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COMBINED DILATOMETRY AND MASS SPECTROMETRY OF SINTERING
AND EVOLVED GASES OF BARIUM TITANATE AND ZIRCONIUM

DIBORIDE WITH SINTERING ADDITIVES

Murray Moss
Dr. Stephen J. Lombardo Thesis Supervisor

ABSTRACT

The system components, improvements, and procedures of a combined
dilatometer mass spectrometer system (CDMS) are described in detail. The CDMS is
used to monitor the gas phase species and sintering progress in real time during the
heating of barium titanate and ultra high temperature ceramics (UHTCs), including
zirconium diboride and sintering additives. For loose powder and pressed samples of
barium titanate heated at different rates, two families of signals were observed by mass
spectrometry at mass to charge (m/z) ratios of 44 and 64 prior to the onset of sintering,
which initiated at 1150°C. The assignment of these signals as carbon dioxide and sulfur
dioxide was accomplished using reference cracking patterns, natural isotope abundances,
a carbon dioxide gas reference, and comparison to the gases evolved from the model
compounds barium carbonate and barium sulfate. The sources for carbon dioxide
evolution at low temperatures below 500°C include organic impurities arising from
processing, exposure to ambient organic material, and adsorbed carbon dioxide. The

sources for the higher temperature above 600°C evolution of carbon dioxide and sulfur
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dioxide are likely from residual unreacted or surface barium carbonate and barium
sulfate, respectively.

The UHTCs and common sintering aids heated in the CDMS individually and in
mixtures include zirconium diboride, boron carbide, silicon carbide, boron oxide,
zirconium oxide, zirconium disilicide, boron nitride spray, and organic binder, dispersant,
and surfactant. Low temperature signals below 660°C for these UHTCs are attributed to
the decomposition of organics present in the boron nitride spray, binder, dispersant, and
surfactant. The high temperature signals above 900°C were determined to be CO and
CO; using reference cracking patterns and natural isotope abundances. The carbon
sources are identified as arising from unreacted carbon from the synthesis methods for
some of the powders and from the carbon inherent in the chemical formula. The oxygen
sources were attributed to synthesis reactions for the powders and to the presence of
surface oxides. An additional source for CO and CO; production at high temperature for
the powders in mixture is the reactive sintering that occurs. Zirconium disilicide was the
only additive that decreased the sintering temperature of zirconium diboride below the

maximum hold temperature of 1648°C, thereby allowing sintering to occur.
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Chapter 1

Introduction



1.1 General Background

Ceramic materials can be divided into general groups: traditional ceramics and
advanced ceramics. Traditional ceramics such as concrete, whitewares, and refractories
have in the past and continue to hold a large portion of the ceramics industry and are used
for their strength, hardness, and thermal stability at high temperatures. Advanced
ceramics are included in applications that utilize the electrical, magnetic, structural,
chemical, and optical properties of the compounds, which can be modified through
doping of the bulk material with a smaller amount of another material. The difficulty in
machining most ceramics because of their high hardness and brittleness had led to the
development of the near net shape forming method of powder processing. In powder
processing, the solid ceramic particles are pressed into a shape, called the green body,
which is then heated or "sintered" to remove the pores between particles. The body
experiences many types of mass transport and chemical changes during sintering, all of
which can greatly influence the properties of the dense finished body.

Table 1.1 summarizes the different mechanisms that can occur during sintering,
along with both the transport mechanisms and driving forces behind each. These
mechanisms can occur as a solitary mechanism or can occur along with one or more other
mechanisms. The sintering of BaTiOgs, for example, is mostly solid-state sintering but
includes surface diffusion, vapor transport, volume diffusion, and grain boundary
diffusion (see Figure 1.1) [1]. Grain boundary diffusion and volume diffusion are the
only transport types of the four listed to bring the centers of particles closer together,
resulting in densification. Surface diffusion and vapor transport do not contribute to

densification because they only involve molecules on the surface of the material.



Table 1.1: Sintering types, mechanisms, and driving forces [Adapted from [1]].

Type of Sintering | Transport Mechanism Driving Force
Vapor-phase Evaporation/condensation Difference in vapor
pressure
Solid-state Diffusion Differences in free energy
or chemical potential
Liquid-state Viscous flow, diffusion | Capillary pressure, surface
tension
Reactive liquid Viscous flow, solution | Capillary pressure, surface
precipitation tension

Figure 1.1: Material transport mechanisms contributing to the sintering of a consolidated
mass of polycrystalline particles: (1) surface diffusion, (2) vapor transport, (3) volume
diffusion, and (4) grain boundary diffusion [1].

The process of sintering is divided into three stages, according to the physical
changes and methods of material transport that occur, as listed in Table 1.2. Figure 1.2
illustrates how the rearrangement of particles and initial neck formation by surface

diffusion is observed in the initial stage. The mechanisms in first stage have relatively

low activation energy and cause an increase in contact between particles.



Table 1.2: Three stages of sintering [Adapted from [1]].

Sintering stage Physical changes
First stage (initial) Rearrangement
Neck formation
Second stage (intermediate) Neck growth
Grain growth

High shrinkage
Pore phase continuous
Third stage (final) Much grain growth
Discontinuous pore phase
Grain boundary pores eliminated

KEY
o Particle
&£ Porosity
A
(a) (b) (©

Figure 1.2: Physical states during the initial stage of sintering. (a) Starting particles, (b)
rearrangement, and (c) neck formation [1].

The intermediate sintering stage is when most of the shrinkage, caused by grain
boundary diffusion, occurs as shown in Figure 1.3. The grain boundary diffusion causes
pores to move to the exterior of the interface, which takes place as grain and neck growth
occurs. The intermediate stage ends when the pore channels are closed and the pores

become isolated.
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Figure 1.3: Physical states during the intermediate stage of sintering. (a) Neck growth
and volume shrinkage, (b) lengthening of grain boundaries, and (c) continued neck
growth and grain boundary lengthening, volume shrinkage, and grain growth [1].

(a)

Figure 1.4 shows the final stage of sintering, which continues densification by the
elimination of almost all porosity through surface diffusion along grain boundaries. This
surface diffusion is accomplished by the diffusion of vacancies in the crystal lattice and
aided by grain boundary movement and grain growth. The control of grain growth
determines how much porosity remains; sintering that occurs too quickly can trap pores

in the final microstructure.

(b)

Figure 1.4: Physical states during the final stage of sintering. (a) Grain growth with
discontinuous pore phase, (b) grain growth with porosity reduction, and (c) grain growth
with porosity elimination [1].



1.2 Analysis Techniques

Dilatometry is the most common method of determining sintering progress.
Sintering causes a significant volume change in a material which corresponds to changes
in length of the sample that is then measured by the dilatometer. The length change as a
function of time or temperature can then be used to find the activation energy of
sintering, which is the energy needed to rearrange the particles of the material to a lower
energy state. The changes in the microstructure as a result of sintering cannot be
monitored in real time, but can be examined when the sample is rapidly cooled, cut,
polished, and then analyzed using other equipment, such as a scanning electron
microscope (SEM) or X-ray diffraction (XRD).

In order to identify species that are evolved in the gas phase during the heating of
inorganic materials to high temperatures, different techniques have been discussed
elsewhere [2-6]. A Knudsen diffusion cell is one method, where the material is heated
and the evolved species are directly monitored or captured for later analysis. Another
method uses a carrier gas that flows around the heated material to transport the evolved
gas species to the analyzer. The Knudsen method is for measuring in chemical
equilibrium conditions, but the carrier gas method can be used in non-equilibrium
conditions, which are present during sintering. None of the various methods used for
analyzing chemical processes that occur during sintering have emerged as a clear
standard.

The above techniques have provided a great deal of information into reactions that
occur at high temperatures, but there is not as much in the literature that discusses the

connection between such reactions and the rate of sintering of ceramics. The exploration



of the concentrations and temperatures at which species are evolved and their effect on
sintering and final microstructure could lead to major changes in how ceramics are
processed. Possible reactions [3-41] that occur at high temperatures are the
decomposition of organic material, the evolution of sintering aids, and the removal or
modification of surface layers. Apart from the reactions that occur from the sample, the
furnace environment may affect sintering by contributing to or initiating reactions [40].
The combination of both high temperature dilatometers [27-36] and mass
spectrometers [14, 16-18, 34, 35] is not common; however, the results from such
measurements could be utilized to expand on the knowledge that has been gained from
each analytical device independently. To demonstrate the possible uses of these types of
measurements, Honstein et al. [42] investigated the effect of heat treatments and varying
Si0,:SiC ratio on the evaporation behavior of SiC by monitoring the evolution of CO and
SiO gas using a mass spectrometer. The SiO gas pressure was decreased with the
presence of excess SiO, which was explained by two steady-state vaporization processes.
A study by Baud et al. [43] using mass spectrometry revealed that the vaporization
processes of the SiC-Al,O3 powder bed system are not in equilibrium and are kinetically
hindered. From these results, a more fitting powder bed can be developed for the
sintering of oxide-containing SiC. The benefits of using mass spectrometry in order to
identify reactions that occur, which can influence sintering behavior and final

microstructure, are summarized in the two examples above.



1.3 Motivation, Objective, and Thesis Organization

The motivation for this work is the continued development of the combined
dilatometer mass spectrometer (CDMS) as a characterization tool that can be used to
expand the knowledge of reactions that occur during the heating of various ceramic
systems through the real time monitoring of gas phase species. The development of the
CDMS will allow for the observation of how starting powder characteristics affect gas
phase reactions, which can then affect the sintering behavior along with the final
microstructure and properties of the ceramic. The data provided by the CDMS can be
combined with other analytical techniques to generate tailored sintering cycles that
optimize desired properties while minimizing production costs.

The main objective of this work is to identify the sources of all the evolved
species for each ceramic powder system that was heated in the CDMS. As previously
mentioned, there are many possible sources for gas phase species, including species
originating from the ceramic powder and from the furnace environment. Another
objective that is addressed in this work is the improvement of both the CDMS apparatus
and the methods for the use of the CDMS. These improvements allow a wider variety of
ceramic powders to be analyzed using the CDMS and decrease the amount of background
signals present in the CDMS.

Chapter 2 details the CDMS and outlines the general procedures used to measure
the progress of sintering and the evolved gases in real time. Diagrams showing the
coolant liquid flow path that cools both the furnace and dilatometer and for both the tube
and shell side gas flow paths are provided. The chapter also discusses how the procedure

has been improved to include oxidizing and inert conditioning heating cycles between



samples to remove residual species that may be present on the interior surfaces of the
furnace. The primary thermocouple is now separated from gas phase species that can
cause degradation using a thermocouple protection tube and the powder pressing
procedure has been modified to reduce background signals.

In chapter 3, the CDMS is used to examine high temperature chemistry that
occurred during the sintering of barium titanate at varied heating rates and as both
pressed and loose powder. Barium titanate is a ferroelectric material that, through doping
with metal oxides, has highly modifiable electrical properties which has led to its
development into widespread use in capacitors. The synthesis routes of barium titanate,
from the mineral barite (BaSO,) to barium carbonate, which is then mixed with titanium
dioxide to produce barium titanate, allows for the introduction of several impurities into
the final powder that could potentially be evolved into the gas phase.

The high temperature chemistry of carbides, oxides, and other additives that are
commonly combined for ultra-high temperature applications were examined using the
CDMS individually in chapter 4 and combined in chapter 5. Ultra-high temperature
ceramics (UHTCs) are utilized as refractories, electrodes, and structural components in
high temperature and high chemical reactivity environments. Classes of UHTCs that are
currently being explored include borides, which have excellent hardness and thermal and
electrical conductivity, along with stable oxides, and carbides, which have higher melting
temperatures and high strength. Because of the high melting temperatures of the UHTCs,
and therefore high sintering temperatures, additives such as B4C, SiC, excess carbon in
the form of phenolic resin, and ZrSi,, have been incorporated into the UHTCs. These

additives can have multiple effects on the powder system, such as improving or



worsening desired physical properties, removing surface oxide layers, and reducing the
sintering conditions which expands the techniques available for sintering. These powders
are reactive systems that produce species in the gas phase during heating, which will be

monitored by the CDMS.
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2.1 Introduction

This chapter discusses the components of the combined dilatometer mass
spectrometer (CDMS), which is used to measure the rate of sintering and the evolved gas
species from the sample in real time during heating. The hardware and software type and
setup are discussed, along with improvements to the system and the experimental

procedure executed. For further information on the CDMS see Schurwanz [1].

2.1.1 System Overview

The combined dilatometer mass spectrometer (CDMS) includes a pushrod
dilatometer (Push-Rod Dilatometer, L-75/260, Linseis, Selb, Germany) and high
temperature furnace (High Temperature Tube Furnace, 1640, Thermal Technologies,
Santa Rosa, CA) in conjunction with a mass spectrometer (Quadrupole Mass Filter
Spectrometer, 5971A, Agilent Technologies, Santa Clara, CA). There are two gas flow
paths that are separated by an alumina combustion tube (Combustion Tube, 30505-
modified, McDanel Advanced Ceramic Technologies, Beaver Falls, PA), the Tube Side
and the Shell Side, along with two flow paths that carry coolant to the furnace and
dilatometer. The Tube Side flow path is along the interior of the dilatometer and
combustion tube, and then is split near the exit of the furnace by a T-junction to enter
either the mass spectrometer or to vent. The Shell Side flow path is along the exterior of
the combustion tube and in the shell of the furnace that contains the graphite heating
element and graphite insulating felt, and then is vented. The separation of the two gas
flow paths allows for an inert atmosphere that is necessary for the graphite heating

elements in the furnace and for another inert carrier gas that is not exposed to the heating
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elements to enter the mass spectrometer. The liquid flow paths consist of one path
between the furnace shell, the chiller, and the circulator and another path between the

circulator and the housing around the dilatometer.

2.2 System Details

2.2.1 Coolant Flow Paths

Figure 2.1 shows how the shell of the furnace is cooled by circulating coolant that
travels from the furnace, through a flow indicator, to the chiller, through the circulator,
and back to the furnace. If the flow indicator detects that the water flow is halted during
furnace use, the power to the furnace will be shut off. The section of the dilatometer that
connects the end of the alumina sample holder to the metal mounting apparatus is cooled

by water that is pumped from the circulator [1].
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Figure 2.1: Diagram of the liquid flow paths for the CDMS [1].
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2.2.2 Gas Flow Paths

The Tube Side gas flow path initiates at high pressure gas cylinders that then flow
gas to a mixing board (FL-5GP-41SA-41SA, Omega Engineering, Stamford, CT), where
up to three gases can be mixed and flow rates can be established for each as seen in
Figure 2.2. The gas is then directed into the dilatometer and to the interior of the
combustion tube in the furnace where it passes over the sample. The gas exits the furnace
where part of the gas is siphoned to the mass spectrometer via a silica capillary and the

rest of the gas is vented [1].
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Figure 2.2: Diagram of the gas flow paths for the CDMS [1].

The furnace and mass spectrometer are connected by a series of bellows, tubing,
and fittings through which a silica capillary (B) runs along the entire length as shown in
Figure 2.3. One set of bellows connects to an end flange (F) of the furnace and also has a
fitting with a floating o-ring that encases the restricted end of the alumina combustion

tube (between F & G). This prevents damage to the alumina combustion tube from the
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length expansion during heating and maintains the separation of the gases in tube and
shell sides of the furnace. The bellows should measure 7.8 cm long when the shell is
under vacuum and should measure 8.3 cm when the shell is close to atmospheric
pressure. If the bellows are extended past those lengths, the fitting that is on the end of
the combustion tube may need to be adjusted to sit tighter on the end of the tube.
Connected to the fitting on the bellow is a series of tubing that includes a T-junction
where one arm continues to either vent or rapid fill and the other arm continues to the
mass spectrometer. The tubing connects to a gas chromatography inlet heater that
maintains the tubing at around 320°C. The resistance of the resistance temperature
detector can be measured and related to the temperature by the following equation:

Tintet Heater (°C) = 2.6445 x Q(ohms) — 265.11 2.1
A bellows connects the GC inlet heater to the mass spectrometer to allow shifting to
occur throughout the furnace and mass spectrometer interface during evacuating and

filling of the shell side [1].
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G: Combustion Tube H: Vent J: Interface Radiator

Figure 2.3: Diagram of the furnace to mass spectrometer interface [1].
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2.2.3 Dilatometer

The sample, usually between 0.2 and 1 g, is placed in an alumina sample holder
and suspended between two spacers that are held in place by the alumina pushrod of the
dilatometer and an alumina key that acts as a stationary wall; this setup can be seen in
Figure 2.4. The spacers are 5 mm in diameter and 0.7 mm thick and the composition
depends on the composition of the sample. Calcia-stabilized zirconia was used for the
barium containing ceramic powders and alumina was used for the zirconium containing
ceramic powders. Low density alumina paper is also placed in the sample holder,
covering the area directly beneath the sample, spacers, and pushrod in order to protect the
sample holder from pieces of the sample that could potentially break off during loading
or during the heating cycle. The sample holder slides into the interior of the combustion

tube in the furnace and is sealed by a high vacuum fitting [1].
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k.\ /l -
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Figure 2.4: Image of the positioning of the sample and spacers in the dilatometer [1].
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2.2.4 Furnace

Figure 2.5 shows the furnace components and the position of the cylindrical
graphite heating element for heating, surrounded by graphite insulating felt inside a felt
retainer. A vacuum port is located in the rear of the furnace and has a T-section attached
to it that allows for both venting of the shell side and the space for a thermocouple. The
furnace also features a viewing port that provides a line of sight to the heating element
and would allow the temperature to be read by an optical pyrometer. The hole through the
felt is framed by a graphite cylinder and the window is made of quartz [1].

The furnace is separated by the alumina combustion tube into the tube side, or
interior of the tube where the sample holder enters, and the shell side, which houses the
graphite heating element and thermal insulation. The combustion tube is fixed firmly to
one of the flanges of the furnace by applying the silicon gasket maker (Ultra Blue
Silicone Gasket Maker, 77B, Permatex, Hartford, CT) that is thermally stable up to 260
°C. Figure 2.6 shows the combustion tube in our system as a modified version of the
McDanel Ceramics 30505 combustion tube, shortening both ends to an overall length of

17 and 5/8 inches and adding a bevel to the restricted end to prevent chipping.
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D D
B A
F
A: Adaptor Flange G: Graphite Felt M: Ultra Torr Fitting
B: Bellows H: Heating Element N: Safety Thermocouple
C: Combustion Tube I: Radial Felt Retainer O: Safety Controller
D: End Flanges J: Sighting Tube P: to Vacuum
E: Hex Screw Wells K: Vacuum Port Q: Felt Spacer
F: Electrodes L: Thermocouple Tube R: Axial Felt Retainer
Figure 2.5: Cross section diagram of the furnace [1].
17 5/ inches
SinEhes 45° bevel from 45° bevel on
larger diameter to smaller
smaller diameter diameterend
Larger Diameter End Smaller Diameter End
oD 1.31inches+/-0.04 0.42 inches+/-0.02
ID 1.06 inches+/-0.03 0.17 inches+/-0.01
Thickness  0.14inches 0.14inches

Figure 2.6: Alumina combustion tube dimensions, modified from McDanel Ceramics

combustion tube 30505.
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The temperature in the furnace is measured using two type B thermocouples, (17
inch butt-welded, unsheathed, type B thermocouple, P30R-010-BW-17, Omega
Engineering, Stamford, CT) with PID controller settings listed in Table 2.1. One, the
primary thermocouple, is located on the underside of the sample holder and the other, the
safety thermocouple, is located opposite of the viewing port. The actual temperature is
consistently lower than the calculated temperature by about 10°C, as seen in Figure 2.7,
which is an artifact from the furnace controller settings. The primary thermocouple
should be aligned so that the tip is directly under the sample to get the most accurate
temperature reading in the hot zone of the furnace, which is about 5 cm long. Figure 2.8
shows the primary thermocouple encased in a closed one end alumina tube 12 inches long
with 3.0 mm OD and 1.5 mm ID (Ceramic Thermocouple Protection Tube, PTRA-
11618-12, Omega Engineering, Stamford, CT) with another alumina tube 12 inches long
with 0.78 mm OD and 0.5 mm ID (Single-Bore Extruded Alumina Tube, 031020AE,
Accuratus Ceramic Corporation, Phillipsburg, NJ) around one of the thermocouple leads
to protect the thermocouple from chemical attack. This thermocouple protection tube
system was devised after it was discovered that primary thermocouples were being
degraded and failing due to carbon replacement of platinum at high temperatures. The
lead wires of the primary thermocouple exiting the alumina tubes are protected by
insulation taken from old wires as they travel back to the thermocouple lead connectors in

the dilatometer.
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Table 2.1: PID settings recommended by Linseis for a single thermocouple system [1].

