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ABSTRACT

Plasma and pulsed plasma arc welding (PAW and PPAW) processes were used to
fusion weld ZrB2 containing 20 vol% ZrC. Varying welding parameters resulted in
changes in weld pool shape and size, and the size of ZrB2 grains within the fusion zone.
For PAW processes that resulted in a keyhole fusion zone (full penetration), the arc to
workpiece power transfer efficiency was estimated to be <20%. Power transfer
efficiency was estimated to drop to <15% for non-keyhole welds. The power transfer
efficiency was not estimated for PPAW processes, but keyhole formation was observed
for PPAW FZs. ZrB2 grain lengths were observed to decrease between binary PAW FZs
(~1 mm in length), and binary PPAW FZs (~0.8 mm in length), and an increasing aspect
ratio for ZrB2 grains in PPAW welds (up to 40:1) compared to PAW ZrB2 grain aspect
ratios (up to 25:1) revealed that growth of ZrB2 was hindered in PPAW FZs. Grain
growth was also observed to decrease with decreasing arc power. A high arc power
resulted in high growth rates of ZrB2 and a textured FZ, lower arc power FZs did not
exhibit texture. A high current plasma arc (222 A) was used to increase the temperature
of the weld pool, such that ZrB2 growth would follow the arc thermal gradient. ZrB2
growth occurred in the basal plane, giving grains a plate-like structure, where grain
thickness increased by ledge growth. ZrB2 grain sizes within the FZ were observed to
affect the strength of weldments. PM flexure strengths were measured to be ~660 MPa
and strengths were observed to drop to ~140 MPa for PAW weldments and ~170 MPa for
PPAW weldments. Diffusion of C into the melt pool was observed to hinder ZrB2 grain
growth significantly (~150 m maximum ZrB2 grain size), and the average flexure
strength of a ZrB2-ZrC-C weldments was ~250 MPa.
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1. INTRODUCTION

Zirconium diboride (ZrB2) is ceramic material belonging to the group of materials
known as ultra-high temperature ceramics (UHTCs), where UHTCs are typically
classified as ceramics with melting temperatures >3000°C.1 Some of the properties that
make ZrB2 of interest include its high melting temperature (3245°C), high thermal
conductivity (108 W/mK), and chemical stability.1-3 These properties make ZrB2
attractive for applications such as molten metal crucibles, refractory linings, and
hypersonic flight applications, such as atmospheric re-entry vehicles or rocket
propulsion.1,4-6 Due to the interest in using ZrB2 for these applications, the ability to join
ZrB2 has also become of interest, where joining would be useful for repairs and complex
shape fabrication.7,8
Brazing and solid-state techniques have received the most attention as potential
joining techniques for UHTCs, but each have their issues.7-9 For instance, palladium
alloys have been studied for the joining of ZrB2, but the melting temperature of these
braze alloys are lower than the expected use temperature for several UHTC applications
(>2000°C).8,9 Solid-state joining, however, requires high temperatures and pressures to
achieve dense joint microstructures. This can limit complex shape fabrication due to the
processes typically utilized to densify UHTCs such as ZrB2. Examining metal joining
techniques reveals that fusion welding, joining by melting, is highly utilized for the
joining of metals, but has received little attention for ceramic joining. Arc welding,
fusion welding with an electric arc, is one of the most popular of these metals fusion
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welding techniques. With a low electrical resistivity (6 cm), ZrB2, may be an arc
weldable ceramic, and fusion welding may be possible.3,10,11
The research reported in this dissertation focuses on the use of plasma arc welding
for joining of ultra-high temperature ceramics, and its purpose is to better understand arc
welding as a joining technique for ceramics. Specifically, it is of interest to understand
the microstructural changes that occur due to the welding process and how those changes
affect the microstructure and mechanical properties of the welded material. To
understand the response of the parent material to arc welding, this research answers
several questions:
1. Can plasma arc welding be used for the fusion welding of ZrB2 based
ceramics?
2. What are the differences between plasma arc welded microstructures and
the microstructure of the non-welded material?
3. How do ZrB2 grains grow within the melt pool, and can grain growth be
controlled?
4. How do the strengths of welded ceramics compare to the parent material?
5. Is arc welding a joining technique limited to ZrB2 based ceramics?
Arc welding has previously been reported as a method of joining ZrB2 based
ceramics, but this research presents processing-microstructure-property relationships that
have not been previously investigated.10,11 A more fundamental study of the mechanical
behavior of the joint aids in determining the usability of the joined material, while
understanding the related microstructures can lead to process improvements. Knowledge

3
of the arc welding process for joining ceramics can lead to the production of complex
shape parts that may not have been previously possible.
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2. LITERATURE REVIEW

2.1 JOINING OF CERAMICS
Joining of materials has been of interest to mankind for a long time, such that
lashed spears and arrows may even be considered early Stone Age applications of
materials joining. But, the ability to extract and join metals would not be discovered until
mankind entered the Bronze Age. Then blacksmithing or forging, a solid-state joining
technique, was developed for joining metals, igniting a materials revolution due to the
many uses of metals. It wasn’t until the late 1800’s, when French engineer Auguste de
Méritens was awarded a patent for arc welding lead (Pb) using a carbon (C) electrode,
that more advanced metal joining techniques were developed.12

Since then the arc

welding of metals has become widely studied and is a commonly practiced metal joining
technique. Along with several arc welding techniques, many other joining techniques for
metals remain popular, and include:

forging, resistance welding, friction welding,

friction stir welding, and even mechanical fastening.13-15 As metals joining continues to
advance, with the evolution of new techniques and increased understanding, ceramic
joining remains relatively limited to brazing and solid-state joining techniques.7-10,16-18
2.1.1 Braze Joining. Brazing is a highly versatile joining technique that can join
a variety of materials. Brazed joints are made using a low melting temperature alloy, or
with a glass/glass ceramic.9,18-24 For example, SiC fiber reinforced ceramics are of
interest for use in applications such as nuclear reactors and turbine engines. Processing
typically allows for the production of the necessary shapes, but attaching the ceramic part
to another ceramic or metal component becomes a challenge. The many patents covering
ceramic joining techniques for the production of ceramic turbines highlight this issue.25-29
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Therefore, to advance use in applications, research on brazes typically focuses on wetting
behavior, interfacial reactions, and bond strength.9,22,23

Yano et al. investigated the

brazing of SiC/SiC ceramics using a Ag-Cu-Ti alloy.23

High resolution electron

microscopy (HREM) was used to observe the presence of TiC at the interface between
the braze and SiC. Increasing braze time and temperature led to an increase in bending
strength where brazed components manufactured at 850°C had strengths of ~100 MPa
and components manufactured at 950°C had strengths of ~300 MPa. The increase in
strength was contributed to epitaxially grown TiC that exhibited good lattice matching
between SiC, reducing residual stress. More recently, Singh et al. examined a Ag-Cu-Ti
foil braze for the joining of SiC/SiC.18 Diffusion of Si from SiC led to the formation of a
1 m TiC interfacial layer at the surface of the SiC, and a 1-2 m Ti-Si phase that
separated the TiC interfacial layer and the braze. Elevated temperature shear strength
testing revealed that cracking initiated along the Ti-Si/TiC interface.18

Numerical

modeling of the stresses within the joint was carried out, revealing the highest stresses to
be in the interfacial region of the joint (Figure 2.1). The increased stresses at the TiSi/TiC interface revealed why failure occurred at that interface.
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Figure 2.1: Stress distribution in the interfacial layers of brazed SiC, modeled by Singh et
al., where stresses are highest in the Ti-Si and TiC interfacial layers. Scale is in MPa.18

With good strength (~100 to ~400 MPa) and low processing temperatures
(<1000°C) brazing is an attractive joining technique for manufacturing of complex shape
parts, or metal to ceramic joints.18,21-23,30 However, one drawback of brazes can be use
temperature.

When utilized in UHTC applications, many braze alloy melting

temperatures are lower than the expected use temperature of UHTCs (>2000°C).1,8 For
example, palladium alloy brazes have been developed as a lead candidate for brazing
ZrB2-SiC to themselves or metals and are favored in comparison to Ag or Ni based
brazes due to a higher melting temperature and oxidation resistance.7,30,31 Commercially,
Palco® (65Pd-35Co) and Palni® (60Pd-40Ni) brazes have been of interest. Both brazes
have high thermal expansion coefficients (CTE), making residual stresses between the
braze and the ceramic a concern. Palini, for example has a CTE of 15x10-6/°C, much
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higher than that of ZrB2 (a=6.7x10-6/°C c=6.9x10-6/°C) or SiC (a=3.7x10-6/°C c=4.5106

/°C).7,32,33 The large difference in CTE results in the development of tensile residual

stresses in the braze and compressive residual stresses in ZrB2-SiC after cooling from the
brazing temperature.

Figure 2.2 demonstrates how CTE differential leads to the

development of thermal residual stresses between layers that are bonded. The dashed
lines represent an unconstrained system after cooling from processing, while the solid
boxes represent layers that remain bonded during cooling.

Elements in each layer

represent the tensile and compressive stresses developed from CTE mismatch. When the
stresses become large enough, cracking or delamination of the layers can occur.34-37 In
ZrB2-SiC brazed joints, the high ductility of Palco (43% elongation) and Palni (23%
elongation) can be expected to reduce the stresses developed in the joint. Still, good
wetting behavior between Palco or Palni and ZrB2-SiC, and chemical interaction, lead to
residual stresses (>1.5 GPa) that can crack the ceramic, affecting the mechanical integrity
of the joined part.7,30,31

Figure 2.2: Development of thermal residual stresses between layers with a CTE
differential.
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In lieu of metal brazes, glass brazes have also been investigated for the joining of
ZrB2 based ceramics. Esposito and Bellosi investigated the joining of ZrB2-SiC ceramics
using glass interlayers.38 Esposito and Bellosi measured a CTE of 7.5x10-6/°C for their
ZrB2-SiC ceramic (20 wt% SiC) up to 1300°C. Comparatively, their glass brazes had
CTEs ranging from 5.3 to 6.6x10-6/°C, and compressive stresses within the glass braze
were of concern.38 The highest CTE glass, containing SiO2 (34.0 wt%), Al2O3 (39.8
wt%), and CaO (26.2 wt%) resulted in the best bonding characteristics. The glass wet the
surface of the ZrB2-SiC and the low CTE mismatch resulted in a crack free bond.
Oxidation of the SiC within the microstructure also led to good penetration of the braze,
creating a stronger bond. Three-point bend strengths of the joints were measured to be
~280 MPa, compared to 730 MPa for the parent material (PM). Testing at 1000°C
resulted in strengths of ~90 MPa, and it was concluded that the glass braze would not be
suitable for use at temperatures ≥1000°C, thus use temperature remain an issue for glass
brazes.38
2.1.2 Solid State Joining. Joints manufactured without the use of a braze, or the
creation of a melt pool, are considered solid-state joints. Solid-state joining techniques
such as friction stir welding and forging are utilized for metals joining. Typically, solidstate ceramic joints are manufactured by the densification of an interlayer.24 As an
example, Pinc et al. utilized spark plasma sintering (SPS) to join ZrB2-SiC with a Zr-B
reactive interlayer.8 Joints were formed by layering a Zr-B-ZrB2-SiC powder mixture
between two dense ZrB2-SiC billets (30 vol% SiC). The sandwich was then placed in a
graphite die and heated to a temperature of 1800°C in a SPS furnace. Specimens were
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also compressed at 2.5 MPa pressure during joining. Densification and diffusion from
the powder interlayer resulted in the production of a seamless joint, where the
microstructure of the joint was analogous to that of the parent material (PM).8 The shear
strengths of joints were measured to be 311±38 MPa compared to 345±40 MPa for the
parent material, and due to large overlap in the standard deviations, it was concluded the
PM and joints were statistically equal in shear strength.8 Further, oxidation testing
revealed no difference in behavior between the PM and the joint. The work by Pinc et al.
is the first report of utilizing SPS to join ZrB2 based ceramics, but the authors do propose
that hot-pressing may be utilized for joining in a similar fashion.
Continued work in the SPS joining of ceramics has shown the ability to utilize
solid-state joining techniques to join different ceramics.39-42 The joining of -SiC was
studied by Grasso et al., using SPS as the joining technique.40 As with the ZrB2-SiC
joints, SiC-SiC joints (Figure 2.3) appear to have a microstructure similar to that of the
PM, and the presence of the joint is recognized by a slight misalignment of the two PM
coupons.40

SiC-SiC joint strengths were measured in four-point bending, and compared

to the flexure strength of the PM. Similar to the joints of ZrB2-SiC of Pinc et al., SiC-SiC
joint strengths in bending were 193±21 MPa and the PM was 176±10 MPa.8,40 The
elastic modulus of the joints and PM were 436±1 GPa (joint) and 448±4 GPa (PM). The
comparison of mechanical properties and microstructure reveals that there was essentially
no difference between the joint and the PM.
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Figure 2.3: Scanning electron microscopy of SPS SiC-SiC joints, where the joint is
identified by a misalignment of the SiC coupons (a). Microstructural analysis reveals the
joint to have a similar microstructure to that of the parent material (b).40

Unfortunately, SPS and hot-pressing are limited to the fabrication of relatively
simple shapes, and may require machining after densification. Therefore, pressureless
sintering is necessary to take full advantage of solid-state joining in the production of
complex shape ceramics.1 However, the densification of advanced ceramics such as SiC
and ZrB2 is difficult, one of the reasons why SPS and hot-pressing are preferred methods
of densification for such advanced ceramics.6,43-46 This was observed by Grasso et al.
when the SPS joining of SiC was compared to the pressureless joining of SiC. 40 Voids
were observed at the interface of the joint, Figure 2.4. Diffusion between the two SiC
coupons to be joined was observed, but the mechanical strength of the joined specimens
was low enough that it could not be analyzed. While Grasso et al. focused on direct
joining, rather than using an interlayer, pressureless joining using a powder interlayer
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may result in similar void formation through incomplete densification or contraction of
the interlayer volume during densification.

Figure 2.4: Pressurelessly sintered SiC-SiC joint. Voids formation was apparent along
the interface of the joint.40

2.1.3 Fusion Joining. Fusion joining of ceramics has not received the same
amount of interest when compared to brazing and solid-state joining techniques. But,
limited research on the fusion joining of ceramics is available, where much of the fusion
joining research focuses on electron beam and laser welding techniques.10,11,47-51
Burdovitsin et al. demonstrated the ability to fusion weld non-conducting ceramics, and
were able to fusion weld a fused alumina ceramic (Alundum®), quartz, and glass via
electron-beam welding.51,52 Preliminary tensile strength testing gave weld strengths of
15-30 MPa, compared to 40-50 MPa for the strength of the PM.51 Continued work by
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Burdovitsin et al. demonstrated the effect of beam exposure time on the weld pool, where
increasing beam exposure time resulted in increased penetration.

For two different

alumina based ceramics (secondary phases included: SiO2, Cr2O3, MnO, and CaO),
Burdovitsin et al. achieved penetration depths up to ~3.8 mm and weld pool diameters up
to ~13.8 mm.52 Examples of welded specimens from Burdovitsin et al. (Figure 2.5)
reveal how ceramic fusion welding can be useful in the production of ceramics with
complex shapes.52 However, the expensive nature of the equipment needed for electron
beam welding (100s of thousands to millions of dollars for equipment) and the slow times
reported by Burdovitsin et al. (10 min) to weld components (Figure 2.5) keep electron
beam welding from being a cost-effective fusion joining technique.52

Figure 2.5: Fusion welding of alumina based ceramics, where Burdovitsin et al. utilized
electron-beam processes in the production of complex shape ceramics.52

Laser welding techniques have also been investigated for the fusion welding of
non-conducting ceramics, however, large penetration depths were not observed, like
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those of electron beam welds. Bradley et al. utilized laser welding with an oxy-acetylene
flame assist to seal the surface of alumina based refractories.50 Using a CO2 laser and a
power density of 5.4 MW/m2, Bradley et al. observed penetration depths up to 1.5 mm
into the refractory.50 When compared to the power density utilized by Burdovitsin et al.
(15-20 MW/m2), the CO2 laser presents a lack of power as a fusion welding technique,
but higher powered lasers should also be useful in the fusion welding of non-conductive
specimens.52
Both laser and electron beam welding offer the ability to fusion weld ceramics,
but work by Rice also suggested that arc welding could be utilized to fusion weld
ceramics.10 Rice reported the use of arc welding to join ZrB2 and TaC to themselves, as
well as fabricating ZrB2 ceramic composites of ZrB2-C, ZrB2-SiC, ZrB2-Mo/Nb/Ta. Rice
also reported the ability to arc weld W to graphite and ZrB2 to graphite. The highest
reported weld strengths by Rice were from arc welded ZrB2-ZrB2 specimens, with
strengths ranging from 20-60 psi (~140-410 MPa).10 Commercially available arc welding
systems also have a much larger range of available power densities compared to the laser
welding and electron beam welding techniques reported by Bradley et al. and Burdovitsin
et al.50,52 Power densities between 10 and 100 MW/m2 are possible through the use of
gas tungsten arc welding (GTAW), commonly referred to as tungsten inert gas (TIG)
welding.53 As Rice exhibited that arc welding of ZrB2 based ceramics was possible,
Hilmas et al. were also able to utilize the more power dense arc welding techniques to
fusion weld ZrB2-SiC-B4C and ZrB2-SiC ceramics.11 Their work indicated that the
welding electrode was tungsten and negatively poled, indicating that the welding process
is directly comparable to GTAW welding. A cross-section of the ZrB2-B4C-SiC
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weldment microstructure was reproduced from the work of Hilmas et al. in Figure 2.6,
where all three phases were observed.11 It is important to note that ZrB2 and B4C have
defined melting points (3250°C and 2450°C), and monolithic SiC is understood to
dissociate (~2700°C).1,2,54,55 Rather, eutectic reactions between SiC and ZrB2 and SiC
and B4C have been observed.56,57 While Rice reported the arc welding of a ZrB2-SiC
ceramic, the microstructural observations provided by Hilmas et al. provide post welding
evidence that even under the high heat fluxes of an arc, a ceramic system containing nonmelting phases can still melt in an equilibrium manner through invariant reactions.10,11

Figure 2.6: Fusion zone microstructure of a ZrB2 (light grey), SiC (dark grey), and B4C
(black) weldment.11

Considering brazing, solid-state, and fusion joining, the joining techniques
available to a ceramic engineer are almost as broad as metals joining techniques, but the
amount of research on the fusion joining of ceramics does not compare to that of metals
fusion welding. Even though laser welding, electron beam welding, and arc welding
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have been investigated as a possible fusion joining techniques for ceramics, but the
understanding of fusion welded ceramics is still limited.

