is also detected on
CG2, and the decreased mass gain is evidenced by presence of the underlying Ti5Si3based peaks.

Crystalline silica as a-cristobaiite is also present in the CG2 scale.
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3. Oxidation of Carbon-Doped Ti5Si3
The addition of carbon to Ti5Si3 dramatically improves oxidation resistance at
1000°C (15). Figure 4 shows the oxidation behavior of Ti5Si3Cx (x=0.25, 0.50) from
1000°-1306°C for the present work. For temperatures up to 1191°C, carbon additions
promote a significant decrease in mass gain compared to undoped material.

For both

compositions, increasing temperature to 1079°C results in a lowering of overall mass
gain. This is behavior is similar to the trend observed for the undoped material in which
increasing temperature from 1079°C to 1191°C produced a reduction in overall mass
gain. Table V gives the steady state oxidation kinetics of carbon-doped Ti5Si3. The rate
constant for C25 decreases as temperature is increased to 1079°C while the duration of
transient oxidation also decreases.

C50 changes from linear to parabolic kinetics as

temperature is increased from 1000°-1079°C. This change indicates a change in the rate
controlling process.

However, protective behavior is lost at 1306°C where C50

experiences rapid mass gain.
XRD of the oxidized scale of C25 shows that rutile is present and that the relative
amount increases from 1079°-1191°C.

The scale is thin since Ti5Si3-based peaks are

detected through the rutile scale, although no crystalline silica is detected. The relative
amount of rutile in C50 decreases as temperature increases from 1000°-1079°C, and once
again visible Ti5Si3-based peaks indicate the thin nature of the external scale.

As

temperature is increased to 1306°C, only rutile is detected, consistent with the substantial
mass gain observed.
Higher levels of carbon promote similar improvements in oxidation resistance with
overall mass gain increasing as temperature increases. The oxidative behavior of Ti5Si3Cx
(x=Q.75, 0.85) is shown in Figure 5. As seen in Table V, both C75 and C85 exhibit
linear kinetics at 1191 °C, with C85 transforming from parabolic to linear behavior while
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Figure 4: Isothermal oxidation of Ti5Si3Co.25 and Ti5Si3Co 50 in zero air at
1000°-1306°C.
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the linear rate constant of C75 increases.

The linear kinetics for C75 at 1079°C

distinguish it from C25, C50, and C85 which all exhibit parabolic kinetics.
XRD of oxidized C75 indicates that the amount of rutile increases from 1079°1191 °C, and Ti5Si3-based peaks are visible at both temperatures. No crystalline silica is
detected at 1079°C, but at 1191°C cristobalite is indicated by the faint peak (101) at 22°
29. XRD of C85 shows the amount of rutile is about the same, consistent with the small
difference in mass gain from 1079°-1191°C.

Cristobalite is present at 1191 °C, and

Ti5Si3-based peaks are visible at both temperatures for C85. The small increase in mass

Table V: Steady State Rate Constants for Oxidation of Ti5Si3Cx
Alloy

Temp.(°C)

Rate^

Value^

C25

1050

P

5.3 x 10-3

Time
(hrs)
t > 81

1079

P

6.6 x 10-4

t > 36

1191

L

2.7 x 10-3

t > 40

1000

L

2.6 X 10-3

t > 100

1079

P

7.6 X 10-4

t > 50

1079

L

1.8 X 10-3

t > 60

1191

L

5.9 X 10-3

t > 20

1079

P

1.3 X 10-3

t > 36

1191

L

2.7 X 10-3

t > 60

C50

C75

C85

®L=linear; P=parabolic
'^L(mg/cm-/hr), P(mg2/cm4/hr)
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gain for C85 at 1191°C relative to 1079°C may indicate the formation of a protective
layer of crystalline silica.

4. Oxidation of Boron-doped Ti5Si3
The addition of boron promotes an increase in oxidation resistance similar to that
observed with the addition of carbon. Figure 6 shows the oxidation behavior of boron
containing material. As with carbon additions, the overall mass gain of B75 decreases as
temperature increases from 1000-1079°C, while B25 does not experience a similar
temperature effect. Considering the steady state oxidation kinetics given in Table VI, B25
has a lower parabolic rate constant at 1000°C compared to the significantly larger linear
rate constant for B75. As temperature is further increased to 1306°C, both compositions
exhibit significant increases in mass gain.
XRD of B25 oxidized at 1000°C indicates rutile with underlying Ti5Si3 peaks.
The coupon contains a 'stain' on one side which corresponds to a substantial increase in
rutile compared to the 'nonstained' side of the coupon. This difference may be related to
differences in surface preparation of the coupon prior to oxidation.

At 1306°C, B25

shows substantial mass gain which coincides with the growth of discrete 1-2 mm diameter
patches of rutile on the coupon surface. The non-patchy areas presumably contain a thin
rutile scale, since underlying Ti5Si3 peaks are visible through the scale.

No crystalline

silica is detected at either temperature.
The scale on B75 at 1000°C contains rutile and underlying Ti5Si3 peaks are still
visible. As temperature is increased to 1079°C and mass gain decreases, both rutile and
crystalline silica are detected, the latter presumably present as devitrified borosilicate
glass. By i306°C the underlying Ti5Si3 peaks are no longer visible, and this corresponds
to a uniform, thick scale which covers the entire surface, in contrast to B25. Silica is still
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Figure 6: Isothermal oxidation of 7158136^^ in zero air from 1000-1306°C.
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Table VI: Steady State Rate Constants Oxidation of Ti5Si3Bx
Alloy

Temp.(°C)

Rate^

Value''

B25

1000

P

1.5 x 10-3

Time
(hrs)
16 < t < 81

P

2.6 X 10-3

t > 64

1306

L

2.4 X 10"'

t > 30

1000

L

1.6 X 10-2

t > 30

1079

L

4.2 X 10-3

t > 90^

1306

L

1.9 X 10-2

t > 40

B75

^L=linear; P=parabolic
L(mg/cm2/hr), P(mg2/cm'^/hr)
data mostly lost before 90 hrs

present, and the scale is observed to be less adherent, as pieces spalled from the edges of
the oxidized coupon during handling at room temperature.
Figure 7 shows a composition backscattered electron (BSE) image of the scale
which develops on B75 oxidized at 1079°C. Due to the tine nature of the scale, EDS spot
analysis and x-ray dot mapping were inconclusive.

However, coupling the XRD scale

analysis with the BSE image contrast observed in the duplex phase assemblage indicates
that the scale consists of a crystalline silica matrix (presumably borosilicate) forming a
thin continuous layer with a substantial volume fraction of rutile particles. The total scale
thickness is 2-3 |.im with 1 |Lim-sized irregular-shaped rutile particles.

5. Oxidation of Nitrogen-doped Ti5Si3
Nitrogen doped material has about the same oxidative stability as undoped
material.

Figure 8 shows that nitrogen-containing material behaves nearly identically to

im.
/^r<>
«JW5:x."
WMmm

Figure 7: Backscattered electron image of TisSijBo.vs oxidized at 1079°C for 130
hours.
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Figure 8: Isothermal oxidation of Ti5Si3Nx from 1000-1306°C in zero air.
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undoped material. N25 shows a decrease in overall mass gain as temperature is increased
from 1000°-1200°C with substantial increase in mass gain at 1306°C.

N75 behaves

somewhat differently in that mass gain at 1000°C emd 1306°C is similar. Comparing the
steady state rate constants given in Table VII, both N25 and N75 at 1000°C have linear
rate constants similar to that of undoped material between 967°-1079°C (Table IV).

Table VII: Steady State Rate Constants for Oxidation of Ti5Si3Nx

Alloy

Temp.(°C)

Rate"

Value"^

N25

1000

L

1.1 X 10-1

Time
(hrs)
t > 0

1200

P

6.3 X 10-2

t > 20

1306

L

4.0 X 10-1

t > 8

1000

L

1.8 X 10-1

t > 25

1306

L

1.4 X 10-1

t > 50

N75

^L=linear; P=parabolic
L(mg/cm2/hr), P(mg2/cm^/hr)

Similar to undoped material, N25 exhibits parabolic kinetics at 1200°C, although the
undoped material tended toward paralinear kinetics. Interestingly, the linear rate constant
of N75 at 1306°C is lower than the linear rate constant at 1000°C.

However, no

statistical uncertainty is associated with the rate constants, and given the substantial mass
gain observed for N75 at both temperatures, the significance of this observation is
overshadowed.
From 1000°-1200°C, XRD shows that N25 is covered with a thick rutiie scale
with no crystalline silica detected and through which no Ti5Si3 peaks are detected.

By
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1306°C silica is present and tiie relative amount of rutile has significantly decreased.
Ti5Si3 peaks are present, and it is likely that some of the scale spalled during handling at
room temperature.

N75 at 1000°C is covered by a rutile scale and no Ti5Si3 or silica

peaks are detected.

At 1306°C the rutile pattern changes signitlcantly and the peaks no

longer match their expected relative intensities, likely reflecting texturing and grain
growth.
Figure 9 shows the scale developed on N75 at 1000°C. The dendritic phase is
highly Si-deficient and is contained in a matrix phase that is Si-enriched and slightly Tidepleted, probably Ti(N,0)x dendrites within a TiSi^ matrix. The outer 5 i^im of the scale
is Ti-rich and Si-void, presumably rutile. The dendritic microstructure is very similar to
that developed on undoped material at 800°C (13,14,15).

6. Oxidation of Oxygen-Doped Ti5Si3
The oxidative behavior of 075 and 025 is shown in Figures 10 and 11,
respectively. The behavior of oxygen-containing material is distinctly different than the
other compositions tested.

No transition to a lower mass gain regime at increasing

temperature is observed, as was seen in Figures 4, 6, and 8 for C25, C50, B75, and N25.
In particular, the overall mass gain is seen to increase from I000°-1306°C for both 025
and 075.

The mass gain for 075 is larger than that for 025 at each temperature.

Particularly interesting is that protective behavior maintained by 025 up to 1306°C.
As described in Table VIII, 025 undergoes a transition from linear to parabolic
oxidation kinetics as temperature is increased from 1000°-1200°C. Oxidation of 025 at
1306°C is slightly better described by paralinear kinetics.

075 maintains reasonable

protective behavior during oxidation at 1079°C, but at 1306°C the large linear rate
constant reflects that extremely rapid mass gain is occurring. The scale on 025 contains
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Figure 9; Backscattered electron
image of Ti5Si3No.75 oxidized at 1000°C for 50
hours.
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Figure 10: Isotliermal oxidation of Ti5Si30o.75 in zero air from 1079-1306°C.
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Figure 11: Isothermal oxidation of Ti5Si30o.25 in zero air from 1079-1306°C.
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rutile in increasing amounts as oxidation temperature increases from 1000°-1306°C.
Underlying Ti5Si3 peaks are present after oxidation at each temperature, and cristobalite is
detected after oxidation at 1200° and 1306°C. As was observed for B75, this indicates
that the vitreous silica layer is crystallizing between 10GO°-1200°C. For 075 oxidized at
1079°C, a substantial amount of rutile is present in the scale. After oxidation at 1200°C,
Ti5Si3 peaks are not detected through the rutile, but after oxidation at 1306°C, spalling of
the scale during coupon handling at room temperature leads to presence of underlying
Ti5Si3 peaks. Cristobalite is faintly visible after oxidation at 1200°-1306°C.
Figure 12 shows a compositional BSE image of the scale which developed on 025
oxidized at 1306°C for 240 hours. The small bright spots correspond to charging of

Table VIII; Steady State Rate Constants for Oxidation of Ti5Si30x
Alloy

Temp.(°C)

Rate^

Value''

025

1000

L

1.8 X 10-3

Time
(hrs)
t > 50

1200

P

2.9 X 10-3

t > 30

1306

PL

4.1 X 10-3 (P),
8.2 X 10-4 (L)

t > 36

P

6.7 X 10-3

t > 36

1079

L

6.3 X 10-3

t > 60

1200

L

1.9 X 10-2

t > 100

1306

L

1.6

t < 3.5

075

accelerating
®L=linear, P=parabolic, PL=paralinear
^ L(mg/cm2/hr), P(mg2/cm'4/hr)

t > 3.5
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Figure 12: Compositional BSE image of Ti5Si30o.25 oxidized at 1306°C for 240
hours.
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residual alumina polishing media. EDS spot analysis and x-ray dot mapping indicate that
the scale is composed of Ti-rich, Si-deficient particles in a matrix phase which is Si-rich
and Ti-deficient. EDS analyses and XRD scale analyses indicate the scale consists of a
continuous layer made up of a crystalline silica matrix containing rutile particles.

The

total scale thickness is 5-10 [.im with 3-8 |.im regularly-shaped rutile particles.

The

continuous silica matrix imparts protective behavior to the material.

The scale

morphology resembles that of B75 oxidized at 1079°C (Figure 7) with the exception that a
higher density of rutile particles exists in the scale on B75.
The oxidative stability of the various Ti5Si3Zx compositions at 1306°C are
compared in Figure 13.
completeness.

C25 was tested only up to 1191°C, but it is included for

At this highest test temperature of 1306°C, there is a general loss of

protective behavior with a few notable exceptions.

B75 undergoes rapid transient

oxidation but assumes linear kinetics after about ten hours. The linear rate constant, 1.9 x
10"2 mg/cm2/hr, is about one-fifth the linear rate constant of undoped Ti5Si3 from 967°1079°C.

In addition, protective behavior is maintained for 025 up to 1306°C as

previously described. Mass gain after 240 hours is about 1.1 mg/cm-.

IV. Discussion

1. Grain Size Effects on Oxidation of Undoped Ti5Si3
CGI had a lower mass gain than FG2 at the same temperature (1079°C) and was
comparable to FGl at a lower temperature (967°C).

The effect of grain size of the

substrate on mass gain may be explained by considering the grain size of the external
scale. Caplan and Sproule (22) have shown that etched polycrystalline Cr forms a scale
composed of areas of single crystal and polycrystalline chromia. The single crystal areas
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Isothermal oxidation of Ti5Si3Zx in zero air at 1306°C.
(Data for C25 for oxidation at 1191 °C)
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corresponded to epitaxial growth of the chromia on certain grain orientations of the
polycrystailine Cr substrate.

These single crystal chromia areas persisted during high

temperature oxidation to 1200°C.

This significantly reduced scale growth on the

polycrystailine Cr substrate by limiting inward grain boundary diffusion of oxygen. The
single crystal chromia imparted improved oxidation resistance to the polycrystailine Cr
substrate. The increased grain size of the Ti5Si3 substrate of CG1 and CG2 compared to
the smaller substrate grain size in FGl and FG2 may contribute at least limited regions of
increased grain size of the developing rutile scale on CGI and CG2. The rate of inward
grain boundary diffusion of oxygen and thus overall mass gain in CGI and CG2 would
also be smaller than that in FGl and FG2.
The parabolic kinetics observed for CG2 have been observed for titanium oxidation
(21). Sintering and grain growth of the rutile scale decreases the relative contribution of
inward oxygen grain boundary diffusion in the scale, allowing volume diffusion to
dominate with the consequent assumption of parabolic kinetics.

2. Oxidation Kinetics of Ti5Si3Cx
The presence of TiCy precipitates in Ti5Si3Cx, as previously discussed, will
influence the overall measured mass gain for Ti5Si3Cx (Figures 4 and 5) and calculated
oxidation kinetics (Table V).

The morphological effect of the oxidation of the TiCy

precipitates is seen in Figure 14. The oxidized particles form nodules which protrude
from the surface, probably as the result of the 54% volume increase which occurs during
formation of rutile from TiCy. The presence of TiCy in the Ti5Si3Cx specimens tested
suggests that the measured steady state oxidation rate constants given in Table V do not
accurately describe the intrinsic oxidation characteristics of single-phase Ti5Si3Cx.