Controller 1 Controller 2
Proportional | (P) 0 200
Integral 0] 0 1100
Derivative (D) 0 0

1800
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- -
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o o

Actual Temperature (°C)

200

1000
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400

1 y=1.042x-29.843

200 400 600 800 1000 1200 1400 1600 1800
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Figure 2.7: Actual temperature versus calculated temperature with best fit line and

equation, taken from values displayed by furnace control window during heating cycles.
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Alumina Tube
Thermocouple Leads Length = 12 inches
Length =17 inches Oi) =0.78 mm
Thickness = 0.01 inch ID = 0.5 mm
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OD =3.0 mm
ID = 1.5 mm

Figure 2.8: Diagram of the primary thermocouple encasing.

The safety thermocouple entering the rear of the furnace through the vacuum port
is also protected by a closed one end alumina tube and the leads are separated by a double
bored alumina rod and insulation taken from old wires. The safety thermocouple displays
a temperature that is always below the temperature displayed by the primary
thermocouple on the interior of the furnace since it is open to the air and the protection
tube is further away and on the exterior of the heating element and combustion tube. An
equation that relates the temperature from the safety thermocouple to the temperature of
the primary thermocouple is:

Torimary (°C) = 1.1353 * Tsqrer,, (°C) + 287.08(°C) 2.2
The safety thermocouple is wired to a temperature/process controller that can shut the
power off to the furnace if the temperature reaches above 1215°C, corresponding to

1666°C in the hot zone, even though the furnace is capable of temperatures above
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3200°C. This cut off temperature is chosen to protect the alumina from damage if the
furnace were to heat to a higher temperature than programmed because alumina begins to

creep at 1650°C [1].

2.2.5 Mass Spectrometer

The mass spectrometer consists primarily of a top plate, an ionization gauge, a
diffusion pump and a foreline pump. Figure 2.9 shows an image of the top plate and the
positions of the gas inlet socket and detection apparatus, including the interface socket,
filaments, lenses, mass filter, and electron multiplier. The ionization gauge is a device to
measure the pressure inside the top plate. The diffusion pump produces the high vacuum
inside the top plate and ionization gauge. The foreline pump aids the diffusion pump in

removing gas back to the atmosphere [1].

QUADRUPOLE
MASS FILTER ION SOURCE
DETECTOR RADIATOR (INSIDE) (INSIDE)

RTINS

TOPPLATE ~ TOPBOARD e cojis (NSIDE) INTERFACE SOCKET

Figure 2.9: Image of the mass spectrometer top plate [1].
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2.3 Improvements

Several improvements to the CDMS have been implemented in order to attain
better results and expand the functionality of the system. In response to several primary
thermocouples breaking during heating cycles from large amounts of carbon monoxide
being evolved from the sample, the lead diameter of the thermocouple was increased
from 0.010 inch to 0.015 inch. To provide even more protection to the thermocouple, an
alumina protection tube with a closed end in the hot zone was installed to separate the
thermocouple from any gases that are evolved from the sample. This also allows the lead
diameter of the primary thermocouple to be reduced back to 0.010 inch. The mullite
combustion tube was replaced with an alumina tube to increase the maximum operating
temperature of the CDMS from 1500°C to 1650°C. Alumina spacers (A-16, Alcoa, New
York, NY) were also fabricated to replace the calcia-stabilized zirconia (CSZ) spacers,
machined from our supply of CSZ (Machined Ceramics, Inc., Bowling Green, KY), that
were degrading at temperatures above 1500°C. The 0.7 mm thick, 11 mm diameter
alumina spacers were fabricated by pressing powder to 3000 psi gauge pressure
(approximately 160 MPa applied load), holding for 3 minutes using a 12.5 mm diameter
die and sintering in air to 1630°C for 3 hours.

Changes were also made to the standard operating procedure to eliminate mass
spectrometer signals that were identified to be originating from sample preparation
processes. A metal scoop and polystyrene weigh boat (Disposable Polystyrene Weigh
Dish, 2-202B, Thermo Fisher Scientific, Waltham, MA) was used to weigh the ceramic
powder and transfer the pressed sample. During heating cycles that used this process, a

family of mass spectrometer peaks was observed from several powder compositions and
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was eventually traced back to the styrene in the boat. The substitution of a metal weigh
scoop instead of the polystyrene boat has eliminated this family of peaks from sample
signals.

It was also discovered that peaks associated with a sample were observed when
there was no sample in the furnace on the subsequent heating cycle. This led to the
conclusion that gases evolved from the sample were diffusing into the sample holder
apparatus or combustion tube and were being evolved during the next heating cycle.
Before each sample, an oxidation and inert conditioning heating cycle must be completed

to remove contaminants from the system.

2.4 Procedure

To determine if a powder composition that has not been tested before in the
CDMS will react with either the calcia-stabilized zirconia or the alumina spacers, a small
pressed pellet (0.2 g) should be placed on scrap CSZ and alumina and heated in the box
furnace up to the desired soak temperature. The boron nitride spray (Boron Nitride
Aerosol Spray, SP-108, Materion Advanced Chemicals, Milwaukee, WI) can be used to
coat the ends of the sample to prevent the pellet from reacting with the spacers if it is
determined to react with both the CSZ and alumina. Another option would be to press
and sinter new spacers out of a ceramic that won't react with the alumina sample holder
and the new sample material.

In order to prepare the furnace environment for the sample heating cycle, an
oxidation heating cycle must be performed using air up to 1650°C, with a high

temperature hold for one hour. The spacers that will be used with the sample, along with
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new alumina paper should be placed in the hot zone for this heating cycle. Mass
spectrometer data is not collected during this heating cycle because the tube side gas is
air, which contains a significant amount of oxygen that can damage the mass
spectrometer filaments. The pressure during the evacuation of the shell side should be
reduced to around 0.04 torr and a continuous purge of nitrogen and air in the shell and
tube side, respectively, should be established.

The execution of an inert conditioning cycle is next to remove species that have
been incorporated into the sample holder and combustion tube during the oxidation
heating cycle. The furnace should be heated to 1650°C and held for one and a half hours,
while using helium as the carrier gas on the tube side. An inert gas was chosen to avoid
possible reactions between the sample and the carrier gas that may have occurred using
gases such as nitrogen or air. Helium was chosen over other inert gases for the very low
mass to charge (m/z) ratio signal produced by helium in the mass spectrometer, which is
lower than most signals expected. The same spacers and alumina paper used in the
oxidation heating cycle should again be present in the sample holder for this heating
cycle. The pressure during the evacuation of the tube side should reach about 0.06 torr
and the pressure in the shell side should again be reduced to around 0.04 torr. Continuous
purges of helium and nitrogen are then established for the tube and shell side,
respectively. The mass spectrometer should be acquiring data during the inert
conditioning cycle to confirm the signals are consistent with other inert conditioning
cycles.

The final heating cycle before the heating of the sample is a background heating

cycle, which is used to determine the background mass spectrometer signals and to record
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the length changes of the spacers that are then corrected for in the sample heating cycle.
The background heating cycle uses helium as the carrier gas in the tube side and should
have the same temperature profile as the sample heating cycle, which usually has a
different maximum temperature and hold time than the inert conditioning cycle. The
spacers must be held in place between the dilatometer plunger and key to record their
length changes during the heating cycle. The zero point is auto-adjusted using the
dilatometer software and the water circulator should be turned on. The tube and shell
sides are then evacuated and continuous purges are established as described in the inert
conditioning cycle above. After starting the mass spectrometer, establish a baseline by
waiting about twenty minutes before turning on the furnace controller, and then start the
data acquisition when the calculated temperature reaches 150°C.

To prepare a sample, uniaxially press one gram of powder to a gauge pressure of
1000 psi (approximately 200 MPa applied load), and hold for 1 minute using a 6.4 mm
diameter die. Depending on the type and particle size of the powder, the pressure can be
adjusted to prevent the sample from breaking during pressing. If the sample contains
elements that could damage the mass spectrometer, such as sulfur, only about 0.2 grams
should be used for the pellet. After measuring the mass and dimensions of the sample, the
sample is loaded between the spacers in the sample holder and continuous purges on both
the tube and shell side are established. Using the dilatometer software, auto-adjust the
dilatometer zero point, define the sample length, and select the previous background
heating cycle as the dilatometer correction file. The dilatometer settings found in Table
2.2 should be reviewed and the water circulator should be turned on. In the 'manual tune'

view on the MS, the 'ms temp' should read between 165-180°C and the ‘'vacuum' needs to
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be in the range of 6-10 mTorr, and the rest of the MS settings in Table 2.3 should be
reviewed. The mass spectrometer should again collect data for about twenty minutes to
establish a baseline, after which the furnace controller can be turned on and the data
acquisition can start when the calculated temperature reaches 150°C. Table 2.4 shows the
data analysis steps for the dilatometer that allows for the length change of the spacers to
be subtracted from the sample heating cycle via the background heating cycle

measurements. The correction for the spacers is on the order of tens of microns whereas

the sample length change is about a millimeter.

Table 2.2: Dilatometer settings for data acquisition [1].

Setting Value (units) Comments
Range 2500 um Must match analog humbers on control board
Zero Point 85% Allows for thermal expansion and full shrinkage
Power Output 75% Allows for ramp rate up to 21 °C/min
to 1600 °C
Ramp Rate Linear Power output should be <40% below 1000 °C
Soak <1650 °C Between sintering and melting points of material
Cooling Same as Ramp - - -
Length ~10 mm Used for Piston Correction during analysis
Duration Variable Auto shut-off for furnace control
Max Temperature 1675 °C Auto shut-off for furnace control
Sampling Interval 20 seconds - - -
Pressure Control 300 mN Set on the control board above the thyristor
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Table 2.3: Mass spectrometer settings that make up a Method [1].

Setting Value (units) Comments
Mode (1) Scan Allows quick data collection over a range of masses
Range 2-200 M/z ratios scanned during heating cycle
N value 0-7 Data for each m/z will be collected 2" times
Mode (2) SIM Selected lon Monitoring, higher precision than Scan
Group Up to 50 Group of masses that will be monitored for a set time
Start Time Minutes When collection for a group begins; 1 group at a time
Masses Up to 30 Specific masses that will be monitored for this group
Dwell 200 ms How long data will be collected for a given m/z
Tune File AT1211.U Suite of settings for mass filter and ion collector
Table 2.4: Steps for dilatometer data analysis [1].
Step Setting Comments
Signal Correction Zero File Time based, specified while preparing

heating cycle

Signal Correction | Piston Correction Whole trace, Alumina
Y-Smoothing Default - - --
Export ANSI Format Creates a file that can be opened in Excel
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Chapter 3

Evolved Gas Analysis of Barium Titanate, Barium Carbonate, and Barium Sulfate,

with Background Chemistry of the CDMS
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3.1 Introduction

Barium titanate (BaTiOg) is a ferroelectric material that has a high permittivity
and can exhibit tailored electrical properties when doped with metal oxides [1]. These
properties have allowed barium titanate to be used extensively as the dielectric material
in capacitors. The drive for smaller electronic components necessitates increasing
volumetric efficiency through the manipulation of the properties listed above and others
such as mechanical strength, and grain size and grain uniformity, which are dependent on
multiple factors, such as initial powder particle size, powder purity, amount of dopant,
and sintering conditions [2-4].

Evolved gas phase species were compared to the amount of shrinkage observed
for barium titanate using the CDMS. The sources for these evolved species are
investigated through the evaluation of heating cycles of the background furnace
environment and two common production precursors of barium titanate, barium sulfate,
and barium carbonate. The traditional methods of barium titanate synthesis are reviewed
in depth in order to highlight the sources of possible impurities in the final powder.

The most common method used to produce barium titanate is by the solid state
reaction between barium carbonate and titanium dioxide:

BaCOs(s) + TiO,(s) = BaTiO3(s) + CO,(Q) 3.1
which has a byproduct of carbon dioxide evolution [5]. The production methods of
barium carbonate will be discussed first, followed by those of titanium oxide.

The mineral barite (BaSO,) is first exposed to carbon gasification to reduce the
barite mineral into barium sulfide [6] via:

C(s) + CO,(g) =2C0O(g) 3.2

35



BaSO4(s) + 4CO(g) = BaS(s) + 4C0O2(g) 3.3
The barium sulfide is then either 1) precipitated with carbon dioxide or 2) precipitated
with soda. The first path has two reactions that occur concurrently to produce barium
carbonate [7-9]:

2BaS(aq) + CO,(g) + H.O(l) = BaCOs3(s) + Ba(HS), (aq) 3.4

Ba(HS)2(aq) + CO,(g) + H,O(l) = BaCOs3(s) + 2H,S(g) 3.5
The second route to barium carbonate uses barium sulfide dissolved in a lye and soda
solution which has sodium sulfide as a byproduct [7] via:

BaS(aqg) + Na,COs(aq) = BaCOs3(s) + Na,S(aq) 3.6
The solution is then filtered, washed, and dried to separate the barium carbonate from the
sodium sulfide [10]. Depending on the method of preparation, possible impurities in the
final barium carbonate powder may include sulfur, carbon, oxygen, hydrogen, and
sodium and compounds thereof.

Titanium dioxide (TiOy) is found in three mineral forms: anatase, brookite, and
rutile, and can also be processed from ilmenite (FeTiO3) using either the sulfate or
chloride process. The sulfate route begins with the mineral reacting with sulfuric acid via:

FeTiO3(s) + 2H2SO4(1) = TiIOSO4(s) + FeSO4(aq) + 2H,0(1) 3.7
and is then magnetically separated to remove the iron-containing species [11, 12]. The
titanium dioxide is then precipitated from the mixture according to:

TiOS04(s) + 2H,0(l) = TiOy(s) + Ho0(l) + HaSO4(1) 3.8
which is then washed and calcined to form titanium dioxide [11]. The chloride process
begins with the reaction of the ilmenite in reducing conditions:

2FeTiOs(s) + 7Cly(g) + 6C(s) = 2TiClu(g) + 2FeCls(s) + 6CO(g) 3.9
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The products from Equation 3.9 are then condensed and purified through distillation and
crystallization of the chlorides and separation of the iron compounds. The final reactions
occur simultaneously at high temperature to produce the titanium dioxide [11]:

TiCly(s) + 2H,0(g) = TiOx(s) + 4HCI(g) 3.10

TiCly(s) + O,(g) = TiO(s) + 2Cl,(g) 3.11
Depending on which process is used, the final impurities in the titanium oxide powder
can include oxygen, sulfur, iron, hydrogen, chlorine, carbon and compounds thereof.

In summary, the compounds and reactions used to synthesize barium titanate
allow for the possibility of various impurities to be introduced into the final powder. The
objective of this evolved gas analysis of the sintering of barium titanate is to provide
insight into the composition of evolved species, the temperatures at which they appear,
and their possible sources. The identification of impurity sources and temperatures of
evolution can allow tailored sintering cycles to remove species at specific temperatures,
potentially reducing the amount of time needed to hold at high temperature to completely
sinter the green body and thereby lowering the cost of production. The removal of
impurities at lower temperatures can also influence final properties of the finished

product.

3.2 Experimental

The CDMS utilized for these experiments consists of a furnace/dilatometer that is
connected to a mass spectrometer and includes both a gas and a coolant flow system. This
apparatus allows for the acquisition of the length change and the evolved gas during the

heating of the ceramic powders. The gas flow system utilizes gas cylinders and a mixing
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station to set the gas composition and flow rate. A mullite combustion tube separates the
alumina pushrod dilatometer and alumina sample holder from the heating element
environment of the furnace. The combustion tube is evacuated twice to 0.06 mbar and
backfilled with high purity helium (99.999%) to 1 bar, and then a gas flow rate is set at
135 mL/min. A fused silica capillary of 0.1 mm ID and 45 cm long is held near 320°C
and facilitates the flow of a portion of the carrier gas to enter the mass spectrometer. The
flow rate is sustained for 1-2 hours before the heating cycle begins to allow further
purging of the system and to establish baseline signals in the mass spectrometer.

It has been observed in the CDMS that the evolved gas signals from samples at
high temperatures are commonly present in the signals of subsequent heating cycles. The
first three heating cycles in Table 3.1 are performed prior to each sample in order to
obtain the most consistent data from the CDMS. The retention of species from previous
heating cycles is most likely caused by the evolved species being incorporated into the
spacers, pushrod, sample holder, and combustion tube, which are then evolved the during
the next heating cycle. The species may be retained either in the form of compounds,
such as carbonates, or by diffusion into pores or grain boundaries. The removal of these
species is accomplished by performing an oxidation heating cycle with air and then an
inert conditioning heating cycle using helium to lower the intensity of background gases
in the furnace. The high temperature hold times of these cycles are 1-3 hours, 3-9 times
as long as the high temperature holds of the sample heating cycles, to allow adequate
time for the reacted species to be removed. After the inert conditioning cycle but before

each sample heating cycle, a background heating cycle in helium is performed without a
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sample, using only spacers, in order to get the most accurate dilatometer correction file

and background signals in the mass spectrometer.

Table 3.1: Heating cycles with atmosphere, heating and cooling rates, and high

temperature holds and times performed with the CDMS.

Run Designation Atmosphere | Heat & cool | High temperature
rate (°C/min) hold (°C, min)

Oxidation Cycle Air 21 1500, 120
Inert Conditioning Cycle He 21 1500, 150
Background Cycle He 15 1500, 20
BaSO, He 14 1350, 20
BaCO; He 14 1350, 20
BaTiO3-14 He 14 1350, 20
BaTiO;-8 He 8 1350, 20
BaTiO3-20 He 20 1350, 20
BaTiO;-14L He 14 1350, 20

The BaTiO3-8, -14, and -20 (TAM Ceramics, New York) pressed samples were
prepared using powder of >99.0% purity. One gram of powder is dry pressed to 122 MPa
in a 6.4 mm ID cylindrical steel die and held for 1 min; this results in a relative green
density of 0.50, based on a theoretical density of 6.02 g/cm® for barium titanate. The
BaTiO3-14L (loose powder) sample consists of 0.2 g of powder placed on a calcia
stabilized zirconia (CSZ) boat and no dilatometer data was gathered. The 0.4 g BaCOg3
(Aldrich, Milwaukee, WI) of 99.98% purity sample and the 0.2 g BaSO, (Aldrich,
Milwaukee, WI) sample of 99% purity were prepared using the same pressing method as
described above. Dilatometer data was not collected for the BaCO3; and BaSO, samples
because they were observed to cause the spacers to become brittle at temperatures
achieved during the heating cycles. The CSZ spacers, machined from our supply of CSZ

by (Machined Ceramics, Inc., Bowling Green, KY), were used on either side of the
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pressed BaTiOz samples to prevent reaction between the samples and the alumina sample
holder and pushrod.