2.2 PLASMA ARC WELDING
While TIG welding processes were utilized by Hilmas et al. to weld ZrB2 based
ceramics, more powerful arc welding techniques could also be used for the fusion joining
of UHTCs.11 A process such as plasma arc welding (PAW), which has power densities
ranging from 100-10,000 MW/m2, would be useful for melting UHTCs while allowing
more flexibility in welding parameters.53
PAW is a very similar welding technique to GTAW in that both techniques utilize
a non-consumable W electrode that is negatively poled. In both PAW and GTAW,
electrons transfer from the electrode to the positive workpiece. The stripping of electrons
from the electrode cools the electrode, whereas electrons entering the workpiece add heat
to the workpiece. The difference between PAW and GTAW is the use of a plasma gas
for additional heat transfer and arc guidance in PAW. The pressure caused by the plasma
jet also results in movement of molten material into the formation of a hole in the weld
pool. This form of welding is known as keyhole welding, an attractive process, as it
provides full penetration of the workpiece.58,59
Figure 2.7 is a schematic of a typical plasma arc welding torch. To strike an
electric arc to the workpiece, a pilot arc is formed between an electrode and a copper
sleeve. Then the pilot arc is used to ignite argon and form the plasma. Once the plasma
has formed, an arc can be struck to the workpiece, where during keyhole welding, the
faces of a joint melt as the arc and plasma jet are moved along the joint. When the proper
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welding parameters are chosen (welding current, plasma flow rate, welding speed) the
weld pool fills in the hole behind the arc resulting in the completed full penetration weld.
However, a narrow range of parameters exists that can be utilized for PAW, where low
currents and plasma flow rates can cause the keyhole to disappear, while high currents
and plasma flow rates blow the melt pool away, leading to cutting rather than joining.59
Therefore, control of PAW parameters during keyhole welding is essential.

Figure 2.7: PAW torch schematic showing individual components and welding polarity.

As previously discussed, PAW has a higher power density that GTAW, due to the
heating of the workpiece by both the arc and a plasma jet.53 Metcalfe and Quigley
analyzed a 10 kW (250 A current, 40 V voltage) PAW arc to determine the breakdown of
heat transfer in the arc and compare it to a GTAW arc. Metcalfe and Quigley
demonstrated that for heat transfer in a PAW arc, convection and radiation effects are
higher, while anode effects are lower for PAW processes, compared to GTAW processes.
The anode effects are defined as a combination of electron thermal energy, work
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function, and anode fall. In GTAW, anode effects contributed to 39% of the total power,
or 89% of the transferred power. The anode effect contribution dropped to 16% of the
total power, or 24% of the transferred power for a fully penetrated weld pool. For a weld
pool that did not reach full penetration, the anode effects contributed 26% of the
transferred power. Metcalfe and Quigley calculated that for a GTAW arc, less than 5%
of the total arc power was transferred to the workpiece by convection and radiation. For
PAW processes, weld penetration plays a role in the amount of heat transfer from the arc
to the workpiece, as a keyhole weld will trap radiation due to the cone-like shape of the
keyhole. The calculated heat transfer from radiation for a keyhole PAW arc was 19% of
the total arc power (29% of transferred power), and a non-keyhole weld was 17% of the
total power (29% of total power). Convective heat transfer is also affected by
penetration, due to the effect of gas flow over the weld pool surface, where an impinging
gas flow, as depicted in Figure 2.8a, will transfer less heat than flowing gas, Figure 2.8b.
Metcalfe and Quigley then calculated the heat transfer by convection for a PAW arc to be
31% of the total power (47% of transferred power) for a keyhole weld and 27% (45% of
transferred power) for a non-keyhole weld. The conclusion from Metcalfe and Quigley
was that for PAW, 66% of the total arc power was transferred to the workpiece for a
keyhole weld and 60% of the total arc power was transferred to the workpiece for a nonkeyhole weld. The calculations from Metcalfe and Quigley also agree well with the work
of Arata and Maruo who experimentally determined a PAW heat transfer efficiency
ranging from 50-75%.53,60
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Figure 2.8: Gas flow of PAW process where penetration depth affects gas flow and heat
transfer. An impinging flow (a) will result in less heat transfer than gas flow through the
weld pool (b).

Evans et al. also calculated heat transfer for a PAW arc, but the work was based
on a lower power arc, ~2.8 kW (110 A current, 26 V voltage), than that of Metcalfe and
Quigley.53,61 Evans et al. also utilized a lower plasma flow rate (0.94 l/min) compared to
Metcalfe and Quigley (7 l/min). The change in welding parameters resulted in a
reduction of the calculated heat transfer to the workpiece, 51% of the total arc power.61
The work by Evans et al. reveals that discrepancies exist between different mathematical
approaches, but their work and that of Metcalfe and Quigley agree well with the reported
ranges for PAW arc heat transfer (50-75%).60,62 Assuming that PAW of ZrB2 based
UHTCs results in 50% power transfer to the workpiece for heating, PAW will still be a
more efficient technique than GTAW, where only 36-46% of the total arc power is
transferred to the workpiece during welding.63,64
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2.3 NUCLEATION AND GROWTH DURING SOLIDIFICATION
During the fusion welding of UHTCs, it is implicated by name (fusion), that the
welding process involves melting. During the solidification of a the weld pool, the
number and size of crystals may give insight into how hot the weld pool stayed during
cooling, or how thermal gradients developed. While the exact temperature of a UHTC
weld pool may not be known, understanding of nucleation and growth kinetics paired
with microstructural information can give insight into cooling rates, thermal gradients,
and relative temperature (i.e. where the hottest region of the weld pool was located, or
what welding parameters give a hotter weld pool).
Solidification of a solid phase directly from a liquid (homogeneous nucleation)
occurs first with the formation of embryos, the continued growth of which is controlled
by competing processes of the energy required to create a new interface between two
phases, and energy released as the volume free energy for phase transformation.65-68
These competing processes can be written as Equation 2.1, where G is free energy
associated with the formation of a new spherical phase, r is the radius of the sphere,  is
the interfacial energy, and Gs is the free energy change per unit volume for
solidification.

4

∆G = 4πr 2 γ + 3 πr 3 ∆Gs

(2.1)

Equation 2.1 can also be plotted, Figure 2.9, demonstrating that there is a critical
radius, r*, at which the volume energy term becomes dominant, and the growth of a
nucleated embryo will become a stable nucleus. The inflection point of the curve gives a
maximum in G, denoted G*, or the free energy of an embryo with the critical radius.
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As G* is the inflection point of the curve, an equation can be written for the
determination of G* (Equation 2.2).65,66

Figure 2.9: Free energy of a nucleus as a function of size. A critical size and energy
must be exceeded before an embryo becomes a stable nucleus. From Evans and De
Jonghe.66

16πγ3

∆G∗ = 3(∆G

(2.2)

2
s)

From Equation 2.2,  and Gs would be expected to change with temperature,
where Gs is controlled by the enthalpy (Hs) and entropy (Ss) for a specific phase
change (Equation 2.3)∆Gs = ∆Hs − T∆Ss

(2.3). Taking into

account that at an equilibrium transformation temperature (T0), such as equilibrium
transformation from liquid to solid, Gs=0, and Equation 2.3 can be rewritten as Equation
2.4. Equation 2.4 reveals that the ability to develop stable nuclei is dependent on a
degree of undercooling, hence, the homogeneous nucleation rate is dependent on a degree
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of undercooling.66
∆Gs = ∆Hs − T∆Ss

∆Gs = ∆Hs

T0 −T

(2.3)

(2.4)

T0

Heterogeneous nucleation may also occur from a melt, where compared to
homogeneous nucleation, heterogeneous nucleation occurs on the surface of another
phase. By nucleating from a surface that is already present within the liquid, the surface
energy term of Equation 2.1 (first term) is reduced, and the overall barrier to form a
stable nucleus is reduced.65,66
Once a stable nucleus is formed, it is expected to grow at a rate that is dependent
on the temperature and the saturation of the surrounding liquid. Several models exist to
describe crystal growth rates. Grain growth that occurs by the addition of atoms at steplike sites is known as ledge growth, and models exist to describe grain growth through
surface nucleation.65,68,69 Many other models have been developed that describe crystal
growth, but a general expression for crystal growth can be described by Equation 2.5,
where u is the growth rate, k is Boltzmann’s constant, T is temperature, a0 is the
interatomic separation distance, and  is the liquid viscosity.67

kT

∆G

u = (3πa2 ) [1 − exp (kT)]
0

(2.5)

Like nucleation rate, Equation 2.5 changes with temperature (T), the difference is
that growth can occur immediately after cooling from a melt, but only if nuclei are
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available.67 This leads to the formation of the metastable growth region observed in
Figure 2.10.67 In a weld pool, nucleation and growth kinetics play an important role in
the appearance of the solidified microstructure, as the cooling rate has an effect on the
nucleation rate and the temperature of the weld pool will affect the grain growth, where
grains in solidified weld pools are also expected to follow the largest thermal gradient.68

Figure 2.10: Comparison on nucleation and growth rates as a function of temperature and
T. Redrawn from Shelby.67

2.4 ANALYSIS OF MICROSTRUCTRAL ORIENTATION/TEXTURING
During welding, thermal gradients form that affect the solidification of a weld
pool. As previously discussed, the rate at which the weld pool cools could affect the
nucleation kinetics, while retained heat could affect growth rates. Thermal gradients
created during arc welding could also affect the growth direction of crystals in a
solidifying weld pool. This was observed by David et al., who studied the effects of
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grain orientation in solidified weld pools as a function of welding parameters and crystal
orientation.70
David et al. used grain boundary orientation to determine the crystallographic
direction of grains within the weld pool of electron beam welds on single-crystal Fe15Cr-15Ni.70 Their work increased the understanding of the solidification of the weld
pool based on weld speed and the PM crystallographic direction. While PM
crystallographic direction had no significant effect on weld pool shape, it did affect
solidification. However, weld speed affected both shape and solidification. Figure 2.11a
and Figure 2.12a compare the weld pool shape of a 4.2 mm/s weld and a 42 mm/s weld,
where increasing weld speed compressed the weld pool width and elongated the FZ in the
welding direction.70 Figure 2.11b and Figure 2.12b compare the microstructural
differences between the two weld pools made at different speeds. Figure 2.11c and
Figure 2.12c are representative microstructures from the top of the weld pool, where the
solidification of the rod-like dendrites was observed based on weld speed. The rod-like
structure observed is due to the expected cylindrical shape of Fe-15Cr-15Ni dendrites.
While the work by David et al. is contained to single-crystal specimens of just one alloy,
it reveals the significant role that welding parameters play in the solidification of a weld
pool.70
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Figure 2.11: Transverse cross-section of weld made at 4.2 mm/s, on single crystal Fe15Cr-15Ni (a) and a higher magnification image revealing more detail in the top of the
weld pool (b), and the microstructure from the top, where welding direction is from the
bottom to the top of the image (c). From David et. al.70
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Figure 2.12: Transverse cross-section of weld made at 42 mm/s, on single crystal Fe15Cr-15Ni (a) and a higher magnification image revealing more detail in the top of the
weld pool (b), and the microstructure from the top, where welding direction is from the
bottom to the top of the image (c). From David et. al.70
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Electron backscatter diffraction (EBSD) is a microstructure analysis technique
used with scanning electron microscopy (SEM) or transmission electron microscopy
(TEM) to measure the crystallographic orientation of grains in a specimen.71,72 When
combined with software analysis, EBSD becomes a strong microstructural analysis tool,
allowing the user to develop orientation maps, which can assist in the understanding of
microstructural texture, where highly textured microstructures have grains with similar
orientations. Highly textured microstructures may give insight into nucleation and
growth during solidification, where heterogeneous nucleation may occur in a highly
textured weld pool, as grains nucleate and grow off of the surface of other grains, but
homogeneous nucleation may occur more readily in a weld pool that shows little texture.
David et al. was able to utilize microstructural information to determine how welding
parameters affected the solidification of single crystal Fe-15Cr-15Ni, and similarly, with
enough information, predictive models could also be developed for ceramics, such that
optimal fusion zone microstructures can be obtained based on welding parameters.73-78

2.5 ZIRCONIUM DIBORIDE
2.5.1 Crystal Structure. ZrB2 has a hexagonal crystal structure, type AlB2,
belonging to the P6/mmm space group.1,32 The unit cell consists of one ZrB2 formula
unit, with two Zr layers and one B layer (Figure 2.13). Each Zr atom is surrounded by
six Zr neighbors (in plane) and 12 B (six above and below) neighbors. Each B atom is
surrounded by three B neighbors (in plane) and six Zr neighbors (three above and below).
The lattice parameters of ZrB2 are a=b=3.17 Å and c=3.53 Å, and the calculated
theoretical density of ZrB2 is 6.10 g/cm3.1,79-81
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Figure 2.13: (a) Unit cell of ZrB2 crystal structure with alternating layers of Zr (M) and
B. (b) Projection of the crystal along the [0001] is included.32

In the transition metal (TM) layer of the AlB2 type structure, TM-TM bonds are
expected to have uniform charge distribution, indicating that Zr-Zr bonding in ZrB2 is
metallic in nature. Within the B layer, B-B bonds exhibit sp2 hybridization, giving B
layers strong covalent bonding characteristics.

The electron configuration of Zr is

[Kr]5s24d2. The electron configuration of B is [He]2s22p1. In the diboride structure,
these electron configurations lead to the donation of two electrons from Zr, and B
becomes an acceptor.

This gives the Zr-B bonds ionic characteristics, but partial

excitation of d electrons gives rise to the formation of spd hybrid configurations, giving
the Zr-B bonds covalent character as well.1,79,82 Hybridization leads to the separation of
empty antibonding states and full, bonding states.83 Separation of bonding states leads to
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the formation of a pseudogap, or a sharp valley around the Fermi level, which is
exhibited by all Group IV diborides.79,83 The result is a high cohesive energy, providing
the good chemical stability and high melting temperature of ZrB2.79,82 Moving away
from Group IV leads to the filling of antibonding states, and the valley observed in the
density of states shifts away from the Fermi level, observed in Figure 2.14.1,79,83 For
other TM diborides, the shift away from the Fermi level and filling of antibonding states
leads to a lowering of the cohesive energy, and non-Group IV diborides exhibit a
degradation in properties, such as stiffness and melting temperature, compared to Group
IV diborides.1,79

Figure 2.14: Density of states functions for YB2, ZrB2, and NbB2, where ZrB2 exhibits a
pseudogap at the Fermi level. Group III and V (Y and Nb) exhibit a shift in the density
of states minima, and a degradation of properties (i.e. melting temperature) is observed
for YB2 and NbB2 compared to ZrB2.79

2.5.2 Electrical Properties. Due to the bonding nature of its AlB2 structure, ZrB2
also exhibits good electrical properties and has even been observed to transition to
superconducting at 5.5 K.84 The room temperature electrical resistivities reported for
ZrB2 range from 6-22 cm, where the difference between different monolithic ZrB2
specimens is likely due to impurities.3,85 The lowest room temperature electrical
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resistivity for polycrystalline ZrB2 (6 cm) was processed from Zr and B powders by
Zhang et al., using a reaction processing method.3 In contrast, the highest electrical
resistivity (22 cm), reported by Zimmermann et al., was processed from
commercially available powder that had been ball milled with WC milling media.
Zimmermann et al. noted that WC contamination was a possible cause for deviation of all
reported thermophysical properties.85
When considering arc welding, the electrical conductivity of the material may be
an issue. In order to determine if ZrB2 has the potential to be arc welded, ZrB2 may be
compared to different metal compositions that are commonly arc welded. Figure 2.15
compares the electrical resistivities as a function of temperature of ZrB2 with copper,
aluminum, magnesium, 304 stainless steel (304 SS), and Ti6Al4V (common titanium
alloy for aerospace applications). The plotted electrical resistivity of ZrB2 follows that of
Zimmermann et al., but with the understanding that pure ZrB2 has an electrical resistivity
near 6 cm, closest to that of a pure wrought magnesium (4.48 cm @ 25°C,
interpolated from data).85,86 With other regularly welded metals having higher electrical
resistivities, electrical resistivity should not hinder the potential for arc welding as a
fusion joining technique for ZrB2 or ZrB2 based ceramics.
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Figure 2.15: Electrical resistivity of ZrB2 compared to some commonly arc welded
metals. ZrB2 electrical resistivity data from Zimmermann et al. and metals electrical
resistivity data from ASM Ready Reference: Electrical and Magnetic Properties of
Metals.85,86

2.6 PARTICULATE CERAMIC COMPOSITES
As demonstrated in the previous section, ZrB2 has good electrical properties,
which makes it a possible candidate ceramic for joining by arc welding. However, one of
the concerns when arc welding a ceramic is its susceptibility to thermal shock, where
thermal shock being is catastrophic failure of the material due to a sudden or rapid
change in temperature across a sample surface, where the temperature change results in
the formation of a large thermal gradient across the material. The maximum change in
temperature, R, that a brittle material can withstand without initiating cracks, can be
described through Equation 2.6, where  is strength,  is Poisson’s ratio, E is Young’s
modulus, and  is CTE.87 Assuming that heating of a sample due to arc welding is
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relatively instantaneous, and using a strength value of 570 MPa, a Poisson’s ratio of
0.135, a Young’s modulus of 526 GPa, and a CTE of 6.8x10-6/°C, R for ZrB2 can be
calculated to be ~140°C.6,32,88

𝑅=

(1−)
𝐸

(2.6)

To change the behavior of the monolithic material, second phase particulate
additions are often added to the microstructure to affect the material properties. In most
cases, the mechanical properties are targeted for modification.89-93 For example, second
phase particulate additions are often utilized to improve the fracture toughness of SiC.
Monolithic SiC has a fracture toughness of 2-5 MPam1/2, but through the addition of a
secondary phase to promote crack deflection and grain pinning, the fracture toughness of
SiC can be boosted to 6-9 MPam1/2.94-98 Further, when Griffith criteria for failure
(Equation 2.7) is investigated, it can be demonstrated that an increase in fracture
toughness (KIC) and a decrease in critical flaw size (“a”, assuming a fully dense material
where grain size would be the critical flaw) can lead to an increase in the overall strength
() of the material.99,100 Equation 2.7 also takes into account a geometry factor, Y, which
is determined by the shape of the critical flaw.99

𝐾𝐼𝐶 = 𝑌𝜎√𝜋𝑎

(2.7)

Particulate additions may also be utilized as a source of microcracking in the
microstructure, be it spontaneous or stress-induced microcracking.89-91,101 In spontaneous
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microcracking materials, thermal residual stress will arise due to a mismatch of CTE
between two phases, or even between crystallographic directions. When the stresses
become large enough, a microcrack may develop.101 In TiB2, spontaneous microcracking
can occur due to the difference in the CTE between the “a” (6.4x10-6/°C) and “c”
(9.3x10-6/°C) directions of the hexagonal crystal.32 Ferber et al. demonstrated the effect
spontaneous microcracking had on TiB2 where TiB2 with a grain size of 40 m that
exhibited spontaneous microcracking had a KIC of 3.7 MPam1/2, and TiB2 with a grain
size of ~5 m (no spontaneous microcracking) had a KIC of 5.8 MPam1/2.102
Alternatively, in a material that exhibits stress induced microcracking, the stresses that
develop due to CTE mismatch are not large enough to cause fracture, but with the
application of a tensile stress, formation of microcracks become favorable.101 Stressinduced microcracking reduces stress in the material and shield a propagating crack tip,
resulting in toughness enhancement.89,103
2.6.1 Particulate Additions to ZrB2. As with SiC and TiB2, particulate additions
are often added to ZrB2 to change its properties. Table 2.1 lists several ZrB2 materials
(monolithic and particulate composites) and includes information such as density,
strength, fracture toughness, and grain size. Comparing the strength of monolithic ZrB2
from Neuman et al. and Chamberlain et al., it can be observed that a decrease in ZrB2
grain size (19 to 6 m) led to an increase in the flexure strength of ZrB2 (380 MPa to 570
MPa).6,104 The decrease in grain size reduces the critical flaw size, affecting the strength
(Equation 2.7). As previously mentioned, grain pinning is one of the advantages of
particulate phase additions and was exhibited by Chamberlain et al. when the grain size
of ZrB2 was reduced from ~6 m for monolithic ZrB2 to ~3 m for ZrB2-SiC particulate
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composites.6 Without an increase in fracture toughness, a reduction in grain size would
affect the strength, but Chamberlain et al. also reported an increase in the fracture
toughness of ZrB2-SiC compared to monolithic ZrB2. Additions of 10 and 30 vol% SiC
led to increased KIC values of 4.1 MPam1/2 (10 vol%) and 5.3 MPam1/2 (30 vol%) for
ZrB2-SiC ceramics, compared to a fracture toughness of 3.5 MPam1/2 for monolithic
ZrB2. Reporting an overall decrease in grain size and an increasing in KIC with
increasing SiC content, Chamberlain et al. also observed increasing strength with
increasing SiC content, where monolithic ZrB2 had a reported flexure strength of ~570
MPa and ZrB2 containing 30 vol% SiC had a reported strength of ~1.1 GPa. Neuman et
al. also reported an increase in the strength of ZrB2 containing 30 vol.% SiC (680 MPa)
compared to monolithic ZrB2 (380 MPa).104,105 While Neuman et al. did not report a KIC
of monolithic ZrB2 for comparison, the grain size of ZrB2 was observed to decrease, from
19 m for ZrB2 to 1.9 m for the ZrB2-SiC composite, and it can be said that the
composite ceramic exhibited grain pinning effects, boosting strength by reducing the
critical flaw size.