The

oxidation of TiCy proceeds linearly after a transient oxidation period of up to one hour
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Oxidi^ scale

Figure 14:

Compositional BSE image of Ti5Si3Co.25 oxidized at 1079°C for 120
hours. The nodule protruding from the surface is the remains of a
TiCy particle.
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(23,24). For TiCy contained within a Ti5Si3Cx matrix, the oxidation process may proceed

as either (i) rapid oxidation of TiCy leading to complete consumption of all TiCy with no
further contribution to the experimentally measured mass gain, or (ii) oxidation of TiCy as
a steady state linear process concurrently with steady-state Ti5Si3Cx oxidation.

The

following observation rules out case (i). Lavrenko et al. oxidized hot-pressed TiCy and
measured a linear rate constant of 3.1 mg/cm^/hr in 740 Torr oxygen at 1100 °C with a
corresponding mass gain of 13.4 mg/cm- after 3 hours. This mass gain data predicts that
C85, which contains about 8 vol% TiCy, would experience an approximate mass gain,

based on a 2 cm^ sample, of 13.4(2)(0.08) = 2.1 mg after 3 hours at 1100°C.
Experimental data for C85 at 1079°C for 3 hours shows a mass gain of about 0.1 mg/cm^
on a 2 cm2 sample or about 0.2 mg. The observed mass gain of C85 is about an order of
magnitude lower than that predicted due to TiCy oxidation, suggesting oxidation of TiCy
is proceeding much slower than expected.

This clearly rules out case (i), and so

composite oxidation can be approximated according to case (ii). Neglecting the transient
oxidation of the composite, the steady state mass gain is given by;

(4)

where

and kf are the area fraction and linear rate constant of TiCy, and kp and kf

are the parabolic and linear rate constants for Ti5Si3Cx. The experimental data can be
modeled as a second order polynomial of the form:

(5)
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which is parallel in form to Eq. 4 where c^, is an intercept calculated from the regression
analysis, c, = (l-/c)^p,

and

^

If fc is known and assumed

constant, then kp can be uniquely determined from c,.

The values of c, and cs

determined from multiple linear regression analysis for carbon-doped material at 1079°C
are given in Table IX.

This analysis predicts that C75 has the lowest parabolic rate

constant, and this is expected since linear steady state oxidation was originally predicted in
Table V.

Although /:/ and A-/ cannot be uniquely determined from 62, the sign of cs

indicates the relative contribution that each linear process makes to the overall mass
change. The negative value of c-, implies that A/ is negative, suggesting a net mass loss
event is occurring. The decrease in cs with decreasing carbon composition may simply
reflect the decrease in TiCy content.

Table IX: Parabolic Rate Constants from Eq. 5 for Ti5Si3Cx Oxidized at 1079°C
Alloy

^'i

C2

fc

kp (mg2/cm'^/hr)

C25

2.65e-2

-3.71e-5

0.01

7.2e-4

C50

1.71e-2

6.05e-4

0.01

3.0e-4

C75

l.21e-2

1.17e-3

0.08

1.7e-4

C90

1.74e-2

1.16e-3

0.08

3.6e-4

As the amount of TiCy decreases, the mass gain due to TiCy oxidation decreases and the
net mass loss event becomes more significant, driving C2 toward zero.
A net mass loss event corresponds to formation of a volatile species. Considering
the scale which is observed to form, carbon-doped material has a continuous, external
rutile layer covering an underlying Si-rich layer, assumed to be silica (15).

The
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continuous external rutile layer may effect an equilibrium oxygen partial pressure at this
silica/rutile interface which is low enough to reduce the silica layer and lead to formation
of volatile SiO vapor (i.e., induce active oxidation). There must be an escape route for
the vapor, likely through cracks locally developed in the scale.
Figure 15 shows an Auger Electron Microscopy (AEM) line scan profile across the
scale developed on C25 oxidized at 1079°C after 120 hours. The presence of an oxide
scale is evident from the enrichment of oxygen at the exterior of the sample.

The Ti

signal closely follows the trend of oxygen in the exterior scale, indicating the presence of
rutile at the scale exterior.

The shallow minimum in the Ti signal at 19 |.im should

coincide with a maximum in the Si signal, corresponding to formation of a silica layer.
However, the Si signal linearly decreases from the constant level in the alloy to zero at the
scale surface. This lack of a clear maximum in the Si peak indicates that the underlying
layer, seen in Figure 14 as a dark phase and previously ascribed as silica, is in fact a layer
of continuously varying Si content. The simultaneous formation of silica at the scale/alloy
interface and volatilization of SiO in the outer layers as previously hypothesized might
produce such a concentration gradient.

An intermetallic Ti^SiyCC,©) layer is also

suggested by the increasing Ti and Si signals between the external scale and interior
TisSisCx-

3. Scale Development in Ti5Si3Zx (Z=B,C)
Carbon-containing material experiences lower mass gain than boron-doped material
up to 1200°C. In particular, a difference is noted in the morphology of the scales which
develop on boron- and carbon-doped materials.

B75 at 1079°C was characterized by

discrete particles of rutile throughout a borosilicate matrix, while carbon-doped material
has a continuous, external rutile layer. As mentioned above, the continuous rutile scale
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Distance (nicroneter)

Figure 15;

Auger line scan profile of Ti5Si3Co.25 oxidized at 1079°C.
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should fix the oxygen partial pressure present at the rutile/silica interface to a significantly
lower value. Oxygen diffusion through silica is directly proportional to the gradient in
oxygen partial pressure across the layer (25), and this would predict a lower oxygen tlux
through the silica layer on carbon-doped material. Also, oxygen transport through pure
silica is much slower than through borosilicate glass (26).

These two observations

combine to predict that the carbon-doped material should be more oxidation resistant than
boron-doped material. An additional experiment to test this theory would be to oxidize
both C25 and B25 in pure oxygen.

The oxidation rate of B25 should increase in

proportion to the oxygen partial pressure increase.

On the other hand, the increase in

oxygen partial pressure should have little effect on the oxidation rate of C25 since the
oxygen partial pressure at the rutile/silica interface should be fixed for a constant
temperature and substantially lower than the oxygen partial pressure at the scale/gas
interface.
The development of an external rutile scale suggests relatively rapid outward
diffusion of titanium through the silica layer. The outward diffusion of titanium through
silica is observed in the oxidation of TiSi2 (27). The lack of formation of a continuous
layer of rutile on boron-doped material may indicate decreased outward diffusion of
titanium through the borosilicate layer.
For both boron- and carbon-doped material, increasing temperature from about
1000°-1050°C to 1079°C results in a lowering of overall mass gain.

Below some

threshold temperature, a continuous rutile scale is observed, suggesting the rate of
formation of rutile due to outward diffusion of titanium is too rapid for silica formation
which leads to increased scale growth and mass gain. After the temperature is sufficiently
raised, the relative increase in Si diffusion must be sufficient so that silica formation
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becomes rapid relative to rutiie formation and allows for formation of a continuous
protective silica layer.

4. Scale Development in Ti5Si3Zx (Z=0,N)
As with boron-containing material, a continuous external rutiie scale does not form
on oxygen-doped material.

The outward diffusion of Ti in oxygen-doped material is

apparently smaller than in boron- or carbon-doped material as evidenced by the decreased
formation of rutiie at the scale/gas interface, even at 1306°C. Unlike boron- and carbondoped material which lost protective behavior at I306°C, a thin silica layer was
maintained on 025.

As observed for boron-doped material, decreased outward Ti

diffusion as suggested by the decreased presence of rutiie at the scale/gas interface
suggests the interstitial effect in 025 to be strongest.
Perhaps the biggest question is the cause of the poor oxidation resistance of
nitrogen-doped material. The similar oxidation behavior of undoped and nitrogen-doped
material indicates that nitrogen additions cause little change in the diffusion of Si and Ti in
nitrogen-doped material.

It is conceivable that the supply of Si/Ti remains relatively

constant if nitrogen promotes a simultaneous increase or decrease in the diffusion of both
Ti and Si.

V. Conclusions

The low density and high melting temperature of Ti5Si3 defines the material to be a
potential high temperature structural material.

However, Ti5Si3 losses oxidation

resistance above 700°C and thus cannot be used in applications requiring exposure to
high temperature oxidizing environments.

The addition of small interstitial atoms.
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including boron, carbon, and oxygen, dramatically improves oxidation resistance with
significantly reduced mass gains in air up to about 1200°C.

Boron- and oxygen-doped

Ti5Si3 form a thin, continuous layer of silica with discrete rutile particles at the scale/gas
interface.

Carbon-containing material also forms a thin, adherent duplex layer with a

continuous external rutile layer.

The formation of rutile at the scale/gas interface in

Ti5Si3Zx (Z = B,C,0) suggests outward diffusion of titanium through the underlying silica
layer. On the other hand, nitrogen additions promote only slight improvements in the
oxidation resistance of 715813.

Although oxidation resistance for Ti5Si3Z^ (Z = B,C,N)

significantly decreases as temperature is further increased to 1306°C, 71581300.95
maintains protective behavior. It is believed that the mechanism of improved oxidation
resistance is related an increasing interstitial effect in which outward Ti diffusion from
Ti5Si3Zx to the external scale decreases in the order Z=N,C,B,0.
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CHAPTER 6: GENERAL CONCLUSION

I. Oxidation Behavior of Ti5Si3Zx

In general, oxidation kinetics of 715813 are similar those of titanium, reflecting the
dominant effect of preferential titanium oxidation due to insufficient silicon activity. The
oxidation resistance of Ti5Si3 in air is adequate up to about 800°C. ESCA analysis shows
the material forms a thin passivating layer of Ti02 and Si02 with small mass gain.
However as temperature is increased above 800°C, mass gain increases significantly, and
for temperatures above 900°C, the material assumes rapid linear oxidation kinetics {ki
0.1 mg/cm^/hr). The rapid linear kinetics are associated with cracking of the external
scale which creates short circuit diffusion paths for the rapid inward flux of oxygen. As
temperature is further increased to 1200°C, mass gain significantly decreases and the
material behaves parabolically {kp ~ 0.1 mg^/cm'^/hr). This likely reflects the decreased
contribution of grain boundary diffusion of oxygen through Ti02 resulting from sintering
and grain growth of the external rutile scale.
The oxidation resistance of Ti5Si3 is dramatically improved by the addition of
certain small atom ternary elements. Boron, carbon, and oxygen all improve oxidation
resistance as evidenced by decreased mass gain and development of thin, adherent scales.
Boron and oxygen doped material form crystalline silica above about 1079°C. SEM and
XRD analysis show both materials contain continuous silica scales with discrete dispersed
rutile particles at the scale/gas interface.

Failure to form a continuous rutile scale is

evidence of the decreased outward diffusion of Ti through silica promoted by the these
additions. As temperature is further increased to 1306°C, protective behavior is generally
lost with a few exceptions. Slow linear oxidation kinetics (A-/ » 0.02 mg/cm^/hr) develop
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in 71581380 75 after rapid, transient oxidation. The increased boron content may promote
formation of a viscous borosilicate glass which can flow to heal the scale^. 71581300.95
maintains protective behavior up to 1306°C. The mass gain after 240 hours is about I.l
mg/cm^ with kinetics tending toward paralinear behavior (/:/ = 8.2x10""^ mg/cm^/hr and
kp = 4.1 X 10'3 mg^/cm'^/hr). These kinetics compare reasonably well to SIC at 1300°C
in dry oxygen^ {kp = 5x10""^ mg^/cm'^/hr).
Carbon-doped material also shows significant improvement in oxidation resistance.
Unlike boron- and oxygen-doped material, a continuous external rutile layer forms and
crystalline silica is not observed. This indicates that outward diffusion of titanium to the
scale/gas interface is fast enough to allow formation of the continuous rutile scale.

As

temperature is further increased to 1306°C, protective behavior is lost and substantial
mass gain occurs. The extent of Ti2-Z bonding in carbon- and boron-containing Ti5Si3 is
evidently not large enough to suppress Ti02 formation.
Nitrogen containing material behaves almost identically to undoped material. This
may simply indicate that the diffusion of Ti and Si remains approximately similar to that
of undoped material by simultaneous increase or decrease of both Si and Ti diffusion with
N additions.

II. Interstitial Chemistry of Ti5S!3Z^

Ti5Si3 can incorporate several atomic percent of ternary additions such as boron,
carbon, nitrogen, and oxygen. These additions produce significant changes in the lattice
constants of the host Ti5Si3.

Single crystal x-ray diffraction studies have verified that

these additions are accommodated in the interstitial sites within the trigonal antiprismatic
chains of Ti2 atoms. Bonding between the interstitial atom and Ti2 is suggested by cavity
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contraction. There are significant changes in bond lengths as a result of these additions.
Most notably there is an increase in the Ti2-Si bond lengths and a decrease in Ti2-Ti2
bond lengths.
Interstitial chemistry has a pronounced effect on sintered material.

Nitrogen and

oxygen additions to Ti5Si3 produce an increase in density since mass increases from
interstitial occupancy and unit cell volume decreases.

During sintering, the theoretical

density of the material may significantly increase when nitrogen and oxygen surface
contaminants of the powder become interstitially incorporated into the structure.

This

interstitial incorporation suggests a robust process in which the system may be "selfcorrecting" for limited levels of nitrogen and oxygen contamination introduced during
milling.

Particularly for oxygen contaminated powder, interstitial incorporation during

sintering may be extremely beneficial since the oxidation resistance of oxygen-doped
material is greatly improved.

in. Thermal Expansion

Anisotropy of Ti5Si3Zjj

Ti5Si3 is inherently anisotropic because of its hexagonal crystal structure.

The

coefficient of thermal expansion along the c-axis is substantially larger than along the aaxis (aj,=8.68±0.14 and a^=20A±0A ppm/K from 298-873 K).

This results in severe

microcracking in coarse-grained Ti5Si3 with an average grain size of about 12 i-im.
Reducing the grain size of the HIPed material to 1-2 |i.im eliminates microcracking and
nearly doubles hardness to 17.1+0.7 GPa. The addition of carbon to Ti5Si3 reduces the
CTE anisotropy (a,j=9.43±0.29 and aj.= 17,9±0.6 ppm/K from 298-873 K).
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IV. Future Research

While this research has established the great improvement in oxidation resistance realized
by ternary doping of Ti5Si3, questions still remain about the exact mechanism of
improvement.

Similarly, questions still remain about the effect of doping on critical

mechanical properties.

As indicated by the results of single crystal x-ray diffraction,

further analysis is needed to qualify any correlation between changes in bonding and
changes in the diffusion of Ti and Si. With these comments in mind, some suggestions
for future research are outlined below.

1, Mechanical Properties of Ti5Si3Zx
The creep resistance, strength, and fracture toughness of the doped material needs
to be determined.

The compressive creep rate of undoped Ti5Si3 is somewhat high^,

about 10"^ s"i at 1200°C and 44 MPa. Single crystal studies have shown that doping may
promote significant changes in directional bonding, and the predicted effect of any
bonding changes on creep resistance and strength is not obvious. However, the predicted
effect on fracture toughness may be more evident.

Frommeyer et al.^ have shown the

deleterious effect of impurities on the fracture toughness of Ti5Si3.

Values of 2.0-3.5

MPa-Vm were measured up to 700°C. Oxygen precipitation at the grain boundaries was
determined by Auger depth profiling, and above 700°C the oxygen was found to diffuse
into Ti5Si3 with a corresponding increase in toughness to 7 MPa-Vm^ at 1050°C.

As

previously observed, carbon-doped material shows a much lower oxygen content than
undoped material, 186 and 1100 ppm wt%, respectively. This may correspond to a lower
grain boundary oxide content and impart increased fracture toughness, particularly
important at lower temperatures.
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2. Characterization of Other A5Si3Zx Systems
Extended Huckel band calculations are planned to quantify the extent of bonding
between Ti2 and Z atoms.

If the correlation of structural analysis to diffusion can be

made, then a powerful tool exists for rapidly accessing the potential usefulness of several
other material systems in which the base A5Si3 binary can be stabilized in the Mn5Si3
structure.