The temperature profiles for each of the heating cycles are listed in Table 3.1. The
acquired dilatometer data for the pressed samples were corrected and smoothed using the
data analysis software (Linseis Data Evaluation, v. 2.18, Linseis GmbH, Germany). The
methods used to facilitate the identification of evolved species included comparing the
signals from the mass spectrometer to cracking patterns (CP) [13] of suspected chemicals
and the isotopes [14] of elements that comprise these chemicals. These elements and their
natural isotopic abundances are listed in Table 3.2 Another method was to compare the
signals with other samples previously run, such as CO, gas or samples of similar

composition.

Table 3.2: Species and natural isotopic abundances for C, O, S, and Ti [14].

C | Abundance | O | Abundance | S | Abundance | Ti | Abundance
12 0.9894 16 0.9976 32 0.9499 46 0.0825
13 0.0108 17 0.0004 33 0.0075 47 0.0744
18 0.0021 34 0.0425 48 0.7372
36 0.0001 49 0.0541
50 0.0518

3.3 Results

3.3.1 Inert Conditioning Heating Cycle

Figure 3.1 shows the plots of the m/z=4, 12, 16, 18, 28, 32, 44, 48, and 64 signals
and temperature versus time during the inert conditioning cycle at a heating rate of
21°C/min in flowing helium. The m/z=4 signal, assigned to the helium carrier gas,

experiences a slight decrease when the maximum temperature is reached at t=95 min and
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subsequently gradually increases through the end of the run. The slight but steady
decrease during the heating cycle of the water and nitrogen signals, typified by the
m/z=18 and 28 signals, respectively, is evidence that water vapor and nitrogen from the
small amount of air that was not evacuated from the system beforehand is being removed

via the continuous purge of helium.
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Figure 3.1: Temperature (Temp) and species intensity of the m/z=4, 12, 16, 18, 28, 32,

44, 48, and 64 signals versus time for the inert conditioning cycle heated at 10°C/min in

flowing helium.

The m/z=16 and 32 signals exhibit similar features during the high temperature
hold in Figure 3.1. Both signals peak at t=95 min when the maximum temperature is
reached, decrease throughout the hold, and sharply decrease at t=245 min at the end of
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the high temperature hold. The peak intensities of the m/z=16 and 32 signals were
normalized and compared to the known tabulated CP values for oxygen listed in Table
3.3. The m/z=16 signal ratio is lower than what is expected when compared to the
tabulated CP for oxygen; in spite of this discrepancy, however, the evolved gas is most
likely oxygen, which was approximately 21% of the carrier gas (air) from the previous
heating cycle. The majority of the composition of air is nitrogen (~78%) which is less
reactive and not likely to be incorporated into the furnace environment. It is expected that
the oxygen from the air during the previous cycle had been taken up by the spacers,
sample holder, and combustion tube and is being evolved due to the low partial pressure

of oxygen in the inert conditioning cycle.

Table 3.3: Comparison of normalized m/z ratios evolved from the inert conditioning and
the background cycles and tabulated values corresponding to the cracking pattern (CP)

for oxygen and sulfur dioxide [13].

Temp (°C) | Peak intensity at | Peak intensity at
m/z ratios m/z ratios
normalized to normalized to
m/z=32 m/z=64
Source 16 32 48 64
Inert Conditioning Cycle 1485 3.8 100 40.3 100
Background Cycle 1482 51 100 45.7 100
NIST CP for O, 21.8 100 - -
NIST CP for SO, - - 49.2 100
Possible Compounds 0 0, | *s™0 | *s™0o,

In Figure 3.1 it is observed that the m/z=48 and 64 signals have low intensity
peaks during heating at 67 min (930°C) and a low and nearly constant intensity feature

during the high temperature hold. Table 3.3 compares the normalized ratios of the inert
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conditioning cycle to tabulated values for SO,, showing it is a plausible source for the
signals [15]. The source of the SO, is likely from previous compounds that have evolved
SO, gas, which has incorporated into the spacers, sample holder and combustion tube,
and is then evolved during the inert conditioning cycle. The m/z=44 signal has multiple
features during the ramp period of the heating cycle and a feature similar to the m/z=48
and 64 signals throughout the high temperature hold. This signal is assigned to CO,, a gas
that is commonly evolved from samples heated in the CDMS (see Table 3.4) and,
similarly to the SO, signals, is expected to be from gas that had in previous heating
cycles been retained in the spacers, sample holder, and combustion tube, and is evolved

during the inert conditioning cycle.

Table 3.4: Comparison of normalized m/z ratios evolved from barium sulfate, barium
carbonate, barium titanate, and carbon dioxide, and tabulated values for the isotopes of

carbon dioxide [14].

Source Peak Peak intensity at m/z ratios normalized
tom/z = 44
Temp | 12 | 16 28 44 45 46
(°C)
BaSO, 660 - 5.4 - 100 2.2 -
BaSO, 1160 - 3.4 - 100 0.7 -
BaSO, 1340 - | 114 - 100 0.9 -
BaCO3; 1170 | 04 | 1.4 2.6 100 1.2 0.5
BaCO; 1310 | 0.7 | 2.7 4.4 100 1.2 0.5
BaTiO3-14 800 | 0.2 | 1.0 6.8 100 1.3 0.5
BaTiO;-8 760 | 02| 1.1 3.9 100 1.3 0.5
BaTiO3-20 810 | 02| 1.0 3.4 100 1.3 0.4
BaTiO3-14L 760 02| 1.0 14 100 1.2 0.4
CO; gas 1500 | 0.3 | 1.3 3.2 100 1.2
Isotopes for CO, - - - 100 1.1 0.4
POSSib'G 12C 160 lZClGO 12(:1602 1301602 12(:160180
Compounds
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The nearly constant intensities of the m/z=44, 48, and 64 signals during the
constant temperature hold period may arise from two mechanisms. The first is a reaction
rate that is zero order in concentration. Although such reactions are postulated [16-18],
very few reactions have been assigned as zero order. An alternative interpretation is that
the decomposition reaction is equilibrium limited. For example, the decomposition
reactions for divalent compounds, along with the form of their equilibrium constants, are

given below [7]:

XCO3(s) = XO(s) + CO,(Q) 3.12
Kp = (Pxo * Pco,) / axco; = Pco, 3.13
XS04(s) = XO(s) + SO,(g) + 1/20,(9) 3.14
Kp = (Px0 * Pso, * P120,) / axso, = Pso, » Po,"? 3.15
X2(CO3z)3(s) = X204(s) + 3CO2() 3.16
Kp = (Px.0 * Pco,) / ax,(coy), = Pco,” 3.17

where Pi is the partial pressure of species i and ai is the activity of species i. If the
activities or concentrations of the solids are taken as unity or constant, then the partial
pressure of the gas over the solid is constant, as is approximately seen in the data in

Figure 3.1 during the hold period.

3.3.2 Backaround Heating Cycle

The m/z=4, 16, 18, 28, 32, 44, 48, and 64 signals and temperature are plotted
versus time in Figure 3.2 for the background heating cycle conducted at a ramp rate of
15°C/min in flowing helium. These signals are examined to identify species that may or

may not be evolved from the furnace environment and spacers when no sample is

44



present. The carrier gas signal represented by the m/z=4 helium signal is shown to be
constant throughout the entire heating cycle, indicating a constant flow rate of helium. As
in the inert conditioning cycle, the m/z=18 and 28 signals corresponding to water and

nitrogen respectively, are steadily decreasing throughout the entire run.
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Figure 3.2: Temperature (Temp) and species intensity of the m/z= 4, 16, 18, 28, 32, 44,
48, and 64 signals versus time for the background cycle heated at 15°C/min in flowing

helium.

The oxygen CP signals, O (m/z=16) and O, (m/z=32) exhibit similar features
during the high temperature hold in Figure 3.2. The peak intensities of these signals are
normalized in Table 3.3 and show agreement with the m/z=16 and 32 signals from the

inert conditioning cycle. The similarities between the CP and shape of these signals
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relative to the inert conditioning and background heating cycles support a shared source:
oxygen being released that was incorporated into the spacers, sample holder, and
combustion tube during the previous heating cycle. The sizeable intensity difference
between the oxygen signal of the inert conditioning and background cycles is because the
cycle prior to the inert conditioning cycle used an oxygen rich carrier gas and the cycle
prior to the background cycle is the inert conditioning cycle, which used helium as the
carrier gas.

The m/z=44, 48, and 64 signals in Figure 3.2 are very similar to the same signals
in Figure 3.1, with low temperature features during heating and a sustained low intensity
feature during the high temperature hold. These signals are assigned to the same sources
as in the inert conditioning cycle, namely: CO, for the m/z=44 signal and SO; for the
m/z=48 and 64 signals. In light of the relative differences in signal intensity between the
inert conditioning cycle and the background heating cycle, the background intensity in
the furnace environment has decreased as a consequence of performing the inert

conditioning cycle following the oxidation cycle.

3.3.3 Barium Sulfate

Figure 3.3 shows the intensities of the m/z=12, 16, 28, 44, 45, and 46 signals and
temperature versus time for the BaSO,4 sample heated at 14°C/min in helium. The pressed
sample expanded and became very porous due to decomposition during the heating cycle.
The m/z=16, 44, and 45 signals, along with the m/z=17 and 18 signals not shown here,
peak at 63 min (660°C) and are indicative of CO, (m/z=44) and H,0 (m/z=18) evolution.

The same signals from the CP of CO, also peak at 100 min (1160°C) and during the high
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temperature hold that begins at 115 min (1340°C). The m/z=12, 28, and 46 signals are
also present in the CP of CO,, but do not exhibit peaks in Figure 3.3. A comparison of the
m/z=16, 44, and 45 signals to the CP of CO, gas and the isotopes of CO, in Table 3.4,
however, do not show good agreement. A tentative assignment to CO, is made for the
peaks observed for the signals in Figure 3.3 and the larger m/z=16 signal compared to the

CO; gas is explained below.
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Figure 3.3: Temperature (Temp) and species intensity of the m/z=12, 16, 28, 44, 45, and

46 signals versus time for 0.2 g of BaSO, heated at 14°C/min in flowing helium.

The m/z=16, 32, 34, 48, 49, 50, 64, 65, and 66 signals are plotted versus time for
the BaSO, sample in Figure 3.4. These signals all share peaks at 83 min (930°C), 100

min (1160°C), and throughout the high temperature hold beginning at 115 min (1340°C).

47



The two largest signals, the m/z=48 and 64 signals, are potentially from the
decomposition product SO, (m/z=64) and one of its cracked species SO (m/z=48). Table
3.5 compares the normalized signal ratios from Figure 3.4 to tabulated values for the CP
of SO, [13] and to SO, isotopes. Overall, there is good agreement for all of the signals,

except for the m/z=16 and 32 signals.
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Figure 3.4: Temperature (Temp) and species intensity of the m/z=16, 32, 34, 48, 49, 50,
64, 65, and 66 signals versus time for 0.2 g of BaSO, heated at 14°C/min in flowing

helium.
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Table 3.5: Comparison of normalized m/z ratios evolved from barium sulfate and barium

titanate, tabulated values for the isotopes of sulfur [14], and tabulated values

corresponding to the cracking pattern (CP) for sulfur dioxide [13].

Source Peak Peak intensity at m/z ratios normalized to m/z = 64
Temp | 16 | 32 | 34 | 48 49 50 64 65 66
Q)
BaSO, 930 |12|174 |05 | 431 0.2 2.7 100 0.6 4.5
BaSO, 1160 | 1.7 | 81 | 0.1 | 434 0.3 1.9 100 0.8 5.0
BaSO, 1340 | 1.8 | 12.2 | 0.3 | 435 0.3 2.1 100 0.9 5.1
BaTiO3-14 900 | 19| 55 02| 384 0.3 2.0 100 1.0 5.0
BaTiO3-14 | 1000 [ 19| 9.3 | 0.2 | 38.0 0.4 1.9 100 0.9 5.0
BaTiO3-8 990 | 21| 39 |0.2| 39.2 0.4 1.9 100 0.9 4.9
BaTiO3-20 930 | 19| 47 |0.1| 393 0.4 1.9 100 0.9 5.0
BaTiO3-20 990 | 19| 56 | 0.1 ]| 394 0.4 2.0 100 1.0 5.0
BaTiOs-14L | 975 [ 09| 9.6 | 03| 394 0.5 2.0 100 1.1 5.2
SO, - - - - - - 100 0.9 4.9
Isotopes
NIST CP for 591104 |04 | 492 0.4 2.2 100 0.9 4.9
SO,
Possible ®o | *0, BTj BTi ITi | ®Ti*0 | ®Ti0 | *PTi0
Compounds 328 34S 328160 338160 345160 3251602 3381602 3481602

Possible sources of SO, include the decomposition of a sulfate as in Equation 3.14

or from the oxidation of trace sulfur or sulfur containing species via:

S(s) + O2(g) = SO2(g)

3.18

The discrepancy in the CPs of the m/z=16 and 32 signals in Table 3.5 can thus be

accounted for by the additional release of oxygen gas, as shown in Equation 3.14. The

actual weight loss experienced by the BaSO, sample was only about 7.7% of the

stoichiometric weight loss that accompanies full decomposition. A more complete

decomposition would have occurred if the maximum temperature were raised to 1500°C.

A salient feature of all of the m/z signals that appear during the hold period is that

they have nearly constant intensity for the entire duration of the hold. This again may be
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indicative of equilibrium-limited reactions for sulfate and carbonate decomposition, as

given by Equations 3.12-17.

3.3.4 Barium Carbonate

The m/z=12, 16, 28, 44, 45, and 46 signals and temperature versus time are
plotted in Figure 3.5 for the pressed BaCO3; sample heated at 14°C/min in helium. These
signals all begin to appear at 80 min (760°C) and share similar high temperature features
with the first peak occurring for the m/z=44, 45, and 46 signals at 110 min (1170°C) and
for the m/z=12, 16, and 28 signals a short time later. The next feature is a high
temperature shoulder immediately before the temperature hold at 120 min (1310°C) for
all of the signals in Figure 3.5. The major peak of this family, the m/z=44 signal, is
suggestive of CO, evolution and the intensity of the two peaks at 110 min (1170°C) and
120 min (1310°C) are used to normalize the other signals, as seen in Table 3.4. The
normalized ratios for the peaks at 110 min (1170°C) show very good agreement to both
the CP of CO; gas and to the isotopes for CO,. The signals at 120 min (1310°C) also
agree very well with the isotopes for CO,; however, the m/z=12, 16, and 28 signals are
significantly larger than the CP of CO, gas and approximately twice as large as compared

to the peak signals at 110 min (1170°C).
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Figure 3.5: Temperature (Temp) and species intensity of the m/z=12, 16, 28, 44, 45, and

46 signals versus time for 0.4 g of BaCOj3 heated at 14°C/min in flowing helium.

The source for the CO, from the BaCO3 sample is well documented to be from
the decomposition of the powder into BaO and CO; [7]. The increase in normalized
amounts of the m/z=12, 16, and 28 signals at 120 min (1310°C) is possibly from an
increased relative amount of CO compared to CO,. From the equilibrium reactions of
carbon and oxygen:

C(s) + Oz(9) = CO2(9) 3.19

CO,(g) + C(s) = 2CO(q) 3.20
Equation 3.20 has been shown to be dominant over Equation 3.19 at elevated
temperatures (T>500°C), resulting in an increased relative CO signal to CO; in the

presence of excess carbon [19-21]. The source for the excess carbon must come from
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impurities inherently in the powder or were picked up during the pressing of the pellet
because previous tests have shown that the CO/CO; ratio of pure CO, gas at elevated
temperatures in the CDMS does not change.

Barium carbonate begins to decompose at temperatures above 900°C and the rate
of decomposition increases with temperature to the melting point at 1360°C [7]. Based on
the expected stoichiometric weight loss due to full decomposition of the BaCO3 sample,
about 30% more mass was lost, which is attributed to powder broken off the sample
during handling after the heating cycle.

Figure 3.6 shows the m/z=34, 48, 49, 50, 64, 65, and 66 signals and temperature
versus time for the BaCO3; sample. High temperature features between 100-122 min
(1035-1330°C) occur for many of these signals at very low intensity. The only larger
intensity signals that occur over the same time period occur in Figure 3.5 and have
previously been assigned to CO,. The absence of any other large intensity peaks that
occur along with the signals shown in Figure 3.6 does not allow an assignment for the
majority of these signals. The exception is the m/z=64 signal that is elevated during the
high temperature hold, similar to what is observed for the background heating cycle in

Figure 3.2, which has been assigned to SO..
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Figure 3.6: Temperature (Temp) and species intensity of the m/z=34, 48, 49, 50, 64, 65,

and 66 signals versus time for 0.4 g of BaCO3 heated at 14°C/min in flowing helium.

3.3.5 Barium Titanate Heated at 14°C/min

The four largest intensity signals for BaTiO3-14, the m/z=28, 44, 48, and 64
signals, along with the sample length and temperature, versus time are shown in Figure
3.7. The pressed sample was heated at 14°C/min and the results for density, shrinkage,
and sintering temperature can be found in Table 3.6. Figure 3.7 also shows that the
evolution of species into the gas phase can be divided into three primary regions. The
onset temperature of the three regions along with the peak temperature for the m/z=44
and 64 signals are listed in Table 3.6. In region I, the m/z=28 and 44 signals are observed
to peak at 90 min, preceded by a low temperature shoulder which may consist of several
additional features that overlap. Region Il shows two peaks each of the m/z=48 and 64
signals at 96 and 104 min. The m/z=28, 44, 48, and 64 signals are evolved at lower
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concentrations in region Il which extends into the high temperature hold period at
1345°C. Taken together, these signals indicate that species are evolved into the gas phase

during a majority of the heating ramp and high temperature hold period of the sintering

cycle.
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Figure 3.7: Temperature (Temp), length change (Dil), and species intensity of the
m/z=28, 44, 48, and 64 signals versus time for 1.0 g of BaTiO3-14 heated at 14°C/min in

flowing helium.
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Table 3.6: Comparison of relative density, linear shrinkage, sintering temperature,

regions of similar signals starting temperatures, and peaks of the m/z=44 and 64 signals

between barium titanate samples at different heating and cooling rates and between

pressed and loose powder.

Sample with | Relative Linear Sintering Region 1, 11, Peak
heating and | density | shrinkage | temperature | and Ill start | temperatures of
cooling rate | (pressed, (%) °O temperatures | the m/z=44 and
designation | sintered) (°C) 64 signals (44;
64 in °C)
BaTiO3;-8 | 0.51,0.95 19.2 1155 170, 835, 1155 760; 990
BaTiO3-14 | 0.50, 0.92 18.7 1150 125, 800, 1150 | 800; 900 & 1000
BaTiO3-20 | 0.50, 0.92 18.4 1160 240, 860, 1160 | 810; 930 & 990
BaTiO3-14L - - - 265, 810, 1115 760; 975

The intensities of additional signals are shown in Figures 3.8 and 3.9 to assist in

the identification of the species being evolved in the three different temperature regions.

For the time period of 40-90 min (125-800°C) of region I, Figure 3.8 shows that the

m/z=12, 16, 28, 44, 45, and 46 signals are evolved with similar shapes that include the

multiple low temperature features and a single peak at 89 min (800°C). Carbon dioxide is

a likely candidate as indicated by the dominant m/z=44 signal. The CO, assignment is

supported by the agreement of the normalized ratios of the measured ion intensities

arising from the BaTiO3-14 sample as compared to measured CPs and to the isotopes of

CO, gas of C'%0, (m/z=44), *C**0, (m/z=45), and *C*0*®0 (m/z=46) in Table 3.4.

The measured ratios of all of the m/z=12, 16, 28, 45, and 46 signals arising from the

sample show good agreement as compared to the CP data for CO, measured with the

mass spectrometer for pure CO, gas and to the isotopes of CO,.
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Figure 3.8: Temperature (Temp), length change (Dil), and species intensity of the
m/z=12, 16, 28, 44, 45, and 46 signals versus time for 1.0 g of BaTiO3-14 heated at

14°C/min in flowing helium.