34
Table 2.1 Microstructure and Mechanical Properties of ZrB2 Based Ceramics
Composition
(vol%)
ZrB2104
ZrB26
ZrB2106
ZrB2107
ZrB2-Ni106
ZrB2-5AlN106
ZrB2-20MoSi2108
ZrB2-20MoSi2109
ZrB2-10SiC110
ZrB2-10SiC6
ZrB2-25SiC4
ZrB2-30SiC111
ZrB2-30SiC112
ZrB2-30SiC6
ZrB2-30SiC105
ZrB2-5Si3N4106
75ZrB2-20MoSi2-5SiC113
64ZrB2-16MoSi-20ZrO2109
74ZrB2-21SiC-4ZrC114
48.7ZrB2-48.9TiB2-2.4Ni 115
80.4ZrB2-17TiB2-2.6Ni115
40ZrB2-37.5HfB2-19.5SiC-3HfN116

Density
(%)
99.4
99.8
87
87
98
92
99.1
95.2
~100
93.2
97.7
97.2
>99
99.4
~100
98
~100
98.5
97.3
~100
99.6
~100


(MPa)
381±41
565±53
350±40
351±31
370±25
580±80
531±46
493*
835±35
713±48
506±43*
1063±91
1150±115
1089±152
682±98
595±90
968
747±101
599±167
643±86
765±20

KIC
(MPam1/2)
3.5±0.3
2.4±0.2†
2.35±0.15 †
3.4±0.4†
3.1±0.5†
2.3±0.2 
4.3
4.8±0.2†
4.1±0.3
4.0
5.5±0.3
5.3±0.5
4.9±0.4†
3.7±0.1†
3.4±0.4
6.3 
5.2±0.4
4.09±0.14†
4.53±0.24†
5.1±0.8†

ZrB2 Grain Size
(m)
19.4±13.0
~6
2-3
~3
~3
3-10
~2
8-10 (max)
~3
1.9±0.9
1.9±0.4
2
-

Specimens were tested in 4 point flexure unless otherwise specified * for specimens tested in 3 point flexure. † for KIC
measured by cheveron notch method,  for KIC measured by the direct crack method,
in bending,  for KIC measured by single edge notch beam.



for KIC measured by indentation

The mechanical properties presented in Table 2.1 demonstrate how particulate
toughening can be useful in improving the mechanical properties of ZrB2. Typically,
particulate additions were shown to increase the fracture toughness and decrease grain
size, leading to an increase in the strength of the particulate composite over the
monolithic. Therefore, particulate additions may be useful in avoiding thermal shock in
ceramics during fusion welding, as an increasing strength could increase the thermal
shock resistance. This can be demonstrated by calculating R for ZrB2-30SiC, where
utilizing the Young’s modulus (484 GPa) and strength (1089 MPa) from Chamberlain et
al., a rule of mixtures calculation to determine Poisson’s ratio for a ZrB2-30SiC (0.151),
and assuming a negligible difference in CTE between ZrB2-30SiC and ZrB2, R increases
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from ~140°C for ZrB2 to ~280°C for ZrB2-30SiC.6,117
2.6.2 ZrB2-ZrC Ceramics. While the addition of SiC particles has been shown
to be a reliable second phase addition for improving the mechanical properties of ZrB2,
SiC does not melt, but decomposes above 2800°C. Therefore, the conditions associated
with arc welding may result in SiC dissociation.118 Further, a relatively low temperature
eutectic is observed in the ZrB2-SiC system at 2270°C, which limits the possible use
temperatures of ZrB2-SiC ceramics.119 Therefore, a similar system, ZrB2-ZrC, can
provide second phase toughening without the potential for dissociation of the second
phase.
ZrB2 and ZrC are two melting phases that form a binary system, Figure 2.16.2
ZrB2 has a melting temperature of 3250°C and ZrC has a range of possible melting
temperatures due to the stoichiometric range of ZrC.1,2 Rudy et al. have also reported
that stoichiometric ZrC melts incongruently, and sub-stoichiometric ZrC (ZrC0.88) melts
congruently at 3430°C.120 Therefore, the ZrC composition in Figure 2.16 contains a substoichiometric ZrC. The binary system exhibits one invariant reaction, the binary eutectic
(liquid→solid 1+solid 2), at a composition of 42 mole% ZrC (39 vol% or 40 wt% ZrC).2
The ZrB2-ZrC eutectic temperature was reported to be 2830°C by Rudy and Windish, for
ZrC0.88.2 In Figure 2.16 , the liquidus of the ZrC-Liq. region is concave, but should be
convex, like the ZrB2-Liq. region, likely a result of calculations used to determine the
curvature of the liquidus.
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Figure 2.16: Binary phase diagram of the ZrB2-ZrC system, from Rudy and Windish.2

ZrB2-ZrC ceramics have not been as widely studied as ZrB2-SiC ceramics, but it
has been demonstrated that ZrC additions to ZrB2 result in improvements in the
mechanical properties of ZrB2, and in some cases, the mechanical properties of a
ZrB2-ZrC particulate composite have been demonstrated to be better than that of ZrB2SiC.121-123 Sorrell et al. produced directionally solidified eutectics of ZrB2-ZrC by pulling
a sintered rod of ZrB2-ZrC (46 vol% ZrC) through an induction coil, resulting in a
lamellae like microstructure.124 Sorrell et al. measured the fracture toughness of the
directionally solidified eutectic and determined that fracture toughness increased with a
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decreasing interlamellar spacing, where toughness exhibited a maximum at an
interlamellar spacing of 1.85 m.121 In the transverse direction of eutectic solidification,
KIC was measured to be a maximum of 5.4 MPam1/2, which is similar to conventional
particulate reinforced ceramics.121 Tsuchida and Yamamoto utilized a mechanically
assisted reaction process to produce several ZrB2-ZrC ceramics based on Zr-B-C molar
ratios. The KIC of their ZrB2-ZrC composites ranged from 2.9 MPam1/2 for a 1:1 mole
ZrB2:ZrC (40 vol% ZrC) to 5.1 MPam1/2 for an 3:1 ZrB2:ZrC (22 vol% ZrC).122
Compared to Sorrell et al., and Tsuchida and Yamamoto, Shim et al. used SPS to densify
ZrB2 40.1 wt% ZrC (39 vol%) and obtained a KIC of 7.4 MPam1/2.123 In their high
fracture toughness ZrB2-ZrC, Shim et al. also reported an average ZrB2 grain size of 1.12
m.122
Based on the reported toughness and ZrB2 grain size of ZrB2 with 39 vol% ZrC,
the strength of the ceramic can be estimated. Using Equation 𝐾𝐼𝐶 = 𝑌𝜎 √𝜋𝑎
(2., a scratch-like flaw size of ~6 m can be calculated for the ZrB2-30SiC ceramic of
Chamerlain et al., toughness of 5.3 MPam1/2 and a strength of 1089 MPa.6 Using the
same flaw size and shape (Y=1.12 for scratch-like flaw), the strength of ZrB2 with 39
vol% ZrC can be estimated to be 1522 MPa. Additionally, the Young’s modulus and
Poisson’s ratio of the ZrB2-ZrC ceramic can be estimated and used to calculate R. A ZrC
Young’s modulus of 407 GPa and a Poisson’s ratio of 0.196 result in a Young’s modulus
of 480 GPa and a Poisson’s ratio of 0.159 for ZrB2-ZrC (39 vol% ZrC).32,125 Following
the previous calculation for R of ZrB2-30SiC, the CTE difference between the composite
and the monolithic was treated as negligible, and the monolithic ZrB2 CTE was used to
calculate an R of ~390 °C (Equation 2.6) for ZrB2 with 39 vol% ZrC. It is important to
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note that the estimated R for ZrB2 with 39 vol% ZrC is just that, an estimate. But, it does
demonstrate that the ZrB2-ZrC system has the potential to provide better thermal shock
resistance than ZrB2-SiC. Nonetheless, if a ZrB2-ZrC system provides the same thermal
shock resistance as a ZrB2-SiC ceramic, the ZrB2-ZrC system contains two melting
components, and the potential risk of dissociation from SiC is eliminated.
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ABSTRACT
Zirconium diboride ceramics containing 20 vol% zirconium carbide were
preheated to 1450°C and plasma arc welded to produce continuous joints. Arc welding
was completed using a current of 198 A, plasma flow rate of 0.75 l/min, and welding
speed of ~8 cm/min. Two fusion zones, having penetration depths of 4.4 and 2.3 mm,
resulted in different microstructures. One fusion zone contained ZrB2 crystals, up to ~1
mm in length, and a ZrB2-ZrC eutectic. The second fusion zone revealed ZrB2 and ZrC,
along with C that was attributed to diffusion from the graphite support used during
welding. ZrB2 and ZrC grains in the latter fusion zone were asymmetric, having an
average maximum Feret diameter of 52.4±53.2 and 10.8±8.1 m, respectively. Hardness,
used to identify a heat affected zone for both weldments, increased from 12 GPa at the
fusion zone boundary, to the hardness of the parent material, 15.2±0.1 GPa.
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1. INTRODUCTION
Most ceramics are electrical insulators. Zirconium diboride (ZrB2), however, has
a reported electrical resistivity of 7.8 cm at room temperature, which is similar in
magnitude to highly conductive metals. The electrical conductivity of ZrB2 makes arc
welding a possible joining technique.1-6

To be amenable to arc welding, ceramics

should mimic metals in as many ways as possible. While low electrical resistivity is one
factor for arc welding, mechanical behavior and physical properties must also be
considered. In the case of ZrB2, its high melting temperature (3245°C), high thermal
expansion coefficient (CTE; 5.9x10-6/°C), high Young’s modulus (E; 489 GPa), and low
fracture toughness (KIC; 3.5 MPam1/2), increase the risk of thermal shock during rapid
heating or cooling, or in the presence of large thermal gradients.7-11 The risk of thermal
shock failure through crack initiation, as described by the R and R’ thermal shock
parameters can be decreased by reducing E and CTE, and/or increasing thermal
conductivity (k). While CTE is not strongly affected by temperature changes, E can be
reduced by pre-heating welding specimens (i.e., E decreases as temperature increases).1214

Recently, Neuman et al. reported that the Young’s modulus of ZrB2 decreased from

524 GPa at room temperature to 263 GPa at 1600°C, a change of about 50%,
approximately doubling crack initiation thermal shock resistance.12 Rhodes et al. also
measured the Young’s modulus of ZrB2 as a function of temperature, and reported a drop
from 492 GPa at room temperature to 65 GPa at 2000°C.14 Further, ZrB2 ceramics have
high thermal conductivities (>50 W/mK at temperatures up to 2000°C), but further
increasing k at elevated temperatures could also mitigate crack initiation controlled
thermal shock.3,15-17
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Even if a material survives rapid heating and the large thermal gradient associated
with arc welding, propagation of inherent flaws or flaws generated during welding could
cause failure. Therefore, resistance to crack propagation failure is described by the R’”
and R”” thermal shock parameters should also be considered when arc welding ceramics.
To increase crack propagation resistance, the addition of a particulate second phase can
increase fracture toughness of ceramics.18-22 SiC is a common second phase addition that
improves the mechanical properties and oxidation resistance of ZrB2.7,8,10,11 However, in
the ZrB2-SiC system, the eutectic at 2270°C limits use temperature while the combination
of temperature and gas pressure associated with arc welding may result in SiC
dissociation above 2800°C.9,23,24 A similar system, ZrB2-ZrC, should provide second
phase toughening without the potential for vaporization of the second phase. Fracture
toughness of ZrB2-ZrC ceramics has been shown to be higher than ZrB2-SiC ceramics,
with reported KIC values as high as 7.4 MPam1/2 for ZrB2 containing 40.1 wt% ZrC (~39
vol%).25 The eutectic temperature in the ZrB2-ZrC system is also higher, ~2830°C,
compared to ZrB2-SiC, resulting in higher use temperatures than ZrB2-SiC.9 Therefore,
the ZrB2-ZrC system appears to be preferable for fusion joining by arc welding processes
compared to other UHTC systems, like ZrB2-SiC.
Research on the joining of advanced ceramics typically focuses on solid-state and
brazing techniques.26-29 Fusion welding of ceramics has been previously investigated, but
research on arc welding was previously limited to the work of Rice, until recent work by
Hilmas et al. and King et al.5,6,30-32 The purpose of the present article is to demonstrate
the ability to fusion weld ZrB2, containing 20 vol% ZrC, by plasma arc welding (PAW),
which is the same technique used by King et al. to fusion weld TiB2 containing 20 vol%
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TiC.32

The electrical properties of ZrB2 containing 20 vol% ZrC, the conditions

necessary to successfully use PAW to fusion weld ZrB2-20 vol% ZrC, and analysis of the
weldment microstructure are presented.

2. EXPERIMENTAL PROCEDURE
ZrB2-ZrC ceramics with a nominal carbide content of 20 vol% were prepared.
Starting powders were mechanically mixed by ball milling ZrB2 (H.C. Starck; Grade B;
Newton, MA) and ZrC (H.C. Starck; Grade B) with 1.25 wt% phenolic resin (Georgia
Pacific Chemicals; Atlanta, GA) for a nominal carbon (C) content of 0.50 wt%, or ~1.5
vol%. Milling was carried out in acetone for 2 hours using tungsten carbide media. After
milling, the powder slurry was dried using rotary evaporation to minimize segregation of
the constituents. Dried powders were then ground and sieved to -60 mesh before hot
pressing.
Billets nominally 46.5 mm by 30.0 mm by 5.0 mm of ZrB2-20 vol% ZrC (ZrB220ZrC) were densified by hot pressing. Hot pressing was performed in a graphite
element furnace (Thermal Technology; Model HP20-3060-20; Santa Rosa, CA). The
milled and dried powders were loaded into a boron nitride coated graphite die. The
powder was heated at a rate of 50°C/min, under a mild vacuum of ~30 Pa (200 millitorr).
A one hour isothermal reaction hold at 1650°C under vacuum was performed to remove
oxide contamination from the surface of the powders. After the reaction hold, the
vacuum atmosphere was switched to flowing argon and a pressing pressure of 32 MPa
was applied. A heating rate of 50°C/min was used to reach the final densification
temperature of 1980°C. Pressing continued at temperature until recorded ram travel
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ceased for a period of 10 minutes. Pressed billets were removed from the graphite die
and ground to a nominal thickness of 4 mm using a manual surface grinder (Chevalier
Machinery Inc.; Model FSG-618; Santa Fe Springs, CA) and a 120 grit diamond grinding
wheel (National Diamond Labs; Los Angeles, CA). Surface ground billets were cut
using a diamond cutting wheel (National Diamond Labs) into smaller coupons for
electrical resistivity measurements and welding. The densities of each coupon were
determined using Archimedes method and the relative density was calculated based on
rule of mixtures theoretical density for ZrB2-20ZrC (6.18 g/cm3). Pressed billets were
also machined using an automated surface grinder (Chevalier Machinery Inc.; Model
FSG-3A818) to produce test specimens for measuring thermal diffusivity and electrical
resistivity.
Electrical resistivity was measured using the van der Pauw method.33 A ZrB220ZrC specimen was ground into a 25.4 mm disc using a cylindrical grinder (Crystal
Lake Grinders; North Fork, CA), and surface ground to a thickness of 1.23 mm.
Electrical resistivity measurements were made using a custom four point probe fixture
from room temperature up to 500°C in a tungsten element furnace (Thermal Technology;
100-4080-W3).
ZrB2-20ZrC coupons, nominally 15 mm by 15 mm by 4 mm, were butt welded in
a custom welding chamber described by King et al.32 Prior to welding, a gap was
introduced between coupons such that the weld was performed on a 15 mm length side of
the coupons. Butt weld gaps were ~0.35 mm and formed by separating diced coupons
with 4 layers of double sided tape (3M; Scotch® Double Sided Tape; St. Paul, MN).
Taped coupons were placed on a sacrificial graphite disc, then placed on the furnace and

44
aligned with the torch prior to a weld pre-heat. The coupon specimens were covered with
a layer of graphite felt and pre-heated to a temperature of ~1450°C. At 1450°C,
specimens were uncovered and the torch track was moved such that the torch tip was
placed at the edge of the specimen, and at one end of the gap between coupons. The arc
was struck to the specimen and welding current was ramped over a period of 8 s from 25
A to the welding current, 198 A for the current study. Once the desired welding current
was reached, the torch track was engaged at the slowest available speed of 8 cm/min. At
the end of the weld, the current was tapered 10% over a period of 0.25 s followed by a
ramp down of the current to 25 A over 12 s. Welded specimens were covered with
graphite felt and the furnace was allowed to equilibrate to the pre-heat temperature. The
furnace and welded specimens were then cooled at ~30°C/min from the equilibrated
temperature to room temperature.
Weldment specimens were cut perpendicular to the welding direction using a
manual surface grinder and diamond cutting wheel. Cross-sections were mounted in an
epoxy resin and polished to a mirror finish using successively finer diamond abrasives
with the finest abrasive being 0.25 m. Etching of ZrB2 and ZrC grains was performed
in a molten KOH bath at ~210°C for ~5 s. Microstructural analysis of polished crosssections was performed using optical microscopy (Nikon; Epiphot 200; Tokyo, Japan)
and scanning electron microscopy (Hitachi; S-570; Tokyo, Japan). ZrB2 grain sizes in
the parent material and heat affected zones were determined by measuring the areas of at
least 1000 grains from each weldment using ImageJ (National Institutes of Health,
Bethesda, MD) and calculating the equivalent circular diameter. ZrB2 grain sizes in the
fusion zone were measured as the Feret diameter. Vickers hardness (Struers Inc.,
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Duramin 5, Cleveland, OH) was measured using a load of 9.8 N (1kg) for a dwell time of
10 s. Reported hardness values were an average of 10 indents.