Those candidates which are identified could then be synthesized in bulk

quantity and consolidated into specimens for oxidation testing and mechanical property
assessment.

In fact, this screening could be broadened to include non-silicide based

systems,

3. Oxidation of Micro-Doped Ti5Si3
The general trend of increased oxidation resistance with decreasing interstitial
content must be further investigated. Experiments are currently underway to characterize
the oxidation process for Ti5Si3Cx where 0<x<0.24. Similar experiments are planned
for Ti5Si30x where excellent oxidation resistance was observed for Ti5Si30o.25 up to
1306°C.

Material will be oxidized for increasing time intervals to track scale

development.
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APPENDIX A:
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Ames Laboratory and Department of Materials Science and Engineering

Abstract

Hot consolidation of refractory intermetallic silicides is usually accomplished by
hot isostatic pressing (HIPing).

However, the expense of the equipment and difficulty

associated with encapsulation of the material makes this method less attractive than
pressureless densification. The pressureless sintering behavior of Ti5Si3 was investigated
to determine the viability of consolidating the material by this technique.

Processing

parameters such as initial particle size, temperature, and atmosphere were investigated.
High density and small grain size material was produced, but assessment of theoretical
density is difficult due to changes in interstitial chemistry which occur during firing.
Density is predicted for varying interstitial nitrogen and oxygen content.

Silicon

volatilization may occur during sintering in low oxygen partial pressure atmospheres, and
this presents additional difficulties in maintaining stoichiometry and accessing theoretical
density.
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I. Introduction

Transition metal silicides of the form A5Si3 (A=Ti, Mo, Nb, V, Y, Zr) are
potential high temperature structural materials.

Synthesis and fabrication of these

intermetallic materials presents processing challenges because of their high melting points
and inherent crystal anisotropy. A common technique of synthesis for these materials has
been arc-melting. The starting materials (typically elements) are placed on a water-cooled
copper hearth and melted under argon by striking an arc from a non-consumable tungsten
electrode to the copper hearth. Arc-melt material is usually not directly usable because of
its large grain size which contributes to severe microcracking in fabricated parts. Residual
porosity and severe microcracking contribute to an increased surface area which
significantly decreases oxidation resistance of parts. Previous research has shown that hot
isostatic pressing (HIPing) can produce fine-grained, dense, microcrack-free samples of
Ti5Si3l. The HIPed product is produced by milling the arc-melt material to micron-sized
powder, cold-pressing the milled powder into a pellet, coating the pellet with boron nitride
powder, encapsulating the pellet in borosilicate glass, and HIPing it.
The process of HIPing adds considerable expense to the fabrication process.
Encapsulation requires several time consuming steps to complete. Sample geometries are
also limited by the requirement for encapsulation and by the internal dimensions of the
HIP vessel, which are usually small due to the significant expense associated with HIP
equipment. Furthermore, uncontrolled process variables may severely limit densitlcation
and render the part unusable.
In order to simplify processing and allow for cheaper and greater quantity of
production of densified
consolidation ofTi5Si3.

material,

pressureless sintering was investigated

for the
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II. Experimental

Because arc-melting is a relatively inexpensive and fast method to synthesize large
quantities of intermetallic material, arc-melted material was used for all consolidation
efforts. The synthesis and characterization of arc-melted Ti5Si3 used in this study has
been previously discussed^.

Sintering of milled arc-melt material was investigated in

detail to determine appropriate processing parameters.

Densification of Ti5Si3 by hot-

pressing was also investigated for comparative purposes.

1. Hot Pressing
The arc-melt ingots were milled for 4 minutes in a Spex Shatterbox mill using a
WC-lined container. The powders were handled in an argon filled glovebox (no active
gettering of oxygen or water). The milled powder was sieved to -325 mesh (less than 43
l-im) and characterized by chemical analysis, x-ray diffraction (XRD), and scanning
electron microscopy (SEM). Samples were hot pressed in an induction heated vacuum
furnace at 0.1 Torr in a graphite die lined with Ta foil. One inch diameter pellets of 20 g
of powder were hot pressed at 34 MPa for 4 hours at 1300, 1580, and 1700°C. Typical
ramp time to processing temperature was 2 hours, followed by natural cooling to room
temperature. The die was loaded with powder in the glovebox and quickly transported to
the hot press furnace to minimize powder exposure to ambient atmosphere.

2. Sintering
The milled powders used for sintering are discussed elsewhere^. In general, arcmelt material was milled using varying levels of atmospheric control. Table I gives the
various grinding and sintering conditions used in this study. In experiments i-III, material
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was milled in ambient atmosphere in a Spex Shatterbox WC-lined container.

In

experiments IV-VII, material was milled in a Spex Mixer-mill WC-lined container under
argon inside a glovebox with a purification system that maintains the oxygen level to less
than one part per million (ppm). Methylcellulose was used as a grinding additive during
Mixer-milling to reduce powder caking so that outgassing prior to sintering is required to
burn out the additive.

Table I; Grinding/Sintering Conditions Investigated
Experiment

Grinding Conditions^

Sintering Conditions

i

0-10 min(SB)

1750°C, 2 hrs

I

60 min (SB);opened 15 times

1800°C, 2 hrs

II

60 inin (SB);opened 3 times

1800°C, 2 hrs

III

60 min (SB);opened 1 time

1800°C, 2 hrs

IV

10 min (SB), 90 min (MM)

1800°C, 2 hrs

V

90 min (MM)

1800°C, 2 hrs

VI

90-180 min (MM)

1800°C; 10,120 min

VII

90 min (MM)

1500-1800°C, 10 minb

^ SB=Shatterbox (air), MM = Mixer-mill (purified Ar)
outgassing & sintering atmosphere varied

The milled powder was sieved to -635 mesh (less than 20 |.im) and cold-pressed in
a 13 mm diameter die at 175 MPa, yielding typical geometric bulk densities of about 62%
of theoretical (pu, = 4.32 g/cm^). The pellets were sintered in a tungsten mesh resistance
heated furnace under flowing argon. Powders from Experiments IV-VII were exclusively
processed under purified Ar so that powder was not exposed to ambient atmosphere until
after sintering. Powders from Experiments IV-VII contained a grinding additive and were
slowly heated and prefired at 1000°C under flowing argon to burnout the grinding

128

additive prior to sintering.

Thermogravimetric analysis of the additive shows nearly

complete pyrolysis with about 200 ppm wt% char, probably residual carbon.

3. Characterization
Microstructures were evaluated by optical microscopy using polarized light and
scanning electron microscopy (SEM).
indentation

technique.

Microhardness was measured using the Vickers

X-ray diffraction

diffractometer using filtered copper

(XRD)

was performed

on

a

powder

radiation. Density of the powders was measured

by helium gas pycnometry. Apparent density of the fired pellets was measured using an
Archimedes liquid immersion technique. Nitrogen and oxygen content was determined by
inert gas fusion analysis.

III. Results
1. Kot Pressing Behavior
Chemical analysis of milled powder used for hot-pressing is shown in Table II.
The powder is slightly silicon rich, Ti5Si3 Qgi and contains an appreciable oxygen impurity
of 3900 ppm.

XRD of the powder identifies the material as Ti5Si3 with a few minor

unidentified peaks. Table III shows the effect of temperature on the apparent density and
grain size of hot pressed specimens.

Extensive grain growth occurs at elevated

temperature. XRD of powder from material hot-pressed at 1580°C verified the presence
of Ti5Si3.
Figure 1 shows an optical micrograph in polarized light of material hot pressed at
1300°C.

Substantial grain pullout is seen in the bright regions.

porosity can be seen, and microcracking is visible in larger grains.

Some intragranular
Figure 2 shows a

backscattered electron image (BEI) of material hot pressed at 1580°C, and the extent of
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Figure 1: Polarized light micrograph of Ti5Si3 hot pressed at 1300°C for 4 hours at 34
MPa in vacuum.
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Figure 2: BEI of Ti5Si3 hot pressed at 1580°C for 4 hours at 34 MPa in vacuum.
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Figure 3: Fracture surface of Ti5Si3 hot pressed at 1300°C for 4 hours at 34 MPa in
vacuum.
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Table II: Chemical Analysis of -325 Mesh Powder
Element
Si
Ti
0
C
N
Nb
Fe
Cr
A1

Weight %
26.38
73.02
0.391
0.0290
0.0770
0.0306
0.0711
0.0035
0.0023

Table III; Density and Grain Size of Hot Pressed Ti5Si3
Temp(°C)

Pa (g/cm3)

1300
1580
1700

4.31
4.36
4.35

Grain Size Range

(|Lim)

15-40
200-500
250-750

grain pullout is quite evident. Figure 3 shows a fracture surface of material hot-pressed at
1300°C.

Intergranular and transgranular cracking are visible, and a small amount of

porosity is present.

2. Sintering Behavior
a. Experiments i-III
Table IV gives the apparent density and nitrogen/oxygen content of sintered pellets
prepared from powder in Experiments i-III. Powder from Experiment i was milled for 5,
7, and 9 minutes, while powder from Experiments I-III were milled 60 minutes. With the
exception of Experiment III, all samples show a higher than theoretical density^ for pure
material (pu, = 4.32 g/cm^), and this is later attributed to interstitial incorporation of
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Table IV: Properties of Sintered Pellets from Experiments i-III

Experiment

Grinding
time
(min.)

Prefired
Nitrogen
(wt %)

Pa
(g/cm3)

i

5

4.397

0.0302

0.100

0.535

2.08

i

7

4.389

0.0382

0.0834

0.705

1.64

i

9

4.373

0.0455

0.0746

0.853

1.95

I

60

4.476

0.771

0.890

2.31

2.98

II

60

4.415

0.830

1.47

1.92

2.12

III

60

4.233

0.901

1.08

1.03

1.28

Postfired
Nitrogen
(wt %)

Prefired
Oxygen
(wt %)

Postfired
Oxygen
(wt %)

oxygen and/or nitrogen (solid solution oxygen). Sintered pellets prepared from powders i,
I, and II gave indication of poor mechanical properties as evidenced by rapid cutting and
poor polishing characteristics.

Extensive grain pullout prevented adequate polishing for

optical micrographs.
Pellets prepared from powder III exhibited improved cutting and polishing
characteristics, and Figure 4 shows a polarized light micrograph. The Vickers hardness
for 200 g loading was 6.94+0.49 GPa (95% confidence interval).

The average grain

size, as measured by the linear intercept method, is about 6 |.im. However, there is a wide
size distribution with many grains up to 20 |-im.
microcracking occurs in several of the larger grains.

Grain pullout is evident, and
CTE anisotropyl has been

previously shown to cause microcracking in large-grained Ti5Si3.
Pellets from Experiments I, II, and III involved identical processing with the
exception of the number of container openings during grinding. The grain size of all three
materials should be similar, thus the excessive grain pullout observed for pellets from
powders I and II may be due to their elevated post-fired oxygen level. The high oxygen
level contributes to low intergranular strength by coating grain boundaries with prior

Figure 4: Polarized light micrograph of Ti5Si3 sintered at 1800°C for 2 hours. Starting
powder from Exp. Ill (Shatterbox milled 60 minutes in air).
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formed oxides. Reuss and Vehoff^ showed that segregation of oxygen to grain boundaries
resulted in decreased fracture toughness of 115813.
Grinding conditions in experiment III produced powders of sufficiently small
particle size and oxygen content for adequate sintering of pellets. However, the measured
hardness of 6.94 GPa is significantly less than that for fine-grained Ti5Si3 produced by
HIPing. Previous research• has shown that the hardness of microcrack-free Ti5Si3 with
average grain size 1-2 |.im to be 17.1 GPa. These observations indicate that the grain size
material from powder III, as evidenced by microcracking, and possibly oxygen content are
still too large.

b. Experiments IV-Vl
To further reduce oxygen content of the sintered pellets, arc-melt material was
milled under increasing levels of atmospheric control. In experiments IV-VI, milling time
was increased to dsCi C3.GS initial particle size, and in VI sintering time was decreased to
determine grain growth characteristics. Powder in experiment IV was initially loaded into
the Shatterbox mill inside the glovebox and milled outside the glovebox for 10 minutes,
followed by 90 minutes of Spex-milling inside the glovebox. This procedure was used to
determine the feasibility of using the large capacity Shatterbox mill for initial grinding.
For experiments IV-VI all powder processing, with the exception of the Shatterbox
milling in IV, was performed inside the glovebox. Table V gives microhardness (95%
confidence

intervals)

for

200

g

loading,

Archimedes

apparent

density,

and

nitrogen/oxygen chemistry of sintered pellets prepared from powder in Experiments IVVI.
Material prepared from IV and V possessed sufficient mechanical strength to allow
preparation of metallographic samples. Polarized light micrographs of IV and V, shown
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25 um

Figure 5: Polarized light micrograph of Ti5Si3 sintered at 1800°C for 2 hours. Starting
powder from Exp. IV (10 minute Shatterbox milled in argon, 90 minute Mixermilled in glovebox).
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Figure 6:

Polarized light micrograph of Ti5Si3 sintered at 1800°C for 2 hours.
Starting powder from Exp. V (90 minute Mixer-milled in glovebox).
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in Figures 5 and 6, respectively, reveal a comparable grain size to that from experiment
III, seen in Figure 4.

The hardness measurements of III, IV, and V are statistically

indistinguishable, and this is consistent with the similar extent of

pullout and

microcracking seen in each sample. These results indicate that either additional milling is
needed to further reduce initial particle size or sintering temperature must be decreased to
reduce possible grain growth. Because of the tendency of the density of these materials to

Table V: Properties of Pellets from Experiments IV-VI Sintered at 1800°C

Experiment

Grinding
time(min.)

Sintering
time(min.)

Hardness
(GPa)

Pa
(g/cm3)

Postfired
Nitrogen
(wt %)

Postfired
Oxygen
(wt %)

IV

100^

120

7.10±0.65

4.197

0.0783

1.20

V

90

120

7.58±0.71

4.269

0.0575

1.62

VI

90

10

b

4.389

0.551

0.972

VI

180

10

b

4.392

0.864

1.41

VI

90

120

b

4.406

0.531

1.02

VI

180

120

b

4.421

0.769

1.52

a 10 min.(SB)+90 min.(SP)
could not be measured

increase due to incorporation of interstitial nitrogen and oxygen, no conclusions can be
made based on apparent density.
Interestingly, the oxygen content of V, and to a lesser extent IV, were as high as
III. Since the oxygen content of the arc-melt material was low prior to processing (^1100
ppm wt%), oxygen contamination occurred during inert processing.

Apparently, the

oxygen in IV and V acquired during inert processing was not detrimental as evidenced by
the similarity in hardness of III, IV, and V.
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Material produced from experiment VI is substantially different than that produced

from experiment IV and V.

as

indicated

measurement

by

rapid

of grain

This sintered material possesses poor mechanical properties

cutting

and

poor

size and hardness.

polishing

characteristics

The apparent

density

which

of all

prevented

samples

from

experiment VI was higher than theoretical, suggesting interstitial incorporation of nitrogen

and/or oxygen.

The similar oxygen level in IV, V, and VI would predict a similar density

for the three materials.

However, the nitrogen level of VI is about an order of magnitude

higher than IV and V which indicates that a substantial amount of nitrogen may also be

accommodated into the structure.

Material from I I I (see Table IV)

oxygen and nitrogen levels.

and VI (see Table

V) have

mechanical

behavior

contamination, powder

ambient

air.

The

of

the

material.

from VI (milled

outgassed in UHP argon.

postfired

The poor mechanical behavior of VI suggests that nitrogen

contamination occurring during inert processing inside the glovebox

poor

similar

The pellet

nitrogen

content

To

determine

for 90 minutes)

the

is responsible

source

of

for

nitrogen

was pressed into a pellet and

was removed from the glovebox and exposed to

of

the

pellet

was

480

ppm,

indicating

that

no

appreciable nitrogen contamination occurs during thermal processing in UHP argon.

c. Experiment VII
Recognizing the potential effect of glovebox atmosphere purity on the properties of

the sintered material, an experimental matrix was constructed in which stricter control was

exercised

groups

over

of

controlling

the atmosphere present during

samples

were

outgassing

prepared

atmosphere

by

and

sample outgassing and

sintering

sintering

for

10

minutes

atmosphere.

at

Sample

sintering.