The source of CO, at low temperature, namely below 500°C, may be from trace
organic impurities arising from processing, exposure to ambient organic material, or
adsorption of carbon dioxide [22]. In Cabrera et al. [22], the amount of BaTiO3 surface
area covered by CO, on varying diameter particle sizes were measured based on
desorption of the gas up to about 250°C, which can then be used to estimate the moles of
CO; originally present on the surface. This information can then be used to calibrate the
mass spectrometer signal and apply it to the data from the pressed sample, resulting in
approximately 20% of the amount of CO, released below 250°C attributed to the

adsorption of CO; on the surface of the powder. Though the samples from the referenced

56



study above were only heated to 250°C, the signal representing CO, desorption at 250°C
was well above the baseline signal that occurred near room temperature, indicating the

continuing evolution of surface CO, at increased temperatures.
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Figure 3.9: Temperature (Temp), length change (Dil), and species intensity of the
m/z=16, 32, 34, 48, 49, 50, 64, 65, and 66 signals versus time for 1.0 g of BaTiO3-14

heated at 14°C/min in flowing helium.

At higher temperature, the source of the CO, may be from residual unreacted or
surface BaCOj3 (see Equation 3.1), which is a common precursor used to produce BaTiOs.
Studies on multiple commercial BaTiO3 powders have shown that carbon in the form of
BaCOg is removed by surface treatments of calcination at 500°C followed by leaching in

pure water or acetate buffer solution [23]. Figure 3.5 showed large intensities for the
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m/z=12, 16, 28, 44, 45, and 46 signals arising from the BaCOs; sample over the
temperature range of 960-1310°C, which is at higher temperatures than the CO; evolution
observed in region | seen in Figure 3.7. A plausible explanation for the evolution of CO,
at lower temperatures in the BaTiO3 than in the BaCOj; is that the BaCOs3 is not in bulk
crystalline form in the BaTiO3 powder, but is possibly present as a surface carbonate,
which decomposes more easily.

For the second period (region 1) of gas evolution from 90-115 min (800-1150°C),
Figure 3.9 shows a family of similarly shaped peaks for the m/z=16, 32, 48, and 64
signals that occurs prior to the onset of sintering at 115 min. Based on these four signal
ratios, one possible source is TiO (m/z=64), with cracked species Ti (m/z=48), O,
(m/z=32), and O (m/z=16). The defect chemistry reaction corresponding to these species
in the gas phase is:

TiOy(s) = 1/20, + TiO(g) + V1™ + 2Vo°* 3.21
where the Ti (m/z=48) and O (m/z=16) signals arise from the cracking of TiO during
ionization in the mass spectrometer [15]. The source for TiO in Equation 3.21 could be
trace unreacted TiO, impurities from the synthesis scheme for BaTiOsz, as seen in
Equation 3.1. Another source could be the vaporization of TiO, although this is not
expected since the powder was likely synthesized in an oxygen-rich environment. The
detection of TiO would also be surprising given its low vapor pressure and the relatively
low temperature of 320°C for the capillary between the dilatometer and mass
spectrometer.

Another possible reaction is the evolution of SO, (m/z=64), and its corresponding

cracked species of *°S*0 (m/z=48), **S (m/z=32), and *°O (m/z=16) according to either
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the oxidation of trace sulfur or sulfur containing species as in Equation 3.18 or from the
decomposition of a sulfate as in Equation 3.14. Impurity testing on commercial BaTiO3
powders has shown sulfur to be a common impurity, seen at about 0.5 wt% on average
between five commercial powders [23]. A sulfur source can arise via the standard
synthesis route of BaTiO3 that comes from BaCOs, which is derived from mined barite
(BaSO,) as seen in Equations 3.2-3.6.

The different natural isotopic abundances of S and Ti in Table 3.2 can be useful in
distinguishing between TiO and SO, evolution. Figure 3.9 shows many of the signals
corresponding to the isotope combinations of the species appearing in Table 3.2. These
signals follow the trends seen for the m/z=64, 48, 32, and 16 signals in the same figure
for the time period of 90-115 min. Consequently, the presence, absence, and amounts of
these signals are used to distinguish between TiO and SO..

Table 3.7 shows the peak intensity ratios, normalized to the parent compounds, of
the m/z=48 and 64 signals for the case where TiO is suspected to be evolved from the
BaTiO3-14 sample. With the exception of the m/z=50 and 66 signals, there is very little
agreement between the observed intensity ratios and the expected ratios based on the
isotopic abundances for TiO. There are also no peaks observed for the m/z=46, 47, 62,

and 63 signals that are expected based on the isotopic abundances of Ti.
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Table 3.7: Comparison of normalized isotope ratios that would be expected for TiO and

observed data evolved at 900°C during the heating of barium titanate [14].

Peak intensity at m/z ratios Peak intensity at m/z ratios normalized to
normalized to m/z=48 m/z=64

Source 46 47 48 49 50 62 63 64 65 66

BaTiO3-14 | 0.0 | 0.0 | 100 1.2 51 0.0 0.0 100 1.0 5.0

TiO 11.2 | 10.1 | 100 7.3 7.5 11.2 10.1 100 7.4 7.2

Isotopes

POSSi ble 46Ti 47-|-i 48-|-i 49-|-i 50-|-i 46Ti160 47-|-i160 48-|-i160 49-|-i16o 50-|-i16o
Compounds 328160 338160 348160 3281602 3381602 3481602

Table 3.5 shows the observed peak intensity ratios where SO, is suspected to be
evolved, normalized to the m/z=64 signal. The intensities of the m/z=65 and 66 signals
for the BaTiOs-14 sample are near identical to the expected isotopes for sulfur at both
900°C and 1000°C. There is also good agreement between the measured cracking
patterns for the BaTiOs-14 and the BaSO, samples, and the tabulated cracking pattern
[13] for SO, with exception of the m/z=16 and 32 signals, which can be accounted for by
the additional release of oxygen gas as shown in Equation 3.14. As seen in Figure 3.4,
BaSO, decomposes between 100-130 min (1160°C through the soak period at 1350°C),
which is at a higher temperature than what was observed for the corresponding signals in
Figure 3.9. In a similar explanation as to why the CO, evolved at a lower temperature in
the BaTiO3 sample, the SO, source evolved at a lower temperature because it could be on
the surface as BaSO, [23] and not in bulk crystalline form as in the BaSO, sample, and is
therefore easier to decompose. In summary, there is very good agreement between the
intensities and CPs arising from the BaTiO3-14 and BaSO, samples, suggesting that the
decomposition of a sulfate compound is the common source of the family of peaks seen

in Figure 3.9.
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Figure 3.7 also shows that a majority of the impurities from CO, and SO, are
evolved before evidence of sintering is observed in region Il at 115 min (1150°C). There
are several smaller features of the m/z=28, 44, 48, and 64 signals during the length
change of the sample, corresponding to CO;, and SO, evolution that is evolved during
sintering. These gases that are evolved during sintering are a very small portion of the

overall amount evolved over all three regions.

3.3.6 Barium Titanate Heated at 8°C/min

The m/z=28, 44, 48, and 64 signals, temperature, and sample length versus time
are plotted in Figure 3.10 for BaTiO3-8 heated at 8°C/min in flowing helium. Table 3.6
shows the relative density, linear shrinkage, and sintering temperature for the pressed
sample. As in the BaTiO3-14 sample, the major evolved gas signals for this sample can
be divided into three temperature regions, which are listed along with the m/z=44 and 64
peak temperatures in Table 3.6. The low temperature features and peaks of the m/z=28
and 44 signals occur in region I and region Il is defined by the m/z=48 and 64 signal
features. Region 111 extends into the high temperature hold and contains small amounts of

the m/z=28, 44, 48, and 64 signals.
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Figure 3.10: Temperature (Temp), length change (Dil), and species intensity of the
m/z=28, 44, 48, and 64 signals versus time for 1.0 g of BaTiO3-8 heated at 8°C/min in

flowing helium.

Region | of the BaTiO3-8 sample also contains m/z=12, 16, 45, and 46 signals
(not shown) with corresponding features to the m/z=28 and 44 signals seen in Figure
3.10. The peaks for these signals occur at 126 min (760°C) and the normalized intensity
ratios are compared in Table 3.4. From this comparison, it is observed that all of the mass
ratios are similar to what was observed for the BaTiO3-14 sample at 800°C, except that
the m/z=28 signal ratio is about half of what was observed for the BaTiO3-14 sample.
The comparison of peaks in Table 3.4 allows for the assignment of CO, to the signals
seen in region I. The increase in heating rate from 8 to 14°C/min caused the m/z=44
signal peak temperature to shift 40°C, seen in Figure 3.11, which is to be expected since
activated kinetic processes shift to higher temperature when the heating rate is increased.
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Figure 3.11: Species intensity of the m/z=44 and 64 signals for BaTiO3-8, BaTiO3-14,
BaTiO3-20, and BaTiOs-14L samples and length change (Dil) for BaTiO3-8, BaTiO3-14,

and BaTiO3-20 samples versus temperature in flowing helium.

The features for the m/z=48 and 64 signals in region Il observed in Figure 3.10
are coupled with similar features for the m/z=16, 32, 34, 49, 50, 65, and 66 signals (not
shown). There is a low temperature shoulder and peak at 155 min (990°C) for these
signals, and a comparison of the normalized peak intensities in Table 3.5. The
comparison shows good agreement with the BaTiO3-14 sample at a similar temperature
which allows SO, to be assigned to these signals. Similar to the CO, signals mentioned
above and seen in Figure 3.11, increasing the heating rate increased the main peak

temperature of SO, by 10°C, when the second m/z=64 signal peak for the 14°C/min
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sample is compared to the 8°C/min signal peak. The increased signal at the start of the
m/z=64 signal from a shoulder feature to a distinguishable peak when increasing the
heating rate is worth noting. This may be related to the decrease in the time gap between
the end of the m/z=44 signal and the beginning of the 64 signals when increasing the
heating rate, as seen in Figure 3.11.

Region 11l of Figure 3.10 shows smaller features corresponding to CO, and SO,
evolved during sintering in a similar way Figure 3.7 showed evolution during the length
change for the BaTiOs-14 sample. The amount evolved during region Il is very small

compared to what was evolved in regions | and I1.

3.3.7 Barium Titanate Heated at 20°C/min

Figure 3.12 shows the m/z=28, 44, 48, and 64 signals, temperature and sample
length plotted versus time for BaTiO3-20 heated at 20°C/min in flowing helium. The
relative density, linear shrinkage, and sintering temperature of the pressed sample are
listed in Table 3.6. As in the other two barium titanate samples, the major evolved gas
signals in Figure 3.12 are divided into three regions and are listed along with the m/z=44
and 64 signal peaks in Table 3.6. Region | contains the low temperature features and
peaks of the m/z=28 and 44 signals and the two peaks of the m/z=48 and 64 signals are
included in region I1. Region Il contains low intensity features of the m/z=28, 44, 48,

and 64 signals.
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Figure 3.12: Temperature (Temp), length change (Dil), and species intensity of the
m/z=28, 44, 48, and 64 signals versus time for 1.0 g of BaTiO3-20 heated at 20°C/min in

flowing helium.

The BaTiO3-20 sample, similarly to the BaTiO3-8 sample, has m/z=12, 16, 45,
and 46 signals with features that correspond to the m/z=28 and 44 signals in region | and
m/z=16, 32, 34, 49, 50, 65, and 66 signals with features that correspond to the m/z=48
and 64 signals in region Il from Figure 3.12. Table 3.4 compares the peak signal ratios in
region | normalized to the m/z=44 signal at 69 min (810°C), which show good agreement
with the BaTiO3-8, CO, gas, and tabulated values for the isotopes for CO,. Figure 3.11
shows the CO, peak in region | for the BaTiO3-20 sample occurs at 50°C and 10°C
higher than the 8°C/min and 14°C/min BaTiO3; samples, respectively. This is again

consistent with activated Kinetic processes.
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The signals in region 11 from Figure 3.12 show two small peaks at 75 min (930°C)
and 78 min (990°C), one at either end of a plateau-like feature, which are where the peak
intensity ratios are normalized to the m/z=64 signal in Table 3.5. The comparison of these
SO, signals match well to what was observed with the other BaTiO3; samples. The first
peak is 30°C higher than the first peak of the BaTiO3-14 sample, and is consistent with
what has been mentioned above. The second peak, however, is at the same temperature of
the second peak from the BaTiO3-8 sample and both are 10°C lower than the second
peak of the BaTiO3-14 sample.

The lower intensity features related to CO, and SO, signals in region 111 of Figure

3.12 are similar to what is observed in both the BaTiO3-8 and BaTiO3-14 samples.

3.3.8 Loose Barium Titanate Heated at 14°C/min

The evolved intensities for the m/z=28, 44, 48, and 64 signals and temperature are
plotted versus time in Figure 3.13 for the BaTiO3-14L loose powder sample heated at
14°C/min in flowing helium. The time over which the signals are observed is divided into
three regions, similarly to the previous BaTiO3; samples, and are shown along with the
peak temperatures for the m/z=44 and 64 signals in Table 3.6. Region I contains the low
temperature features and peaks of the m/z=28, and 44 signals, the peak and high
temperature shoulder of the m/z=48 and 64 signals appear in region II, and region IlI

includes the m/z=28, 44, 48, and 64 signals of lower intensity.
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Figure 3.13: Temperature (Temp) and species intensity of the m/z=28, 44, 48, and 64

signals versus time for 0.2 g of BaTiO3-14L heated at 14°C/min in flowing helium.

The CO; signals, typified by the m/z=44 signal in region | of Figure 3.13, are
listed in Table 3.4 and show agreement with what was observed for the pressed BaTiO3;
samples. Figure 3.11 shows that the m/z=44 signal for the loose sample is at a lower
intensity overall at about 1/4-1/5 the intensity than the pressed sample at the same heating
rate, which is expected since the mass of the pressed sample is five times the mass of the
loose sample. The m/z=44 signal has less pronounced lower temperature features
(T<600°C) and the main peak is sharper than the pressed samples at all heating rates,
along with the peak occurring 40°C earlier than the pressed sample of the same heating
rate. The differences in the CO, signal between the pressed and loose powder samples

may be caused by the different source locations, whether the gas is being evolved from
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the particle surface or if the gas is diffusing out from the interior of the particles. As
hypothesized by Schurwanz et. al. [15] after examining a similar system using the
CDMS, pressing the powder may cause particle fragmentation, allowing gas to be
evolved at lower temperatures due to shorter diffusion lengths. The loose powder shows
more gas evolution at higher temperatures, where diffusion and surface area changes are
occurring in the early stages of sintering.

The main SO, signals in region 1l (m/z=48 and 64) of Figure 3.13 have similar
signals of lower intensity with similar features as in the previous BaTiO3; samples, which
are listed in Tables 3.5. Through the normalization of the peak intensities in region Il to
the m/z=64 signal in Table 3.5, it is observed that the ratios are consistent with the values
for the other BaTiO3; samples. As listed in Table 3.6 and seen in Figure 3.11, the SO,
signal peak temperature of the loose sample is between the two peaks of the pressed
BaTiO3; sample, but the loose sample also contained a high temperature shoulder near
1000°C. The total amount of the SO signal evolved from the loose sample is about 18%
larger than what is evolved by the pressed sample at the same heating rate, after
correcting for the lower weight of the loose sample. The shift of SO, evolution from a
higher to a lower temperature when pressing the powder is consistent with what is
observed in with the evolution of CO, as mentioned above and is likely to be caused by
the same means.

Region 111 in Figure 3.13 shows low intensity features from the same signals as
the CO, and SO, signals in regions | and Il. These features were also present in the
pressed BaTiO; samples, although in the loose sample, the features are much less

pronounced. Since this was not a pressed sample and no dilatometer data was gathered, it
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is not observable when sintering took place. The final powder was friable, evidence that

very little sintering occurred.

3.4 Discussion

A combined dilatometer mass spectrometer was used to study the gases evolved at
high temperature during the heating and sintering of barium titanate and compounds used
to synthesize barium titanate. Mass spectrometry is a valuable analytical tool for
assessing gas phase chemistry in that it has a rapid detection time and provides real-time
data acquisition. A difficulty in using the MS is that it also commonly causes
fragmentation of larger species during ionization that result in multiple signals. Another
difficulty is that the MS only detects mass/charge ratios. To circumvent these short
comings, tabulated cracking patterns and isotopic abundances, along with model
compounds, were used to identify the evolved gases.

The completion of the evolution of CO, gas before the evolution and conclusion
of the SO, gas, which occur before the onset of sintering, provide useful insight into the
sequence of events that happen before the sample sinters. This information can be used to
tailor sintering cycles, such as inserting constant temperature holds when gases are
evolved, which could potentially reduce the cost of manufacturing.

Changing the atmosphere to a different inert gas or using oxygen-rich or reducing
gases could allow greater control over desired properties in the final product. Properties
that have been shown to affect the dielectric behavior of barium titanate and that can be
influenced by the sintering atmosphere include oxygen vacancies, microstructure

interfaces, and internal stresses and defects. Inert or reducing atmospheres also allows for
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the use of base metal electrodes in the manufacturing of barium titanate capacitors, which
are cheaper than other metals that can withstand the oxygen-rich atmospheres used to
sinter the barium titanate.

The ability to direct microstructure evolution of the material during sintering can
also be accomplished by altering the heating rates over different temperature ranges.
These tailored sintering cycles take advantage of the competition between the grain
growth and densification of the particles. Examples of these cycles include rate-
controlled sintering, two-step sintering, and non-isothermal rapid-rate sintering, all of
which attempt to control grain growth behavior before densification occurs. These
tailored sintering cycles produce a more uniform microstructure, and consequently, more
uniform properties throughout the final product, producing less variability in performance

at smaller scales.

3.5 Conclusions

Throughout the heating cycles of barium sulfate, barium carbonate, and both
loose and pressed barium titanate samples heated at different rates, high temperature
reactions and length changes were observed using a combined dilatometer mass
spectrometer. Gas phase species were observed for all of the samples, and the sample
length was monitored for the pressed barium titanate samples. At lower temperature, the
evolution of carbon dioxide from the samples is observed along with the major evolution
occurring at an intermediate temperature. Immediately following the peak and subsequent
signal drop of carbon dioxide, the species evolved at high temperature, near the onset of

sintering, was assigned to sulfur dioxide. The identification of the gas phase species was
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accomplished by using reference cracking patterns, isotope abundances, carbon dioxide
gas reference, barium carbonate, and barium sulfate. The CDMS has shown to be a useful
analytical tool in identifying impurities, which would be helpful in quality control when

developing new methods of BaTiO3; powder synthesis and sintering.
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Chapter 4

High Temperature Chemistry of Zirconium Diboride and Sintering Additives
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4.1 Introduction

Zirconium diboride (ZrB,) is an ultra-high temperature ceramic (UHTC) with a
melting temperature >3000°C, and also exhibits high hardness (23 GPa) and Young's
modulus (489 GPa) [1]. The high thermal conductivity (60 W/(m K)), low electrical
resistivity (10™ Q cm), and resistance to chemical degradation of this material, combined
with the physical properties, make this material useful for applications in high
temperature environments such as refractory linings, cutting tools, high temperature
electrodes, and hypersonic flight vehicles [2].

The most common densification method of pure ZrB, is hot pressing [3] at high
temperatures (>2000°C) and pressures (>20 MPa). The difficulty in attaining dense ZrB,
is caused by its high melting temperature, strong covalent bonds, low self-diffusion rates,
and the presence of surface oxides of ZrO, and B,0O3 [4] that cause mass transfer without
densification. The activation of grain boundary and volume diffusion necessary for
sintering occurs at temperatures above 1800°C [5].