3. RESULTS AND DISCUSSION
3.1 Parent Material Characterization
After hot pressing, the density and microstructure of the parent material (PM)
were analyzed.

The relative density of the parent material was >99%.

The

microstructure of the etched PM is shown as a backscatter electron micrograph, Figure 1,
and was used to confirm the nominal composition as 80 area% ZrB2 and 20 area% ZrC.
Assuming that the grains are randomly oriented, this confirms the composition of the
dense microstructure. Areal image analysis of the PM revealed 1.1±0.4 vol% C, lower
than the 1.5 vol% addition of C as a sintering aid. Lot analysis of the starting powder
revealed the C content in the ZrC to be 49.5 at% and 0.8 at% in ZrB2. ZrC phase has a
limit of solubility limit of 50 at% C while the solubility limit of C in ZrB 2 is ~2 at%.9,34,35
Some of the excess C will also be removed through reduction reactions with oxides on
the surfaces of ZrB2 and ZrC particles.36,37 Therefore, the reduction in observed C
content compared to the amount that was added is likely due to dissolution of C into ZrC
and/or ZrB2, and reduction reactions with oxide contamination on the surface of the
starting ZrB2 and ZrC powders. The grain sizes of ZrB2 and ZrC were also measured
after etching a polished cross-section. The average ZrB2 grain size was 3.3±1.8 μm and
the ZrC grain size was 2.2±1.4 μm. The density, carbon content, and grain sizes of ZrB2
and ZrC are summarized in Table I.
The electrical resistivity was measured to determine how ZrC additions affected
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the electrical properties of ZrB2-20ZrC. Single crystal ZrC has a reported electrical
resistivity of 191 cm at 0 K.38 Guo et al. observed an increase in the electrical
resistivity of ZrC-ZrB2-SiC ceramics.39

As ZrB2 exhibits a transition to a

superconducting state at 5.5K, the additions of ZrC could increase electrical resistivity
and have a negative effect on the ability to weld ZrB2.4

The electrical resistivity of

ZrB2-20ZrC was 10.75 cm at room temperature (Table I), and increased to 26.73
cm at 500°C. For comparison to a readily welded alloy, the electrical resistivity of
304 stainless steel has been reported to be 72 cm at 20°C and 108 cm 540°C.40
While higher than pure ZrB2, ZrB2-20ZrC still exhibits good electrical conductivity with
an electrical resistivity lower than that of the readily welded 304 stainless steel (72
cm), making it a good candidate for arc welding.
3.2 PAW of ZrB2-20ZrC
Plasma arc welding was used to fusion weld ZrB2-20ZrC. Figure 2 shows a
stitched composite image of optical micrographs of the resulting fusion zone from two
ZrB2-ZrC coupons that were autogenously fusion welded by PAW, using a current of 198
A, a plasma flow rate of 0.75 l/min, and a welding speed of 8 cm/min. The weldment,
referred to hereafter as weldment-1, exhibited full penetration through the fusion zone
(FZ), and exhibited a keyhole at the end of the weld, a common feature associated with
PAW.41-45 The cross-section, taken 4.1 mm along the joint away from the beginning of
the weld, shows a penetration depth of ~4.4 mm, and a measured cross sectional area of
~15.3 mm2. The FZ of weldment-1 also exhibited a convex surface and a concave
interface with the heat-affected zone/parent material (HAZ/PM). With a low electrical
resistivity, improved toughness due to second phase ZrC additions, and reduced melting
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temperature due to the ZrB2-ZrC eutectic, PAW welding was shown to be a feasible
joining method for ZrB2-ZrC ceramics.
A cross-section taken at 5.4 mm from the beginning of weldment-1 revealed
slightly less penetration, ~3.3 mm, showing that the penetration is not consistent
throughout the fusion zone. The shape and microstructure of the FZ at 5.4 mm is similar
to that shown in Figure 2 and is not shown. Porosity within the FZ and along the FZ
interface was observed in both cross-sections. Image analysis of both cross-sections
revealed the amount of induced porosity in the FZ was ~2.5 area percent (equivalent to
2.5 vol%, if the pores are randomly oriented). Along the interface, the largest pore
diameter was ~310 m. Within the FZ, the largest pore length was ~280 m, with an
aspect ratio of ~3.8:1. Pores along the FZ interface and within the FZ were likely to be
formed by trapping plasma gas in the fusion zone after the closure of the keyhole.
Porosity was observed along the interface, and throughout the FZ, where interface pores
were circular and FZ pores were asymmetric.
In an effort to limit the formation of porosity within the fusion zone, a notch ~1.1
mm wide and ~1.1 mm deep was added to the graphite disc that supports the specimens
during joining. The notch in the graphite was aligned with the gap between the pieces
being joined. Figure 3 shows how ZrB2-20ZrC coupons were arranged for welding
without and with a notch in the graphite disc. The notch under the joint should provide
an escape route for any plasma gas that penetrates through the joint during keyhole
formation, preventing the gas from becoming trapped in the melt.44-46 Using the same
parameters for weldment-1, ZrB2-20ZrC was joined on a notched graphite disc to
produce weldment-2. The resulting FZ is shown as a stitched composite image of optical
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micrographs in Figure 4. Unlike the first weldment, weldment-2 became attached to the
graphite disc during PAW. The resulting weldment-2 FZ cross-section was examined
~4.1 mm from the start of the weld. The weldment had a center depth of ~2.3 mm, and a
cross sectional area of ~22.9 mm2. The FZ had a concave surface, while the FZ retained
a concave interface with the HAZ/PM, similar to weldment-1.

Porosity along the

interface was eliminated using the notched sacrificial graphite disc under the ZrB2-20ZrC
coupons. Welding with a notched graphite spacer resulted in elimination of porosity, but
reduced the penetration depth.
3.3 Fusion Zone Characterization
3.3.1 Weldment-1
Carbon is expected to be present in the weldment FZs due to excess C in the PM
and residual C from the tape used to separate coupons before welding. Thermal analysis
of the tape revealed ~8 wt% residual C after thermal decomposition at 800°C in argon,
which is equivalent to ~0.002 g of C for a 15 mm by 4 mm coupon edge. Assuming the
FZ cross-section stays constant along the joint, the FZ volume can be extrapolated to be
343 mm3 (0.343 cm3), and the additional C from tape would increase the C content by
~0.1 vol%. Based on the evaluation of the PM, 1.1 vol% C, the overall expected
composition of the solidified FZ would be 79 vol% ZrB2, 19.8 vol% ZrC, and 1.2 vol%
C. With excess C present in the PM, the compositions lie in the ternary Zr-B-C system.
Even though C was expected to be in the weldments based on the composition of
the PM, analysis of the FZ for weldment-1 revealed that no excess C was observed.
Hence, the microstructure of the FZ of weldment-1 could be analyzed with the binary
ZrB2-ZrC phase diagram. Exaggerated growth of ZrB2 (white phase) was observed in
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weldment-1 and is shown in Figure 5, where ZrB2 grains grew to lengths up to ~1 mm.
Without C in the FZ, ZrB2 grains were allowed to grow uninhibited as weldment-1
cooled through the ZrB2 crystallization field in the ZrB2-ZrC system. Measured aspect
ratios ranged from 7.5:1 to 25:1 for ZrB2 grains within the FZ, where smaller aspect ratio
grains were observed at the top surface and the bottom half of the FZ. Growth of smaller
aspect ratio grains occurred in greater quantities than larger aspect ratio grains.
Nucleation and growth kinetics support these observations, as the surface of the FZ is
expected to cool rapidly through convection. Similarly, the bottom side of the FZ is
effectively in contact with a heat sink, the graphite spacer. Therefore, higher nucleation
rates and lower times for the subsequent grain growth are expected near the top and
bottom surfaces of the FZ, which should result in finer grain sizes. In contrast, the
middle of the FZ remains hotter since heat must transfer through the solidified outer
layers, leading to increased time for grain growth.32,47 As a consequence, ZrB2 exhibited
exaggerated grain growth within the FZ of weldment-1, where grains grew up to ~1 mm
in length with aspect ratios as high as 25:1.
Within the FZ of weldment-1, the binary ZrB2-ZrC eutectic phase exhibited a
cellular eutectic structure containing ZrC rods surrounded by ZrB2 (Figure 6). Image
analysis of the cellular eutectic provided ZrB2 and ZrC amounts in area percent, which
was equated to volume percent due to the rod-like directional solidification. The ZrC
content of the eutectic phase in weldment-1 was 43.2±6.1 vol% (47.2±6.7 mole%).
Hence, the observed eutectic composition was comparable, within the variance associated
with image analysis, to the composition shown on the ZrC-ZrB2 binary phase diagram,
which is 39 vol% (43 mole% ZrC).

Even though cooling occurred quickly, the
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composition and microstructure of the FZ of weldment-1 is consistent with an
equilibrium cooling path.9 This conclusion also agrees with the observed cooling of a
TiB2-20 vol% TiC weldment, reported by King et al, as the measured eutectic
composition of 49.5±6.5 vol% TiC (55.4±8.1 mole%) agreed well with the reported
eutectic composition of 51 vol% (57 mole%) TiC.9,32,48
No C was observed in the FZ of weldment-1. Two of the possible mechanisms
for C loss are vaporization during the rapid heating provided by the arc and reaction with
oxygen impurities (gaseous or oxides impurities in the ceramic) to form CO. Loss of
carbon likely occurred prior to formation of an equilibrium melt, otherwise C would have
dissolved in the molten FZ and then reprecipitated during cooling. The absence of C in
the weldment-1 FZ, along with the observation that the composition of the ZrB2-ZrC
eutectic was nearly identical to the composition predicted by the phase diagram, shows
that the FZ was free of excess C, leaving ZrB2 and ZrC as the constituent phases of the
FZ after solidification.

Further, solidification of the FZ appeared to follow an

equilibrium cooling path based on its composition and microstructure.
3.3.2 Weldment-2

Microstructural analysis revealed significant differences between weldment-1 and
weldment-2. Examination of the microstructure of weldment-2 (Figure 4) at higher
magnification showed that the eutectic in the FZ of weldment-2 contained three phases
(Figure 7). X-ray diffraction of the FZ of weldment-2 detected only two crystalline
phases in the FZ, ZrB2 and ZrC, despite the observation of three phases by electron
microscopy. The FZ of weldment-2 was attached to the sacrificial graphite spacer after
PAW, so the black phase in Figure 7 is likely to be C, which would be difficult to detect
in XRD due to its low x-ray scattering cross section compared to ZrB2 and ZrC. Raman
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spectroscopy was used to characterize the black phase from three different locations
within the FZ, and revealed two peaks, one at 1333 cm-1 and one at 1585 cm-1,
corresponding to the D and G peaks for C.49 Image analysis of BEI micrographs from the
FZ revealed a C content of 11.8±3.5 area% (assumed to be equivalent to vol%). Further,
the C in weldment-2 appeared to be contained within the eutectic in the FZ. Attachment
of weldment-2 to the graphite disc during welding provided a path for transport of C from
the source (i.e., the sacrificial disc) into the FZ. Image analysis of BEI micrographs of
the FZ revealed average contents 47.6±14.2 area% ZrB2, 10.1±4.1 area% ZrC, and
38.1±14.9 area% eutectic. Because the microstructure of the solidified FZ was equiaxed,
the area content from the images was equated directly to volume content of the FZ, which
was rounded to 50 vol% ZrB2, 10 vol% ZrC, and 40 vol% eutectic (ZrB2, ZrC, and C) for
further analysis.
Comparing the FZs from weldment-1 (Figure 5) and weldment-2 (Figure 7), grain
growth of ZrB2 within the FZ was hindered when welding on the notched graphite disc.
While analysis of the weldment-1 FZ revealed large, elongated grains of ZrB2, more
uniform growth of ZrB2 and ZrC was observed in weldment-2. From Figure 7, both ZrB2
and ZrC grew asymmetrically, so their grain sizes are based on the maximum Feret
diameter of each grain. Within the FZ of weldment-2, ZrB2 grains had an average
maximum Feret diameter of 52.4±53.2 m, with a maximum size of 225.9 m. In the FZ
of weldment-2 FZ, ~17% of ZrB2 grains were over 100 m, leading to a large standard
deviation. The average Feret diameter for ZrC was 10.8±8.1 m with a maximum size of
59.2 m. When compared to the length of ZrB2 grains in the weldment-1 FZ, both ZrB2
and ZrC had smaller average grain sizes in the weldment-2 FZ.
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Two hypotheses are proposed to elucidate why the three phases present in the FZ
of weldment-2 affected the growth of ZrB2, which had a maximum size of ~226 μm for
the longest axis in weldment-2 compared to ~1 mm for weldment-1. Analysis of
weldment-1 suggested that the FZ followed an equilibrium cooling path, so it is
reasonable to assume that weldment-2 also cooled along an equilibrium cooling path.
The difference is that the cooling path for weldment-2is controlled by the ZrB2-ZrC-C
ternary system, which has a lower reported eutectic temperature (2360°C) compared to
the binary ZrB2-ZrC system (2830°C) examined for weldment-1.9

The eutectic

composition shown on the ZrB2-ZrC-C diagram presented by Rudy et al. is 80.6 vol%
ZrB2, 8.1 vol% ZrC, and 11.3 vol% C. However, the C content within the FZ was 29.5
vol%, much greater than the C content shown on the phase diagram. Therefore, the
cooling path of the FZ for weldment-2 does not appear to be consistent with the Zr-B-C
phase diagram. Instead, the melt composition appeared to change continuously due to C
diffusion into the melt during welding and solidification, which, in turn changed the
cooling path of the FZ melt.

As this occurred ZrB2 and ZrC likely crystallized

individually and simultaneously as the melt composition moved through each respective
crystallization field during cooling. Cooling through the ZrB2 primary crystallization
field was likely to be rapid, effectively limiting the time in which ZrB2 crystals had to
nucleate and grow without the presence of the second phase (ZrC) to pin grain growth.
Thus, the first hypothesis, which is based on image analysis of the FZ of weldment-2, is
that C diffusion into the FZ melt altered the crystallization path of the weldment-2 FZ.
The second hypothesis focuses on the effect of C on the FZ of weldment-2.
While no thermochemical data are available for the melting of C, the dissolution of C into
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the melt pool is endothermic. Not only is melting endothermic (i.e., the enthalpy of
fusion (ΔHf) is positive for all materials), but the enthalpy of mixing (ΔHmix) is also
expected to be positive in this system due to the limited solubility of carbon in the solid
phases (i.e., carbon exhibits positive deviation from ideal solution behavior and should
have a positive enthalpy of mixing). Therefore, energy is absorbed as C dissolves into
the FZ of weldment-2, which should decrease the melt pool temperature for the same heat
input compared to weldment-1. A decrease in melt pool temperature could promote
higher nucleation rates for ZrB2 and ZrC as well as lower growth rates when compared to
weldment-1. While these two hypotheses were presented separately, it is likely that both
mechanisms occurred simultaneously during solidification of the FZ. That is to say, the
lower melt pool temperature due to the incorporation of C leads to higher nucleation rates
for ZrB2 and ZrC, while a composition shift of the melt pool limits the total time for
nucleation of only ZrB2 as the melt pool composition moves out of the ZrB2 primary
crystallization field. In addition, ZrB2 growth in the weldment-2 FZ may be hindered by
lowering the melt pool temperature, leading to reduced crystal growth rates.
3.4 HAZ/PM Characterization
A distinct HAZ could not be discerned from the PM using optical or electron
microscopy. As an alternative, Vickers hardness measurements were made at a depth of
~0.80 mm from the top surface of the FZ to determine if a HAZ was present in either
weldment. Hardness of the PM was 15.2±0.1 GPa. Figure 8 is a plot of the hardness
measurements of both weldment-1 and weldment-2, which are marked to indicate the
locations of the FZ, HAZ, and PM. Within the FZ, the hardness was <12 GPa for both
weldments. Across the interface of the FZ, the hardness was ~12 GPa for weldment-1
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and ~13.5 GPa for weldment-2. Moving farther away from the FZ into the HAZ, the
hardness gradually increased to the value of the PM over a distance of ~1.25 mm for
weldment-1 and ~2 mm for weldment-2.
While the HAZ and PM can be identified through hardness measurements, grain
size analysis of both the HAZ and PM was carried out to elucidate the microstructural
differences between the two regions.

More than 1000 ZrB2 grains were measured for

both the HAZ and PM to determine the reported grain size distributions. The average
ZrB2 grain size within the HAZ was 4.9±3.2 μm for weldment-1 and 4.4±2.5 m for
weldment-2, compared to an average ZrB2 grain size of 3.3±1.8 m in the PM. The
calculated averages of ZrB2 grain size show a difference between the HAZ and PM for
both weldments; however, overlap of the standard deviations may be interpreted such that
the difference between the grain sizes is not statistically significant. Therefore, a grain
size distribution plot was used to compare the grain sizes in the HAZ for weldment-2 and
the PM (Figure 9) to support the assertion that ZrB2 grain growth occurred in the HAZ.
The grain size distributions of the HAZs for weldment-1 and weldment-2 were similar,
therefore only one was presented. Figure 9 shows that most of the ZrB2 grains (92%) in
the PM were less than 6 m in diameter. However, the distribution broadened for ZrB2
grains within the HAZ, as most of the grains (91%) measured up to 8 m. Furthermore,
less than 2% of the PM distribution lies above the 8 m grain size. The broadening of the
HAZ grain size distribution compared to the PM distribution shows that the average size
of ZrB2 grains increased by ~50% in weldment-1 and ~33% in weldment-2 compared to
the PM.
Grain growth within the HAZ explains the difference in hardness between the
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HAZ and PM. Increasing grain size leads to adverse effects on measured hardness,
especially for anisotropic materials.50-53 As both weldment-1 and weldment-2 had similar
hardness values at the FZ/HAZ interface, grain size appeared to have the largest effect on
hardness. However, C diffusion from the FZ of weldment-2 into the surrounding HAZ
may adversely affect the hardness.54,55

Image analysis of carbon content revealed

average area fractions of 4.3±2.0% and 1.1±0.4% for the HAZ and PM, respectively.
Further, C content within the HAZ ranged from 7.9 to 2.2 vol%, where higher C contents
were observed near the FZ. Since the HAZ was wider in weldment-2, 2 mm compared to
1.25 mm for weldment-1, C diffusion from the FZ had an effect on the final width of the
weldment-2 HAZ.