Four

temperature

and

outgassing

was

controlled using UHP argon gas and placing Ti-sponge near the pellet to act as an oxygen
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and nitrogen getter.

Samples were sintered in UHP argon by first evacuating the furnace

prior to heating to completely remove any residual glovebox argon.

Finally, pellets were

wrapped in Ta foil during sintering to reduce exchange with the furnace atmosphere and

thus

further

reduce

shown in Table VI.

only at 1500°C.

nitrogen

and oxygen

contamination.

The

experimental

matrix

is

Group A was fired at 1600°C and 1800°C while Group B was fired

Both Group C and D were fired at

1500° and 1800°C.

The apparent

density (95% confidence interval) and nitrogen/oxygen content of these samples are given

in Table VII.

The effect of outgassing and

sintering atmosphere

is

quite pronounced.

Both

Group C and D, which were outgassed and sintered in UHP argon, have nitrogen levels

varying from one to two orders of magnitude lower than Group A and B.

Group C has a

processing route nearly identical to material from experiment IV and V, and the nitrogen

and oxygen levels of material from the three experiments are also nearly identical.

This

clearly

with

indicates

that

glovebox argon.

nitrogen

partial

a

source

of

nitrogen

contamination

is

thermal

processing

Since the glovebox purification system does not remove nitrogen, the

pressure

recommendations,

can

become

the glovebox

quite

high.

According

must be periodically purged

elevated nitrogen level which develops^.

to

the

with argon

manufacturer's

to reduce

the

The 0.38 mm thick gloves on the glovebox leak

approximately 10 ppm N2 /glovepair/hour, or about

1680 ppm/week (168 hours).

After

three months of continuous operation, the nitrogen level could be as high as 2%.

An interesting observation within each group is the decrease in apparent density

with increasing temperature.

Since the amount of porosity is not expected to increase as

temperature increases, the decrease in apparent density reflects a change in chemistry or

phase

of

the

sample.

approximately constant

For

group

C

and

D,

the

nitrogen

and

oxygen

content

are
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Table VI: Experimental Matrix Utilized during Sintering in Experiment VII

Outgass

Sintering

Ta Envelope

Group

Atmosphere

Atmosphere

Used?
No

A

Glovebox Ar

Glovebox Ar

B

Glovebox Ar

UHP Ar

No

C

UHP Ar

UHP Ar

No

D

UHP Ar

UHP Ar

Yes

Table VII: Properties of Sintered Material from Experiment VII

Oxygen

Nitrogen

Sintering

Density

content

content

Group

Temp (°C)

(g/cm^)

(wt%)

(wt%)

A

1600

4.443(±0.037)

1.40

8.38

1800

4.389(+0.021)

1.04

0.651

B

1500

4.508(+0.017)

1.84

7.35

C

1500

4.415(+0.026)

1.66

0.0760

1800

4.332(±0.014)

1.66

0.0794

1500

4.386(±0.060)

1.65

0.0820

1800

4.368(±0.011)

1.54

0.0557

D

as temperature changes

so that any chemistry change must involve either

titanium

or

silicon.

A possible explanation for the decrease in density of the sintered material is loss of

Si.

Material was sintered in a low oxygen partial pressure atmosphere (UHP argon), and

loss of Si in Ti5Si3 may occur via Si and SiO vapor formation.

The critical oxygen partial

pressure for rapid SiO vapor formation in pure Si (i.e., active oxidation) at 1527°C is

about 5x10"3 bar^, and the UHP argon^ used during sintering has a significantly lower
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oxygen partial pressure of about 4x10"^ bar.

favored.

Thus SiO

formation is

thermodynamically

As temperature is increased within each group, the hypothesized Si loss would

increase significantly and contribute to a decrease in density.

The relative decrease in

density with increasing temperature for C is substantially larger than for D.

Group D was

contained within a crimped Ta pouch which would serve to reduce the extent of Si loss.

The pouch would reduce the exchange of gas with the surrounding furnace atmosphere,

and the Si and SiO partial pressures within the pouch would increase and thus decrease the

extent of volatilization.

The density of C and D sintered for 10 minutes is higher than the

density of IV and V sintered for 2 hours, and this would correspond to a larger loss of Si

in IV and V because of their longer sintering times.

The

change

in

density

which

occurs

nitrogen/oxygen and possible Si loss greatly

densification during sintering studies.

due

to

interstitial

complicates assessing

incorporation

the progression

of

of

Without an accurate estimate of the theoretical

density of the material, density determined by the liquid immersion technique cannot be

converted to

% theoretical density.

However, a clear understanding of

the change in

density due to interstitial nitrogen/oxygen allows prediction of theoretical density, and the

density measured by the liquid immersion technique can then be used to judge the extent

of densificaton.

IV. Discussion

1. Effect of Interstitial Oxygen on Density
Interstitial oxygen significantly increases the density of Ti5Si3.

Table VIII gives

the analyzed oxygen content for various Ti5Si30x compositions in both chunk and powder

form.

The synthesis and characterization of these compositions has been previously
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Table VIII: X-ray Density of Ti5Si30x

Sample ID

Sample

Nominal

Analyzed

A-lattice

C-lattice

X-ray

Form

content

content

Parameter

Parameter

Density

(X)

(X)

(g/cm3)

Ref.

(A)

(A)

chunk

0

0.022

7.4543

5.1474

4.346

2

powder

0

0.10

7.4543

5.1474

4.362

2

POW788

POW988

chunk

0.25

0.27

7.4502

5.1429

4.408

2

POW986

chunk

0.50

0.46

7.4336

5.1331

4.477

2

POW985

chunk

0.75

0.65

7.4305

5.1333

4.522

2

94STR486

crystal

0

0.08

7.4521

5.1522

4.357

2

94STR466

crystal

0.5

0.43

7.4356

5.131

4.470

2

JCPDS

powder

-f

0.01

7.444

5.143

4.359

4

+ Estimated oxygen content < 1000 ppm

described^.

Using lattice parameters determined by

x-ray diffraction,

x-ray density of

each composition was determined, assuming stoichiometric Ti5Si3 and all of the analyzed

oxygen occupies interstitial sites.

parameters,

and

coupled

increases significantly.

g/cm^.

Addition of oxygen promotes contraction of both lattice

with an increase in

mass

due

to

interstitial

oxygen,

density

Table VIII shows that density increases from about 4.35 to 4.52

These data are plotted in Figure 7 and indicate a reasonable model for predicting

density based on interstitial oxygen content.

The nominal oxygen content of x=0 indicates the "undoped" material in which no

extra

oxygen

was

intentionally

added

during

arc-melting.

Note

that

a

substantial

difference exists in the oxygen level of the chunk form and powder form of the "undoped"

material, ranging from about

1100 to 5000 ppm wt%, respectively.

It is unknown how

much of the measured oxygen is in the form of interstitial oxygen and how much is in the

form of surface oxide formed during passivation of surface area.
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Figure 7;

X-ray density and atomic volume for Ti5Si3 with interstitially incorporated
oxygen (Ti5Si30x).
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The chunk material would be expected to have a low specific surface area (SSA).

Assuming a SSA of 0.001 m^/g, the equivalent spherical diameter would be 1400 (.im.

With a surface oxide thickness range of 100-1000

material would be less than 100 ppm^.

be interstitial oxygen.

A,

the expected oxygen content of the

Thus, most of the 1100 ppm oxygen is expected to

Assuming that the 1100 ppm oxygen for the chunk form is entirely

interstitial oxygen and using the cell volume measured from the undoped powder,

resulting x-ray density is 4.346 g/cm^.

This agrees well with the observed trend.

the

Even if

all of the oxygen is in the form of surface oxide, then the density only slightly decreases

to 4.341 g/cm^.

Considering the lattice parameters for Ti5Si3 given by Quakkernaut and Visser^

(a=7.444

A,

0=5.143

A),

the indicated level of boron, carbon, nitrogen, and oxygen was

less than 1000, 500, 10000 and 1000 ppm, respectively.

The predicted density using these

lattice parameters and assuming a 500 ppm level of interstitial oxygen is 4.359 g/cm^.

This value is higher than expected from the trend in Figure 7.

of Quakkernaut

oxygen.

and Visser is

much smaller

than expected

These data are plotted as open symbols in Figure 7.

Also, the unit cell volume

for 500 ppm of interstitial

This indicates that another

type of interstitial such as nitrogen was present in the sample.

2. Effect of Interstitial Nitrogen on Density
The x-ray density of Ti5Si3 for various levels of interstitial nitrogen is shown in

Table IX.

As observed for oxygen, nitrogen promotes contraction of the unit cell.

Figure

8 shows x-ray density and unit cell volume versus nitrogen level, and similar trends are

observed.

In this case, the difference in nitrogen level between the powder and chunk

form of the "undoped" material, 69 and 177 ppm, respectively, was negligible and leads

to negligible differences in density.

The atomic volume determined by Quakkernaut and
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Figure 8:

X-ray density and atomic volume for Ti5Si3 with interstitially incorporated
nitrogen (Ti5Si3Nx).
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Table IX: X-ray Density of Ti5Si3N^

Sample ID

POW788

Sample

Nominal

Analyzed

A-lattice

C-lattice

X-ray

Form

content

content

Parameter

Parameter

Density

(X)

(X)

(A)

(A)

(g/cm3)

chunk

0

0.0016

7.4543

5.1474

4.341

2

powder

0

0.0041

7.4543

5.1474

4.342

2

Ref.

POWI041

chunk

0.25

0.17

7.4418

5.1439

4.391

2

POW1042

chunk

0.50

0.38

7.4283

5.1337

4.446

2

POW1043

chunk

0.75

0.52

7.4259

5.1452

4.475

2

94STR471

crystal

0.5

0.42

7.4309

5.138

4.455

2

JCPDS

powder

0.17

7.444

5.143

4.389

4

-f

+Estimated nitrogen content < 10000 ppm wt%

Table X; Pycnometer and X-ray Density of
Selected Ti5Si3Zx Compositions

Composition

ppy, (g/cm^)

p„d (g/cm3)

undoped

4.34

4.34

Ti5Si3No.5o

4.48

4.45

Ti5Si30o.5o

4.47

4.48

Visser was 246.81 A^, and the predicted nitrogen level based on this volume, according to

Figure

8,

is

about

x=0.17,

or

7500 ppm.

Given

that

the

lower

level

of nitrogen

detectability in their analysis was 10000 ppm, this is a reasonable possibility.

Thus, the lattice parameters of Ti5Si3 given by Quakkernaut and Visser are likely

small

due

to presence of interstitial

nitrogen.

The

lattice parameters

for

"undoped"

material are closer to that given in this paper, and perhaps even slightly larger due to the

presence of residual interstitial oxygen in the powder, at least 1000 ppm.

Extrapolating
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both

Figures

7

and

8

to

zero

interstitial

content

predicts

a

theoretical

density

for

"undoped" Ti5Si3 closer to 4.34 g/cm^.

Table X gives the measured powder density from helium gas pycnometry.

values are in reasonable agreement with the previously

indicate the overall

validity

of predicting density

from

determined x-ray

analyzed

These

densities and

nitrogen and oxygen

content.

3. Predicted Density Based on Nitride/Oxide Formation
Alternatively, some of the total oxygen and/or nitrogen assumed as interstitial may

be in the form of a higher density phase material.

I f all of the measured nitrogen and

oxygen react to form nitrides and oxides as given in Eqs. (1) and (2), the density of the

resulting material can be calculated, using the measured nitrogen and oxygen content from

Table IV and the predicted density of 4.34 g/cm^ for Ti5Si3 as determined above.

XI gives the volume fraction of products

formed and predicted density

Table

for both sample

(i9) and II60.

Ti^Sij

+ 80, ^ STiO, + 3SiO,

Ti5Si3 +

Although TiN, density

5.22

(1)

|N2-^5TiN + Si3N4

g/cm^, will contribute

decrease in calculated density is the result of the

to

(2)

a density

increase,

formation of three

the overall

less dense phases,

Ti02, SiO?, and Si3N4 having respective densities of 4.26, 2.64, and 3.2 g/cm^.

This

analysis shows that formation of additional phases of higher density cannot account for the

increase in density of the sintered material.
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Table XI: Nitride and Oxide Product Formation

Sample i9

Sample II60

% Volume Fraction
TiOj

3.07

3.34

Si09

2.24

2.43

TiN

0.15

2.97

Si3N4

0.11

2.20

Ti5Si3

94.43

89.06

Calculated Density (g/cm^)

4.297

4.300

4. Predicted Density from Atomic Volume
The previous discussion described

the expected increase in density

due

to

the

incorporation of interstitial nitrogen and oxygen within the Mn5Si3 structure of Ti5Si3.

In

order

of

to

demonstrate

this behavior

in

the

sintered

material,

the lattice parameters

selected sintered pellets were measured by XRD, and these results are listed in Table X!I.

The calculated atomic volume was used to predict density for each sample from the plots

in Figures 7 and 8.

The analyzed chemistry and atomic volume were used to calculate the

XRD density, assuming stoichiometric Ti5Si3 and either the analyzed nitrogen or oxygen

is interstitially incorporated.

Sample (i9) was prepared from powder from experiment (i)

milled nine minutes, and sample II60

milled for 60 minutes.

was prepared

from powder

from experiment I I

Both of these materials were listed in Table IV.

Comparing the measured atomic volumes given in Table XII to the volume trends

in Figures 7 and 8 shows that the unit cells have significantly contracted.

suggests

that

incorporated.

significant

amounts

of

nitrogen

and/or

oxygen

have

The contraction

been

interstitially
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Table XII: Density Properties of Sintered Ti5Si3

Sample (i9)

Sample 1160

XRD Data
A parameter
C parameter

(A)
(A)

7.4300(4)

7.4261(3)

5.1357(4)

5.1373(5)

Atomic Volume (A^)

245.53(3)

245.35(2)

Predicted Density (g/cm^)

4.49

4.53

Analyzed Chemistry
N content (wt%)

0.0746

1.47

0 content (wt%)

1.95

2.12

XRD Density (g/cm^)

4.47

4.45/4.48^

4.37

4.42

Apparent Density (g/cm^)

% Theoretical Density

97.3

97.6

^Density for only interstitial nitrogen/only interstitial oxygen.

Based on analyzed chemistry, it is clear that for sample (i9) the principal interstitial

is oxygen, and the measured atomic volume gives a predicted density of 4.49 g/cm^ based

solely on interstitial oxygen.

The

predicted

density

for

Sample II60 has an appreciable nitrogen and oxygen content.

only

interstitial

oxygen

is

4.53

g/cm^,

while

density

for

interstitial nitrogen cannot be predicted since the observed atomic volume is less than the

observed trend in Figure 8.

This suggests that the increased density is mainly due to

interstitial oxygen.

The XRD density

g/cm^.

of sample (i9) based on the analyzed oxygen content is 4.47

The XRD density of sample II60 varies from 4.45 to 4.48 g/cm^ for nitrogen and

oxygen, respectively.

Both the predicted density and the XRD density of both samples are

larger than the measured apparent density, and this indicates that the sintered material is

less than theoretically dense.
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For both samples,

the predicted density is larger

than the

XRD density.

This

difference can be explained by considering the hypothesized Si loss from the samples

during sintering as discussed previously.

The densities given in Figures 7 and

calculated assuming stoichiometric Ti5Si3.

8 were

Silicon loss during sintering should result in

both lower unit cell mass and volume so that the artificially small unit cell volume predicts

a

higher

than

expected

density.

Additionally,

the

larger

difference

noted

between

predicted and XRD density for II60 reflects the higher sintering temperature of 1800°C

(compared to 1750°C for (i9)) and thus greater Si loss.