Many recent studies reduce the temperature and pressure needed for densification
through the use of additives, and these additives also allow for the exploration of other
sintering techniques [6-13]. Successful additives include metals and non-oxide ceramics
[14], but these frequently change the properties of the pure ZrB, to less than desirable
values through modifications to the microstructure. The current search for the ideal
additive includes the ability to lower the temperature and pressure necessary for
densification while maintaining the values of pertinent properties. The additives used

with ZrB; and their suspected influence on chemistry are reviewed below.
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The excellent hardness (25-35 GPa) and high melting temperature (2450°C) of
boron carbide (B4C) are attractive for use as an additive with ZrB,. Pressureless sintering
to 2050°C of ZrB, with the addition of 4 wt% of B4C by Zhang et al. [15] resulted in a
95% relative density sample, compared to 62% without B,C. The enhancement in
sintering was attributed to the removal of surface ZrO, via the formation of a boron oxide
(B203) liquid by the following reaction [1]:

7Zr0,(s) + 5B4C(s) = 7ZrBa(s) + 3B,03 + 5CO(g) 4.1
The above reaction occurs at temperatures >1220°C and allows higher densification by
preventing ZrB, coarsening. Boron carbide itself is highly inert and TGA measurements
by Lee and Speyer [16] for B4C pressed pellets show a 3-4% weight loss for samples
heated in argon above 1400°C, with the major weight loss occurring between 1200°C and
1400°C. The species evolved during the period of weight loss were not identified but
were speculated to be B,O3 based on mass loss after heating to 380°C, 800°C, 1000°C,
1200°C and 1400°C and mass recovery in moist and dry air.

Another additive for ZrB, is silicon carbide (SiC), which has a high
decomposition temperature (>2800°C) [17], Young's modulus (>400 GPa), and hardness
(>24 GPa) [18]. The role of SiC is to reduce both the amount of oxidation [19] and the
oxidation rate of ZrB, [19, 20]. In air, pure ZrB, oxidizes and forms a B,O3 liquid layer
by the following mechanism [21]:

2ZrB, + 50,(g) = 2ZrO, + 2B,03 4.2
which prevents oxygen transport to the ZrB, surface. At temperatures >1400°C, the rapid
evaporation of the B,O3 layer causes an increase in the rate of ZrB, oxidation. The

oxidation of SiC via [22]:
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SiC(s) + Oy(g) = SiO + CO(g) 4.3
occurs at temperatures >1400°C and produces an SiO liquid layer that is able to, when
added to ZrB, powder, prevent oxygen transport to the ZrB, surface at higher
temperatures since SiO is less volatile than B,O3 [19].

Some studies have also used multiple additives. For example, a powder system of
ZrB, with 5 wt% excess carbon, 4 wt% B4C, and 10-30 vol% SiC has been used to
pressureless sinter to >98% relative density at 1950°C [10]. Excess carbon is added since
the addition of B4C alone to the ZrB,-SiC system is ineffective at removing all of the
oxide impurities. The formation of a B,Os; liquid layer, via Equation 4.1, can be
prevented by the addition of excess carbon by the mechanism:

2Zr0Oy(s) + B4C(s) + 3C(s) = 2ZrBy(s) + 4CO(g) 4.4
which is favorable beginning at 1400°C. The B,03-SiO; liquid layer can also be removed
by the addition of excess carbon:

ZrO,(s) + B0z + 5C(S) = ZrBy(s) + 5CO(Q) 4.5

Si0; + 3C(s) = SiC(s) + 2CO(qg) 4.6
Equation 4.5 occurs above 1510°C [1] and Equation 4.6 occurs above 1520°C [23].

In summary, a number of additives can be used with ZrB,, and these additives
lead to evolution of species into the gas-phase at high temperature. Equations 4.1 and 4.3-
4.6 all lead to CO evolution, and Equations 4.1 and 4.2 lead to B,O3; which can also
appear in the gas phase. In this chapter, the concurrent collection of gas phase chemistry
and length change data during the heating of ZrB,, B4C, SiC, B,O3, and ZrO, powders
was investigated using a combined dilatometer mass spectrometer (CDMS). The purpose

of examining the individual ceramic powders before they are combined is to establish an
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understanding of the reactions that occur and which can ultimately influence the final

sintering behavior of the mixtures.

4.2 Experimental

The CDMS was used to measure the length change and evolved gas during the
heating of the different individual powders. An alumina pushrod dilatometer and sample
holder is separated from the furnace element environment by a mullite combustion tube.
The furnace is evacuated to 0.06 mbar twice and re-filled with high purity helium
(99.999%) to approximately 1 bar, after which a flow rate of 135 mL/min is set. The
carrier gas enters the mass spectrometer via a fused silica capillary 0.1 mm ID and 45 cm
long that is heated to approximately 320°C. A period of 1-2 hours before heating begins
is used to allow the flow system to purge completely and to establish baseline signals
with the mass spectrometer.

The individual powders ZrB, (Grade B, HC Starck, Karlsruhe, Germany), B,C
(Grade HS, HC Starck, Karlsruhe, Germany) and SiC (UF-10, HC Starck, Karlsruhe,
Germany) were used to press 0.5 g cylindrical samples to 875 MPa in a 6.4 mm ID steel
die and sustained for 1 min. For the pressed samples, calcia-stabilized zirconia spacers
were used along with boron nitride sprayed on the sample ends to prevent reaction with
the spacers. The 0.015 g of loose ZrO, (Aldrich, Milwaukee, W1) powder and the 0.016 g
of loose B,O3; (*'B,0s, Aldrich, Milwaukee, WI) powder were placed on the sintered
alumina paper and could therefore not be recovered after the heating cycle.

The boron nitride spray (Boron Nitride Aerosol Spray, SP-108, Materion

Advanced Chemicals, Milwaukee, WI) sample was prepared by applying approximately
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the same amount on the ends of pressed samples to already sintered alumina paper. The
amount of mass applied was roughly 0.0001 g after the alumina paper had dried in the
hood for 5 minutes. The components of the boron nitride spray are listed in Table 4.1 in
the order as they appear on the container, along with the boiling temperatures and four

most abundant signals observed in the cracking pattern, if applicable.

Table 4.1: Components of boron nitride spray with the boiling temperature of each and

four most abundant m/z ratios of the CPs [24].

Component Boiling | M\W. | 1stCP | 2nd CP | 3rd CP | 4th CP

temp (°C) m/z m/z m/z m/z
Acetone 56 58 43 58 15 42
Ethanol 78 46 31 45 29 27

Boron Nitride 2500" 25 - - - -
Ethyl Cellulose 325* 455 - - -
Xylene 139 106 01 106 105 77

Propane -42 44 29 28 27 44
n-Butane -1 58 43 29 27 28

*Sublimation Temperature at 1 atm in N [25]
*Decomposition Temperature [26]
The heating rates and hold temperatures for each sample are listed in Table 4.2.
The raw dilatometer data were corrected for the spacers and smoothed using the data
analysis software (Linseis Data Evaluation, v. 2.18, Linseis GmbH, Germany). To aid in
identifying evolved species, the signals were analyzed using several different methods.
Cracking patterns (CP) [24] of suspected chemicals and the isotopes [27] of those
elements were used when the signals were from expected chemicals. The comparison of
unknown signals to other samples that had been heated, such as CO, gas, or to a sample

of similar composition, such as another oxide or boride, was also used.
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Table 4.2: Heating and cooling rates, low and high temperature holds and times for

samples examined.

Samples Heat & cool | Low temperature | High temperature
rate (°C/min) hold (°C, min) hold (°C, min)
ZrB; 10 300, 40 1500, 20
B,C 10 400, 60 1500, 20
SiC 10 - 1500, 20
ZrO, 10 - 1500, 20
B,0O; 10 - 1400, 20
Boron Nitride Spray 20 - 1648, 20

A common occurrence in the mass spectrometer data for the samples was the
contribution of both CO and CO, to the m/z=12, 16, and 28 signals. In order to determine
the CP of CO when signals for CO, were also present, the contribution of CO, was
subtracted from these signals. The known CP of CO, for the CDMS, taken from the CO,
gas results, was applied to the m/z=44 signal from the sample, and the proportional
amount was subtracted from the m/z=12, 16, and 28 signals. For example, the normalized
value of the m/z=28 signal according to the CO, gas results is 3.2. The m/z=44 signal
from the sample is multiplied by 0.032 and the resulting value is subtracted from the
m/z=28 signal of the sample. The remaining amount for each signal is then attributed to

CO and the CP of CO can then be determined.

4.3 Results

4.3.1 Boron Oxide

Figure 4.1 shows the m/z=18, 28, 32, 44, and 69 signals and temperature versus
time for the loose B,03 powder heated at 10°C/min in helium. The final powder was not

agglomerated after heating, but appears to have been absorbed into the alumina paper and
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formed a dry, brittle flake on the surface of the paper. The low temperature peak of the
m/z=18 signal occurs at t=29 min (230°C) and coincides with a peak of the m/z=17
signal of lower intensity. This group of signals is observed in all sample heating cycles
and is assigned to H,O (m/z=18) and OH (m/z=17). The m/z=28, 32, and 44 signal
intensities are constant throughout the heating and high temperature soak, indicating that
N, (m/z=28), CO (m/z=28), O, (m/z=32), or CO, (m/z=44) are not being evolved in

significant amounts during the heating cycle.
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Figure 4.1: Temperature (Temp) and species intensity of the m/z=18, 27, 28, 32, 44, 53,
and 69 signals versus time for 0.02 g of boron oxide heated to 10°C/min in flowing

helium.

The B,03 sample was heated well past the melting temperature of B,O3 at 450°C

[28] and near the boiling temperature at 1500°C [30]. However, no peaks that can be
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assigned to B,0O3; (Mm/z=69) or its possible cracked species B,O, (m/z=53) or BO
(m/z=27) are observed in Figure 4.1. A previous experiment by Blackburn et al. [31],
where the Al,03-B,03 system was studied using a mass spectrometer in line of sight
mode with a Knudsen cell under vacuum conditions, showed that B,O3 and fragments
thereof such as B, BO, and B,0, were observed up to 1467°C. The cause for the lack of
B,O; related peaks in Figure 4.1 is likely that the vapors condensed in the capillary

interface that is maintained at 320°C, below the melting temperature of B,Os.

4.3.2 Boron Nitride Spray

The boron nitride spray sample was heated at 20°C/min in helium and after
heating had some residue remaining on the alumina paper which resembled the wetted
surface seen immediately after applying the spray. Figure 4.2 shows peaks for the
m/z=16, 28, 29, 31, 43, 44, and 45 signals that occur at t=28 min (T=340°C). These
signals correspond to some of the main signals (See Table 4.1) for acetone (m/z=43, 58,
15, and 42), ethanol (m/z=31, 45, 29, and 27), propane (m/z=29, 28, 27, and 44), and n-
butane (m/z= 43, 29, 27, and 28) and may correspond to species such as C,Hs, CoHa,
C,Hs, and C3Hy, or C,H30 respectively, which are listed with their possible sources in
Table 4.3. These structures, along with O for the m/z=16 signal, can be assigned as the

likely sources for the signals in Figure 4.2.
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Figure 4.2: Temperature (Temp) and species intensity of the m/z=16, 28, 29, 31, 43, 44
and 45 signals versus time for 0.0001 g of boron nitride spray heated at 20°C/min in

flowing helium.

The m/z=44 signal peak at t=44 min (T=645°C) is suggestive of propane
evolution; however, the larger signals in the CP of propane, the m/z=29, 28, and 27
signals, do not have observable peaks at the specified time. The lack of any signal peaks
coinciding with the m/z=44 signal peak at t=44 min does not allow any assignment to be

made.
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Table 4.3: Select boron nitride spray CP mass to charge ratio with possible sources and

possible chemical structures [24].

m/z Possible sources Possible chemical
structures

15 Acetone, Ethanol, Propane, n-Butane, or CHs
Ethyl Cellulose*

27 Propane, n-Butane, Ethanol, Acetone or H,C-CH
Ethyl Cellulose*

28 Propane, n-Butane, Ethanol, Acetone or H,C-CH,
Ethyl Cellulose*

29 Propane, n-Butane, Ethanol, Acetone or H,C-CH;
Ethyl Cellulose*

31 Ethanol or Ethyl Cellulose* H,C-OH

42 Acetone, or n-Butane H,C-CH,-CH,

43 Propane, n-Butane, or Acetone H,C-CH,-CHjs

43 Ethanol, Acetone or Ethyl Cellulose* H,C-CH-O

44 Propane H3;C-CH,-CHjs

45 Ethanol or Ethyl Cellulose* HsC-CH,-O

58 Acetone H3;C-C(-O)-CHjs

58 n-Butane H3;C-CH,-CH»-CH3

58 Ethyl Cellulose* H3;C-CH,-O-CH

77 Xylene CsHs

77 Ethyl Cellulose* HCs0

91 Xylene CsH4-CH3

105 Xylene H3;C-CgH4-CH>

106 Xylene CeHs-(CHs3),

*This work

Other signals arising from the boron nitride spray are shown in Figure 4.3. Peaks
appear for the m/z=29, 31, 43, 45, 91, 106, and 108 signals that occur at t=35 min
(T=480°C), with the m/z=91, 106, and 108 signals present at a much lower intensity than
the other signals. The lower intensity m/z signals are high temperature shoulders of signal
peaks that were identified previously to be from acetone, ethanol, propane, n-butane, and
ethyl cellulose sources. From the CPs in Table 4.1, an immediate assignment of xylene to

the m/z=91 and 106 (C;H; and CgHj, respectively) signals is possible. Ethyl cellulose,
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the structure of which is given in Figure 4.4, has a high molecular weight and
decomposes above 325°C. This is a likely source for the m/z=108 signal and could
contribute to the m/z=29, 31, 43, and 45 signals among others from the products of

decomposition not shown here.
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Figure 4.3: Temperature (Temp) and species intensity of the m/z=29, 31, 43, 91, 106,
and 108 signals versus time for 0.0001 g of boron nitride spray heated at 20°C/min in

flowing helium.
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Figure 4.4: Ethyl cellulose structure [29].

4.3.3 Zirconium Diboride

Figure 4.5 shows the temperature profile used for the pressed ZrB, sample with
ends sprayed with boron nitride and signals m/z=12, 16, 28, 44, and 45 versus time for a
heating rate of 10°C/min in helium. The sample decreased 1.3% in mass but did not
experience any significant length change from the green to the fired state. The first peaks
that occur are observed in the m/z=16, 44, and 45 signals at t=5 min (T=120°C) followed
by the m/z=16, 28, 44 and 45 signals at the start of the low temperature 300°C soak at
t=30 min and directly after the soak. The low temperature peaks from Figure 4.5 have
many corresponding peaks in Figure 4.6, typified by the m/z=27, 31, 56, 78, 91, and 104
signals. Taken together, these signals are consistent with the evolution of the organics

present in the boron nitride spray.
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Figure 4.5: Temperature (Temp) and species intensity of the m/z=12, 16, 28, 44, and 45

signals versus time for 0.5 g of zirconium diboride heated at 10°C/min in flowing helium.

The next set of peaks in Figure 4.5 are the m/z=12, 16, and 28 signals at t=157
min (1190°C). The similarity in their profiles suggests that the major peak is CO
(m/z=28) with O (m/z=16) and C (m/z=12) arising as the cracked species. The increase of
the m/z=44 signal, along with the m/z=12, 16, and 28 signals, could indicate CO,
evolution. In the CP of CO,, the m/z=44 signal is the largest with the next largest being
the m/z=28 signal, but in the ZrB, sample, the m/z=28 signal is much larger than the
m/z=44 signal. The majority of evolved gas from the sample would then be attributed to

CO along with a smaller amount of CO,.
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Figure 4.6: Temperature (Temp) and species intensity of the m/z=29, 31, 43, 91, 106,

and 108 signals versus time for 0.5 g of zirconium diboride heated at 10°C/min in

flowing helium.

In order to confirm the assignment of CO at 1190°C, the cracking patterns for the
m/z=12, 16, and 28 signals can be examined. As seen in Table 4.4, however, the
uncorrected CP for the m/z=16 signal is larger as compared to the CP seen from CO
presented earlier. To improve this, the CP from CO can be corrected by subtracting the
CP arising from the smaller CO, signal (see Table 4.4). This CP was applied to the
m/z=44 signal and then subtracted from the m/z=12, 16, and 28 signals in Figure 4.4. The
resulting m/z=12, 16, and 28 signals, with the CO, contribution now removed, were next
normalized to the m/z=28 signal and are shown in Table 4.4. The corrected m/z=12 and
16 signals are qualitatively consistent with the NIST CP for CO, with the m/z=16 signal

in closer agreement than the m/z=12 signal. The corrected CP for CO, however, is now
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consistent with the CP typically assigned to CO in this work. The assignment of CO is
also supported by the lack of other peaks that could be associated with the CP of other
chemicals that would have a main peak corresponding to the m/z=28 signal, such as the

m/z=14 signal for nitrogen gas.

Table 4.4: Comparison of normalized m/z ratios evolved from zirconium diboride, boron
carbide, silicon carbide, and carbon dioxide, and tabulated values corresponding to the

cracking pattern (CP) for carbon monoxide [24].

Source Peak Peak intensity at m/z ratios
normalized to m/z = 28
Temp (°C) 12 16 28
ZrBy* 1190 0.8 14 100
ZrB; 1190 0.9 1.1 100
ZrB; 1360 0.9 1.1 100
B,C 1390 1.1 1.3 100
SiC-1 1370 1.1 1.4 100
SiC-1 1480 1.2 1.4 100
CO, gas” 1500 0.3 1.3 3.2
NIST CP for CO 4.7 1.7 100
Possible Compounds ’c 0 ?c™o

*Uncorrected values
*Normalized to m/z=44
The m/z=12, 16, 28, 44, and 45 signals all have major peaks at t=174 min
(1360°C) with the two largest peaks, the m/z=28 and 44 signals, again suggesting that the
evolved species may be CO (m/z=28) and CO, (m/z=44). The possibility of CO being
evolved is supported by the similarity in the CP of the m/z=12, 16, and 28 signals
between the t=157 min (1190°C) and t=174 min (1360°C) peaks. The same analysis to
remove the CO, contribution to the m/z=12, 16, and 28 signals for the peaks at 1190°C

was done for the peaks at 1360°C and the results are shown in Table 4.4. The CP of the
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m/z=12, 16, and 28 signals for 1360°C is identical to the 1190°C CP and can be once
again assigned to CO. The m/z=44 signal is again assigned to CO;, which is also
consistent with the appearance of the m/z=45 (**CO,) signal that mimics the m/z=44
signal profile.

Another possible contribution to the relative amounts of CO and CO, can be
explained by investigating the equilibrium reactions of carbon and oxygen:

C(s) + O2(g) = CO2(9) 4.7

CO,(g) + C(s) = 2CO(g) 4.8
Equation 4.8 has been shown to be dominant over Equation 4.7 at elevated temperatures
(T>500°C), resulting in a higher CO signal than CO; in the presence of excess carbon
[32].

The presence of trace carbon and oxygen in the sample can be explained by
examining the common synthesis route of ZrB,. A common practice is to use boron
carbide combined with excess carbon as reducing agents [33] for zirconium oxide. This
reduction reaction as given by Equation 4.4 begins at 1200°C, but ZrO; is not fully
converted until a minimum temperature of 1800°C is reached [5]. In order promote final
powder purity, excess boron carbide is added and heated to temperatures above 1220°C
as shown in Equation 4.1 [1]. Zirconium diboride powder produced by using excess B4,C
according to Equations 4.1 and 4.4 by Sonber et al. [5] contain a minimum of 2% carbon
and oxygen impurities when the synthesis temperatures are between 1200-1600°C,
whereas the impurities are less than 0.5% when the temperature is raised above 1875°C.

During heating, excess carbon can combine with the surface ZrO, and surface B,O3; or
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with oxygen impurities in the starting ZrB, powder (0.9 wt% oxygen in Starck [11]) to

form CO or CO;, gas.