4. CONCLUSIONS
Plasma arc welding was used to join dense ZrB2-20ZrC ceramics that exhibited
low electrical resistivity (10.8 cm). Two different FZ shapes and microstructures
were achieved when welded on graphite discs with (weldment-2) and without (weldment1) a notch placed under the joint. Analysis of weldment-1 revealed the FZ contained two
phases, with elongated ZrB2 grains up to 1 mm in length, surrounded by a ZrB2-ZrC
eutectic (43.2±6.1 vol% ZrC), which had a composition that was comparable to
previously reported eutectic compositions (39 vol% ZrC). The weldment-1 FZ appeared
to solidify along an equilibrium cooling path. Analysis of weldment-2 revealed three
phases in the FZ, identified as ZrB2, ZrC, and C. It was determined that C diffused into
the melt from the underlying graphite disc. ZrB2 grains in the FZ of weldment-2 were
smaller than those in weldment-1, having an average maximum Feret diameter of
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52.4±53.2 m with a maximum size of 225.9 m. Hardness measurements were used to
differentiate the FZ, HAZ, and PM where hardness of the FZ was <12 GPa. Within the
HAZ, hardness increased from a value of 12 GPa for weldment-1 and 13.5 GPa for
weldment-2 to the hardness of the PM (15.2 GPa) over a distance of 1.25 mm for
weldment-1 and 2 mm for weldment-2. Grain size analysis of ZrB2 revealed growth of
ZrB2 grains to an average of more than 4.5 m within the HAZ compared to 3.3±1.8 m
in the PM, which could account for the decrease in the hardness of the HAZ. C content
within weldment-2 HAZ was observed to decrease from an amount of 7.9 vol% near the
FZ to 2.2 vol% near the HAZ/PM increasing the width of the weldment-2 HAZ. Plasma
arc welding was viable for fusion joining of ZrB2-20ZrC ceramics, and may be
appropriate for any ceramic with electrical conductivity similar to metals.
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Table I: Properties of ZrB2-20ZrC Parent Material
Room Temp.

Material
ZrB2-20ZrC



C Content

ZrB2 Grain

ZrC Grain

Electrical

(%)

(vol%)

Size (m)

Size (m)

Resistivity (cm)

>99

1.1±0.4

3.3±1.8

2.2±1.4

10.75
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Figure 1: Backscattered electron image of etched ZrB2-20ZrC parent material. ZrB2
appears dark grey, ZrC appears light grey, and C/porosity appears black.
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Figure 2: Cross-section of ZrB2-20ZrC FZ taken ~4.1 mm from the start of the weld.
Induced porosity (black) occurs at the interface of the FZ and the HAZ/PM.

65

Figure 3: Schematic of graphite support disc (black) and ZrB2-20ZrC (grey) coupons
without (top) and with (bottom) a notch for escape of plasma gas during PAW.
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Figure 4: Cross-section of ZrB2-20ZrC FZ taken ~4.1 mm from the start of the weld.
Minimal porosity (black) was observed throughout the microstructure.
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Figure 5: Optical image of weldment-1 FZ exhibiting exaggerated growth of ZrB2
(white) and void (black) formation in the FZ.
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Figure 6: BEI of directionally solidified ZrB2-ZrC eutectic in weldment-1. ZrC appears
light grey and forms rods, solidifying in the direction perpendicular to the cross-section.
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Figure 7: BEI image of the weldment-2 FZ showing the presence of three phases, ZrB2
(dark grey), ZrC (light grey), and C (black).
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Figure 8: Hardness across the weldments. HAZ widths of ~1.25 and ~2 mm were
identified for weldment-1 and welment-2, respectively, as shown by the solid (weldment1) and dashed (weldment-2) vertical lines.
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Figure 9: Grain size distributions of the HAZ and PM for ZrB2 in weldment-2, showing
growth of ZrB2 within the HAZs.
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ABSTRACT
Zirconium diboride and zirconium carbide based ceramics were joined by plasma
arc welding to demonstrate the versatility of this technique.

A parent material

composition consisting of ZrB2 with 20 vol% ZrC was hot pressed to near full density,
sectioned to produce specimens for welding, and welded together to produce billets for
mechanical property studies. The four-point flexure strength of the parent material was
~660 MPa, while the strength of the welded specimens ranged from ~140 to ~250 MPa.
Microstructural analysis revealed that decreased strength in the welded specimens was
caused by volume flaws, microcracking of large ZrB2 grains (up to 1 mm in length), and
residual tensile stresses that developed at the surface of weld pools during cooling. The
versatility of plasma arc welding was demonstrated by joining of ZrC based ceramics and
fabricating three ZrB2-ZrC components for potential applications, including a high
temperature electrical contact, an ultra-high temperature thermocouple, and a wedge that
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was a notional wing leading edge. These three applications demonstrated the ability to
join ceramics to a refractory metal, fabricate a chemically inert high temperature
thermocouple, and produce complex shapes for aerospace applications.

1. INTRODUCTION
Many non-oxide structural ceramics require densification by hot-pressing or spark
plasma sintering, which produce relatively simple shapes.1

Even when pressureless

sintering can be utilized, green processing techniques may limit complex shape
fabrication.

Therefore, ceramic joining techniques, such as brazing and solid-state

bonding are needed for manufacturing components with complex geometry.1-7 Brazing is
a highly versatile joining technique where a lower melting temperature material is
utilized to bond ceramics that remain solid throughout the bonding process. Brazes for
joining ceramics typically consist of glasses or metal alloys that wet the surfaces of the
ceramics to be bonded.4-6 While brazing is useful for applications such as fusion reactors,
brazed joints are limited to lower use temperatures due to the presence of the glass or
alloy phase at the joined interface.2,4 For example, Pd braze alloys have been developed
for UHTC (ultra-high temperature ceramic) applications; however, braze alloys have
melting temperatures that are below the expected use temperatures for UHTCs (2000°C
or higher).1,8 Instead of brazing, for high temperature applications, solid-state bonding
can be utilized. Unfortunately, solid-state bonding of UHTCs typically requires high
temperatures and pressures, meaning that joints require the entire assembly to be joined
to be heated to at least the densification temperature used for the powder compact.
Fusion welding of ceramics can be useful in applications where brazing or solid-
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state bonding are not appropriate. While fusion welding of ceramics has not received the
same attention as fusion welding of metals, it has been demonstrated.9-11 Specifically, arc
welding offers the ability to fusion weld ceramics while being cost effective compared to
methods such as laser or electron beam welding.9 The purpose of this article is to
compare the flexure strength of ZrB2 containing 20 vol% ZrC (ZrB2-20ZrC) with that of
ZrB2-20ZrC weldments fabricated by plasma arc welding (PAW) techniques, and
demonstrate the versatility of PAW as a ceramic joining technique.

The joining

techniques utilized were based on work by King et al. on the PAW of ZrB2-20ZrC.12

2. EXPERIMENTAL PROCEDURE
2.2 Material Processing
ZrB2 ceramics with a nominal ZrC content of 20 vol% were prepared for joining.
ZrB2-ZrC powders were mechanically mixed by ball milling ZrB2 (H.C. Starck; Grade B;
Newton, MA) and ZrC (H.C. Starck; Grade B) with 0.625 wt.% phenolic resin (Georgia
Pacific Chemicals; Atlanta, GA) to obtain a final carbon (C) content of 0.25 wt% (~0.7
vol%). Milling was carried out in acetone for 2 hours using tungsten carbide media.
After milling, the powder slurry was dried using rotary evaporation to minimize
segregation of the constituents. Dried powders were then ground and sieved to -60 mesh
before hot-pressing.
Billets nominally 45 mm by 30 mm by 5 mm of ZrB2-20ZrC were fabricated
through hot-pressing.

Hot-pressing was performed in a graphite element furnace

(Thermal Technology; Model HP50-7010G; Santa Rosa, CA) using a graphite die. A
heating rate of 50°C/min and a vacuum of ~30 Pa (200 millitorr) were used during
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heating. A one hour isothermal reaction hold at 1700°C under vacuum was performed to
remove oxide contamination form the surface of the powders. After the reaction hold, the
vacuum atmosphere was switched to flowing argon and a pressing pressure of 32 MPa
was applied. A heating rate of 50°C/min was used to reach the final densification
temperature of 2030°C. Pressing continued at temperature until recorded ram travel
ceased for a period of 10 minutes. Pressed billets were removed from the graphite die
and ground to a nominal thickness of 4 mm, using a manual surface grinder (Chevalier
Machinery Inc.; Model FSG-618; Santa Fe Springs, CA) and a 120 grit diamond grinding
wheel (National Diamond Labs; Los Angeles, CA). Surface ground billets were then cut
using a diamond cutting wheel (National Diamond Labs) into smaller coupons for
welding. The densities of each coupon were determined using the Archimedes method
and the relative density was calculated based on a rule of mixtures theoretical density for
ZrB2-20ZrC (6.18 g/cm3). ZrC ceramics containing 20 vol% TiC (Materion Advanced
Chemicals; -325 mesh; Milwaukee, WI) were processed using the same methods outlined
above.
2.3 UHTC Welding
All welding experiments were conducted in a custom welding apparatus described
by King et al.13 Joints requiring a gap between the coupons prior to welding were
separated with 4 layers of double sided tape (3M; Scotch® Double Sided Tape; St. Paul,
MN) resulting in a gap width of ~0.35 mm. Coupons were covered with a layer of
graphite felt and pre-heated to a set temperature.

At the pre-heat temperature, the

samples were uncovered and the torch tip was placed at the edge of the coupons and
aligned with the gap between the coupons to be joined. The arc was struck to the
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specimen and welding current was ramped at a rate of 20 A/s from an initial current of 25
A to the target welding current. Once the welding current was reached, the torch track
was engaged at the desired weld speed. At the end of the weld, the current was reduced
by 10% over 0.25 s followed by a ramp down to 25 A over ~12 s. Welded specimens
were then covered with graphite felt and the furnace was allowed to equilibrate to the
furnace set temperature. The furnace and welded specimens were then cooled at a rate of
~30°C/min from the equilibrated temperature to room temperature. Pulsed plasma arc
welding (PPAW) was also utilized, and is characterized by pulsing of the current between
peak and background presets. Coupons welded using PPAW were pulsed at the peak
current for 0.1 s and a 50% background current for 0.2 s. Specimens joined using PAW
and PPAW parameters were selected for mechanical behavior analysis. Both PAW and
PPAW were utilized to fabricate a high temperature electrical connection between W
wire and ZrB2 or ZrB2-20ZrC coupons.

In addition, a UHTC thermocouple was

fabricated by joining filaments of ZrB2 and ZrB2-20ZrC. A hollow wedge, meant to
represent a UHTC wing leading edge segment for a hypothetical hypersonic vehicle, was
also fabricated from ZrB2-20ZrC using PPAW. Finally, PAW was used to butt-weld ZrC
containing 20 vol% TiC to demonstrate the versatility of the technique.

Table I

summarizes parameters used for arc welding with peak/background currents listed for
PPAW welds. All voltages were ~30 V.
2.3 Mechanical Properties and Microstructural Analysis
Mechanical properties of the ZrB2-20ZrC parent material (PM) were analyzed.
Parent material specimens were mounted in epoxy and polished to a mirror finish using
successively finer diamond abrasives, with the finest abrasive being 0.25 m. Vickers
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hardness was measured (Struers Inc.; Duramin 5; Cleveland OH) on polished surfaces
using a load of 1 kg (9.8 N) for a dwell time of 10 s. Young’s modulus (E) of the PM
was measured by the impulse excitation technique (J.W. Lemmens Inc.; Grindosonic
Mk5 Industrial; Heverlee, Belgium), described by ASTM C 1259.14 Fracture toughness
(KIC) of the PM was measured by the Chevron notch method, described by ASTM C
1421, using modified configuration A bars.15 The modified bars were shorter (~23 mm)
than the standard (45 mm), therefore the strain rate was adjusted to remain within the
range specified in the standard. Flexure strength () of the PM was measured by testing
configuration B bars in four-point bending, described by ASTM C1161, and analyzed
with a Weibull distribution.16 For comparison to the PM, ASTM C 1161 configuration A
bars were tested in four-point bending for PAW, PPAW, and PAW/C-rich weldments,
where the top surface of the weldment was placed in tension during testing.

The

weldment nomenclature of PAW and PAW/C-rich are based on those used for
weldments-1 and 2 presented by King et al., while PPAW had not been previously
investigated.12 All flexure bars were cut from PM or welded billets using an automatic
surface grinder (Chevalier Machinery Inc.; Model FSG-3A818) and a diamond cutting
wheel. Cut bars were ground to size on an automatic surface grinder using a 600 grit
diamond grinding wheel (National Diamond Labs). Microstructural analysis of ground or
polished weldment cross-sections was performed using optical microscopy (Nikon;
Epiphot 200; Tokyo, Japan) and scanning electron microscopy (Hitachi; S-570; Tokyo,
Japan). Fracture surfaces were analyzed using scanning electron microscopy.
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3. RESULTS AND DISCUSSION
3.1 Parent Material Mechanical Properties
Mechanical properties measured for the PM are summarized in Table II. Vickers
hardness was 15.2±0.1 GPa, which falls within the range of hardness values reported by
Tsuchida and Yamamoto (14.5 GPa, 23 vol% ZrC) for ZrB2-ZrC ceramic composites.17
Young’s modulus of the PM was 512±2 GPa.14 A volumetric rule of mixtures of reported
Young’s moduli for single crystal ZrB2 (526 GPa) and single crystal ZrC (406 GPa)
suggests that the Young’s modulus of the PM should be 502 GPa.18,19 When compared to
the rule of mixtures calculation, the measured value is higher than expected. Assuming
the value of 526 GPa is correct for the Young’s modulus of ZrB2 (the highest reported
Young’s modulus for ZrB2), the Young’s modulus of ZrC was estimated to be 456 GPa
using a volumetric rule of mixtures and the measured Young’s modulus of the composite.
This value falls within the reported range for the Young’s modulus of ZrC, which is 400
GPa to 470 GPa.17,20 Therefore, the measured Young’s modulus value is consistent with
a fully dense ZrB2-20ZrC ceramic. The values of both Vickers hardness and Young’s
modulus of the PM compare well with previously reported literature values.
The strength of the PM was 656±79 MPa, an average of 26 ASTM B-bars (4 mm
by 3 mm by 45 mm) that were tested in four-point flexure. The strengths were further
analyzed using a two parameter Weibull distribution.16

Monolithic ZrB2 has been

reported to have four-point bend strengths up to ~570 MPa.21 With an average strength
of ~660 MPa, the PM ZrB2-ZrC composite has a higher strength than monolithic ZrB2,
which has also been observed for similar particulate reinforced ceramic composites.21-23
Similarly, the KIC of the particulate composite is expected to be higher than the
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monolithic ceramic. The KIC was 7.0±0.4 MPam1/2 for the PM compared to values of
3.5-4.5 MPam1/2 reported for monolithic ZrB2.8 This value agrees well with a KIC of 7.4
MPam1/2 for a ZrB2-ZrC composite containing 39 vol% ZrC.24 The measured KIC was
higher than the reported KIC of Tsuchida and Yamamoto, 5.1 MPam1/2, for ZrB2-ZrC
containing 23 vol% ZrC.17 The Weibull distribution (Figure 1) was used to calculate a
Weibull modulus of 9.5 for the PM. For commercial applications, a Weibull modulus of
10-12 is common, where a higher Weibull modulus indicates a narrower flaw size
distribution, which allows for more predictable designs with ceramics.25 The Weibull
modulus of the PM is near that of commercial values for ceramics and the addition of
ZrC led to an increase in strength and KIC for the PM compared to monolithic ZrB2.
3.2 Weldment Microstructure and Mechanical Behavior
Microstructural analysis of PAW welds has previously been performed by King et
al., where PAW welds exhibited exaggerated/abnormal growth of ZrB2 grains.12 In the
latter study, ZrB2 grains up to ~1 mm long, but ~0.09 mm in the orthogonal direction,
resulted in a grain size aspect ratio of ~11:1.12 To limit the excessive grain length, and
the amount of porosity associated with PAW welds, PPAW of ZrB2-20ZrC was utilized
for fusion welding in the present study.12 Microstructural analysis of PPAW welds
reveals that grain growth of ZrB2 was affected by pulsing the weld current (Figure 2).
Measurements of ZrB2 grains in the PPAW fusion zone (FZ) indicated lengths up to 0.76
mm, with aspect ratios ranging from 13.5:1 to 43:1. The larger grain lengths and lower
aspect ratio grains in PAW welds reveals that PPAW hindered the growth, in length and
width, of ZrB2 grains in the FZ. PPAW was used to weld ZrB2-20ZrC and was observed
to hinder the growth of ZrB2 compared to PAW of ZrB2-20ZrC.
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For the present study, three weldments, PAW, PAW/C-rich, and PPAW, were
tested in four-point flexure for comparison to the parent material. Flexure strength
measurements were performed such that fracture occurred in the FZ of each weldment.
Initially, fracture was observed in the heat affect zone (HAZ) of PAW/C-rich weldments,
so an annealing procedure was utilized to reduce stresses. After annealing at 1500°C for
2 hours, fracture of PAW/C-rich flexure specimens occurred in the FZ. Fracture outside
of the FZ did not occur in PAW or PPAW weldments, which were not annealed. The
flexure strength of PAW weldments was 143±34 MPa, PPAW weldments were 166±22
MPa, and PAW/C-rich weldments were 247±21 MPa, which represent decreases in
strength of 78% for PAW, 75% for PPAW, and 62% for PAW/C-rich compared to the
PM. The lowest strength measured in the Weibull analysis of the PM was 509 MPa, and
the highest strength for each weldment was 209 MPa for PAW, 205 MPa for PPAW, and
273 MPa for PAW/C-rich. This means that the highest PAW and PPAW weldment have
strengths that are ~40% of the lowest PM strengths.

In comparison, the strongest

PAW/C-rich weldment had a strength that was ~53% of the lowest strength measured for
a bar of the PM. The average weldment strengths are comparable to those reported by
Rice, where arc welded ZrB2 based ceramics exhibited strengths ranging from ~100 MPa
to ~210 MPa with a maximum strength of ~410 MPa for monolithic ZrB2.9 ZrB2-20ZrC
weldments had lower measured strengths compared to the PM, with weldments
exhibiting strengths comparable to previously reported strengths for ZrB2 based fusion
welds.9
While Rice produced ceramic fusion welds with strengths up to 415 MPa, data
were reported as preliminary, with no further discussion of strength or microstructure.9
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Therefore, the microstructures and fracture behavior of the weldments were evaluated in
this study to determine the strength limiting features. Measured mechanical properties,
fractography, and Griffith criterion calculations were utilized in the present study to
determine critical flaw sizes of the PM and each weldment. The failure origin of PM
specimens were scratch-like flaws that had depths similar to the estimated flaw size of 29
m, calculated using the Griffith criterion.25 Thus, the strength limiting flaws were likely
surface damage from machining of the specimens.