The XRD density estimate will

also decrease somewhat due to Si loss.

The percent

theoretical

density

for

each

density/predicted density is given in Table XII.

theoretical

density

should

be

closer

to

the

sample

as

approximated

by

apparent

This is a conservative estimate since the

XRD

density.

Microstructural

analysis,

including hardness and toughness measurements and phase analysis, is the topic of current

research.

V. Conclusions

High

density

samples

of

Ti5Si3

have

been

prepared

by

sintering.

consideration of processing parameters is essential to obtain usable material.

careful

control

of

atmosphere

contamination of material

inert

glovebox

controls

during

thermal

processing

due to glovebox atmosphere.

the

level

of

oxygen

is

the

to

reduce

the

potential

effect

of

The increased density of sintered

material reflects principally the interstitial incorporation of oxygen.

robust process in which the system may be

In particular,

Although processing inside an

contamination,

uncontrolled nitrogen level must also be considered.

crucial

Strict

"self-correcting"

This provides for a

for nitrogen and oxygen
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contamination.

Additional considerations are necessary due to potential silicon loss which

occurs during sintering in low oxygen partial pressure environments.
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APPENDIX B:

SYNTHESIS, PROCESSING, AND PROPERTIES OF TijSij

A paper published in

Processing and Fabrication of Advanced Materials for High
Temperature AppUcations-11^

Youngman Kim, Andrew J. Thom, and MufU Akinc

Ames Laboratory and Department of Materials Science and Engineering

Abstract

Ti5Si3 was synthesized by arc melting of Ti and Si elemental powders.

buttons were milled and sieved to

HIPing.

mesh size powders,

which were densified using

Microcracks in larger grains are observed for the HIPed microstructures with

initial powder size of

grain

-325

The Ti5Si3

size (about

1

-325
).im

mesh.

Six hour milling of

in diameter)

with no

temperature

using

a

high

temperature

a

x-ray

mesh powder resulted in fine

microcracks after HIPing.

properties, such as hardness and fracture toughness,

The thermal expansion coefficients along the

-325

and

c

were measured

Mechanical

for HIPed Ti5Si3.

axis were measured as a function of

technique.

The

anisotropy

in

thermal

expansion coefficient is believed to be one of the major causes for microcracks in larger

grains.

The oxidafion behavior of consolidated Ti5Si3 was investigated in terms of weight

changes at

1000°C

in air.

'Reprinted with permission from Processing and Fabrication of Advanced Materials for
High Temperature
Materials Society.

Applicafions-II 1993,

189-208.

Copyright © The Minerals, Metals &
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I. Introduction

Intermetallic compounds generally combine the advantages in material properties

between ceramics and metals.

Ceramics show higher thermal capabilities, lower density,

and better environmental stability than Ni-based high-temperature structural metal alloys.

But ceramics have lower toughness and ductility than metal alloys, which make ceramics

vulnerable

to

damage

induced

by

mechanical

and

thermal

loadings.

Intermetallic

compounds generally exhibit a ductile-to-brittle transition, and they can show ductility in

the engineering use temperature range of I000°-1500°C.

The high thrust-to-weight ratios of proposed high performance aircraft engines will

require operating

weight,

high

temperatures up to

melting

point,

1500°C.

strength,

creep

Material

resistance,

systems

fracture

must

combine

toughness,

light

oxidation

resistance and mechanical and microstructural stability over the service temperature range.

Titanium

silicide

combination

of

(Ti5Si3)

low

adequate oxidation

has

density

been

(4320

resistance.

The

identified

Kg/m^),

silicide

as

high

Ti5Si3

a

potential

melting

has

an

candidate

temperature

ordered

structure, D8-type with 16 atoms in its unit cell; a = 0.7444 nm, c

due

to

(2130°C)

hexagonal

the

and

crystal

= 0.5143 nm [1].

This silicide is expected to be very brittle due to its low crystal symmetry.

In this

study

titanium silicide was prepared from Ti and Si

elemental powders

using arc melting, subsequently ground in WC-lined mill and densified using hot isostalic

pressing (HIPing).

The mechanical properties and oxidation resistance were investigated.
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II. Experimental Procedure

Titanium silicide (Ti5Si3) powder was prepared by grinding buttons made by arc

melting elemental

titanium

silicide powder of -325

and silicon powders

with proper

were analyzed by

distributions for

Titanium

mesh size was milled using a Spex Mill™ for 0.25, 0.5 and 6

hours to study the effect of initial powder size on the final

The powders

stoichiometry.

the powders

X-ray diffraction

microstructure of the specimen.

with Cu Kct radiation.

were measured using a centrifugal particle

(Shimadzu, Model SA-CP3, Kyoto, Japan).

Particle

size

size analyzer

The powders were compacted uniaxially at

200 MPa at room temperature under argon atmosphere using WC lined steel dies 0.9 cm

in diameter.

The cold pressed pellets were spray-coated with an aqueous solution of BN

and polyvinyl-pyrrolidone.

The coated pellets were encapsulated in Pyrex™ glass powder

(-10-f30 mesh) and placed in a BN or alumina crucible.

The crucible containing BN

coated pellets and Pyrex glass powder was outgassed at 500°C for 10 hours under vacuum

(about 1.3 Pa).

The crucible (primary crucible) containing BN-coated discs and Pyrex^*^

glass powder was then loaded in another crucible (secondary crucible) to protect the HIP

chamber from the accidental fracture of primary crucible at high temperature.

foil of 0.254 mm thickness was placed as a getter in between primary

crucibles.

Tantalum

and secondary

Samples and crucibles were arranged as shown in Figure 1 during HIPing.

The samples were hot isostatically pressed at 1250°C using ultra high purity argon

gas at the pressure of 206 MPa for 10 hours.

To investigate the effect of cooling rate on

the microstructure of titanium silicide two different rates were used:

(1) slow cooling rate

of l°C/min from 1250°C to 800°C, 2°C/min from 800°C to room temperature; or (2) a

fast cooling rate of about 50°C/min from 1250°C to room temperature.

temperature and pressure during the HIPing cycles are given in Figure 2.

The profiles of

156

Ta getter

secondary
crucible

primary
crucible

HIP chamber

pyrex
glass

sample

Figure 1:

The schematic showing sample and crucible arrangement during HIPing.
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Slow-cooled
Temp. (C)

Pressure

ii

Ii
pressure
30 Ksi

1250
temperature

R.T.
125

215

815

0 ksi
1665

1265

Time (min)

Fast-Cooled

Pressure
30 Ksi

1250
temperature

R.T.

0 l<si
125

215

815 840
Time (min)

Figure 2:

Temperature and pressure profile during HIPing. (a) slow cooling,
(b) rapid cooling.

158

The

method.

apparent

density

of

the

samples

was

measured

using

a

liquid

immersion

Microstructure of metallographically prepared specimens was observed using an

optical microscope with polarized light.

Average grain size was obtained using the linear-

intercept method on the micrographs of samples.

Hardness and indentation

toughness

were measured using Vickers microhardness tester.

The

thermal

diffraction [2].

expansion coefficient

was

measured

using high

temperature

A thin layer of -325 mesh powder was applied to a 0.3 mm thick quartz

wedge by mixing a small amount of powder with ethanol on the wedge.

placed on the platinum heater

strip of the diffractometer.

placed in contact with the heater strip.

to a pressure of 1.3xlO"3 Pa.

diffraction

x-ray

pattern

was

The wedge was

A Pt-lORh thermocouple was

The furnace chamber was evacuated for 18 hours

The sample was heated under dynamic vacuum and an x-ray

collected

at

fixed

temperature

increments

during

heating

and

cooling.

Isothermal oxidation of Ti5Si3 was measured by thermogravimetic analysis (TGA).

Hot isostatically pressed bulk samples of Ti5Si3

1.5 mm.

were cut into coupons of 6 mm x 6mm x

Coupons were then rough polished with 600 grit SiC paper, and a 0.5

mm

diameter hole was electric discharge machined in the coupons with a copper electrode.

Coupons were then cleaned in acetone and dried for 24 hours in an oven at 120°C.

The coupons were loaded into the TGA and suspended in the vertical furnace with

a sapphire

wire.

atmosphere.

Samples

switched to air.

characteristics.

High purity helium

were heated

to

gas

was

1000°C

flowed overnight

at

10°C/min,

and

to establish

gas

flow

an inert

was

then

The mass was continuously monitored to determine isothermal oxidation
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111. Results and Discussion

1. Powder Characterization
The -325 mesh powder produced by

grinding and sieving of arc

showed bimodal particle size distribution (Figure 3)

|.im.

The reduction in particle

centrifugal

particle

size

size by

analyzer

due

to

Spex^"

with median particle diameter of 4.1

milling could

powder

melted buttons

not be detected by

agglomeration.

However

the

scanning

electron microscope (SEM) micrographs showed particle size reduction as the milling time

increased, where the submicron size powders were somewhat agglomerated (Figure 3).

Na-metaphosphate was used to disperse milled powders for particle size measurement, but

the powders remained agglomerated.

The X-ray diffraction pattern for the powder produced by grinding and sieving of

arc melted buttons is shown in Figure

present.

4, which indicates that predominantly Ti5Si3 is

Table I gives the peak positions and intensities for the pattern in Figure 4.

Table I: Peak Positions and Intensities for Arc-Melted Ti5Si3

20 (degree)

d-spacing (A)

Relative
Intensity (%)

27.730

3.2144

12

29.653

3.0102

11

34.943

2.5656

13

36.921

2.4327

47

37.727

2.3825

26

41.011

2.1990

100

42.066

2.1462

46

42.777

2.1122

74

54.311

1.6877

6

160

Figure 3

SEM micrographs showing (a) as-sieved -325 mesh powder, (b) 15 milled
-325 mesh powder, (c) 30 min milled -325 mesh powder, and (d) 6 hour
milled -325 mesh powder.
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2,93

2,25
•100

- 90
257.1-

- 80

- 70

intensity
(counts)

- 50
128.6-

- 40

96.4-

- 30

64.3"

- 20

32.1-

- 10

0.060

2 0(degree)

Figure 4:

X-ray diffraction intensity as a function of diffraction angle for the
Ti5Si3 powder produced by arc melting.
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2. Microstructures
Optical micrograph of HIPed Ti5Si3

Figure 5.

rate.

with -325 mesh initial powder

is shown in

The mean size of the grains is on the order of 12 i^im irrespective of cooling

Transgranular microcracks were observed, which implied a poor cleavage strength.

Multiple transgranular cracks were parallel to one another (larger grains showed more

transgranular cracks while smaller grains showed less cracks), indicating thermal stress

caused by anisotropy in both

silicide during cooling.

thermal expansion coefficient and elastic modulus of

The severity of microcracking was affected by cooling rate.

the

The

number density of microcracks in rapidly cooled specimen has increased regionally but not

homogeneously throughout the specimen.

Since cracks are observed inside of grains, the

grain boundaries appear to be stronger than one or more crystallographic directions within

grains.

HIPed Ti5Si3

with 6 hour milled -325 mesh powder and slow cooling produced

microcrack free specimen with average grain size of 1 to 2 |.im (Figure 6).

3. Density, Hardness, and Toughness
The density of HIPed sample was measured to be 98.5 to 99.0% of theoretical

density.

The Vicker's hardness of the slowly cooled microcracked specimen

with initial

powder size of-325 mesh was measured to be 9.1+0.5 GPa (924.2+56.1 Hv) under 1.96

N indentation load.

7).

The specimen cooled rapidly showed slightly lower hardness (Figure

The Vickers hardness of the non-microcracked specimen processed with 6 hour-milled

-325

mesh

powder

was

17.1+0.7

GPa

(1748.7+67.8

Hv).

Hardness

for

various

specimens under an applied load of 1.96 N is shown as a function of grain size in Figure

7.

As the average grain size of HIPed sample decreased (as milling time increased), the

hardness increased.
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Figure 5:

Optical micrographs of HIPed Ti5Si3 with -325 mesh initial powder,
which shows microcracks in grains.

Figure 6:

Optical micrographs of HIPed 115813 with reduced initial powder size
hour milling of -325 mesh powder), which shows microcrack free
specimen with average grain size of 1 to 2 |.im.
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I I

o
A
•

•

initial poirder -325 mesh (slow cooled)
15 min milling of —325 mesh povder
30 min milling of —325 mesh poirder
6 hr milling of —325 mesh powder

I
il

BOOg indentation load
I

I

I

I

11

8

'

10

31
• 1

'

12

Grain Size (micron)

Figure 7;

Hardness of Ti5Si3 as a function of average grain size.
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Hardness

968+30 [5],

values

for

Ti5Si3

1283+67 Hv [6],

were reported

in

literatures

as

980

[3],

1150

[4],

The hardness obtained in this study was lower for the

microcracked specimen, and higher for the non-microcracked specimen than the values

reported in the literatures.

Indentation fracture toughness (K^ ) for the non-microcracked specimen was found

using the following expression [7]:

K, =

where

is

a

calibration

constant

hardness, P the peak load, and

Cq

(p/cf)

of

0.016±0.004,

mesh,

to

2.94

MPa-Vm

E

is

Young's

the half of radial crack size.

fracture toughness varies from 1,6+0.2 MPa-Vm

of -325

(1)

for

the

modulus,

H

the

Measured indentation

for the sample with initial powder size

specimen

with

6 hour

milled

-325

powder

utilizing Young's modulus value of 225 GPa [8] (Figure 8).

For

obtained

Ti5Si3

using

a

with

mixed

grain

size

of

single edge-notched beam

fixture as 2 MPa-Vm

[9].

10

and

method

30

in

|.im,

an

fracture

toughness

alumina-four-point

was

bending

For Ti5Si3 with grain size of 6 |.im, fracture toughness was 6

MPa-Vm at room temperature [9].

The toughness values of 2.0 - 3.5 MPa^ Vm at room

temperature up to 700°C were reported using four-point bend test [5],

fracture toughnesses measured for Ti5Si3 in this

Therefore the

study (Figure 8) agree reasonably well

with the toughness values reported in the literatures [5, 9].

4. Measurement of
Because

Thermal Expansion Coefficient

heater

strip

materials

such

as

platinum,

molybdenum,

tungsten,

and

tantalum form binary silicide intermetallics, a quartz wedge was used as a plate for the
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CV2

a

4.03.5-

I I

o
A
•
•
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I

I I

I

I

I

I

I

I I

I

I

f

I

I

I

I I

I

I

I

^

initial powder -325 mesh (slow cooled)
15 min xxiilling of —325 mesh powder
30 min milling of —325 mesh powder
6 hr milling of —325 mesh powder

I

2.52.0-

i

1.5-1
500g indentation load
1.0-

8

10

12

14

Grain Size (micron)

Figure 8:

Fracture toughness of Ti5Si3 as a function of average grain size.
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Ti5Si3 powder. Since the Pt-lORh thermocouple could not be placed in contact with the
Ti5Si3 powder, the sample temperature was calibrated by measuring the thermal expansion
coefficient of a well characterized cubic material, MgO, under similar experimental
conditions.
Diffraction pattern peak locations were identified using the profile-fitting function
of the diffractometer software. A least-squares lattice parameter refinement program was
used to calculate the parameters [10]. The calculated room temperature parameters are:
a=0.74514 + 0.00004 nm, c=0.51464+0.00003 nm. The calculated values compare well
to the literature values: a=0.7444 nm, c=0.5143 nm [1].
Figure 9 shows the linear temperature dependence of the lattice parameters. The
standard error of all calculated lattice parameters is less than 0.00010 nm. The error bars
are smaller than the symbol size and were omitted from Figure 9.

The linear thermal

expansion coefficients estimated from the curve are approximately constant over the
temperature range of 298-873K and are: aa=8.7+0.2 ppm/K and ag=20.4+0.4 ppm/K.
No values of

and

are available in the literature. The estimated bulk CTE value is

11.6 ppm/K, compared to the literature value of 11.0 ppm/K from 450-1350 K [11].