4.3.4 Boron Carbide

Figure 4.7 shows the m/z=12, 16, 28, 44, and 45 signals and temperature of
pressed B4C, ends sprayed with boron nitride and heated at 10°C/min in helium, versus
time. The sample experienced a 3.6% weight loss after heating but there was no
measurable dimensional change. The low temperature peaks of these signals at t=32 min
(350°C) and t=106 min (490°C) coincide with other signals that have been attributed to

the evolution of species associated with the organics in the boron nitride spray.
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Figure 4.7: Temperature (Temp) and species intensity of the m/z=12, 16, 28, 44, and 45

signals versus time for 0.5 g of boron carbide heated at 10°C/min in flowing helium.
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A family of high temperature peaks for the m/z=12, 16, 28, 44, and 45 signals
appear at t=197 min (1390°C) with low and high temperature shoulders, with largest
intensities at the m/z=28 and 44 signals; these peaks are suggestive of CO and CO.,
respectively. To provide further evidence for this assignment, the m/z=12 and 16 signals
were corrected for the contributions from the m/z=44 signal, as was done earlier for the
signals evolved from the ZrB, sample at 1360°C. Table 4.4 shows that the corrected CP
is slightly higher but still in good agreement to what was observed earlier. The
assignment of the peaks at 1390°C to CO and CO, are in the same temperature range as
the TGA results of Lee and Speyer [16], which occurred between 1000°C-1500°C. These
authors attributed the mass loss to B,O3 based on the increase in vapor pressure and the
decrease in mass recovery caused by the rehydration of the boron oxide coatings,
indicating a loss of the coatings after heating to above 1200°C.

The origin of the CO and CO, can be explained as arising from impurities in the
powder. For example, the same grade B,C powder as used here has been shown to
contain 1.3 wt% oxygen [2,8] impurities, which are likely in the form of the surface oxide
B,03 [2, 8, 16]. Excess free carbon is often present in B4C powder [34] and this occurs
from the synthesis of B,C by the decomposition reaction [35]:

2B,0; + 7C(s) = B4C(s) + 6CO(g) 4.9
The reduction of B,O3 by carbon and boron carbides by the following reactions [6]:

B,0s + C(s) = B,0, + CO(g) 4.10

5B,03 + B4C(s) = 7B,0, + CO(g) 4.11
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The temperature requirements of 1250°C for both Equations 4.10 and 4.11 are exceeded
in the heating of the B,C sample and are therefore the main contributors to the evolution
of CO observed in Figure 4.7. No evidence for the evolution of boron oxides was

observed, and this is again attributed to condensation in the cooler CDMS interface.

4.3.5 Silicon Carbide

Figure 4.8 shows the m/z=12, 16, 28, 44, and 45 signals and temperature versus
time of pressed SiC coated with boron nitride spray on the ends and heated at 10°C/min
in helium. The sample experienced 2.7% mass loss from green to fired state and a
decrease in volume corresponding to an increase from 0.59 to 0.62 of theoretical density.
The signals in Figure 4.8 show low temperature peaks at t=21 min (350°C) and, with
other signals that have similar peaks at that temperature, can again be attributed to the

evolution of the organics from the boron nitride spray.
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Figure 4.8: Temperature (Temp) and species intensity of the m/z=12, 16, 28, 44, and 45

signals versus time for 0.5 g of silicon carbide heated at 10°C/min in flowing helium.

The high temperature double peaks of the large m/z=28 and 44 signals at t=125
min (1370°C) and t=136 min (1480°C) with high and low temperature shoulders are also
seen in Figure 4.8. The same analysis as was used for the ZrB, sample was applied to
remove the CO, contribution from the m/z=12, 16, and 28 signals. The resultant CP for
CO is shown in Table 4.4 for both of these peaks and are similar to the CP of CO from
the B4,C sample and slightly larger than for the ZrB, sample, but can still be assigned to
CO.

One possible source for the CO can be unreacted carbon from the production of
SiC by the carbothermal reduction of SiO, with carbon in an electric resistance furnace,

as shown in Equation 4.6. The silica oxide layer that is formed on the surface of SiC can
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also contribute to production of CO by reacting with SiC at low oxygen partial pressure
(30 Pa) and elevated temperatures (T>1400°C) [18] according to:

SiC(s) + 2Si0;, = 3Si0(g) + CO(q) 4.12
Under these same conditions, the oxygen that is present can oxidize the SiC and produce
CO [22] via Equation 4.3. A product in both Equation 4.3 and 4.12 is SiO gas which
would have signals for SiO (m/z=44), Si (m/z=28), O (m/z=16) and **SiO (m/z=45),
which are many of the same masses in the CPs of CO and CO,. The assignment of CO
and CO, for the signal peaks in Figure 4.8 can be confirmed by the similar CP value for
the 3CO, (m/z=45) isotope compared to the ZrB,, and B4C samples versus the 2°SiO
value from the isotope abundance for 2°Si of 4.7% [27]. The presence of the C (m/z=12)
signal would also confirm the assignment of CO, over SiO except that the very large
m/z=12 signal from CO is also present.

Silica can also dissociate at high temperatures (T>1710°C) [36], providing
another source of oxygen that can potentially combine with the excess carbon to form CO
and COg:

SiO; = SiO(g) + 1/20,(g) 4.13
It is unlikely that the reaction from Equation 4.13 occurred in the SiC sample since the

maximum temperature during the heating cycle was 1500°C.

4.3.6 Zirconium Oxide

Figure 4.9 shows the intensities of the m/z=16, 28, 32, 44, 48, and 64 signals and
temperature versus time for loose ZrO, powder heated at 10°C/min in helium. The heated

powder remained in loose agglomerated form similar to the as-received powder before
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heating except for some hardening of the agglomerates. The m/z=48 and 64 signal peaks
at t=83 min (845°C) are at very low intensity and are suggestive of SO (m/z=48) and SO,
(m/z=64) evolution, as was seen in the previous chapter for the BaTiO3 samples. The
analysis of the CP in Table 4.5 shows that the m/z=64 signal intensity is approximately
double the m/z=48 signal, which is consistent with the CP of SO, [37]. Unfortunately, the
intensities of the m/z=48 and 64 signals are so low that the other signals associated with
the CP of SO, do not have observable peaks, which are seen in the BaTiO3 and SrTiO3

samples in Table 4.5.
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Figure 4.9: Temperature (Temp) and species intensity of the m/z=16, 28, 32, 44, 48, and

64 signals versus time for 0.015 g zirconium oxide heated at 10°C/min in flowing helium.
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Table 4.5: Comparison of normalized m/z ratios evolved from zirconium oxide, carbon

dioxide, barium titanate, and strontium titanate.

Source Peak Peak intensity at m/z ratios Peak intensity at m/z
normalized to m/z = 64 ratios normalized to m/z
=44
Temp (°C) | 16 32 48 64 16 32 44
Zr0O, 845 - - 40.5 100
ZrO; 1500 18 589.7 | 100
CO; gas 1500 1.3 - 100
BaTiO; 780 1.0 - 100
BaTiO; 1005 1.2 | 109 | 38.2 100
SrTiO3 1000 114 | 28.1 | 514 100
Possible 160 1602 328160 3281602 160 1602 12(:1602
Compounds

The m/z=16, 32, and 44 signals all show peaks during the high temperature soak
at t=150-170 min (1500°C). This set of features is commonly observed directly following
an inert conditioning cycle without a background heating cycle before the sample heating
cycle (as seen in Figure 3.2). The m/z=16 and 44 signals are present in the CP of CO,,
but when compared to the CPs of CO, gas and the BaTiO3; sample in Table 4.5, the
m/z=16 is much larger in the ZrO, sample. Table 4.5 also shows a larger O, (m/z=32)
signal than CO, (m/z=44) signal, which is likely contributing to the O (m/z=16) signal.
The discrepancy between the m/z=16 signal and the m/z=32 and 44 signals could be
caused by multiple chemical interactions between the ZrO, sample, the Al,O3; of the
mullite combustion tube, and the O, and CO, coming from either the sample or the
combustion tube. The intensity of the CO, peak for the ZrO, sample is also around 10
times smaller than was observed for the CO, peaks arising from the ZrB,, B4C, and SiC

samples. The expected CO (m/z=28) peak to occur with the CO, (m/z=44) peak based on
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the CP of CO, is not distinguishable since the CO signal baseline is much larger than the

expected peak.

4.4 Discussion

The observation of chemistry during the heating of zirconium diboride and
sintering aids was accomplished using the combined dilatometer mass spectrometer. The
pressed samples showed significant amounts of organics evolved at lower temperatures,
characteristic of the signals seen from the boron nitride spray which is used to coat the
ends of the samples. Similar signals would also occur at lower temperature for samples
that used sintering additives such as binders, dispersants, and surfactants.

The mass spectrometer signals from the surface oxides that reacted to produce
carbon monoxide and carbon dioxide at elevated temperatures showcases the utility of the
CDMS as a tool that can be used in developing methods to improve the densification of
zirconium diboride. Surface oxide modification or removal allows densification to occur
at lower temperatures and pressures and can produce gas phase species that are monitored
by the mass spectrometer. Although the loose B,O3 powder did not show the expected
gas phase B,0Og3, which is presumed to have condensed in the silica capillary between the
furnace and the mass spectrometer. One method that could be used to verify the existence
of the B,O3 in the capillary is to remove and cut the capillary into smaller segments and
test each segment for B,O3. This procedure would also give insight into the temperature
profile of the capillary during heating cycles and could be performed after every sample
heating cycle to determine if there are any condensed species present, but would add

considerable time and cost to the testing of samples.
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The chemistry will continue to be important as the samples reach temperatures
necessary for densification, which was not reached for the materials due to the maximum
operating temperature of the CDMS at the time of testing. Increasing the maximum
operating temperature of the CDMS would require removing the alumina tubes and silica
capillary, and replacing the thermocouples with an optical pyrometer. The capture of
species in the gas phase to be transported to the mass spectrometer and the probable
increase in furnace environment effects during the heating of samples present challenges

that are further discussed in chapter 6.

4.5 Conclusions

Carbides and oxides important to the development of ZrB,-based composite
materials for ultra-high temperature applications were examined using the CDMS. The
gas phase chemistry was examined for all samples, and the length of the samples was
monitored for the pressed samples. Gas phase species were assigned using measured and
tabulated cracking patterns (CP) of relevant compounds, along with tabulated isotope
abundances. Low temperature chemistry relating to the evolution of organics from boron
nitride spray used on the ends of the pressed samples along with high temperature
evolution of CO and CO, for the ZrB,, B4C, and SiC samples was observed. Negligible
length change was observed for these pressed samples, although there was measureable
weight loss. The gas phase signals of the loose B,O3; and ZrO, samples did not show
evolution of any compounds that could be attributed to originating from the samples

themselves.
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Chapter 5

High Temperature Chemistry during the Heating of Mixtures of Ultra-High

Temperature Materials
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5.1 Introduction

Zirconium diboride (ZrB,) is classified as an ultra-high temperature ceramic
(UHTC) with a high melting temperature >3000°C, and a high hardness of 23 GPa and a
large Young's modulus of 489 GPa [1]. These properties, along with high thermal
conductivity (60 W/m-K), low electrical resistivity (10° Q cm), and resistance to
chemical degradation, make this material useful for structural applications in high
temperature environments such as refractory linings, cutting tools, high temperature
electrodes, and hypersonic flight vehicles [2].

Due to its refractory nature, the sintering of pure or nearly pure ZrB, requires the
high temperatures (>2000°C) and pressures (>20 MPa) experienced during hot pressing
[3]. Many recent densification studies therefore use additives to reduce the temperature
and pressure necessary to achieve high density, and several studies also explore
alternative sintering techniques [4-11]. Common additives used with ZrB, include metals
and non-oxide ceramics [12] which have been successful in lowering the conditions at
which ZrB, sinters; however, the subsequent modifications to the microstructure are
commonly coupled with deleterious changes in properties from those of pure ZrB,. The
current state is thus to find one or more additives that not only increase densification at
lower temperatures and pressures, but also retains relevant properties at the desired
values. The chemistry of ZrB, combined with additives is described below.

Boron carbide (B4C) has been explored as an additive to ZrB, since it also has
excellent hardness (25-35 GPa) and a high melting temperature (2450°C). In studies
using pressureless sintering to 2050°C in vacuum [13], the addition of 4 wt% of B,C

powder resulted in 95% relative density, compared to 62% without B4,C. The more
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complete densification of the sample was attributed to the removal of surface ZrO, via the
formation of a boron oxide liquid layer at temperatures above 1220°C:

T7ZrO,(s) + 5B4C(s) = 7ZrBy(s) + 3B,03+ 5CO(Q) 5.1
This reaction prevents the coarsening of ZrB; [1] by the reduction of surface free energy
at temperatures below that which coarsening occurs (1650-1850°C), through both the
transport of oxygen to areas with a high surface free energy in the form of the B,O3
liquid, and the removal of oxygen from the surface in the form of CO gas.

Silicon carbide (SiC), which itself has desirable high temperature properties such
as a high decomposition temperature (>2800°C) [14], large Young's modulus (>400
GPa), and high hardness (>24 GPa) [15], has also been used as an additive to ZrB,. The
presence of SiC reduces both the amount of oxidation [16] and the oxidation rate of ZrB,
[16, 17] according to the following mechanism. In air, pure ZrB, oxidizes and forms a
B,Os liquid layer via [18]:

2ZrB5(s) + 502(g) = 2Zr0O, + 2B,03 5.2
which prevents oxygen transport to the ZrB, surface. Rapid evaporation of the B,O3 layer
at temperatures >1400°C causes an increase in the rate of ZrB, oxidation. The oxidation
of SiC at temperatures >1400°C via [19]:

SiC(s) + O2(g) = SiO + CO(g) 5.3
produces an SiO liquid layer that when present on the ZrB, powder, prevents oxygen
transport to the ZrB, surface at higher temperatures. This improved oxidation resistance
arises because SiO is less volatile than the B,O3 [16].

The addition of B4C to the ZrB,-SiC system has also been examined in order to

remove the surface oxide impurities on ZrB, according to Eg. 5.1. This strategy,
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however, was found to be unsuccessful [8]. When 5 wt% excess carbon along with 4 wt%
B4C, was added to ZrB, and 10-30 vol% SiC, this composition sintered without the use of
external pressure to >98% relative density at 1950°C in vacuum up to 1650°C and argon
above 1650°C [8]. The combination of B4C plus carbon prevents the formation of B,Os-
Si0;, liquid layers by modifying the mechanism given by Equation 5.1 to:

2Zr0y(s) + B4C(s) + 3C(s) = 2ZrB,(s) + 4CO(g) 54
which is favorable beginning at 1400°C. The liquid layer can also be removed through:

ZrO,(s) + B,0O3 + 5C(S) = ZrBy(s) + 5CO(Q) 55
which occurs above 1510°C [1].

Another additive that is able to significantly lower the sintering temperature of
ZrB; is ZrSi,, which melts at 1620°C [20]. A study by Guo et al. [10] examined the
effects of ZrSi, additions on the densification of ZrB, powder and found that adding 20
vol% or greater of ZrSi, was needed to achieve >99% relative density on samples
pressureless sintered to 1650°C in vacuum for 60 min.

In summary, many additives can be used to lower the sintering conditions of
ZrB,. As indicated by Equation 5.1 to 5.5, the presence of these additives with ZrB, can
lead to the evolution of gas phase species at high temperature. The gas CO is evolved via
Equations 5.1 and 5.3-5.5, and B,03, with its relatively high vapor pressure, is a product
in Equations 5.1 and 5.2. The following work explores the connection between the gas
phase chemistry occurring when ZrB; is heated to high temperature and length changes
of the sample. The sources for the observed species will be investigated in light of
previous speculated reactions given for high temperature chemistry of ZrB, with these

additives.
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5.2 Experimental

The CDMS apparatus consists of the furnace/dilatometer, the mass spectrometer,
the gas flow system, and the coolant flow system. The interior of the furnace is separated
by a mullite or alumina combustion tube to allow the sample environment to be isolated
from the heating element environment. A fused silica capillary of 0.1 mm ID and 45 cm
long, heated to approximately 320°C, is used to introduce a stream of gas from around
the sample into the mass spectrometer. To ensure an inert environment around each
sample and in the mass spectrometer, the furnace was evacuated and backfilled with high
purity helium (99.999%) to 1 bar, and a steady flow rate of 135 mL/min was established.
This continuous purge is maintained for 1-2 hours before the heating of the sample to
allow mass signal intensities to reach base-line values. The sample length and the mass to
charge (m/z) ratio of the composition of the furnace gas were acquired throughout the
heating cycle.

The ZrB,-B4C-Phenolic Resin (PR) powder system was prepared by combining
ZrB, (Grade B, HC Starck, Karlsruhe, Germany) with 2 wt% B,C (Grade HS, HC Starck,
Karlsruhe, Germany) and with a carbon source of 3.75 wt% phenolic resin (Type GP
2074, Georgia-Pacific Chemicals, Atlanta, GA). The mixture was ball milled in acetone
for 24 h using WC media, dried, ground using a mortar and pestle, and then screened to
80 mesh [2].

Another powder mixture, ZrB,-SiC-B4,C-PR-Binder (B)-Dispersant (D)-
Surfactant (S), was prepared with the same ZrB, powder and 1.8 wt% of the same B,C
powder as above, in addition to 19.9 wt% SiC (UF-10, HC Starck, Karlsruhe, Germany),

1.0 wt% phenolic resin (Type GP 2074, Georgia-Pacific Chemicals, Atlanta, GA), 0.39
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wt% binder (QPac 40, Empower Materials, New Castle, DE), 0.54 wt% dispersant
(BYK-110, BYK-Chemie USA, Wallingford, CT), and 0.6 wt% surfactant (Santicizer
160, Ferro, Mayfield Heights, OH). The ZrB,, SiC, and B4C were dispersed in methyl
ethyl ketone (MEK) or xylene by ball milling with the dispersant for 24 h using WC
media. The phenolic resin, binder, and surfactant were next added, and the mixture was
ball milled for another 24 h using WC media, dried, and then screened to 45 mesh [8].

A Zr0O,-B4C powder mixture was prepared using a 7:5 mol ratio of ZrO, (Aldrich,
Milwaukee, WI) to B,C (Grade HS, HC Starck, Karlsruhe, Germany). This mixture was
added to isopropyl alcohol, ground using a mortar and pestle, and then dried in air at
100°C for 2 h.

Three other powder systems were prepared using the same ZrB, powder as above
with 5, 10, and 20 vol% ZrSi, (Alfa Aesar, Ward Hill, MA). These mixtures were
attrition milled for 24 h with SiC media and designated by ZrB,-5-ZrSi,, ZrB,-10-ZrSiy,
and ZrB,-20-ZrSis.

The above compositions were then uniaxially pressed into 0.5 g cylinders in a 6.4
mm steel die to 875 MPa for the ZrB,-B4C, ZrB,-SiC-B,4C, and the ZrO,-B,C powders,
and to 200 MPa for the ZrB,-ZrSi, powders. The pressure was maintained for 1 min.
Prior to being loaded in the furnace, the sample ends were sprayed with boron nitride
(Boron Nitride Aerosol Spray, SP-108, Materion Advanced Chemicals, Milwaukee, WI)
to avoid reaction between the sample and the spacers. All of the samples were heated
with calcia-stabilized zirconia spacers (Machined Ceramics, Bowling Green, KY), except

for the ZrB,-5-ZrSi,, ZrB,-10-ZrSi,, and ZrB,-20-ZrSi, samples which used Al,O3
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spacers (A-16, Alcoa, New York, NY). The heating profiles for each powder composition

are listed in Table 5.1.

Table 5.1: Heating and cooling rates, low and high temperature holds and times for

different samples.