KIC of the weldments was not

measured, but due to the large grain sizes in PAW and PPAW, and the C-rich nature of
PAW/C-rich welds, a value of KIC of 2.3 MPam1/2 (comparable to the lowest KIC values
reported for monolithic ZrB2) was used for calculating weldment critical flaw sizes.26
Fractographic analysis of PAW weld pools revealed that a likely source for failure was a
circular penny crack in the volume of the specimen (Figure 3). The formation of the flaw
likely occurred during cooling when ZrB2-ZrC eutectic solidified and pulled away from
primary ZrB2 that had initially precipitated from the melt. Solidification of the eutectic
results in volume contraction when going from a liquid to a solid. The observed flaw in
Figure 3, a penny crack of ~280 m in diameter, was smaller than the predicted size of
406 m for the diameter of the penny shaped crack. While the measured flaw was
smaller than predicted, similar flaws were observed in PAW weldment cross-sections
(Figure 2 from King et al.), where penny shaped flaws up 660 m in diameter were
observed.

Hence, volume flaws may be considered a source of failure initiation. 12

Multiple fracture mirrors were also observed on one ZrB2 grain on a PPAW fracture
surface (Figure 4). This indicates that spontaneous, or stress-induced, microcracking
occurred in the ZrB2 grains. Due to the anisotropic crystal structure of ZrB2, residual
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stresses may result from differences in the coefficient of thermal expansion between the
different crystallographic directions in the grains, which leads to cracking of grains. 18,27,28
Watts et al. previously estimated a band of grain sizes that may result in spontaneous
microcracking of ZrB2 as 980 to 2100 m.28 Lengths of ZrB2 grains in FZs of PAW
specimens fall into this range, suggesting that spontaneous microcracking of ZrB2 grains
could occur in the FZs of ZrB2-ZrC joined by PAW. These microcracks may also link
up, which would lead to the formation of volume flaws large enough to initiate failure.
Therefore, initiation of failure in the FZs of ZrB2-ZrC joined by PAW can occur from
two different volume flaws (voids produced by liquid/crystal separation and the link up
of microcracks).
In contrast, the lengths of ZrB2 grains in PPAW welds are less than the range
predicted for spontaneous microcracking. Hence, the fracture mirrors observed in Figure
4 are likely a result of stress-induced microcracking in the PPAW FZ, where link up of
microcracks could result in a large enough volume flaw (calculated to be ~300 µm) to
initiate failure. A volume critical flaw for PAW/C-rich was calculated to be ~140 m
(diameter) while a surface penny crack was calculated to be ~60 m (radius), and a
scratch-like flaw was calculated to be ~20 m (depth). Machining with a 600 grit
diamond wheel should leave scratches ~15 m deep, while ZrB2 grains within the
PAW/C-rich FZ are also large enough to initiate failure, volume or surface, and a specific
critical flaws could not be defined for PAW/C-rich weldments. However, as with volume
contraction in the solidifying eutectic in PAW FZs, tensile residual stresses may develop
at the surface of PAW/C-rich weldments, which could also affect the weldment strength.
The effects of these stresses appear to act on cracks radiating from a 30 kg (294 N)
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indent, placed near the surface of a PAW/C-rich FZ, as the cracks deflected towards the
surface of the FZ (Figure 5). As the surface of the FZs were placed in tension during
flexure testing, tensile residual stresses may have led to weaker weldments by lowering
the stress needed for crack initiation.

Internal flaws (eutectic separation and

microcracking) and tensile residual stresses at the surface of weldments lead to failure
initiation of arc welded ZrB2-ZrC weldments.
3.3 Carbide Fusion Welding
While the present study and several previous reports on arc welding of ceramics
have focused on diboride based ceramics, joining by arc welding is not limited to
diboride ceramics.9,12,13

PAW of ZrC containing 20 vol% TiC (ZrC-20TiC) was

accomplished using the parameters listed in Table II. A cross-section of the ZrC-20TiC
weld (Figure 6) revealed that at the center of the weld, the FZ was 2.3 mm thick, but
contacted the HAZ throughout the thickness of the coupon (4 mm).

Porosity was

observed at the edge of the FZ, where oblong pores were up to 0.9 mm in size along their
longest axis. Porosity and grain pullout were also observed in the HAZ. Areal analysis
revealed that C content increased from 0.4 area% in the PM to 1.7 area% in the HAZ,
leading to increased grain pullout in the HAZ. X-ray diffraction detected the presence of
TiO (hongquiite) in the PM, but not the FZ, suggesting that pores in the FZ and HAZ are
possibly formed during active oxidation of the carbide. Removal of oxygen impurities
from the ceramic during processing may result in improved weldments. Based on these
results, PAW appears to be a viable method for joining carbide ceramics.
3.4 UHTC Welding Applications
Fusion welding of UHTCs could prove to be a versatile technique for fabricating
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components with complex shapes. The first example application demonstrated was a
high temperature electrical contact. For the contact, a W wire (0.8 mm diameter) was
spot welded to a ZrB2 coupon (28.0 mm by 9.0 mm by 3.6 mm) using the parameters
listed in Table II. A representative image of a weld pool is presented in Figure 7. The W
wire was curved into a “P” shape prior to joining to cover more of the surface of the 9
mm by 3 mm ZrB2 coupon, which is outlined in Figure 7. The weld pool area was 23.7
mm2, which was ~73% of the coupon area. Partial melting of the W wire occurred.
Excess W wire was observed at the far left, and the bottom, of the weld due to shifting of
the “P” during melting/welding. Porosity, Figure 7, was also observed at the surface of
the weld. Below the FZ of the weld, cracking was observed in the ZrB2 coupon. To
reduce cracking, W wire was welded to ZrB2-20ZrC coupons, which have a lower
melting temperature (2830°C), lower elastic modulus (512 GPa), and higher strength
(656 MPa) than monolithic ZrB2 (Tm=3245°C, E=526 GPa, =570 MPa).8,18,29 A lower
melting temperature and elastic modulus reduce thermal residual stresses that may
develop during cooling (=TE), while higher strength increases resistance to crack
initiation.30 Welds made on ZrB2-20ZrC coupons covered >95% of the end of the
coupon and exhibited porosity at the surface of the weld; however, cracking of the PM
was not observed for ZrB2-20ZrC coupons. Based on these preliminary studies, spot
welding appears to be a viable technique for joining refractory metals to boride ceramics.
Cross-sections of spot welded W contacts on ZrB2-20ZrC coupons were analyzed
using secondary and backscattered electron microscopy techniques. A backscattered
electron image (BEI) of the contact interface (Figure 8) revealed a distinct division
between the FZ and the PM. Dissolution of the parent material by the melt pool was
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observed, where grains at the FZ/PM interface appear to have been attacked by the melt
pool (FZ surrounds grains of the PM). Diffusion of W from the melt pool into the PM
was also observed, appearing as a brighter grain boundary phase. The presence of W in
the grain boundary phase was confirmed using energy dispersive spectroscopy (EDS),
and the depth of W diffusion was measured to be ~90 m. Core-shell structures were
also observed in ZrC grains within the W diffusion layer. Figure 9 reveals the presence
of core-shell ZrC grains and the grain boundary W phase where ZrB2 appears dark grey,
ZrC appears light grey, and W appears white. The core-shell structure occurs as W forms
a solid solution with ZrC, indicating the brighter shell to be (Zr,W)C which would appear
brighter in a BEI image, compared to ZrC.31,32 A distinct FZ and PM were observed, as
was the diffusion of W into the PM (90 m depth), in a successful ZrB2-20ZrC to W
weld.
Fusion welding was also used to fabricate an extreme environment UHTC
thermocouple. Two thermocouple leads, one ZrB2 and the other ZrB2-20ZrC, were
fabricated by extruding a thermoplastic polymer (ethylene ethyl acrylate) loaded with
ceramic powder based on parameters discussed in previous studies.33 For the present
study, green filaments with a diameter of 2.4 mm were produced. After binder burnout to
remove the polymer from the filaments, sintering was carried out at 2150°C for 2 hours.
Sintered ZrB2 filaments had a diameter of ~2.08 mm and ZrB2-20ZrC filaments had a
diameter of ~2.05 mm. Measurements by the Archimedes method revealed a relative
density of ~60% for both the ZrB2 and ZrB2-20ZrC filaments. After sintering, the tips of
a ZrB2 and a ZrB2-20ZrC filament were joined using the parameters listed in Table II.
The resulting thermocouple (Figure 10) was 54 mm in length, while the length of the
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fusion zone was ~3.5 mm. The voltage difference between the ZrB2 and ZrB2-20ZrC
leads was measured as a function of temperature.

Independent temperature

measurements were made using a type B thermocouple. The thermocouple did not
exhibit a voltage response below ~500°C; however, repeatable voltage differences were
measured at higher temperatures. For example, the voltage difference was 0.12 mV at
750°C, 0.23 mV at 1000°C, and 0.46 mV at 1250°C. Voltage differences at higher
temperatures were obscured by heating of the connections between the thermocouple and
the multimeter due to the high thermal conductivity of the leads. Hence, PAW appears to
be a viable technique for fabricating UHTC thermocouples.
The fabrication of a ZrB2-20ZrC wedge, which was a mock-up of a wing leading
edge for a hypersonic aerospace vehicle, was completed using PPAW. One face on each
of two ZrB2-20ZrC billets (nominally 45 mm by 30 mm by 4 mm) was ground at a 10°
angle to produce a wedge with a 20° angle. The billets were then welded using PPAW
using the parameters summarized in Table II. During welding, melt back of the billets
occurred and excess melt flowed to the side of the leading edge. Excess material was
removed using wire electric discharge machining (EDM). The leading edge was cut in
half to examine the FZ for porosity and penetration depth of the weld, and to measure the
amount of melt back from the tip. Porosity was apparent at the base of the weld pool;
however, the FZ appeared to be dense, Figure 11. The penetration depth of the FZ was
~2.8 mm. The melt back of the billets after welding was ~4.5 mm. The hollow center of
the wedge allows for the potential to cool the leading edge with a gas, liquid, or a higher
conductivity solid.34,35 The hollow center also decreases the mass of the leading edge
compared to solid wedges. The welded wedge presented in Figure 11 has ~16 area%
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void space, giving the hollow wedge a 16% reduction in mass compared to a solid wedge.
PPAW was utilized to fabricate a hollow ZrB2-20ZrC leading edge, demonstrating the
ability to fabricate complex ceramic shapes by fusion welding.

4. CONCLUSIONS
Plasma arc welding was used to join ZrB2-20ZrC and ZrC-20TiC ceramics. The
fusion welding of both diboride and carbide ceramics demonstrates versatility in PAW as
a ceramic joining technique.

Different PAW techniques were also utilized in the

fabrication of ZrB2-20ZrC butt welds that were analyzed for flexure strength. The failure
of the weldments was attributed to the formation of large volume flaws. Future work to
minimize the formation of flaws should lead to improved mechanical properties. Along
with the fusion welding of ZrC-20TiC, three applications were presented which can
benefit from the fusion welding of ceramics. Conclusions of this study include:

1.

The hardness (15.2 GPa), Young’s modulus (512 GPa), fracture toughness (7.0
MPam1/2), flexure strength (656 MPa), and Weibull modulus (9.5) of ZrB220ZrC, utilized as a parent material (PM) for welding studies, were analyzed. The
mechanical properties of the PM agreed well with previously reported values.

2. PPAW was utilized to weld ZrB2-20ZrC ceramics. The grain lengths of ZrB2
were reduced to <0.8 mm in comparison to PAW FZ’s (1 mm). ZrB2 grain aspect
ratios were increased to a range of 25:1 to 43:1 for PPAW when compared to
PAW (11:1) as a welding technique, indicating not only a reduction in grain
length, but also grain width in PPAW FZs.
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3. Flexure strengths for PAW (143 MPa), PPAW (166 MPa), and PAW/C-rich (247
MPa) were less than the PM (656 MPa), where internal flaws and tensile residual
stresses affected the strength of weldments.
4. PAW was used to weld a carbide ceramic, ZrC-20TiC. Porosity was observed in
the FZ and HAZ, possibly formed as a result of active oxidation of the carbide,
and removal of oxygen impurities in the PM should result in improved
weldments.
5. PAW was utilized to fusion weld two ceramics (ZrB2 and ZrB2-20ZrC) to a
refractory metal (W). Attack of the PM by the melt pool was apparent, and the
composition of the FZ contained the two constituents of the PM. W diffusion into
the PM was observed to be 90 m in depth.
6. A UHTC thermocouple was fabricated using PAW to weld ZrB2 and ZrB2-20ZrC
filaments together. A systematic voltage response from the thermocouple was
observed above 750°C.
7. Complex shape fabrication was demonstrated as PPAW was utilized in the
fabrication of a hollow ZrB2-20ZrC wedge. The FZ was 2.8 mm in depth, where
melt back of the PM was 4.5 mm and porosity was observed at the base of the FZ.
The hollow leading edge offers weight savings, and the ability to cool the inside
of the leading edge with a gas, liquid, or high thermal conductivity solid.

ACKNOWLEDGEMENTS
Research was conducted in cooperation with MO-SCI Corporation and supported by
AFOSR Grant # FA9550-12-C-0060. The authors would also like to acknowledge

89
Andrew Schlup and Cari Swanson for their assistance with materials processing. The
authors would also like to thank the Advanced Materials Characterization Laboratory
(AMCL) at Missouri S&T for use of their equipment.

90
REFERENCES
1

W. R. Pinc, M. Di Prima, L. S. Walker, Z. N. Wing, and E. L. Corral, "Spark Plasma
Joining of ZrB2–SiC Composites Using Zirconium–Boron Reactive Filler
Layers," J. Am. Ceram. Soc., 94[11] 3825-32 (2011).

2

M. Singh and R. Asthana, "Joining and integration of ZrB2-based ultra-high temperature
ceramic composites using advanced brazing technology," J. Mater. Sci., 45[16]
4308-20 (2010).

3

M. L. Shalz, B. J. Dalgleish, A. P. Tomsia, and A. M. Glaeser, "Ceramic joining," J.
Mater. Sci., 28[6] 1673-84 (1993).

4

P. Colombo, B. Riccardi, A. Donato, and G. Scarinci, "Joining of SiC/SiCf ceramic
matrix composites for fusion reactor blanket applications," J. Nucl. Mater.,
278[2–3] 127-35 (2000).

5

M. L. Shalz, B. J. Dalgleish, A. P. Tomsia, R. M. Cannon, and A. M. Glaeser, "Ceramic
joining III bonding of alumina via Cu/Nb/Cu interlayers," J. Mater. Sci., 29[14]
3678-90 (1994).

6

J. Chen, P. Wei, Q. Mei, and Y. Huang, "The wettability of Y–Al–Si–O–N oxynitride
glasses and its application in silicon nitride joining," J. Eur. Ceram. Soc., 20[14–
15] 2685-89 (2000).

7

M. Singh, "Joining of sintered silicon carbide ceramics for high-temperature
applications," J. Mater. Sci. Lett., 17[6] 459-61 (1998).

8

W. G. Fahrenholtz, G. E. Hilmas, I. G. Talmy, and J. A. Zaykoski, "Refractory
Diborides of Zirconium and Hafnium," J. Am. Ceram. Soc., 90[5] 1347-64
(2007).

9

R. W. Rice, "Joining of Ceramics," pp. 69-111 in Advances in joining technology:
proceeding of the 4th Army Materials Technology Conference, Boston, MA,
1976.

10

G. N. Mikhailova, B. P. Mikhailov, and A. V. Troitskii, "Laser welding of HTSC
ceramics," Laser Physics Letters, 1[10] 525-27 (2004).

11

V. A. Burdovitsin, A. S. Klimov, A. V. Medovnik, and E. M. Oks, "Electron beam
treatment of non-conducting materials by a fore-pump-pressure plasma-cathode
electron beam source," Plasma Sources Science and Technology, 19[5] 055003
(2010).

12

D. S. King, G. E. Hilmas, and W. G. Fahrenholtz, "Plasma arc welding of ZrB2-20
vol% ZrC ceramics," J. Eur. Ceram. Soc., 34[15] 3549-57 (2014).

91

13

D. S. King, G. E. Hilmas, and W. G. Fahrenholtz, "Plasma Arc Welding of TiB2-20
vol.% TiC," J. Am. Ceram. Soc., 97[1] 56-59 (2014).

14

ASTM (ASTM International), "Dynamic Young's Modulus, Shear Modulus, and
Poisson's Ratio for Advanced Ceramics by Impulse Excitation of Vibration",
ASTM Standard C1259-08E1, West Conshohocken, PA., (2008).

15

ASTM (ASTM International), "Standard Test Methods for Determination of Fracture
Toughness of Advanced Ceramics at Ambient Temperature", ASTM Standard
C1421-10, West Conshohocken, PA., (2010).

16

ASTM International (ASTM), "Standard Test Method for Flexural Strength of
Advanced Ceramics at Ambient Temperature", ASTM Standard C1161-02c, West
Conshohocken, PA., (2008).

17

T. Tsuchida and S. Yamamoto, "Spark plasma sintering of ZrB2–ZrC powder mixtures
synthesized by MA-SHS in air," J. Mater. Sci., 42[3] 772-78 (2007).

18

N. L. Okamoto, M. Kusakari, K. Tanaka, H. Inui, and S. Otani, "Anisotropic elastic
constants and thermal expansivities in monocrystal CrB2, TiB2, and ZrB2," Acta
Mater., 58[1] 76-84 (2010).

19

R. Chang and L. J. Graham, "Low Temperature Elastic Properties of ZrC and TiC," J.
Appl. Phys., 37[10] 3778-83 (1966).

20

L. Silvestroni and D. Sciti, "Oxidation of ZrB2 Ceramics Containing SiC as Particles,
Whiskers, or Short Fibers," J. Am. Ceram. Soc., 94[9] 2796-99 (2011).

21

A. L. Chamberlain, W. G. Fahrenholtz, G. E. Hilmas, and D. T. Ellerby, "High-Strength
Zirconium Diboride-Based Ceramics," J. Am. Ceram. Soc., 87[6] 1170-72 (2004).

22

E. W. Neuman, G. E. Hilmas, and W. G. Fahrenholtz, "Strength of Zirconium Diboride
to 2300°C," J. Am. Ceram. Soc., 96[1] 47-50 (2013).

23

E. Kang and C. Kim, "Improvements in mechanical properties of TiB2 by the dispersion
of B4C particles," J. Mater. Sci., 25[1] 580-84 (1990).

24

S. H. Shim, K. Niihara, K. H. Auh, and K. B. Shim, "Crystallographic orientation of
ZrB2-ZrC composites manufactured by the spark plasma sintering method,"
Journal of Microscopy, 205[3] 238-44 (2002).

25

J. B. Wachtman, W. R. Cannon, and M. J. Matthewson, "Mechanical Properties of
Ceramics," 2nd ed. John Wiley & Sons, Inc.: Hoboken, NJ, (2009).