5. Thermal Stress during Cooling
When a specimen is cooled from processing temperature, thermal stress in the
specimen

arises

in

two different ways:

microscopic stress developing

on

the

microstructural scale because of thermal expansion anisotropy for non-cubic materials, and
macroscopic thermal gradient stress which develops because of uneven cooling of the
body.
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Figure 9: Lattice parameters of Ti5Si3 as a function of temperature.
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6. Thermal Expansion and Elastic Anisotropics

Thermal expansion anisotropy is found to be a potential source of microcracking
during thermal cycling [12-14], For a noncubic polycrystalline body, microscopic stresses
develop as a result of the thermal expansion anisotropy and crystallographic orientation
mismatch across grain boundaries during cooling from processing temperature.
The stress intensity factor was presented based on a three dimensional model for an
annular crack around a spherical second phase particle [15] (Figure 10)

K,

2PR

1/2

1/2 A

1/2

1 - 1

/r

(2)

711/2

-^r = ^^0 = («ni -

{(1 + ^m) > 2£',„} + {(l - 2v^) / £^}

(2')

where P represents a uniform thermoelastic stress which acts along the particle-matrix
interface [16], R, radius of the spherical particle, a, radius of the annular crack around
spherical particle (Figure 10).

The model may be applied for the case of thermal

expansion anisotropy induced spontaneous cracking in a single phase material.

For the

simplicity of calculation the isotropic elasticity was assumed for single phase material (E^
= Ep

and Up^

= Up ).

For a brittle material the fracture toughness Kj^. has the

following relationship with the surface energy, y
=
The critical grain size

(3)

(=2Rc) is expressed in terms of material properties and

temperature difference, AT when no annular crack is present (R=a) around a spherical
particle.
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matrix

crack

1^— 2R —•!

Figure 10: Schematic of an annular crack around a spherical particle under a
uniform thermoelastic stress.
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_ 9/[{\-vfr

(4)

4E(AaAT)-

where, Aa = the difference between bulk CTE and smaller of

or a^. Figure 11 shows

critical grain size as a function of Aa based on equation 4 with an estimated surface
energy of 5 J /m^, Young's modulus of 225 GPa [8], Poisson's ratio of 0.25, and AT of
1230°C, which was the case for HIPing. When a specific hexagonal grain along a-axis
contracts less than the average randomly oriented neighboring grains do, the specific
hexagonal grain along the a-axis will experience a compressive stress while the
neighboring grains will be subject to a tensile stress.

Equation 4 predicts critical grain

size of about 4 |.im for Aa (estimated bulk CTE - a^ ) of 3.9 ppm/K. The estimated bulk
CTE value is 12.6 ppm/K (= [2aa+ac]/3) and the measured a^ is 8.7 ppm/K.

The

theoretical prediction for the critical grain size agrees with the experimental results which
showed microcracks in grains for the sample with grain size of 10 to 20 nm, and no
microcracks for the sample with average grain size of 1 to 2

|Lim.

7. The Maximum Tensile Surface Stress during Cooling.

Let us consider

the maximum tensile surface stress for a specimen [17],

(5)

where, f(B) = a function of Biot modulus, B [17],

f(B) = (1.5 + 3.25/B - 0.5 e-i6/B)-l

when 0<B<20

(6)
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Figure 11: Calculated critical grain size as a function of Aa.
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The Biot modulus, B, is defined as hl/k, where h is surface heat transfer coefficient, 1 is
the half thickness of the plate, and k is the thermal conductivity of the plate. Surface heat
transfer coefficient, h, may be determined from the measurement of surface temperature
as a function of time during cooling [18], Thus h is a function of cooling rate. Equations
5 and 6 imply that higher stress is developed when the sample is cooled more rapidly.
Higher stress can account for the fact that more cracks were observed locally for a fast
cooled specimen. Equation (5) assumes an infinite thin plate geometry.

8. Oxidation Study
Figure 12 shows the isothermal oxidation of three Ti5Si3 samples in air. Sample 1
had a relatively large grain size, up to 25 |.im, and exhibited intragranular microcracking.
After 24 hours the parabolic oxidation rate was 0.027 mg-Zcm'^/hr. Sample 2 and 3 had a
finer grain size with no intragranular microcracking. Flow rates for sample 2 and 3 were
50 and 120 ml/min, respectively. The oxidation behavior of sample 2 and 3 during the
initial 48 hours was similar.

Both samples progressed into an accelerated stage of

oxidation, with sample 3 at the higher flow rate entering the accelerated stage quicker than
sample 2 at the lower flow rate.
The oxygen uptake of the large-grained material is an order of magnitude less than
the fine-grained material, and the oxidation process may be influenced by grain boundary
diffusion.

The apparent affect of flow rate indicates the oxidation process could be

reaction limited. A test matrix incorporating temperature, grain size, and gas flow rate as
factors has been designed to better characterize the oxidation process. These experiments
are currently being conducted.
The microstructure of sample 2 is seen in Figure 13a.
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Figure 12: Isothermal oxidation of 715813 in air at 1000°C.
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Figure 13: SEM micrographs of cross section of oxidized Sample 2.
(a) backscattered image (b) x-ray dot map of Ti, Si, O, AI.
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interior region. An x-ray dot map showing titanium, silicon, oxygen, and aluminum is
seen in Figure 13b. Aluminum is probably present because alumina abrasives were used
for final polishing.

Qualitatively subtracting aluminum signal from the oxygen signal

should give a rough idea of oxygen signal due to the sample alone.
Next to the unoxidized Ti5Si3 is a dark dendritic phase.

These dendrites are

connected to a middle oxidation layer and also form large isolated islands. These regions
are highly silicon depleted with about the same amount of titanium as the unoxidized
Ti5Si3. The lack of higher oxygen content in these areas indicated these could be regions
of a titanium rich phase such as TiO or some other oxide of titanium. Also next to the
unoxidized Ti5Si3 is a layer of a silicon rich phase which is interrupted by the titanium
rich dendrites and islands.

This discontinuous layer has a slightly decreased titanium

content without an appreciable oxygen content, indicating possibly a titanium silicide
intermetallic such as TiSi or TiSi2.
Figures 14a and 14b show the titanium rich layer from which the titanium rich
dendrites grew. The outer 30-50 |.im of the sample has a higher oxygen content. This
outer layer is seen in more detail in Figures 15a and 15b. A dense outer 10 i^im layer of
Ti02, verified by x-ray diffraction of the outer scale, forms. The next 10 |.im appears to
be a mix of the Ti02 and a silicon and oxygen rich phase, perhaps Si02. A 10 |.im silicon
rich layer forms, but it contains Ti02 particles and doesn't form a continuous layer. This
lack of a continuous protective Si02 layer may account for the significant growth for the
oxide layers.
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Figure 14: SEM micrographs of cross section of oxidized Sample 2.
(a) backscattered image (b) x-ray dot map of Ti, Si, O, Al.
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Figure 15: SEM micrographs of cross section of oxidized Sample 2.
(a) backscattered image (b) x-ray dot map of Ti, Si, O, Al.
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IV. Summary and Conclusions

Crack free, dense Ti5Si3 monoliths were produced with 6 hour milled -325 mesh
powder using HIPing.

Ti5Si3 HIPed with initial powder size of -325 mesh showed

microcracking in grains, which had an average grain size of 10 to 20 nm. Crack free
monoliths with average grain size of 1 to 2 j-im had hardness values up to 17.1 GPa and
fracture toughness values up to 2.9 MPa-Vm . For large grain size material, a parabolic
oxidation rate of 0.027 mg-Zcm'^/hr was observed at 1000°C in air. Ti5Si3 with larger
grains exhibited microcracking, lower hardness and toughness, and higher oxidation
resistance. Anisotropy in thermal expansion coefficients, measured by high temperature
x-ray diffraction, is thought to be one of the major causes for the microcracking.
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APPENDIX C:
EVALUATION OF AgSigZ^ INTERMETALLICS
FOR USE AS HIGH TEMPERATURE STRUCTURAL MATERIALS

A paper published in Processing and Fabrication of Advanced Materials-Ill^

Andrew J. Thorn, Mitchell K. Meyer, Youngman Kim, and Mufit Akinc
Ames Laboratory and Department of Materials Science and Engineering

Abstract

Refractory intermetallic silicides are receiving increasing consideration for use as
high temperature structural materials. A5Si3 compositions are particularly interesting due
to their ability to incorporate a variety of interstitial ternary additions.

These ternary

additions present a unique opportunity to potentially tailor physical properties. Previous
experimental work has shown that these additions can decrease the inherent thermal
expansion anisotropy of Ti5Si3. This paper reviews some of the literature with respect to
binary and ternary silicides of the form A5Si3Zx.

Recent experimental work by the

authors on two promising compositions, Ti5Si3 and Mo5Si3, is discussed.

Interstitial

additions substantially improve the isothermal oxidation resistance of both Ti5Si3 and
Mo5Si3.

The lattice parameter of Ti5Si3 is significantly changed by ternary interstitial

additions, indicating the extensive solubility of Ti5Si3 for such additions. The level of
similar additions affects the phase assemblage of Mo5Si3. Hardness and toughness values
from indentation measurements for selected compositions are given.
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I. Introduction

Intermetallics as a class of materials have received considerable attention within the
past decade for use as high temperature structural materials. A primary interest is for use
in aerospace applications. The performance of an aircraft engine depends on its design,
and therefore on the available materials. The latest design in turbine engines utilizes an
active cooling of the turbine blades through intricate internal cooling passages.

Such

cooling allows the turbine blades to operate at temperatures where the combustion gases in
contact with the blade approach the melting point of the turbine alloy. Nearly 20% of the
compressor delivery air is used for cooling turbine components in some current jet engines
[1]. Additionally, turbine blade construction has seen the advent of expensive processing
schemes with the use of directionally solidified and single crystal turbine blades instead of
conventionally cast blades.

Increases in performance and efficiency continually push

toward higher operating temperatures. Any significant improvement will necessitate the
development of a new materials system.
Several comprehensive articles have been recently written summarizing the status
of intermetallic research with respect to use as high temperature structural materials
[2,3,4,5,6].

Due to the large number of intermetallic compounds which exist, and

because of the time and expense involved in characterizing potential material systems, a
common evolving theme is that research must be limited to those systems which
demonstrate some reasonable potential for success. Potential materials must be evaluated
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with respect to critical material properties to determine if they warrant further
investigation. New structural applications envision operating temperatures up to 1600°C.
Several selection criteria have been recommended by Anton et al. for determining
candidate material systems [2].

Adequate oxidation resistance is required, and

intermetallics with substantial concentrations of aluminum, chromium, or silicon are
desirable since they are more likely to form protective scales. Materials should possess a
compositional homogeneity range.

The ability to vary stoichiometry as well as

incorporate interstitial additions is important.

In order to achieve useful strength and

creep resistance, melting points in excess of 1600°C are required. Generally, single phase
materials have an upper operating temperature of between O.S-O.TT^^ [7].

This

necessitates compounds with melting points between 1600-2700°C. Strength to density,
or specific strength, must be considered. In order to minimize centrifugal stresses, density
should not exceed that of current commercial nickel based superalloys (8.5 g/cm^).
Many materials in the general class of intermetallic silicides meet these initial
requirements. More specifically, the class of transition metal silicides A5Si3 (A=Ti, Nb,
Ta, Mo, Zr, Cr, W) are particularly interesting. The compound Ti5Si3 has received some
attention in the past few years. This material is particularly attractive because of its high
melting point of 2130°C, adequate oxidation resistance, and low density of 4.32 g/cm^.
Mo5Si3 is also a candidate high temperature structural material.

Unlike MoSi^, it is

expected to have good high temperature creep resistance due to a large and complex unit
cell and expected large Burger's vector.

Limited experimental data supports this

assumption [8].
Ti5Si3 and Mo5Si3 based materials are being investigated in parallel to determine
their usefulness as high temperature materials. Both compounds present certain problems
that make them undesirable for use as stoichiometric, undoped materials.

For example,
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Mo5Si3 has poor oxidation resistance, in contrast to the adequate oxidation resistance of
Ti5Si3 up to 800°C.

On the other hand, Ti5Si3 shows considerable transgranular

microcracking on cooling from consolidation temperatures, while Mo5Si3 is more
forgiving.

The microcracking is due to high thermal expansion anisotropy. For these

reasons, the two materials were investigated using slightly different approaches, as
detailed below.

II. Literature Review

1. Phase Diagrams

While similar in many respects, the refractory metal-silicon and transition metal
silicon systems also exhibit notable differences.

Refractory (Mo, W, Ta)

metals form

only a few compounds with silicon along the binary composition range. Figure 1 shows
the molybdenum-silicon phase diagram, with small terminal solid solubility ranges and
three compounds. Of the three compounds, only MoSi2 has been well characterized; it is
well known for excellent oxidation resistance in the 700°C-1700°C range.

MoSi2,

however, is not used as a high temperature structural material in the monolithic state,
since it has a high creep rate above 1000°C [9],

Mo5Si3 has a homogeneity range of

about 3 at.% silicon. A high melting eutectic is formed with MoSi2 at 54 at.% silicon.
Figure 2 shows the titanium-silicon phase diagram.

This system contains five

intermetallic compounds. All compounds except Ti5Si3 exist as line compounds. Ti5Si3
is the most refractory compound and congruently melts within a 2.5 at.% silicon
homogeneity range.
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2. Crystal Structure of A5Si3 Compounds
Transition metal silicides of the form A5Si3, which belong to the more general
class of

A5X3

phases, crystallize into three structures: tetragonal Cr5B3-type (T2 phases),

tetragonal W5Si3-type (Tj phases), and hexagonal Mn5Si3-type [11].

During the

preparation and characterization of transition metal silicides, Nowotny and collaborators
[12,13] observed that different samples of the same A5Si3 composition crystallized in both
the W5Si3 and Mn5Si3 structures.

As compositional purity was increased, many pure

M5Si3 binary phases crystallized in the tetragonal W5Si3 structure. Small concentrations
of Z atoms (Z=B, C, N, O) were found to stabilize a ternary hexagonal A5Si3Zx phase
which is isomorphous with the Mn5Si3 structure. These interstitially stabilized A5Si3Z,^
phases were coined Nowotny phases.
The Mn5Si3-type structure is characterized by chains of metal and silicon atoms in
the [001] or c-direction. An [001] projection of the unit cell is shown in Figure 3. Mnl
atoms form linear chains at (1/3,2/3,z) and (2/3,1/3,z) with z=0,'/2. Mn2 atoms form
chains of trigonal antiprisms at the corners of the unit cell with z— '/»,%. Silicon atoms
(Si) form trigonal layers which create chains of irregular trigonal antiprisms at z=
The Mn5Si3 structure incorporates a wide variety of atoms in the interstitial sites at the
corners of the unit cell [14,15,16,17] at z=0,'/2.

Linear chains of interstitial atoms

occupy the centers of trigonal antiprisms of the Mn2 atoms.

In Nowotny phases, the

stabilizing element Z occupies these interstitial sites. Substitution of Si atoms for Mnl
atoms or Z atoms for Si atoms may also occur [11].
Mo5Si3, in the absence of impurities, has a body centered tetragonal crystal
structure of space group I4/mcm (No. 140). Synthesis of Mo5Si3 was first claimed in
1950 by Brewer et al. [18] who identified the stoichiometry of the compound as Mo3Si2.
In 1955, Aronsson [19] identified the correct stoichiometry and crystal structure as
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Figure 3; [001] projection of the Mn5Si3-type unit cell. Atoms are shaded
according to their height.
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tetragonal W5Si3-type, and another neutron diffraction study [20] confirmed the W5Si3
structure. The ternary Mo-Si-C phase, which has the stabilized Mn5Si3-type hexagonal
structure, was reported in 1954 by Nowotny et al. [12] Parthe' et al. [21] did a neutron
diffraction study of M04 gSi3Co.6 in 1965 and confirmed the Mn5Si3 structure type.
The true structure of Ti5Si3 is less clear.