Samples Heating & Low High
Cooling Rates | Temperature Temperature
(°C/min) Hold (°C, min) | Hold (°C, min)
Phenolic Resin 10 - 1500, 20
ZrB,-B4C-PR,
ZrB,-SiC-B4C-PR-B-D-S, 10 400, 60 1500, 20
ZI’Oz-B4C
ZrBz-5-ZrSi2,
ZrB,-10-ZrSi,, 14 - 1648, 20
ZrB,-20-ZrSi,

For the phenolic resin, 0.004 g were placed on sintered alumina paper and heated
as specified in Table 5.1. Dilatometer data were not acquired and no spacers were used
because the sample was expected to fully decompose during the heating cycle.

To determine the composition of the gas phase, the background of m/z signal was
subtracted from the peaks. The resulting signals were then normalized to the largest peak
and compared to signals from known CO sources (the ZrB, samples) and CO, (CO, gas)
sources, as well as to isotope abundances [21] of elements from suspected compounds.
The signals were also compared to those of the individual compounds that comprise the
composition of the sample, such as ZrB,, B4C, SiC, and ZrO,. The dilatometer data were
corrected for the length change of the spacers and smoothed using the data analysis

software.
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As was observed in Chapter 4, a common occurrence in the mass spectrometer
data was the possible contribution of both CO and CO, to the m/z=12, 16, and 28 signals.
A correction procedure is used in order to determine the CP of CO when signals also
contained lesser amounts of CO,, by removing the contribution of CO, from the m/z=12,
16, and 28 signals and then normalizing via:

Ny = (ly - (laa X CPy)) / g 5.6
where Ny is the normalized intensity of y, for the y=m/z=12, 16, and 28 signals, |l is the
signal intensity (with baseline subtracted) of y, and CPy is the cracking pattern of y out of
1.0 in CO,. The normalized intensity for each signal is then attributed only to CO, which

then allows the CP of CO to be determined.

5.3 Results

5.3.1 Phenolic Resin

The decomposition of phenolic resin, the structure of which is shown in Figure
5.1, was examined first by itself, as it is used in the ZrB,-B,C and ZrB,-SiC-B4C samples
as the source for excess carbon. The signals of m/z=29, 43, 45, 91, 94, 106, and 108 from
a pure phenolic resin sample heated at 10°C/min in flowing helium are plotted in Figure
5.2. The first peaks occur at t=50 min (T=410°C) for the m/z=43, 91, 94, 106 and 108
signals and then at t=69 min (T=600°C) for the m/z=29, 43, 45, 91, and 106 signals.
Subsequent to their peaks at low temperature, the m/z=94 and 108 signals exhibit broad
peaks of higher intensity for t>80 min (T>710°C) which are sustained until the end of the
heating cycle. There are also peaks for the m/z=45 and 91 signals during the high

temperature hold starting at t=159 min (T=1480°C). Based on the structure of the
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phenolic resin, we can assign the decomposition products observed in Figure 5.2 to COH
(m/z=29), C¢H,OH (m/z=91), CeHsOH (m/z=94), OCeH,O (m/z=106), and OC¢H,O
(m/z=108), and tentatively assign the products of CsH; (m/z=43) and C,HsO (m/z=45)

from possible recombination reactions.

Figure 5.1: Phenol formaldehyde (phenolic resin) repeat structure of MW=133.
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Figure 5.2: Temperature (Temp) and species intensity of the m/z=29, 43, 45, 91, 94, 106,
and 108 signals versus time for 0.004 g of phenolic resin heated at 10°C/min in flowing
helium.
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The m/z=12, 16, 28, 44, and 45 signals for the phenolic resin sample are plotted in
Figure 5.3. The first low temperature peaks coincide with the peaks from Figure 5.2 at
t=69 min (T=600°C) for the m/z=44 and 45 signals. The next group of low temperature
peaks are the m/z=12, 16, and 28 signals that occur at t=72 min (T=630°C). The high
temperature peaks during the hold starting at t=159 min (T=1480°C) are observed for all
of the signals in Figure 5.3. The CP of these signals at t=159 min (1480°C) are given in
Table 5.2 and show good agreement for the CP of CO, gas at 1500°C, except for the
m/z=28 signal. A possible reason for the larger m/z=28 signal (CO) in the CP of CO,
from the phenolic resin sample can be explained by investigating the equilibrium
reactions of carbon and oxygen:

C + O, =CO(g) 5.7

CO,(g) + C =2C0O(g) 5.8
Equation 5.8 has been shown to be dominant over Equation 5.7 at elevated temperatures
(T>500°C), resulting in a higher CO signal than CO, in the presence of excess carbon

[22].
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Figure 5.3: Temperature (Temp) and species intensity of the m/z=12, 16, 28, 44, and 45

signals versus time for 0.004 g of phenolic resin heated at 10°C/min in flowing helium.
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Table 5.2: Comparison of normalized m/z ratios evolved from phenolic resin, ZrO,-B,4C,

ZrBy-B4C-PR, ZrB,-SiC-B4C-PR-B-D-S, ZrB;,-5, -10, & -20-ZrSi,, ZrB,, B,C and CO,

gas, and the isotopes for CO, [21].

Source Peak Peak intensity at m/z ratios normalized
tom/z =28 or 44

Temp (°C) | 12 | 16 28 44 45

Phenolic Resin 1480 05| 11 34.7 100 1.2
Zr0,-B,C* 1290 35 | 38 100 - -
Zr0,-B,C* 1460 51 | 5.6 100 - -
ZrB,-B,C-PR* 1270 12 | 15 100 - -

ZrB,-B,C-PR 1370 - - - 100 1.3

ZrB,-B4C-PR 1480 - - - 100 1.2
ZrB,-SiC-B4,C-PR-B-D-S* 1335 12 | 15 100 - -
ZrB,-5-ZrSiy* 1150 1.7 | 2.0 100 - -
ZrBy-5-ZrSi, 1570 15| 14 100 - -
ZrB,-10-ZrSi,* 1110 14 | 15 100 - -
ZrB,-10-ZrSi, 1595 15 | 15 100 - -
ZrB,-20-ZrSi, 1040 1.0 | 1.9 100 - -
ZrB,-20-ZrSi; 1590 2.1 | 2.3 100 - -
ZrBy* 1190 09 | 1.1 100 - -
ZrBy* 1360 09 | 1.1 100 - -
B,C* 1390 1.1 | 1.3 100 - -

CO, gas 1500 03 | 1.3 3.2 100 1.2

Isotopes for CO, - - - 100 1.1

Possible Compounds “c | **o | *c™o | *c™0o, | *c™o

*Correction procedure used

5.3.2 Zr0,-B,C

The m/z=12, 16, 28, 44, and 45 signals, sample length, and temperature are
plotted versus time in Figure 5.4 for 0.8 g of pressed ZrO,-B4C heated at 10°C/min in
helium. The sample experienced a 19.9% mass loss and a linear shrinkage of 3.0% from a
starting relative theoretical density of 0.56 for the mixture. The lower temperature peaks
at t=58 min (T=330°C), t=134 min (T=490°C), and t=145 min (T=600°C) correspond to

the species evolved from the boron nitride spray used on the ends of the sample. These
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signals can thus be assigned as in Chapter 4 to one or more of the following organics:
acetone, ethanol, propane, or n-butane. The onset of the major decrease in length occurs

at t=199 min (T=1140°C), immediately after the beginning of the high temperature peaks.
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Figure 5.4: Temperature (Temp), length change (Dil), and species intensity of the
m/z=12, 16, 28, 44, and 45 signals versus time for 0.8 g of ZrO,-B,C heated at 10°C/min

in flowing helium.

The high temperature peaks occur over a time range of 19 min leading into the
high temperature soak and include the m/z=12, 16, 28, 44, and 45 signals. The first peaks
occur at t=215 min (1290°C) from the m/z=28 and 44 signals. Accompanying these peaks
are increases in the m/z=12 and 16 signals that later peak at t=224 min (1370°C). An
initial assignment of the m/z=28 peak to CO and of the m/z=44 peak to CO,, with CO

being the major signal, is based on the results from the individual powders reported in
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Chapter 4. In Table 5.2, the intensities of the m/z=12 and 16 signals have been
normalized to the m/z=28 signal at 1290°C according to Equation 5.6. The m/z=12 and
16 signals in the CP are approximately three times larger than what has been observed for
the CP of CO in individual powders and in powder mixtures.

Two other signals, the m/z=29 and 30 signals (not shown), have peaks that occur
at the same time (t=215 min) as the peak in the m/z=28 signal. The comparison of the
isotope ratios of carbon and oxygen to the m/z=29 and 30 signals in Table 5.3 show
agreement between the isotope ratios and their suspected intensity ratios. This, along with
the C (m/z=12) and O (m/z=16) signals in the CP of CO and the fact that no other peaks
occur at this time, provide substantial evidence that CO is the evolved species. The lack
of agreement to the pure component CPs may arise due to matrix effects in the mass
spectrometer, which are changes in the ionization efficiency due to the presence of

multiple substances.

Table 5.3: Comparison of normalized m/z ratios evolved from ZrO,-B4C and the

isotopes for CO [21].

Source Peak Peak intensity at m/z ratios
normalized to m/z = 28
Temp (°C) 28 29 30
Zr0,-B4,C* 1290 100 1.5 0.3
Zr0,-B,C* 1460 100 1.5 0.3
Isotopes for CO 100 1.1 0.2
Possible Compounds 2c™o c™o 2cto

*Correction procedure used

The second peak of the m/z=28 signal occurs at t=234 min (1460°C) along with a

peak of the m/z=45 signal that extends into the high temperature hold. As with the first
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m/z=28 signal peak, the m/z=12 and 16 signals are normalized to the m/z=28 signal peak
in Table 5.2 via Equation 5.6. The observed CP is approximately four times larger than
the CP seen from other powder mixtures and individual powders; once again matrix
effects may be operative here. The comparison of isotope ratios for CO compared with
the m/z=28, 29, and 30 signals in Table 5.3 are consistent with the first m/z=28 peak,
thus once again indicating that CO is evolved.

The assignment of CO to these high temperature peaks, typified by the m/z=28
signal, is supported by the known chemistry between ZrO, and B4C at high temperature.
As summarized by Equation 5.1, the reduction of ZrO, by B4C results in ZrB,, B,O3, and
CO products. Signals from B,03 were not observed, as was the case for the ZrB,-B,C-PR
and ZrB,-SiC-B4C-PR-B-D-S samples. The weight loss reported in Goldstein et al. [23]
for a ZrO,-B,C composition sample began as low as 1150°C, but the majority occurred
1200-1450°C, which coincides with the CO and CO, peaks observed from the ZrO,-B,C
sample herein.

Figure 5.4 also shows peaks for the m/z=45 signal at t=242 min (T=1470°C)
during the high temperature soak and at t=320 min (T=780°C) during the cooling section
of the temperature profile. These signals are not coupled with the m/z=44 signal
associated with the evolution of CO, nor are there any of the signals observed from the
boron nitride spray, such as the m/z=45 signal seen at very early times, with these peaks.
While it is not uncommon to see signal peaks during the high temperature soak, it is
uncommon to see signal peaks during cooling. No assignment is made using current

information for these two m/z=45 signal peaks.
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5.3.3 Zng-BAC-PR

In Figure 5.5, the signals for m/z=12, 16, 28, 44, and 45, sample length, and
temperature are plotted versus time for the 0.5 g of pressed ZrB,-B,C-PR sample heated
at 10°C/min in helium. The sample experienced a decrease in mass of 4% and in length
of less than 1%, but there was no measurable change in the relative density. At t=31 min
(T=345°C), the intensities of the m/z=16, 28, 44, and 45 signal peaks are consistent with

those arising from the organics in the boron nitride spray.
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Figure 5.5: Temperature (Temp), length change (Dil), and species intensity of the
m/z=12, 16, 28, 44, and 45 signals versus time for 0.5 g of ZrB,-B,C-PR heated at

10°C/min in flowing helium.

At t=117 min (T=600°C) in Figure 5.5, there is a peak for the m/z=45 signal and

corresponding peaks in Figure 5.6 for the m/z=29, 31, 43, 91, 106, and 108 signals at the
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same temperature. An examination of the signals for the boron nitride spray from Chapter
4 in Figure 4.2 shows peaks for the same signals that occur at a temperature lower than
600°C, with the m/z=91, 106, and 108 signals at a much lower intensity. The boron
nitride spray is contributing to these signals, but this assignment does not explain all of
the signals observed. Phenolic resin is also present in the ZrB,-B,C-PR sample as a
source of excess carbon, and the same signals from a pure phenolic resin sample occur at

the same temperature as for the ZrB,-B4C-PR sample.
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Figure 5.6: Temperature (Temp) and species intensity of the m/z=29, 31, 43, 45, 91, 94,
106, and 108 signals versus time for 0.5 g of ZrB,-B,C-PR heated at 10°C/min in flowing

helium.

In Figure 5.5 at t=121 min (T=635°C), peaks occur in the m/z=12, 16, and 28
signals, which suggests that CO (m/z=28) is being evolved. An examination of the
m/z=12, 16, and 28 signals of the phenolic resin sample in Figure 5.3 also shows peaks
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for these signals at t=72 min (T=630°C). This allows us to assign the source of the
m/z=12, 16, and 28 signal peaks at t=121 min to phenolic resin. The evolution of boron
nitride spray components and the decomposition of phenolic resin are the dominant peaks
below 650°C in the ZrB,-B4C-PR sample.

The largest decrease in length for the ZrB,-B4C-PR sample begins at t=166 min
(T=1080°C) and coincides with the beginning of large peaks for the m/z=12, 16, and 28
signals at t=185 min (T=1270°C) and for the m/z=44 and 45 signals at t=195 min
(T=1370°C) and t=207 min (T=1480°C), as seen in Figure 5.5. The peaks for the m/z=12,
16, 28, 44, and 45 signals all decrease throughout the high temperature hold and have a
shoulder feature when cooling begins.

The correction procedure in Equation 5.6 was applied to the peak intensities of the
m/z=12, 16, and 28 signals for ZrB,-B4C-PR at 1270°C and for the individual powders of
ZrB; and B4C at temperatures between 1190°C and 1390°C in Table 5.2. An examination
of these values shows that the m/z=12 and 16 signals of ZrB,-B,C-PR are slightly larger
than the individual powders values but are still reasonably close as to what was observed
and thus the assignment to CO can still be justified for these peaks.

For the two peaks of the m/z=44 and 45 signals seen at t=195 min (T=1370°C)
and t=207 min (T=1480°C) in Figure 5.5, a comparison of the normalized peak intensities
to the CP of CO, gas and to the isotopes for CO, in Table 5.2 confirm the assignment to
CO,. The analysis method of subtracting the m/z=12, 16, and 28 signal contributions of
the CO, CP from the rest of the signals has shown that the contribution from the CO is
minimal, due to the large CO intensity at the same m/z signals. A possible source for the

CO;, can be attributed to the phenolic resin, as seen in Figure 5.3.
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The source of the CO can be linked to both the impurities in the individual
powders from processing techniques, as was seen in Chapter 4, and to the reactions
between the powder components. The surface oxide of ZrB; in the form of ZrO, can react
with the B4C as given by Equations 5.1, 5.4, and 5.5. These reactions have been shown to
increase removal of surface oxides and thereby increase densification [6, 13]. This
sintering is observed in the ZrB,-B,C-PR sample by the slight decrease in length over the
same time period, t=166 to 226 min, that CO evolution occurs. Another possible source
of carbon contamination is the WC milling media.

Based on Equation 5.1, B,O3 is a product of the reaction between the surface
oxide ZrO; and B4C in the ZrB,-B4,C-PR sample, and because the sample was heated past
the temperature required for the reaction to occur and near the boiling temperature
(1500°C) of B,0g3 [24], it is expected to observe signals related to B,O3s. The m/z=27
(BO), 53 (B,0y), and 69 (B,03) signals (not shown here) from the CP of B,O3 were
observed at temperatures up to 500°C, well below the temperature of 1220°C necessary
for the reaction in Equation 5.1. The same signals, however, are consistent with the
signals seen from the boron nitride spray (see Chapter 4) and are thus not assigned to
B,03. As discussed in Chapter 4, the reason for not observing the B,O3; signals at
T>1220°C is most likely due to the low temperature of the capillary interface between the

furnace and mass spectrometer, resulting in condensation of the vapor.

5.3.4 ZrB,-SiC-B,C-PR-B-D-S
The 0.5 g pressed ZrB,-SiC-B4C-PR-B-D-S sample was heated at 10°C/min in

helium, and Figure 5.7 shows the m/z=12, 16, 28, 44, and 45 signals, sample length, and
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temperature versus time. The sample underwent a length decrease of <1% and a loss of
4.4% mass, and there was no increase in relative final density. At t=24 min (T=275°C),
t=32 min (T=350°C), t=106 min (T=490°C), and t=120 min (T=625°C), all of the five
signals mentioned above have features, which correspond to similar signals that were
observed in the ZrB,-B4C-PR heating cycle below 660°C. Figure 5.8 shows the m/z=29,
31, 43, 45, 91, 94, 106, and 108 signals that also have features at the times previously
mentioned for the ZrB,-SiC-B4C-PR-B-D-S sample. Using the same comparative
analysis technique as before, the assignment of these lower temperature peaks can be
made to mostly carbon-containing species evolved from the boron nitride spray and the

phenolic resin, in addition to the organic content arising form the binder, dispersant, and

surfactant.
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Figure 5.7: Temperature (Temp), length change (Dil), and species intensity of the
m/z=12, 16, 28, 44, and 45 signals versus time for 0.5 g of ZrB,-SiC-B,C-PR-B-D-S
heated at 10°C/min in flowing helium.
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Figure 5.7 also shows for the ZrB,-SiC-B4C-PR-B-D-S sample peaks for the
m/z=12, 16, 28, 44, and 45 signals at t=191 min (T=1335°C) along with two shoulder
features prominent in the m/z=28 and 44 signals at the beginning and end of the high
temperature soak. These signals begin to increase around t=160 min (T=1015°C), which
is the same time at which the length of the sample begins to decrease. The correction
procedure from Equation 5.6 was used for the ZrB,-SiC-B,C-PR-B-D-S sample peaks
and the CP in Table 5.2 shows good agreement for the m/z=12, 16, and 28 signals as

compared to the ZrB,-B4C-PR signals at 1270°C, which again indicates CO evolution.
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Figure 5.8: Temperature (Temp) and species intensity of the m/z=29, 31, 43, 45, 91, 94,
106, and 108 signals versus time for 0.5 g of ZrB,-SiC-B4C-PR-B-D-S heated at

10°C/min in flowing helium.

In the ZrB,-SiC-B4C-PR-B-D-S sample, the m/z=44 and 45 peak signals in

Figure 5.7 are present at the same temperature as the CO peak evolution, which is unlike

123



what was observed for the ZrB,-B,C-PR sample. By normalizing the m/z=45 signal to
the m/z=44 signal as seen in Table 5.2, the ratio is in fair agreement to the CP observed
for the ZrB,-B,C-PR sample at 1370°C and 1480°C and for the CP of CO, gas at
1500°C. The larger m/z=44 and 45 signals in the ZrB,-SiC-B,C-PR-B-D-S sample at
t=191 min (T=1335°C) can be attributed to the decomposition of the phenolic resin in the
sample into COy, as was seen for the ZrB,-B4C-PR sample.

The high temperature CO and CO; sources for the ZrB,-SiC-B4C-PR-B-D-S
sample are likely the same as from the ZrB,-B,C-PR sample (Equations 5.1, 5.4, and
5.5), namely, the reduction of surface oxides from a carbonaceous source, such as those
found as impurities in the individual powders. The SiO, oxide layer present on the
surface of SiC can lead to production of CO by reacting with SiC at low oxygen partial
pressure (30 Pa) and elevated temperatures (T>1400°C) [15] via:

SiC(s) + 2Si0, = 3SiO(g) + CO(q) 5.9
Under these same conditions, any oxygen that is present can oxidize the SiC and produce
CO, as seen in Equation 5.3.