92
26
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Table I: Weldment designations and welding parameters for ZrB2 based ceramics
Coupon
dimensions
Weldment

(mm)

Plasma

Welding

Pre-heat

Current

flow rate

speed

temperature

(A)

(l/min)

(cm/min)

(°C)

Gap

PAW

45x15x4

Yes

198

0.75

8

1450

PAW/C-rich

45x15x4

Yes

198

0.75

8

1450

PPAW

45x15x4

Yes

260/130

1

12

1450

E-contact

28x9x3

No

60

1

Spot weld

1650

Thermocouple

N/A

No

60

1

Spot weld

1650

Leading edge

45x30x4

Yes

260/130

1

12

1450

ZrC-20TiC

30x11x4

Yes

198

1

8

1450
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Table II: Mechanical Properties of ZrB2-20ZrC
Mechanical Property

Value

Hardness (GPa)

15.2±0.1

Young’s modulus (GPa)

512±2

Flexure strength, average (MPa)

656±79

Weibull modulus

9.5

Fracture toughness (MPam1/2)

7.0±0.4

95

2

lnln(1/Ps)

0

-2

-4

6.2

ZrB2-20ZrC PM, m=9.5
6.4

6.6

ln  (MPa)

Figure 1: Two parameter Weibull distribution of the PM strengths. The Weibull
modulus was calculated to be 9.5.
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Figure 2: Optical micrograph cross-section of ZrB2-20ZrC PPAW FZ exhibiting a
reduction in ZrB2 grain size and FZ porosity compared to ZrB2-20ZrC PAW welds. The
fusion zone (FZ) and heat affected zone/parent material (HAZ/PM) are identified.
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Figure 3: Secondary electron image of PAW fracture surface where during cooling of the
weld, eutectic pulled away from a ZrB2 grain, leaving a penny shaped crack.
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Figure 4: Multiple fracture mirrors were observed in one ZrB2 gain in a PPAW weld.
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Figure 5: Cracking outlet from the corners of a 30 kg (294 N) Vickers indent in PAW/Crich weldment. Cracks deflect toward the surface of the weldment.
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Figure 6: Optical micrograph cross-section of ZrC-20TiC joined using PAW. Porosity
was observed at the edge of the FZ and HAZ, along with grain pullout in the HAZ.
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Figure 7: Final spot weld of W wire onto a ZrB2 coupon. A dashed line outlines the FZ
and a solid line outlines the shape of the W wire prior to welding where a shift of the W
wire at the bottom of the ZrB2 coupon was observed.
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Figure 8: SEM image of the interface between a spot weld of W wire onto a ZrB2
coupon. A distinct interface exists between the FZ and the PM. Attack of the PM by the
weld pool is exhibited by grain pullout of the PM.
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Figure 9: BEI image of ZrB2-20ZrC where a core-shell structure was observed in the
ZrC grains (light grey) of PM as W (white) diffused into the PM. The core-shell occurs
as W forms a ZrC-WC solid solution. ZrB2 appears dark grey.

104

Figure 10: UHTC thermocouple fabricated from ZrB2 and ZrB2-20ZrC filaments.
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Figure 11: Hollow ZrB2-20ZrC leading edge. Porosity is observed near the base of the
FZ.
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ABSTRACT
The growth and texture of ZrB2 grains were analyzed for three plasma arc welded
ZrB2-20 vol% ZrC ceramics.

The arc to workpiece power transfer efficiency was

estimated for each weldment, and determined to be <20% for keyhole welds, and <15%
for non-keyhole welds. Weld pool temperatures, and growth rates of ZrB2 were expected
to be highest in the non-keyhole weld, resulting in a textured fusion zone. Texture was
not observed in the keyhole fusion zones. From the surface of the non-keyhole fusion
zone, it was observed that ZrB2 grew preferentially along the basal plane, resulting in
grains with a plate-like structure. Analysis of a ZrB2 free surface revealed that grains
grew by ledge growth mechanism. Equilibrium and non-equilibrium solidification of
ZrB2 and ZrC was observed in each weldment. Non-equilibrium solidification of the
fusion zone occurred when desaturation of B in the weld pool liquid forced the
precipitation of ZrC inside of ZrB2 grains.
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1. INTRODUCTION
Ultra high temperature ceramics (UHTCs) are a family of ceramics that have high
melting temperatures (>3000°C), and consists of several carbides, nitrides, and
diborides.1-3 Because of their high melting temperature, UHTCs are leading candidate
materials for hypersonic flight applications, such as atmospheric re-entry vehicles, where
application temperatures are expected to be greater than 2000°C.1,3-7 One UHTC that has
received much attention is ZrB2, where ZrB2 is of interest for applications such as molten
metal crucibles, high temperature electrodes, and high temperature engine components.512

However, like many non-oxide advanced ceramics, ZrB2 has a very strong covalent

bonding nature, and a low self-diffusion coefficient.5,9,13 This leads to processes like hotpressing and spark plasma sintering (SPS) being the preferred methods for densification,
and limiting production to relatively simple shapes.7,11,14
Due to the limited shape formation of hot-pressing and SPS, joining has become
important for the integration of ZrB2 into hypersonic flight systems. To join ZrB2-SiC
ceramics, Sing et al. used palladium based brazes e.g., Palco® and Palni®, as a joint
material.15,16 However, the melting temperature of the brazes, ~1780°C, is lower than the
expected use temperature of 2000°C for UHTCs.15 The use of glass brazes for joining
ZrB2 has also been reported, but the melting temperature of the brazes would still be an
issue (1200-1400°C).17 This was demonstrated by Esposito and Bellosi, who joined
ZrB2-SiC (20 wt% SiC) with a SiO2-Al2O3-CaO glass, and measured the three point
flexure strength of the joint to be ~280 MPa at room temperature. The strength of the
parent material (PM) at room temperature was ~700 MPa. At 1000°C, the strength of the
joint dropped to ~90 MPa, and the PM strength dropped to ~400 MPa.17 To eliminate
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braze melting temperature issues, solid-state joining techniques are attractive, and have
been used to join ceramics like ZrB2, SiC, AlN, and graphite.18-21 The joining of ZrB2SiC (30 vol% SiC) UHTCs, by SPS, was demonstrated by Pinc et al., where joints
exhibited shear strengths of 311 MPa at RT and 284 MPa at 1350°C, similar to the shear
strength of the PM, 345 MPa at RT and 266 MPa at 1350°C.14 Statistically, Pinc et al.
demonstrated no difference between the joint and PM, but as SPS was the joining
method, shape limitation could still be considered an issue.14
Brazing and solid-state joining techniques both have their advantages and
disadvantages, and when compared to metals joining techniques, it is evident that the
extent of ceramic joining techniques is limited. However, more recently, research on the
fusion joining of ceramics has started to broaden the spectrum of ceramic joining
techniques.22-28 Burdovitsin et al. used electron-beam welding to fusion weld fused
alumina (Alundum®), quartz, and glass. Tensile strengths of the fused alumina were 1530 MPa for the joint and 40-50 MPa for the PM. While Burdovitsin et al. investigated
the fusion welding of non-conducting materials, Hilmas et al. expanded on work set forth
by Rice, fusion welding ZrB2-SiC and ZrB2-SiC-B4C materials with an arc welding
technique similar to gas tungsten arc welding (GTAW).24,29 Recently, King et al. has
demonstrated that plasma arc welding (PAW) can be used to fusion weld TiB2-TiC and
ZrB2-ZrC ceramics (20 vol% carbide).22,23 The microstructure of a TiB2-TiC fusion zone
was related to the relative temperatures of the weld, where grains at the surface and
bottom of the weld pool grew to lengths of ~200 m, and grains in the middle of the weld
pool grew to lengths >1 mm. The larger grains in the center of the weld pool indicated
higher growth rates and temperatures, while the surface cooled more quickly, leading to a
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higher growth rate and lower melt temperatures.23 Further analysis by King et al. on both
TiB2-TiC and ZrB2-ZrC welds revealed that the eutectic compositions agreed well with
previously reported eutectic compositions, indicating that the weld pool solidified along
an equilibrium cooling path.2,22,23,30
Recent progress in PAW of diboride-carbide ceramics has revealed the potential
of arc welding as a fusion joining technique for ceramics. Still, the understanding of
ceramic weld pool solidification is quite limited. The purpose of this article is to estimate
the weld pool temperatures of three ZrB2-20ZrC weldments, based on the welding power
for each weld, and utilize microstructural information to gain understanding on the
solidification of UHTC weld pools. The joining techniques utilized were based on work
by King et al. on the PAW of ZrB2-20ZrC.22

2. EXPERIMENTAL PROCEDURE
ZrB2 ceramics with a nominal ZrC content of 20 vol% were prepared for joining.
ZrB2-ZrC powders were mechanically mixed by ball milling ZrB2 (H.C. Starck; Grade B;
Newton, MA) and ZrC (H.C. Starck; Grade B) with 0.625 wt.% phenolic resin (Georgia
Pacific Chemicals; Atlanta, GA) to obtain a final carbon (C) content of 0.25 wt% (~0.7
vol%). Milling was carried out in acetone for 2 hours using tungsten carbide media.
After milling, the powder slurry was dried using rotary evaporation to minimize
segregation of the constituents. Dried powders were then ground and sieved to -60 mesh
before hot-pressing.
Billets nominally 45 mm by 30 mm by 5 mm of ZrB2-20ZrC were densified
through hot-pressing.

Hot-pressing was performed in a graphite element furnace

(Thermal Technology; Model HP20-3060; Santa Rosa, CA) using a graphite die. A
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heating rate of 50°C/min and a vacuum of ~30 Pa (200 millitorr) were used during
heating. A one hour isothermal reaction hold at 1650°C under vacuum was performed to
remove oxide contamination from the surface of the powders. After the reaction hold, the
vacuum atmosphere was switched to flowing argon and a pressing pressure of 32 MPa
was applied. A heating rate of 50°C/min was used to reach the final densification
temperature of 1980°C.

Pressing continued at the densification temperature until

recorded ram travel ceased for a period of 10 minutes. Pressed billets were removed
from the graphite die and ground to a nominal thickness of 4 mm, using a manual surface
grinder (Chevalier Machinery Inc.; Model FSG-618; Santa Fe Springs, CA) and a 120
grit diamond grinding wheel (National Diamond Labs; Los Angeles, CA).

Surface

ground billets were then cut using a diamond cutting wheel (National Diamond Labs)
into smaller coupons for welding, nominally 30 mm by 11 mm by 4 mm. The densities
of each coupon were determined using the Archimedes method and the relative density
was calculated based on a rule of mixtures theoretical density for ZrB2-20ZrC (6.18
g/cm3).
All welding experiments were conducted in a custom welding apparatus described
by King et al.23 Joints requiring a gap between the coupons prior to welding were
separated with 2 layers of double sided tape (3M; Scotch® Double Sided Tape; St. Paul,
MN) resulting in a gap width of ~0.18 mm. Coupons were covered with a layer of
graphite felt insulation and pre-heated to a set temperature. At the pre-heat temperature,
the samples were uncovered and the torch tip was placed at the edge of the coupons and
aligned with the gap between the coupons to be joined. The arc was struck to the
specimen and welding current was ramped at a rate of 20 A/s from an initial current of 25
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A to the target welding current. Once the welding current was reached, the torch track
was engaged at the desired weld speed. At the end of the weld, the current was reduced
by 10% over 0.25 s followed by a ramp down to 25 A over ~12 s. Welded specimens
were then covered with graphite felt and the furnace was allowed to equilibrate to the
furnace set temperature. The furnace and welded specimens were then cooled at a rate of
~30°C/min from the equilibrated temperature to room temperature. All voltages were
~28 V.
Three sets of PAW parameters were used to fusion weld ZrB2-20ZrC. Parameters
included a high (222 A), medium (198 A), and low (176 A) current with corresponding
low (0.50 l/min), medium (0.75 l/min), and high (1.00 l/min) plasma flow rates. A two
digit nomenclature was used to indicate the current (1st number) and plasma flow rate (2nd
number) for each weld, where a 2 represents the highest parameter setting and a 0
represents the lowest parameter setting. All welds were performed at a welding speed of
8 cm/min. Based on the welding parameters, the linear heat input (in J/mm) for each
weldment was calculated by dividing the arc power (voltage*current) by the welding
speed. Table I lists the parameters for each weld.
Weldments were cross-sectioned perpendicular to the welding direction at a
distance of ~8 mm from the start of the weld. Cross-sections were polished to a mirror
finish using successively finer diamond abrasives, down to 0.25 m. Microstructural
analysis of polished weldment cross-sections was performed using optical microscopy
(Nikon; Epiphot 200; Tokyo, Japan) and scanning electron microscopy (Helios Nanolab
600; FEI; Hillsboro, OR). Fusion zone (FZ) areas were measured from optical images,
using computer image analysis (ImageJ; National Institute of Health; Bethesda, MD), and
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combined with thermochemical data to estimate weld pool temperatures.

Electron

backscatter diffraction (EBSD) was performed on different locations in each weldment
FZ. Computer software was used during the acquisition of EBSD data (Channel 5,
Flamenco software; Oxford Instruments HKL; Abingdon, UK), and the creation of
inverse pole figures (Channel 5, Tango and Mambo software).

3. RESULTS AND DISCUSSION
3.1 Weldment FZ Analysis
The weld pool area of each weldment was measured from perpendicular crosssections of each weldment, Figure 1. Weldment 02 (Figure 1a) was full penetration, and
had a surface width of 5.7 mm and a base width of 0.5 mm. The FZ depth of weldment
02 was 3.8 mm. Weldment 02 had a FZ cross-sectional area of 0.096 cm2. Weldment 11
(Figure 1b) was also full penetration, and had a surface width of 6.2 mm and a base width
of 0.7 mm. The surface of the weldment 11 FZ was convex, and the FZ depth was 4.6
mm. Weldment 11 had a FZ cross-sectional area of 0.132 cm2. Spherical pores up to
~110 m were observed at the FZ/HAZ (fusion zone/heat affected zone) interface for
both weldments 02 and 11. The weldment 20 FZ was observed throughout thickness of
the weldment (Figure 1c), but the weldment 20 FZ did not have the cone-like appearance
of a keyhole weld.31-33 The FZ below the outline in Figure 1c also contained C, like that
of weldment-2 from King et al., and FZ area under the outline in Figure 1c was not
considered in further calculations, therefore, only ZrB2-ZrC FZs (composition) were
analyzed.22 Weldment 20 had a surface width of 9.3 mm, and a penetration depth of ~2.3
mm. The cross-sectional area considered for weldment 20 was 0.086 cm2.

Considering

the FZ width to be equivalent to the diameter of the arc (arc spot size), it was observed
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that arc spot size increased with increasing current, but decreasing the plasma flow rate to
0.50 l/min affected the penetration depth of weldment 20. Weldment 11 had the largest
cross-sectional area (0.132 cm2), followed by weldment 02 (0.096 cm2), and weldment 20
had the smallest cross-sectional area (0.086 cm2).
3.2 PAW Heat Input
Thermochemical data from the NIST-JANAF tables was used with Equation 1 to
calculate the energy required to melt the weld pool (Emelt) volumes in Table I (starting
temperature of 1450°C/1723 K), where m is the number of moles in the weld pool, Cp,s is
the heat capacity of the solid, and Hfusion is the latent heat of fusion, where Cp,s and
Hfusion were calculated using a linear volumetric rule of mixtures.34 Weldment volumes
were calculated by assuming a constant cross-sectional area for a length of 1 mm, and the
number of moles in the volume of each weld pool was calculated by assuming that the
density of each weld pool was that of the PM. Also, the ZrB2-ZrC system has a binary
eutectic, but a single melting temperature (ZrB2, Tm=3245°C/2618 K) was used when
calculating the energy required for melting the weld pool volume.

The Emelt was

calculated to be 133 J for weldment 02, 183 J for weldment 11, and 119 J for weldment
20.
2618

𝐸𝑚𝑒𝑙𝑡 = 𝑚 (∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 + ∫1723 𝐶𝑝,𝑠 𝑑𝑇)

(Eq. 1)

Heating of the PM was also taken into account, as during welding, the entire
ZrB2-20ZrC coupon becomes visibly brighter, i.e. hotter. To estimate the energy required
to heat the PM, the temperature in the HAZ was assumed to be 3245°C at the FZ
interface, but not melted, and the temperature of the PM at the end of the coupon was
assumed to be 1980°C, as no change was observed in the PM microstructure, and the PM
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was processed at 1980°C. By removing Hfusion from Equation 1, and integrating over
the 11 mm width of the coupons (22 mm for the width of two coupons being welded
together), the energy required to heat the PM was calculated to be 482 J. Therefore, the
energy required to melt the volume of each weld pool, from Table I, and the energy
required to heat the PM were combined, giving a necessary energy input of 601 J for
weldment 02, 665 J for weldment 11, and 615 J for weldment 20. The calculated
energies for melting and heating the PM agree well with the observation that weldment
11 (highest energy input, 665 J) had the largest weld pool volume, and weldment 20
(lowest energy input, 601 J) had the smallest weld pool volume.
Equation 2 was used as an initial estimate for the weld pool temperature (Tw),
where  is the power transfer efficiency for PAW, EI is the energy input for the
weldment, EPM is the energy required for heating the PM, and Cp,l is the heat capacity of
the liquid. Previously reported  for PAW, 50 to 75%, were used for Tw calculations.35-37
For weldment 02, Tw was calculated to be between ~29,000°C (50% efficiency) and
~48,000°C (75% efficiency). For weldment 11, Tw was between ~25,000°C and
~40,000°C, and Tw was between ~43,000°C and ~70,000°C for weldment 20. With
expected PAW arc temperatures between 10,000°C and 20,000°C, it was concluded that
the estimated arc temperatures for each weldment were incorrect.36
𝑇𝑤 = 𝑇𝑚 +

𝐸𝐼 −(𝐸𝑚 +𝐸𝑃𝑀 )
𝑚𝐶𝑝,𝑙

(Eq. 2)

For comparison, the FZ of a Duplex 2205 stainless steel (UNS S32205) from
Ureña et al. was analyzed in the same manner as the ZrB2-20ZrC weldments, however,
heating of the PM was ignored.33 Using thermochemical data for pure iron, Tw of the
Duplex 2205 FZ, a cross-sectional area of 0.085 cm2 (length of 1 mm), was calculated to
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be ~2900°C (50% efficiency), slightly above the boiling point for pure iron (2750°C).
Similarly, a commercially pure Ti keyhole welded by GTAW was analyzed. Titanium
welds were those of Lathabai et al., and  for GTAW was assumed to be 45%.32,36 With
a fusion zone cross-sectional area of 1.3 cm2 (length of 1 mm), Tw was calculated to be
~2200°C, well below the boiling point of Ti (3287°C). Since PM heating was ignored for
both metal welds, the estimated weld pool temperatures were concluded to be reasonable,
and the calculated weld pool temperatures for the ZrB2-20ZrC weldments were
overestimated due to an incorrect assumption for the value of . The NIST-JANAF
thermochemical tables include data for ZrC to 6000 K and 5000 K for ZrB2, however, no
data are available for gaseous phases, and Tw for the ZrB2-20ZrC weldments was
assumed to reach the maximum temperature which data are available for ZrC, ~5700°C.34
Therefore,  can be estimated to be less <20% for weldments 02 and 11, and <15% for
weldment 20. It was determined that power transfer, from the arc to the workpiece,
during PAW of ZrB2-20ZrC was less efficient than observed for metals.
Although the weld pool temperatures could not be accurately estimated,
normalizing Tw calculations to the respective weld pool volumes for each weldment can
be used to estimate the relative weld pool temperature. By this method, weldment 20
would have reached the highest temperature. Assuming the same  for weldment 02 and
weldment 11, weldment 02 would have had the second highest temperature and
weldment 11 would have had the lowest weld pool temperature of the three weldments.
This same method demonstrated that  for weldment 20 was the lowest. This agreed well
with the work of Metcalfe and Quigley, who calculated  for keyhole and non-keyhole
welds, where non-keyhole welds had an  of 60%, and keyhole welds had an  of 66%.
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This occurs as the heat transfer from a plasma gas that flows through the weld pool
(keyhole) is more efficient at heat transfer than an impinging gas flow (non-keyhole).
Weld pool temperatures were not accurately estimated, but weld pool temperatures of
each weldment were determined relative each other, with weldment 20 having the hottest
weld pool, weldment 02 second hottest, and weldment 11 having the coolest weld pool
temperature.
3.3 ZrB2 Texture
EBSD was performed on the PM. A grain map and an inverse pole figure (Figure
2) were made from the crystallographic data to determine if texture was present in the
PM. The distribution of ZrB2 orientations in the inverse pole figure indicated that the PM
had a random distribution of ZrB2 crystallographic directions. White space in Figure 2
was the location of ZrC grains in the PM. The orientation of ZrC grains was mapped and
the crystallographic orientation of ZrC was also random, but orientation maps of ZrC
were not presented. The crystallographic orientation of the PM was random, revealing
that the PM did not have microstructural texture.
EBSD was also performed on 3 different locations within the FZ for each
weldment. EBSD patterns were taken at the surface, middle, and bases of each FZ.
White space within weldment FZ EBSD maps was the location of either ZrC or ZrB2-ZrC
eutectic, which will be discussed later, as current discussion will focus on mapped ZrB2.
In weldment 02, grains near the surface of the weld were the largest of the weldment,
with grains more than 100 m in length. This was observed in Figure 3a, where the ZrB2
grains take up most of the EBSD map. Due to the large size of the ZrB2 grains, the
surface of the weldment 02 FZ appears heavily textured. Near the middle of the weld
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pool, the growth of grains was hindered (~65 to ~160 m grain lengths), and the number
of grains was observed to increase (Figure 3b). The growth of ZrB2 grains was observed
to occur in clusters, or stacks, where grains growing within the same stack had the same
crystallographic orientation.