It has not been established whether

Ti5Si3 is a true pure binary Mn5Si3 structure or a Nowotny phase. In 1951 Pietrokosky
and Duwez [22] characterized Ti5Si3 as possessing the hexagonal Mn5Si3-type structure.
Hexagonal lattice parameters, a=7.444 A and c=5.143 A, were measured by Quakemaat
and Visser [23] from a relatively pure sample which fit the theoretical composition and
showed an impurity content of carbon, boron, nitrogen, and oxygen of less than 500 ppm,
1000 ppm, 10000 ppm, and 1000 ppm, respectively. They were unable to determine the
presence or absence of nitrogen below 10000 ppm and concluded that Ti5Si3 might be a
nitrogen stabilized Nowotny phase.

Appropriate interstitial additions may significantly

affect the bonding of the structure to change the thermal expansion, oxidative, and
mechanical behavior.

3. Mechanical Properties
Mechanical properties data for A5Si3 family compounds is scant. In 1991, Anton
and Shah [8] included Mo5Si3 in a group of seven intermetallic compounds selected for
testing as high temperature structural materials. The results of these tests are shown in
Table I. Note the low compressive creep rate of Mo5Si3 at 1200°C, measured as 4x10"^
sec'i.

The creep rate of MoSi2 in the same work was measured as 2.1 x 10"^ sec'.

Mo5Si3 also exhibited considerable ductility in this study, and an anomolously low
activation energy for creep. The ultimate tensile strength of the material was very low,
with failure occurring by transgranular cracking. The ductile behavior of Mo5Si3 in this
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test may be due to the microstructure of the arc cast test specimens.

Although no grain

size information was provided by the authors, arc melting generally produces a large
grain (100-1000 |.im) material.

Large grained Mo5Si3 may crack transgranularly on

cooling due to thermal expansion anisotropy. Transgranular fracture has been observed in
Mo5Si3 prepared in this work with an average grain size greater than 15 |.im.

It is

possible that the measured properties presented in Table I represent the properties of
microcracked specimens.
Kim et al. [24] has derived an expression for estimating the critical grain size for
cracking in materials with anisotropic thermal expansion.

The degree of thermal

expansion anisotropy in Mo5Si3 has not been measured, so this analysis can not yet be
applied to Mo5Si3. However, for Ti5Si3, we calculate that average grain size larger than
4 |.im will induce internal strain large enough to cause microcracking.

Table I. Mechanical Properties for Arc Cast Mo5Si3 [8]

Property

Value

Notes

fracture strength

12 MPa

tensile

creep exponent (n)

1.9

1200°C

creep rate

4 X 10'^ sec'i

I200°C, 69 MPa

creep activation
energy

10 kcal/mole

1200°C, 69 MPa

ductile to brittle
transition

none found up
to 1200°C

ductility noted may be
due to microcracking
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Liu et al. [25] observed extensive microcracking for arc-melted and cast Ti5Si3. A
slight decrease in microcracking was achieved by adjusting alloy composition to Ti-33Si4Zr-4Cr. Cast specimens, even with a post HIP process, exhibited low fracture strengths
of < 100 MPa with transgranular fracture.

Frommeyer et al. [26] tested HIPed

monolithic Ti5Si3 and a unidirectionally solidified a-Ti-Ti5Si3 eutectic alloy. Dramatic
improvement in room temperature fracture toughness was observed for the eutectic alloy.
Bulk Ti5Si3 toughness was about 2 MPa-Vrn , and this increased to 12 MPa-Vm for the
eutectic alloy.

Monolithic Ti5Si3 was brittle below the observed BDTT of 850-950°C.

Above 1000°C Ti5Si3 deformed plastically, and from 1000 to 1500°C flow stress
decreased from 1048 to 50 MPa. The eutectic alloy showed a room temperature flow
stress of about 1080 MPa which decreased to 150 MPa at 1000°C.

Monolithic Ti5Si3

exhibited power law creep behavior (n=3) with creep stress decreasing from 240 to 44
MPa at a strain rate of 10'"' sec"' between 900 and 1200°C.

4. Oxidation Resistance
Ti5Si3 and Mo5Si3 differ considerably in oxidation behavior.

Ti5Si3 has the

potential to form a duplex oxide scale composed of both titania and silica, both of which
can act as passivating layers. In contrast, the formation of molybdenum oxide on Mo5Si3
is undesirable and can lead to catastrophic oxidation. An early investigation of oxidation
in the Ti-Si system was by Paine et al. [27], who tested sintered plates in dry air at
1260°C for 100 hours. Good oxidation resistance was reported in spite of the inability to
synthesize single-phase compositions. TiSi2 was reported to experience mass gains of 2.2
and 4.4 mg/cm^ at 1260 and 1370°C. Anton and Shah [28] performed cyclical oxidation
testing of arc-cast 715813 at 1149°C. After 50 hours the mass gain was 30.76 mg/cm^.
An external brown oxide was observed, and x-ray diffraction of the oxidation products
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indicated 75-80 vol% Ti02 (rutile), 20 vol% hexagonal Ti5Si3 and < 5vol% tetragonal
Si02 (a-cristobalite). Liu et al. [25] produced alloys of Ti-29Si-8Cr, Ti-33Si-4Cr-4Zr,
and Ti-36.5Si by arc melting and casting. Isothermal oxidation at 800°C in air showed
parabolic oxidation for the last two alloys with a mass gain of 0.88 and 0.98 mg/cm^ at
120 hours. The alloy of lowest silicon content showed linear oxidation with a mass gain
of 1.8 mg/cm2 at 120 hours. All three alloys formed adherent scales.
There has been widespread interest in the mechanism of oxidation resistance of
MoSi2 [29,30,31,32,33,34]. It is expected that the same basic oxidation mechanisms are
operative for MogSi3.

Although MoSi2 exhibits excellent oxidation resistance at

temperatures greater than 80G°C in air, it exhibits catastrophic oxidation failure at certain
combinations of temperature and oxygen partial pressure.
catastrophic oxidation is known as pest oxidation.

This low temperature

The temperature range for pest

oxidation is a function of extrinsic specimen properties. It has been reported that dense
polycrystalline and single crystal MoSi2 samples are immune to pest [34],
Bartlett et al. [35] plotted regions of active and passive oxidation of Mo5Si3 based
on experimental data and calculation of the rate at which silicon from the substrate silicide
is made available for oxidation.

Bartlett's analysis shows that at temperatures below

1000°C, passive oxidation occurs only at oxygen partial pressures below 100 Pa.

As

temperature is increased to 1600°C, a dense oxide layer is formed at much higher oxygen
partial pressure. The same work reports that Mo5Si3 did not form a protective scale in
101 kPa of oxygen at temperatures from 484°-1600°C.

Shah and Anton [8] reported

catastrophic oxidation of arc cast Mo5Si3 within 20 cycles to 1149°C.
product was a-cristobalite.

The oxidation
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III. Experimental Procedure

715813 [24] and Mo5Si3 were synthesized by arc-melting the elements under an
argon atmosphere using a non-consumable electrode. 115813 buttons were milled to -325
mesh (<43 |.im) powder in a WC lined impact mill. Mo5Si3 buttons were milled in a
molybdenum lined impact mill with molybdenum media. X-ray diffraction showed that a
small amount of M03Si was present, apparently due to silicon volatilization on arc
melting. The stoichiometry was adjusted back into the Mo5Si3 phase field by adding 0.5
wt.% excess silicon. Chemical analysis by laser mass spectrometry, inert gas fusion, and
combustion analysis was performed on some materials.
8ubmicron size intermetallic powders were uniaxially pressed into bars and pellets.
The green bodies were coated with boron nitride and HIPed in borosilicate encapsulating
glass. Ti5Si3 was HIPed at 206 MPa and 1250°C, while 1^105813 was HIPed at 275 MPa
and 1300°C. Both compositions were held at pressure and temperature for 10 hours.

A

slow cooling rate of l-2°C/min was used to minimize bulk thermal stresses and reduce
cracking. One billet of Mo5Si3 was reactively HIPed in a tantalum can by consolidating
elemental molybdenum and silicon powder at 1440°C and 275 MPa.
Room temperature hardness and fracture toughness were measured by Vickers
indentation technique.
indentations.

Property determinations were made on a minimum of 20

Fracture toughness was estimated from indentation cracking using the

method of Anstis et al. [36]. Ninety-nine percent (99%) confidence intervals were
calculated for hardness and fracture toughness. Some preliminary four-point bend tests
were performed using an articulating fixture as recommended by Quinn and Morrell [37]
and others.
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Specimens for thermal oxidation studies were prepared by cutting coupons from
HIPed specimens. Samples were suspended in a vertical tube thermogravimetric analyzer
and heated at 20°C/min in flowing air. Ti5Si3 coupons were polished through 0.05 |.im
AI2O3 abrasive and oxidized in synthetic 'zero' air (mixture of 79%N2-21%02, free of
H2O). Mo5Si3 specimens were polished through 0.3 |.im AI2O3 abrasive and oxidized in
flowing 'breathing quality' air. Continuous isothermal oxidation was measured for up to
400 hours. ESCA depth profiles were performed on some oxidized specimens.
profiling was performed using a 4 kV Ar+ ion mill.

Depth

Etch rates of about IsA/min for

Si02 on Si are expected.
IV. Results

1. Microstructure and Mechanical Properties
X-ray diffraction patterns of Ti5Si3 based materials indicate that the powders were
essentially single phase Ti5Si3 with the Mn5Si3-type structure.

Minor amounts of

impurity are probably present since each pattern contained a few unidentified peaks. This
is expected since arc-melting is a particularly aggressive method of synthesis. Oxygen is
particularly difficult to eliminate. Corbett and collaborators [16] have shown that reactive
sintering for extended periods at temperature in sealed, non-reactive containers is required
to synthesize relatively pure samples of lVIn5Si3-type materials.
Alloys of the composition Ti5Si3Zx were synthesized by arc-melting where Z = B,
C, N, O and x=0.25, 0.50, 0.75. Recent determinations of the Ti-Si-Z (Z = C, N, O)
phase diagrams [38,39,40] show that Ti5Si3 has an appreciable solubility for these
interstitials.

These phase diagrams and our diffraction data indicate that Ti5Si3 can

accommodate several at. % carbon, nitrogen, or oxygen.

Additionally, a silicon

homogeneity range of a few at% is still maintained. The effect of these additions on the
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thermal expansion anisotropy and oxidative properties of Ti5Si3 is currently being
investigated.
Table II gives qualitative phase analysis by x-ray diffraction of some Mo5Si3 based
materials produced. As carbon is added to Mo5Si3, the tetragonal W5Si3-type structure
forms a two phase microstructure with the hexagonal Mn5Si3-type Nowotny phase.
one formula unit of carbon, the material is single phase hexagonal Mn5Si3.

At

Relatively

large boron additions do not stabilize the hexagonal Nowotny phase. Boron additions to
Mo5Si3 up to one formula unit cause formation of a two phase microstructure consisting
of tetragonal Mo5Si3 and tetragonal MoB.
Figure 4 shows the microstructure of HIPed Ti5Si3 samples made from two
powders impact milled for differing times [24]. The large grain sample was made from

Table II: Qualitative X-Ray Phase Analysis of Arc Melted Mo5Si3(B,C)x

Composition

Phase Analysis' (qualitative)

M02.6Si3

Mo5Si3 (T) / MoSi2 eutectic

M04 93813

M05Si3 (T)

Mo5Si3

Mo5Si3 (T) + trace M03Si

Mo5Si3Co. 1

Mo5Si3 ( H + T)

M05Si3Co.5

M05Si3 ( H + T)

M05Si3C

M05Si3 (H)

^05813015

not determined

Mo^Si^Bf)
mo5C>i3tso. 1I

]Vl05Si3 (T) + trace MoB

Mo5Si3Bo,5

M05Si3 (T) -l-MoB

Mo5Si3B

MosSig (T) +MoB

' T = W5Si3 type; H = Mn5Si3 type
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HIPed Ti5Si3 powders milled to -325 mesh. The tine grained sample was made from
powder milled an additional six hours after sieving -325 mesh. The -325 mesh sample has
an average grain size of 12 |.im. Transgranular microcracking is evident in larger grains,
indicating that grain boundaries are stronger than one or more crystallographic directions
within the grains. Further milling of the powder for six hours produced a microcrack-free
sample on HIPing with an average grain size of 1-2 |.im. The Vicker's hardness of the
fine grained, microcrack free sample was 17.1+0.7 GPa (1749 + 68 Hy) under 1.96 N
indentation load. The Vicker's hardness of the larger grained, microcracked sample was
9.1+0.5 GPa (924+56 Hy) under identical load. Some hardness values reported in the
literature are 968+30 Hy [26] and 1283±67 Hy [41]. The values obtained in this study
were lower for the microcracked specimen and significantly higher for the nonmicrocracked specimen.
The microcracking observed in the larger grained Ti5Si3 is believed to be caused
by anisotropy in the thermal expansion and elastic modulus which results from the
hexagonal symmetry of Ti5Si3.

Thermal expansion anisotropy is a potential source of

microcracking during thermal cycling [42].

For a noncubic polycrystalline body,

microscopic stresses develop during cooling from the processing temperature as a result of
the thermal expansion anisotropy and crystallographic orientation mismatch across grain
boundaries.

This thermal expansion anisotropy was measured by the method of high

temperature x-ray diffraction [43]. The thermal expansion coefficients along the a-axis
and c-axis are approximately constant over the temperature range of 298-873K and are:
Ota =8.7+0.2 ppm/K and

=20.4+0.4 ppm/K. No values of

and a^. are available in

the literature for comparison. The bulk CTE value estimated from x-ray diffraction is
11.6 ppm/K, compared to the literature value of 11 ppm/K for 450-1350K [44],
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Figure 4:

Polarized light micrographs of HIPed Ti5Si3. (a) -325 mesh powder
(b) six hour milled, -325 mesh powder
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In order to determine the effect of addition of interstitial atoms on the thermal
expansion anisotropy, the thermal expansion of Ti5Si3Co,9 was also measured [43]. The
addition of carbon to Ti5Si3 caused expansion in the room temperature c-parameter and
contraction in the a-parameter. The CTE of Ti5Si3Co,9 from 298-873K along the a-axis
and c-axis is 9.4+0.3 and 17.9+0.6 ppm/K, respectively. Compared to Ti5Si3 (a^ =
8.7 and

= 20.4 ppm/K), the decrease in

and increase in a^, while causing little

change in the overall bulk behavior, significantly reduced the CTE anisotropy from Aa =
11.7 to Aa = 8.5, While still a significant CTE anisotropy, reductions of this type are
expected to reduce the development of residual stresses during cooling from the processing
temperature. The extent of microcracking should decrease, thus increasing the ability to
process highly anisotropic Mn5Si3-type materials.
No microcracking is seen in HIPed Mo5Si3 for grain size smaller than 15 nm. The
addition of carbon to M05Si3 appears to increase hardness, as seen in Table III, which
shows microhardness (9.8 N load) values for identically prepared specimens of similar
grain size. The hardness increase may correspond to an increase in the amount of carbon
stabilized Mn5Si3 structure present.

At one formula unit of carbon (Mo5Si3C) the

material is 100% hexagonal Mn5Si3 phase, and the highest hardness values are obtained.
As the amount of carbon increases past one formula unit, hardness values again decrease.
Maloy et al. [45] made a 2 weight percent carbon addition to MoSi2 and recorded
improved fracture toughness and hardness values. They attributed these gains to the
reduction of Si02 present in the grain boundaries of MoSi2 and to the presence of SiC in
the microstructure.

Density values are given in Table III as percent of measured

pycnometric powder density, since density has a large bearing on hardness.