A product in both Equation 5.3 and 5.9 is SiO gas, which would have signals of
Si0O (m/z=44), Si (m/z=28), O (m/z=16) and **SiO (m/z=45); these are many of the
primary signals in the CPs of CO and CO,. The assignment of CO and CO, for the signal
peaks in Figure 5.7 is further substantiated by the similar CP value for the *CO,
(m/z=45) isotope compared to the ZrB,-B,C-PR and ZrB,-SiC-B,C-PR-B-D-S samples
in Table 5.2. The sample values are much closer to the **CO; isotope abundance than

what is expected for the 2°SiO isotope abundance for #°Si of 4.7% [21]. The presence of
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the C (m/z=12) signal would also confirm the assignment of CO, over SiO except that the
m/z=12 signal contribution from CO is also present.

At high temperatures (T>1520°C) [25], excess carbon can reduce the surface
oxides on silicon carbide via:

SiO; + 3C(s) = SiC(s) + 2CO(q) 5.10
Silica can also dissociate at high temperatures (T>1710°C) [26], providing another source
of oxygen that can potentially combine with excess carbon to form CO and COx:

SiO, = SiO + 1/20,(g) 5.11
It is unlikely; however, that the reactions from Equations 5.10 and 5.11 occurred in the
ZrB,-SiC-B4C-PR-B-D-S sample since the maximum temperature was 1500°C. As in the

ZrB,-B4C-PR sample, none of the signals from the CP of B,0O3; were observed.

5.35 ZI’Bg-S-ZI’Siz

A pressed ZrB,-5-ZrSi, sample was heated at 14°C/min to 1648°C in flowing
helium, and experienced an overall decrease of 4.5% in mass and of 8.2% in length,
resulting in a relative theoretical density increase from 0.54 to 0.70. The relative final
density is comparable to the extrapolated relative final density according to the results of
Guo et al. [10] that are plotted as relative density versus volume percent of ZrSi,. The
temperature, length, and m/z=12, 16, 28, 44, and 45 signals are plotted versus time for the
ZrB,-5-ZrSi, sample in Figure 5.9. The t=25 min (T=360°C) peaks for the m/z=12, 16,
28, 44, and 45 signals along with a peak at t=40 min (T=570°C) for the m/z=45 signal are
consistent with what has been observed below 660°C when using the boron nitride spray

and are therefore attributed to this source.
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Figure 5.9: Temperature (Temp), length change (Dil), and species intensity of the
m/z=12, 16, 28, 44, and 45 signals versus time for 0.8 g of ZrB,-5-ZrSi, heated at

14°C/min in flowing helium.

At t=83 min (T=1150°C) in Figure 5.9, peaks arise in signals for the m/z=12, 16,
28, and 44, and these peaks occur before the sample experiences a decrease in length.
This family of signals is again suggestive of CO and COg; to verify this, the correction
procedure of Equation 5.6 was used to determine the CP of CO. Table 5.2 shows that
corrected CP is in comparatively good agreement with the corrected CPs observed for the
other samples containing ZrB,, although these were observed at 100-200°C higher
temperatures. The peak temperature observed here for the evolution of CO and CO; is

near to the same temperature observed for the evolution of CO and CO, from ZrB, (see

Chapter 4).
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At T=1150°C in Figure 5.9, an m/z=45 peak is expected from the isotope of
carbon in CO; to match with the m/z=44 signal, but this peak is not discernible from the
baseline for the m/z=45 signal. The assignment to CO, for the m/z=44 signal is based,
however, on the same reasoning for the ZrB, powder at 1190°C and the ZrB,-SiC-B,C-
PR-B-D-S powder at 1335°C, where the evolution of CO and a small amount of CO; is
present. Another small peak of the m/z=44 signal is observed at t=90 min (T=1235°C) for
the ZrB,-5-ZrSi, sample in Figure 5.9; however, there are no other distinguishable peaks
for other species at this time.

The onset of the length decrease in the sample occurs at t=101 min (T=1385°C),
seen in Figure 5.9, which coincides with the beginning of large peaks from the m/z=12,
16, and 28 signals that occur at t=117 min (T=1570°C). The CP of these signals,
normalized to the m/z=28 signal and seen in Table 5.2, match with what has been
observed in the ZrB,-B4,C-PR sample at 1270°C and the ZrB,-SiC-B4,C-PR-B-D-S
sample at 1335°C. The assignment of this peak to CO evolution during the length
decrease of the sample can therefore be made.

The sources of the CO and CO, can be determined in part by investigating the
synthesis routes for both the ZrB;, and the ZrSi,. The synthesis of ZrB,, which has already
been discussed and outlined in Equations 5.1, 5.4, and 5.5, gives rise to surface oxides
whose removal via carbon reduction leads to CO and CO,. The synthesis of ZrSi; is
carried out in an electric furnace by the carbon thermal reduction of mixtures of ZrO, and
SiO, [27]. This synthesis route is thus a possible source for carbon contamination.
Oxygen contamination can be found on the oxide layers for each of the powders in the

forms of ZrO, and SiO, for ZrB, and ZrSi,, respectively [10].
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5.3.6 Zng-lO-ZrSig

A pressed ZrB,-10-ZrSi, sample was heated at 14°C/min to 1648°C in flowing
helium, and experienced an overall decrease in length of 12.8% and 5.7% in mass,
resulting in a relative theoretical density increase from 0.53 to 0.74. The final relative
theoretical density is 4 percentage points less than what was reported in Guo et al. [10].
The temperature, sample length, and m/z=12, 16, 28, 44, and 45 signals plotted for the
ZrB,-10-ZrSi, sample versus time are shown in Figure 5.10. The first set of peaks for the
m/z=12, 16, 28, 44, and 45 signals at t=35 min (T=360°C) and the second peak for the
m/z=45 signal at t=51 min (T=570°C) are consistent with the ZrB,-5-ZrSi, sample and

are therefore attributed to the boron nitride spray used on the samples.
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Figure 5.10: Temperature (Temp), length change (Dil), and species intensity of the
m/z=12, 16, 28, 44, and 45 signals versus time for 0.8 g of ZrB,-10-ZrSi, heated at

14°C/min in flowing helium.
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In Figure 5.10 peaks arise in signals for the m/z=12, 16, 28, and 44 at t=90 min
(T=1110°C) and for the m/z=12, 16, and 28 signals at t=128 min (T=1595°C). These
families of signals suggest again the presence of CO and CO.; the correction procedure
described in Equation 5.6 is used to verify this. Table 5.2 shows that the corrected CP is
in very good agreement with the corrected CPs observed for the ZrB,-5-ZrSi, sample.
The peak temperature observed here for CO and CO; evolution is close to the same
temperatures observed for CO and CO; evolution for the ZrB,-5-ZrSi, sample and the
ZrB, sample (see Chapter 4).

The peak at T=1110°C for the CO signal has a lower overall intensity than the
corresponding peak in the 5% ZrSi, sample. This could be attributed to a decrease in
either surface oxides or leftover synthesis contamination from the ZrB, powder. The
sources for the CO and CO; evolution in the ZrB,-10-ZrSi, sample are assumed to be the
same as in the ZrB,-5-ZrSi, sample. It is noted that the additional 5 vol% of ZrSi, in this
sample over the ZrB,-5-ZrSi, sample lowered the temperature for the start of the length

decrease in the sample from 1385°C to 1210°C.

5.3.7 Zng-ZO-ZrSig

A pressed ZrB,-20-ZrSi, sample was heated at 14°C/min to 1648°C in flowing
helium, and experienced an overall mass decrease of 7.4% and of 15.5% in length,
resulting in a relative theoretical density increase from 0.52 to 0.78. The final relative
theoretical density was 9 percentage points less than what was reported in Guo et al. [10]
(87%) versus a hold time of 60 min. Figure 5.11 shows the temperature, length of the

sample, and m/z=12, 16, 28, 44, and 45 signals versus time. The peaks of the m/z=12, 16,
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28, 44, and 45 signals at t=36 min (T=355°C) are consistent as what was observed in the
ZrB,-5-ZrSi, and ZrB,-10-ZrSi, samples and are therefore assigned to the boron nitride

spray.
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Figure 5.11: Temperature (Temp), length change (Dil), and species intensity of the
m/z=12, 16, 28, 44, and 45 signals versus time for 0.8 g of ZrB,-20-ZrSi, heated at

14°C/min in flowing helium.

At t=86 min (T=1040°C) and t=129 min (T=1590°C) in Figure 5.11, peaks arise
in the m/z=12, 16, and 28 signals at similar temperatures to the ZrB,-5-ZrSi, and ZrB,-
10-ZrSi, samples and this family of signals is again suggestive of CO. In order to verify
this assignment, Table 5.2 shows that the CP of CO for the ZrB,-20-ZrSi, sample is in
comparatively good agreement with the ZrB,-5-ZrSi,, ZrB,-10-ZrSi,, and other ZrB;

containing samples at similar temperatures.
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The source for the CO is expected to be the same as the ZrB,-5-ZrSi, and ZrB,-
10-ZrSi, samples. At T=1590°C, the main CO peak has a lower overall intensity than the
corresponding peaks in the ZrB,-5-ZrSi, and ZrB,-10-ZrSi, samples. This can be
attributed to a decrease in either surface oxide from the ZrB, or ZrSi, powder or leftover
synthesis contamination from the ZrB, powder. The onset of the length decrease in the
ZrB,-20-ZrSi, sample occurs at t=102 min (T=1255°C) and is between the temperatures
for the onset of length decrease for the ZrB,-5-ZrSi, and ZrB,-10-ZrSi, samples.

Table 5.4 compares the major CO (m/z=28) signal onset and peak temperatures,
the onset of length change temperatures, and the final relative densities of the ZrB,-5-
ZrSiy, ZrB,-10-ZrSi,, and ZrB,-20-ZrSi, samples. The onset temperature of the CO signal
decreases a total of 155°C as the proportion of ZrSi, increases from 5 vol% to 20 vol% in
the samples. This suggests that one or more mechanisms are occurring: impurities from
the ZrSi, powder are reacting to form CO more easily than the impurities from the ZrB,
powder, the impurities from the ZrSi, powder are facilitating CO production by the
impurities in the ZrB, powder at a lower temperature, or some other unknown mechanism

IS occurring.

Table 5.4: Temperatures of the major m/z=28 signal onset and peak and the onset of the
sample length change, along with the final relative theoretical density for the ZrB,-5-

ZrSiy, ZrB,-10-ZrSi,, and ZrB,-20-ZrSi, samples.

Sample Temperature (°C) of | Temperature (°C) | Final relative
the major m/z=28 signal of the onset of theoretical
Onset Peak length change density
ZrBy-5-ZrSi, 1280 1570 1385 0.70
ZrB,-10-ZrSi, | 1180 1595 1210 0.74
ZrB,-20-ZrSi, | 1125 1590 1255 0.78
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The CO signal peak temperatures in Table 5.4 are all within 25°C of each other
and no clear increasing or decreasing peak temperature pattern is present with increasing
ZrSi, content. For all three samples, the onset of the major CO signal occurs before the
onset of the length change, indicating that the removal of impurities in the powder occurs
before sintering begins. This is also supported by the decrease in the onset of length
change temperature from 5 to 10 vol% ZrSi, that coincides with the temperature decrease
for the onset of the major CO signal. The increasing final relative density with increasing
ZrSi; composition is expected due to the much lower melting temperature of ZrSi,

compared to ZrB,.

5.4 Discussion

The densification of ultra-high temperature materials has traditionally been to
increase the defect concentration in the material by pressing during heating (hot
pressing); however, the sizes and complex shapes desired are beyond the limits of hot
pressing. Other methods that have been explored to achieve densification are the
introduction of liquid phases and the removal of surface oxide layers, both of which are
accomplished by incorporating additives. The progression of each of the last two methods
listed can be monitored by the combined dilatometer mass spectrometer. The mass
spectrometer has been shown to be very sensitive, allowing for the likely detection of gas
phases that accompany liquid phases and gas phases that are produced by the removal of
surface oxide layers.

The heating and sintering of ultra-high temperature materials was accomplished

using a combined dilatometer mass spectrometer. These materials are complex systems
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with multiple reactions occurring throughout the heating, and the short detection time of
the mass spectrometer is useful for examining these materials. The combination of
dilatometry with mass spectrometry allows for determining how the additives affect the
rate of sintering and the chemistry during heating. The combined dilatometer mass
spectrometer, coupled with microstructural analysis and material properties testing,
would provide the information necessary to develop compositions and sintering

procedures that meet desired ultra-high temperature material applications.

5.5 Conclusions

Pressed ZrB, samples with additives of B4C, SiC, excess carbon, and ZrSi, were
examined up to temperatures of 1648°C while real time evolved gas phase species and
sample length data were acquired. As expected, sintering occurred for the ZrB,-ZrSi,
samples, but not for the ZrB, with other additives. The assignment of gas phase species
through tabulated cracking pattern and isotope analysis was supported by results from
phenolic resin and boron nitride, and from the individual powders of ZrB, and B4C from
Chapter 4. Organic species from the boron nitride spray and phenolic resin dominated the
low temperature chemistry, while CO and CO; evolution was prevalent at higher
temperatures. Surface oxide layers, along with carbon and oxygen contaminants from the
powder, reacting with the additives are assigned as the sources of the CO and CO;

evolution.
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Chapter 6

Conclusions and Future Work
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6.1 Conclusions

A combined dilatometer mass spectrometer (CDMS) has been shown to be useful
in identifying gas phase species and sintering progress during the heating of ceramics to
high temperature. During the continued development of this characterization tool, a
number of modifications and improvements have been made to the apparatus and to the
procedure for conducting experiments. The mass spectrometer exhibits high sensitivity
and high mass-to-charge (m/z) resolution over the range of m/z=4-125. The high
sensitivity of the MS necessitated developing a procedure to reduce background
contamination and hence gas-phase signals arising from this contamination. The
procedure consists of performing an oxidation heating cycle followed by an inert
conditioning cycle before each sample heating cycle. When heating carbide and boride
ceramics, the platinum alloy thermocouple failed frequently during these cycles. This
was attributed to operating in a reducing environment and also to the presence of sulfur,
both of which are known to be detrimental to platinum. A thermocouple protection tube
was thus designed that now allows the thermocouple to be in a protected environment at
the expense of a slightly slower response time for temperature changes.

The gases evolved during the heating and sintering of barium titanate were
investigated using the CDMS in chapter 3. Carbon dioxide and species related to its
cracking in the MS were observed at low and intermediate temperatures, up to about 800-
900°C, and were assigned to the decomposition of organic species and the decomposition
of residual barium carbonate from the synthesis of barium titanate. Immediately
following the CO, signals, at temperatures of 850-1200°C, signals corresponding to the

evolution of sulfur dioxide were observed. The identification of the species were
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accomplished using tabulated cracking patterns and isotope abundances, along with the
cracking pattern from known gases (CO;) and from model compounds (BaCO; and
BaSQ,) that evolve the suspected species.

In chapter 4, the CDMS system was also applied to characterize the high
temperature chemistry during the heating of individual ceramic powders (ZrB,, B4C, SiC,
ZrO,, and B,03) that are routinely used to synthesize and sinter ultra-high temperature
ceramics (UHTCs) ZrB,-B4C, ZrB,-B4C-SiC, and ZrB,-ZrSi,. The lower temperature MS
signals (200-600°C) corresponded to the evolution of organics that were present from the
application of the boron nitride spray applied to the ends of the sample, which was used
to prevent undesired reactions with the spacers. High temperature signals (1000-1500°C)
present during the heating of the ZrB,, B4C, and SiC samples were assigned to the
evolution of both CO and CO,. The sources for these signals are likely from surface
oxide layers and other carbon and oxygen contamination in the powder. There was
measurable weight loss for these samples, although the length change of the samples was
negligible. The gas phase signals evolved from the loose B,O3 and ZrO, powder samples
were not attributed to originating from the samples themselves but rather from
background signals arising from the furnace environment. For all of the MS signals
observed from the UHTC materials, species identification was achieved through the use
of tabulated cracking patterns and naturally occurring isotope abundances.

The CDMS was also used to examine the evolved gas from ultra-high temperature
ceramics of different compositions (ZrO,-B4C, ZrB,-B,C-PR, ZrB,-SiC-B,C-PR-B-D-S,
ZrBy-5-ZrSiy, ZrB,-10-ZrSiy, and ZrB,-20-ZrSiy) in chapter 5. Low temperature signals

(200-700°C) were identified as organics originating from the boron nitride spray and the
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phenolic resin, binder, dispersant, and surfactant additives. High temperature signals
(900-1650°C) evolved included CO and CO,, with sources similar to what is found from
the materials studied in chapter 4, along with the reactions between the main powder and
the additives. The only samples that experienced sintering over the temperature ranges
examined here were the ZrB,-ZrSi, samples.

A major result of this work, which has been observed from several diverse
ceramic powder systems, has been the detection of many reactions in real time that result
in gas phase species occurring at different temperatures throughout the heating cycles.
The sources of these reactions have been traced to either impurities in the powders or to
reactions between powder compounds. Surface oxides and impurities from the powder
production process were found to be the main sources of powder impurity. Reactions
between powder compounds can include not only bulk material reactions but also
reactions arising from surface oxide layers. The identification of gas-phase species
arising from high temperature reactions and from powder impurities showcases the
ability of the CDMS as a routine characterization tool for studying the gas-phase species

evolved from ceramic materials at high temperature during sintering cycles.

6.2 Future Work

The CDMS has been developed into a fairly consistent and reliable
characterization tool, but there are still aspects that could be improved to provide clearer
insight into identifying evolved gas phase species during the heating of ceramic samples.
The current configuration, which uses a capillary to introduce gases from the furnace

environment into the mass spectrometer, does not easily allow for the use of other carrier
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gases besides helium. In order to change to other carrier gases, the capillary must be
replaced with one that has a smaller or larger diameter to adjust for the differences in the
viscosity and the ionization probability between the gases. Installing a line-of-sight mass
spectrometer would not only make it simpler to switch between carrier gases, it would
also improve the signals obtained from the mass spectrometer. Replacing the capillary
would further prevent the possibility of any species condensing in the capillary before
reaching the detector of the mass spectrometer. The quantitative analysis based on the
signals of the mass spectrometer would also improve since all species would be detected,
not just the species that enter the capillary.

Another aspect of the CDMS that could be improved is the maximum operating
temperature of the furnace, which is currently limited by the alumina materials
(combustion tube, sample holder, and thermocouple protection tubes) and the
thermocouple inside the furnace and the silica capillary that extends into the combustion
tube but not all the way into the furnace. Removing the combustion and thermocouple
protection tubes and replacing the alumina sample holder with a graphite sample holder
would allow for much higher temperatures to be reached. In this modified setup, the
thermocouple would be replaced with an optical pyrometer mounted on the exterior of
the furnace for temperature readings. The silica capillary could also be an issue since the
suggested maximum operating temperature is around 350°C. Current heating of the
furnace to 1650°C has not resulted in capillary failure, but the increase of the maximum
operating temperature of the furnace could cause the end of the capillary that is in the
combustion tube to exceed 350°C. Another issue in this setup that uses the graphite

sample holder to achieve higher maximum temperatures is that the oxidizing heating
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cycle using air could not be performed to remove residual species present in the interior
of the furnace environment without damaging the graphite sample holder and graphite
heating elements. A light oxidizing heating cycle could possibly be run to accomplish the
same goal; however, the sample holder and heating elements would still experience some
oxidation.

In order to have a more complete characterization of the relationship between
evolved gases and sintering during the heating of samples in the CDMS, several methods
could be used. The change in heating rates and the inclusion of constant temperature
holds at different temperatures could affect the temperatures of species evolution and the
progress of sintering. The ability to reduce the time or temperature necessary to sinter
leads to production cost savings along with the possibility of new applications for the
product. The effect of pressing a powder, the particle size, and the powder composition
should also continue to be explored with different powder systems. The addition of SEM
and XRD analysis of samples would also aid in determining sintering progress and

optimum heating cycle parameters.
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