Fracture

toughness values are similar to those quoted for MoSi2 [46] for the indentation technique.
Values of Young's modulus used to calculate fracture toughness were estimated from the
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literature [47],

The modulus of the carbon doped compositions was unknown, and so

fracture toughness values were not calculated. The partially lamellar Mo5Si3/MoSi2
microstructure and the two phase 14058138 material may exhibit a slight increase in
fracture toughness over Mo5Si3.

This is not completely clear, however, due to the

difference in porosity between the two materials and the uncertainty in Young's modulus.
Preliminary 4-point bend tests were completed on Mo5Si3 specimens that were
reactively HIPed in a tantalum can. The HIPed billet had a bulk density of 72.5% of
theoretical.

Specimens were loaded in 4-point bending at a rate of 1.0 mm/minute.

Average strength of the bars was 92.4 MPa, with 95% confidence interval limits of 80105 MPa. As expected in these initial 'trial runs' the specimens have low strength due to
low specimen density.

The strength of these specimens does, however, show great

improvement over the value of 12.5 MPa as measured in tension by Anton and Shah [8]
for arc cast specimens.

Table III. Micro-Indentation Data for Mo5Si3(B,C)x at 9.8 N Load

Hardness
(GPa)

Density
(% theoretical)

(MPa-m''-)

Mo5Si3

12.0±0.25

97.4

2.9±0.36

Mo5Si3Co . i

12.0+0.25

85.6

MosSiaCo.s

12.2±0.28

80.6

M05Si3C

12.8+0.28

85.3

11.7±0.37

a

Mo5Si3B

11.8±0.30

84.4

3.4±0.17

Mo5Si3/MoSi2
eutectic

11.4±0.15

87.8

3.5±0.19

Composition

M05Si3Ci

5

Kic

'^Crystal structure not determined, theoretical density unknown.
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2. Oxidation Resistance
Kinetic data for the oxidation of four M05Si3 based materials at 1000°C in flowing
air are summarized in Table IV.

A comparison plot of the oxidation of the four

compositions is shown in Figure 5, which includes the initial ramping up to temperature at
20°C/min (the first 50 minutes of plot). The oxidation of Mo5Si3B is shown in Figure 6,
with features typical of the four compositions studied.

Note that initially the specimen

exhibits a mass gain, followed by a rapid mass loss, followed by a slower steady state
mass change.

The initial transient behavior is due to formation and volatilization of

molybdenum trioxide, which has a significant vapor pressure starting at 700°C [48].
M0O3 crystals, identified by x-ray diffraction, are found to condense in the cooler regions
of the TGA apparatus. As M0O3 volatilizes, it leaves areas of higher silicon activity that
oxidize to Si02.

Table IV: Kinetics of M05Si3(B,C)x Oxidation
Composition

Kinetic Model

K '

Run Time(hrs)

Mo5Si3

linear

-3.2xl0'2

80

Mo5Si3B

parabolic

+4.0x10'^

200

Eutectic

linear

-1.0x10"^

240

Mo5Si3Co.i

linear

-0.690

40

• This is in units of mg/(cm2 hr) for linear model
and mg2/(cm'^ hr) for parabolic model

Mo5Si3 shows linear oxidation kinetics, indicating that the oxidation is reaction
rate controlled. An SEM micrograph of the oxide scale (Figure 7) shows that it is cracked
and porous and may not be acting as a complete diffusion barrier to oxygen.

At 800°C

under the same oxidizing conditions Mo5Si3 exhibited severe pest after only 16 hours. The
oxidation of Mo5Si3Coj in flowing air at 1000°C was also catastrophic. The specimen
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Oxidation of Mo5Si3-based compositions in flowing breathing air (lOOC'C).
Note initial mass gain, then loss due to formation and volatilization of
molybdenum oxides. See Table IV for kinetic data.
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Oxidation of Mo5Si3B and Mo5Si3 showing features typical of all
compositions investigated.
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exhibited fast linear kinetics, and a large section of scale spalled from the specimen after
40 hours. The scale was determined to be a-cristobalite by x-ray diffraction.
The Mo5Si3/lVIoSi2 eutectic composition (54 at% Si) showed improvement in
oxidation behavior relative to Mo5Si3 and Mo5Si3Co.i. The oxidation rate was slow and
linear, showing continual mass loss. The steady state mass loss after 200 hours of
oxidation is approximately the same as the steady state mass gain of Mo5Si3B, showing a
thirtyfold improvement in linear oxidation rate over M05Si3. The scale formed exhibits
small cracks and some porosity.
The oxidation of M05Si3 may proceed by either or both of the net reactions

2 M05Si3 + 21 O2 —-> 10 M0O3 (g)+ 6 Si02

(1)

3 M05Si3 + 4O2 —>

(2)

5M03Si(s)+ 4 SiOs

A mass loss on oxidation indicates that reaction (1) is dominant, while a net mass gain
indicates that reaction (2) is operative. Thermodynamically, the free energy of formation
of silica is much lower than that of any molybdenum oxide.

Given sufficient silicon

activity, the Si-Si02 equilibria should fix the oxygen partial pressure at the oxidation
interface to a value below that required for molybdenum oxidation, and reaction (1)
should not occur. Apparently, in the case of the three materials discussed above, silicon
activity at the oxidation interface is low.

The low silicon activity precludes Si-Si09

equilibria from being established, and oxygen partial pressure rises high enough at the
interface to form M0O3.

Volatilization of M0O3 leads to a mass loss.

The addition of boron to form the nominal composition Mo5Si3B gives a dramatic
increase in oxidation resistance, as can be seen in Figures 5 and 6. Note that the specimen
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Figure 7: Micrograph of oxidized surface of Mo5Si3 exposed to flowing air at
IOOO°C for 80 hours showing porous nature of scale consistent with
linear oxidation kinetics.
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exhibits a mass gain in the steady state oxidation regime. The mass gain is parabolic,
indicating classic formation of a passive protective scale and a net oxidation reaction
similar to equation (2).

The parabolic rate constant is 4x10-'' mg-Zcm'^-hr.

After

oxidation for 400 hours at 1000°C, the specimen forms a dark, blue-black scale.

The

scale formed is about 6 |.im thick, as shown by a cross sectional view of a fractured
oxidation coupon (Figure 8).

Examination of the oxidized surface shows largely a

featureless glassy phase, with occasional crystalline islands, little porosity, and no cracks.
The crystalline areas appear to be of the same composition as the glassy regions when
viewed with back scattered electron imaging (BSE).
The mechanism for the improvement in oxidation resistance with boron addition is
under investigation. Possible roles that boron may play are as a diffusion aid, as a glass
modifier, or as a reactant participating in oxidation equilibria.

As an example of a

diffusion aid, consider the case of silicon carbide. A small addition of boron allows PSiC to be sintered below 2000°C, two hundred degrees lower than undoped material [49].
The mechanism for the improved sinterability in the case of silicon carbide is suspected to
be the creation of carbon vacancies as a result of doping with boron. The increase in the
number of carbon vacancies may enhance diffusion [50,51].

In the case of

1*405813,

boron may enable a defect mechanism that allows silicon to diffuse to the reaction
interface faster than oxygen diffuses through the scale, insuring adequate silicon activity at
the oxidation interface.
An ESCA (electron spectroscopy for chemical analysis) depth profile of oxidized
Mo5Si3B gave information on the composition of the scale.

ESCA chemical state

information is altered during ion etching, but it appears that the scale formed is a
borosilicate glass. The depth profile shows that the outer 15-30A of the scale has low
boron concentration. Deeper into the scale, boron concentration (in the oxide state) rises
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Figure 8;

SEM of scale cross section of Mo5Si3B oxidized in flowing air for 410
hours at 1000°C. Scale shows no cracking or porosity and is quite
homogeneous.
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and levels off. There is no evidence of molybdenum in the scale. The boron depletion in
the outer regions of the scale is likely due to volatilization of B2O3, which has a vapor
pressure of 5xl0'2 Pa at 1000°C [48]. Borosilicate glass has a lower viscosity and higher
thermal expansion coefficient than silica glass, and may help to heal any cracks that form
due to scale growth stresses or thermal cycling. Mueller et al. [52] found that Mo(Ge,Si)2
alloys have better low temperature oxidation resistance than MoSi^. The mechanism is
suspected to be a closer thermal expansion match to the substrate intermetallic and
decreased viscosity of the silicon-germanium oxide surface layer. It is possible that boron
may play the same role as germanium in increasing oxidation resistance of Mo5Si3.
Alternatively, boron may be involved in oxidation reaction equilibria similar to that
of silicon. The free energy of formation of boron oxide is more negative than that of
molybdenum oxide. Thermodynamically, silica will be the first oxide to form.
silicon supply near the oxidation interface falls and PQ, rises, boria will form.

As the

The total

supply of oxide formers (boron + silicon) in Mo5Si3B is higher than the total supply of
oxide formers in M05Si3. It is less likely that the oxidation interface will become both
boron and silicon depleted in Mo5Si3B, keeping PQ^ low at the oxidation interface and
preventing M0O3 formation.

Additionally, the volume of oxide formed per unit of

substrate consumed will be larger due to the boron addition.
Isothermal oxidation of Ti5Si3 was investigated from 700-i000°C in dry synthetic
air to characterize the development of the complex oxide structure [53].

At each

temperature, an experiment was conducted at low and high flow rates of synthetic air.
Samples at 700°C showed mass gains of less than 0.1 mg/cm^ after 120 hours.

At

700°C, the external surface was slightly tarnished, indicating the presence of a thin film.
ESCA indicated predominately Ti02 on the surface plus a minor amount of Si07.

After

ion milling for 15 minutes, the Ti peaks (in the oxide chemical state) were still very
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strong, indicating that the external Ti02 layer is several hundred Angstroms thick. This
type of scale development is consistent with the room temperature passivating layer which
forms on Ti5Si3. Initially, both titania and silica nuclei form due to their similar free
energies of formation.

However, since diffusion of oxygen in titania is much faster,

formation of the titania layer dominates.
For temperatures from 800-1000°C, the samples showed initial transient oxidation
followed by assumption of a higher rate of mass gain.

This transition to a higher rate

occurred at shorter times as temperature increased. At 800°C the external layer contains a
mixture of Ti02 and Si02. This was determined by both ESCA and EDS dot mapping.
BSE and dot maps of the cross section of an 800°C oxidized sample are shown in Figure
9. A 10-12 i-im thick external layer covers a 150 |.im thick reaction layer. This external
layer consists of essentially a titanium rich matrix phase (Ti02) with silicon rich phase
interspersed (Si02).

The BSE image shows the unoxidized Ti5Si3 as the bright phase.

Dark dendrites are growing through a lighter colored matrix phase. The X-ray dot map
shows that the dendrite phase is rich in Ti and depleted in Si, possibly TiO, while the
lighter matrix phase is rich in Si and lower in Ti, verified to be TiSi2 by electron
microprobe analysis (EMPA). Ti5Si3(bright phase), TiSi2(dark matrix phase), TiO(darker
dendrites), and Ti02/Si02(darkest outer layer) match the anticipated atomic number
contrast of the BSE image. At 900-1000°C the linear rate constants were not dependent
on gas flow.

Therefore, surface effects such as supply of oxidant are not a rate-

determining step. Oxidation at 10G0°C causes growth of a dense outer 10 |.im layer of
rutile with an underlying stratified morphology consisting of interspersed silica. Spalling
was not clearly detected during isothermal oxidation, but during cooling some spalling
occurred.

211

These oxidation kinetics are similar to those observed for titanium [54],

This

indicates that the rate controlling mechanisms for oxidation of titanium may be operative
for Ti5Si3. Oxidation of titanium is characterized by a transition from parabolic to linear
kinetics as the external rutile scale begins to spall. Stratified scale growth occurs, and a
dense outer rutile layer reaches a limiting thickness of 15-20 |.im and begins to spall [55],
Smeltzer [56] explained the linear kinetics as the result of oxide growth by grain boundary
diffusion of oxygen through rutile. Kofstad [57] proposed that sintering and grain growth
of the rutile scale decreases the relative contribution of grain boundary diffusion.
Eventually, volume diffusion dominates and the rate becomes parabolic. However, grain
growth decreases plasticity of the scale and thus should decrease scale adherence.
A dramatic improvement in oxidation resistance resulted from the addition of
carbon to Ti5Si3. Alloys of Ti5Si3Cx were prepared by arc-melting. Table V shows the
alloys synthesized and the chemical analysis for carbon content as determined by
combustion analysis.
Figure 10 shows the effect of increasing carbon content on oxidative stability at
1000°C compared to fine-grained undoped Ti5Si3 at 700°C and 800°C. The addition of
carbon has significantly lowered the mass gain. After 60 hours, fine-grained undoped

Table V; Chemical Analysis of Ti5Si3Cx

Alloy
Composition

Sample ID

TisSis

CO

C (wt%)
484 ppm

Ti5Si3Co,25

CI

0.921

TisSisCo.so

C2

2.10

Ti5Si3Co.75

C3

2.56

Ti5Si3Co.9o

C4

3.10

#
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Figure 9:

(a) BSE image of TijSij oxidized at 800°C in synthetic air,
(b) Titanium EDS dot map,
(c) Silicon EDS dot map.
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Figure 10: Isothermal oxidation of Ti5Si3Cx in zero air at 1000°C compared to
Ti5Si3 oxidized at 700°C and 800°C.
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Ti5Si3 shows a mass gain of about 14 mg/cm-. The mass gain for carbon doped samples
varies from 0.2-0.4 mg /cm^, almost two orders of magnitude lower.

The isothermal

oxidation resistance of Ti5Si3Cx compositions at 1000°C is increased by nearly 300°C,
similar to that of undoped Ti5Si3 at 70G°C.

Carbon doped samples show parabolic

oxidation kinetics after an initial transient period of about 30 hours.

These parabolic

constants are given in Table VI. Parabolic rate constants for alloys CI and C2 are similar
to that of Mo5Si3B.

Table VI: Parabolic Rate Constants for Ti5Si3Cx at 1000°C

Alloy

kp (mg-/cm''/hr)

Ci
C2

5.2 X 10-4
5.9 X 10-4

C3

9.8 X 10-4

C4

1.51 X 10-3

X-ray diffraction of the scale surface indicated presence of Ti02 (rutile). ESCA of
the surface indicated the presence of both Ti02 and Si02. For alloy CI, Ti02 and Si02
are present in nearly equal amounts during the first two minutes of ion milling, about 30
A into the scale.

At the scale surface of alloy C3, the ratio of Ti02 to SiO^ is much

higher. In both compositions, Ti02
than 30 A.

'^he predominant phase in the scale at depths greater

The analysis of carbon in the scale is inconclusive since it is difficult to

distinguish between initial surface contamination (adventitious carbon) and that due to the
sample composition.
BSE examination indicates the externa! scale to be between 2-4 jiun thick. The
scale is of a duplex nature as shown in Figure 11. In the BSE micrograph the bright phase
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Figure 11:

BSE image of Ti5Si3Co.75 oxidized at 1000°C in synthetic air for 120
hours.
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is the base material alloy (Ti5Si3), the dark inner scale is Si02, and the gray outer scale is
Ti02. The scale was analyzed by EMPA. Quantitative analysis could not be made due to
the thinness of the scales.

Qualitative analysis shows high titanium and low silicon

concentration in the gray outer scale.

High silicon and low titanium concentration is

detected in the darker underlying scale.
The increased oxidation resistance of Ti5Si3Cx may be related to the formation of
an underlying continuous Si02 layer. This continuous layer does not form in undoped
specimens. The formation of this Si02 layer is likely promoted by the increased silicon
activity or decreased titanium activity at the scale/alloy interface due to the interstitial
carbon. The actual mechanism is the topic of further investigation.

V. Summary

Refractory and transition metal intermetallic silicides have been demonstrated to be
potential high temperature structural materials.

Both Ti5Si3 and Mo5Si3 possess

attractive properties, but both materials cannot be used as pure single phase materials due
to inherent limitations. The addition of interstitial atoms to these materials dramatically
improves their oxidation resistance. It is anticipated that these interstitial additions may
also have similar beneficial effects on the mechanical properties.
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