In the base of the weldment 02 FZ (Figure 3c), the

frequency of ZrB2 grains increased, while their lengths were similar to the middle of the
FZ (~25 to ~170 m grain lengths). Grain stacks were also observed at the base of the
FZ, similar to those in the middle of the FZ. As the grain size throughout the FZ
appeared to decrease deeper into the FZ, the FZ temperature is thought to have also
decreased through the thickness of the FZ. Texture and grain size decreased, and the
frequency of ZrB2 grains increased when moving from the surface to the base of the
weldment 02 FZ. Globally (all inverse pole figures considered), the weldment 02 FZ had
no measurable texture.
EBSD maps of the weldment 11 FZ are presented in Figure 4. At the surface of
the FZ grains ranged from ~40 to ~200 m in length (Figure 4a). Weldment 11 did not
exhibit observed surface texture, like weldment 02, indicated by the increased number of
points in the inverse pole figure (Figure 4a vs Figure 3a).

However, similar to the

middle of the weldment 02 FZ, grain growth at the surface of the weldment 11 FZ
occurred in stacks, and at a higher magnification, the surface of the weldment 11 FZ
appeared to have texture.

In the middle of the FZ (Figure 4b), grain stacks were

observed, but the number of grains within a stack decreased. ZrB2 grains also increased
in size (~80 to ~380 m in length). The change in ZrB2 grain size between the surface
and the middle of the FZ is likely a result of temperature, as the middle of the FZ was
insulated by the rest of the weldment and PM during cooling, it stayed hotter, leading to
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increased grain growth.38 At the base of the weldment 11 FZ (Figure 4c), grain sizes
were observed to be within a similar range to that of the surface, 25 to 140+ m in length.
Grain stacks were also observed in the base of the weldment 11 FZ, but the number of
grains within a stack was observed to be similar to the middle of the FZ. Texture was not
observed to change throughout the weldment 11 FZ. Weldment 02 and weldment 11 had
similar EBSD maps and inverse pole figures throughout the FZ, with the exception of the
surface map for weldment 02. However, comparing Figure 1a and 1b, reveals that the
microstructures of weldments 02 and 11 are similar near the surface, and the texture in
Figure 3a was location dependent. Another EBSD map is not presented, but other
indexed locations at the surface of the weldment 11 FZ exhibited texture, like the surface
of weldment 02. Grain lengths were similar at the surface and base of the weldment 11
FZ, but grain sizes increased in the middle of the FZ. Globally, the weldment 11 FZ was
not textured. Weldments 02 and 11 were determined to have similar microstructures and
microstructural textures, therefore, the temperature profiles of the two FZs were likely
similar.
Grains in the weldment 20 FZ were larger than grains in the FZs for weldments
02 and 11. ZrB2 grains in Figure 5 were larger than the image, therefore, ZrB2 grains in
the weldment 20 FZ were estimated to be between ~100 and +200 m in length. Similar
grain sizes were observed throughout the depth of the weldment 20 FZ. Large ZrB2
grains give the appearance of texture at the surface (Figure 5a) and base (Figure 5b) of
the FZ. As the depth of the weldment 20 FZ was only ~2.3 mm, the FZ base was similar
in depth to the middle of the weldment 02 and 11 FZs. A third location at the side of the
FZ was indexed (Figure 5c), and the side of the FZ also exhibited texture. At each
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location, grain stacks were observed. As weldment 20 was expected to have the highest
weld pool temperature, the growth of grains was likely the dominant solidification
mechanism, compared to the nucleation of new grains.38 Hence, weldment 20 contained
the largest observed ZrB2 grains and the weldment 20 FZ had texture at the micro and
global levels.
Due to the exaggerated growth (preferred growth in one direction) of ZrB2 in the
weldment 20 FZ, the surface of the weldment was examined from a top-down
perspective, or the area of arc impingement. A stitched optical image of the FZ surface
(Figure 6) reveals that the weld pool diameter was not consistent, and varied from 5.9
mm (bottom of Figure 6) to 6.8 mm (top of Figure 6) in width. This width does not agree
with the previously reported FZ width of 9.3 mm. From Figure 1a and 1c, it can be
observed that the depth of the FZ was not consistent across the width of the weldment,
e.g. wavy, which could occur with slight inconsistencies in the welding current, plasma
flow rate, or speed, as more or less material is melted. It was determined that during
grinding and polishing, the sides of the FZ in Figure 6 were ground more than the center
of the FZ, and the center of the Figure 6 FZ is representative of the direct weldment
surface, while the sides of the FZ were ground ~0.3 mm deep into the FZ, hence the
decrease in observed FZ width. At the center of the FZ, ZrB2 grew in the welding
direction, with ZrB2 grains growing to lengths of >2 mm. The direction of growth agrees
well with the notion that for arc welding processes, grains grow toward the heat source. 39
As the grains at the surface follow the thermal gradient produced by arc movement,
EBSD indexing of the weldment 20 surface (Figure 7) was used to determine how ZrB2
grew after nucleation. The surface appeared highly textured and indicated that ZrB2
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growth was in the basal plane, giving ZrB2 a plate-like structure. Further analysis on a
fracture surface of a previously welded specimen (same welding parameters as weldment
11), revealed a free surface, and ledge growth of ZrB2 was observed (Figure 8).39,40 ZrB2
grains were determined to grew along the basal plane, increasing their thickness by ledge
growth mechanisms.
3.4 ZrC Precipitation
The precipitation of ZrC in each weldment occurred by two different mechanisms.
The first mechanism was solidification of the binary eutectic. The ZrB2-ZrC eutectic
solidified along a thermal gradient, leading to the formation of cellular ZrB2-ZrC eutectic
(~43 vol% ZrC).2 The formation of cellular diboride-carbide eutectic in fusion welded
ceramics was previously observed, leading to the conclusion that the eutectic solidified
along an equilibrium cooling path.22,23 Solidification of ZrC through the eutectic was
determined to be equilibrium solidification for all three weldments described in the
present study.
The formation of cellular ZrB2-ZrC eutectic was observed in each weldment, but
it should also be noted that the presence of eutectic was not observed between ZrB2
grains in a grain stack. Rather, between ZrB2 grains within a stack, only ZrC is present.
It was determined that these regions did not solidify on an equilibrium cooling path, but,
when ZrB2 nucleated and/or grews at high enough rates, the weld pool liquid became
depleted of B, forcing the precipitation of ZrC from the liquid. As previously mentioned,
this occured within ZrB2 grain stacks, and ZrB2 grains “split” as ZrC began to precipitate.
Demonstrated with the secondary electron image of the Figure 7 EBSD map, in Figure 9,
two ZrB2 grains of different orientations were observed to split and grow around ZrC.
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This suggests that instead of a grain stack, consisting of individual ZrB2 grains of similar
orientation, a ZrB2 stack at the surface of the 20 weld is one grain. Splitting of the grain
stacks was also observed in the higher nucleation rate regions of weldment 02 (middle
and base) and weldment 11 (surface, middle, and base), where stacks of the same
orientation were connected. EBSD indexing of ZrC within a ZrB2 stack/grain revealed
multiple orientations of ZrC, indicating that ZrC did not grow epitaxially from the
crystallographic orientation of ZrB2. Precipitation of ZrC occurred through the formation
of the equilibrium ZrB2-ZrC eutectic (equilibrium solidification), or by forced
precipitation as rapid growth of ZrB2 desaturated the weld pool liquid of B (nonequilibrium solidification), also revealing that a stack of ZrB2 grains was not multiple
grains, but a single grain.

4. SUMMARY
Three sets of PAW parameters were used to fusion weld ZrB2-20ZrC ceramics.
Cross-sectional areas were 0.096 cm2 for weldment 02 (176 A, 1.00 l/min), 0.132 cm2 for
weldment 11 (198 A, 0.75 l/min), and 0.086 cm2 for weldment 20 (222 A, 0.50 l/min).
Weld pool cross-sectional areas were normalized to a weld pool length of 1 mm, and the
amount of material in the weld pool volume was used to estimate weld pool temperature.
Weld pool temperatures ranging from ~24,000°C to ~70,000°C were estimated using
estimated heat input efficiencies of 50-65%, but were not realistic. By assuming a lower
melt pool temperature for each weldment, 5700°C, heat input efficiencies were estimated
to be <20% for keyhole welds (weldments 02 and 11), and <15% for non-keyhole welds
(weldment 20).

Weld pool temperatures were determined relative to the other
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weldments, where the hottest weld pool was from weldment 20, and the coolest weld
pool was from weldment 11. The hottest weld pool resulted in the growth of large ZrB2
grains (+200 m) the FZ, and the FZ had texture at micro and global levels. ZrB2 grain
lengths were shorter in weldments 02 and 11, but ranged from 25 to 380 m.
Microstructurally, weldment 02 and 11 were observed to have texture at the surface of
the FZ, but globally their FZs did not have texture. Exaggerated growth of ZrB2 at the
surface of weldment 20 and an exposed free surface revealed that ZrB2 grew as plates
along the basal plane, and by ledge growth mechanisms. In regions of high nucleation
and growth rates, ZrB2 grains appeared to form grain stacks, rather, ZrB2 grains split
around ZrC that was forced to precipitate, due to desaturation of B from the melt pool
liquid by fast nucleation/growth of ZrB2. Lower nucleation and growth rates resulted in
equilibrium cooling of the weld pool liquid, where ZrC was observed to precipitate in the
binary eutectic.
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Table I: PAW parameters, heat input, and FZ size
Weldment
02
11
20

Current
(A)
176
198
222

Voltage
(V)
28
28
28

Plasma
Flow Rate
(l/min)
1.00
0.75
0.50

Welding
Speed
(cm/min)
8
8
8

Heat Input
(J/mm)
3697
4159
4663

Weld Pool
Volume
(cm3)
9.6x10-3
1.3x10-2
8.6x10-3
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Figure 1: Three weldment cross-sections, cut perpendicular to the welding direction,
with the FZ outlined. Weldment 02 (a) and weldment 11 (b) were considered full
penetration keyhole welds, due to their cone-like appearance. Weldment 20 (c) was not
considered a to be a key hole weld.
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Figure 2: EBSD map of the PM with the corresponding inverse pole figure, where the
PM exhibits random orientation. White space in the map on the left indicates the location
of ZrC in the PM.
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Figure 3: EBSD maps from near the surface (a), middle (b), and base (c) of the weldment
02 FZ and their corresponding inverse pole figures. A 3D hexagon represents the
orientation of a specific grain.
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Figure 4: EBSD maps from near the surface (a), middle (b), and base (c) of the weldment
11 FZ and their corresponding inverse pole figures. A 3D hexagon represents the
orientation of a specific grain.
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Figure 5: EBSD maps from near the surface (a), base (b), and side (c) of the weldment
20 FZ and their corresponding inverse pole figures. A 3D hexagon represents the
orientation of a specific grain.
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Figure 6: A top-down (surface of arc impingement) optical image of the weldment 20
FZ. The FZ is outlined, and an arrow points in the welding direction. Grains were
observed to be as long as 2 mm in length, growing in the direction of the arcs thermal
gradient.
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Figure 7: EBSD map from the top-down surface of the weldment 20 FZ and the
corresponding inverse pole figures. A highly textured surface, grain growth occurs in the
direction of the arcs thermal gradient. A 3D hexagon represents the orientation of a
specific grain.
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Figure 8: Secondary electron image of a weldment 11 fracture surface, exposing a free
surface, where ledge growth of ZrB2 was observed.
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Figure 9: Secondary electron image of the weldment 20 FZ surface. Arrows indicate
splitting of ZrB2 within the same grain stack. Points 1 and 2 correspond to points 1 and 2
in Figure 7. Image tilted 72° relative to electron beam for EBSD indexing.
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ABSTRACT
Ceramics consisting of titanium diboride with titanium carbide additions were
fusion welded to produce continuous joins. A welding current of 135 A, welding speed
of 8 cm/min, and plasma flow rate of 0.75 l/min were combined with a pre-heat
temperature of ~1450°C to fusion weld coupons of TiB2 containing 20 vol.% TiC with a
thickness of 4 mm. The resulting fusion zone was 3.9 mm deep at the center of the joint
and 10.4 mm wide. During cooling of the melt pool, four distinct regions of crystal
growth and nucleation were observed due to thermal gradients. Regions at the top and
bottom of the fusion zone exhibited smaller TiB2 crystals due to higher nucleation rates
while regions in the middle of the fusion zone showed higher growth rates, with TiB2
crystals up to 1.2 mm in length. Thermal gradients also affected cooling of the eutectic
phase, causing a cellular structure to appear in the cooled eutectic. Plasma arc welding
was a viable method for joining diboride-based ceramics.
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1. INTRODUCTION
Processing methods, such as hot pressing and spark plasma sintering, that are
typically used for the densification of ultra-high temperature ceramics (UHTCs) and
other materials for extreme environments, are limited to the fabrication of relatively
simple shapes.1 Ceramic joining may allow for the production of more complex shaped
parts. Methods such as solid-state diffusion bonding or brazing have been used to join
UHTCs.1-3 Brazing is a versatile technique that can join a variety of materials, but braze
alloy melting temperatures limit subsequent use temperatures. Alloys with higher
melting temperatures, such as Pd alloys, have been investigated, but their melting
temperatures are still below the expected use temperatures for UHTCs, which are 2000°C
or higher.1,3 Pressureless sintering can be used to produce solid-state joints between
UHTCs. However, densification of many UHTC materials requires pressure to
accompany the elevated temperatures required for densification, which could limit
complex shape formation.1,4
Fusion welding of UHTCs combines the versatility of brazing with the ability to
use joined components near the same temperature as the parent materials. This would
allow for the production of complex shapes having solid-state like joints. Fusion welding
may also be useful in joining dissimilar materials, including joining ceramics to
refractory metals. Fusion welding of ceramics has been shown to be feasible using
electron beam, laser, and arc welding techniques.5 While past investigations of arc
welding of ceramics have been limited, it is possible, and likely the most cost effective of
the three fusion welding techniques.5
The purpose of this communications is to evaluate fusion welding of UHTCs
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through plasma arc welding. Using plasma arc welding, TiB2 containing 20 vol.% TiC
was joined. Microstructure analysis was used to identify the fusion zone and
microstructural changes that formed during cooling of the weld region.

2. EXPERIMENTAL PROCEDURE
Titanium diboride-titanium carbide (TiB2-TiC) ceramics with a nominal carbide
content of 20 vol.% were prepared for plasma arc welding. TiB2 (Momentive; Grade
HCT-F; Columbus, OH) and TiC (Materion Advanced Chemicals; -325 mesh;
Milwaukee, WI) powders were mechanically mixed by ball milling. In addition, 1.25
wt.% phenolic resin (Georgia Pacific Chemicals; Atlanta, GA), which produced a final
carbon content of 0.5 wt.%, was added as a sintering aid. Milling was carried out in
acetone for 2 hours using TiB2 media. After milling, the powder slurry was dried using
rotary evaporation to minimize segregation of the constituents. Dried powders were then
ground and sieved to -60 mesh before hot-pressing.
Billets, nominally 46.5 mm by 30.0 mm by 5.0 mm, of TiB2-20 vol.% TiC
(TiB2-20TiC) were fabricated through hot-pressing using the procedure described by
King et al. for SiC-TiB2 ceramics.6 The relative geometric densities of the pressed billets
were calculated based on a volumetric rule of mixtures calculation for TiB2-20TiC (4.60
g/cm3). Billets with relative geometric densities over 95% were deemed appropriate for
further machining and subsequent welding. Machining was performed using a surface
grinder (Chevalier Machinery Inc.; Model FSG-618; Santa Fe Springs, CA) with
diamond tooling (National Diamond Labs; Los Angeles, CA). Machined pieces to be
welded had nominal dimensions of 15 mm by 15 mm by 4 mm.
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Cut billets were butt welded in a custom welding chamber consisting of a
glovebox (MBraun; UNIlab ; Garching, Germany) modified with feedthroughs for a
graphite element furnace for pre-heating, cooling water for the furnace, a welding
ground, power and gas for a plasma arc welding torch (Victor Technologies; Thermal
Arc; PWM 300; St. Louis, MO), and electrical power. The glovebox was set to maintain
argon between 100 and 450 Pa (1.0 and 4.5 mbar) over atmospheric pressure. A Thermal
Arc® plasma arc welding system consisting of a coolant circulator (HE100A), power
supply (ArcMaster 300S), welding console (WC-100B), weld sequencer (WC-1), and
plasma arc welding torch was utilized for welding. The pre-heat furnace consisted of a
graphite box with nominal inner dimensions of 12.7 cm by 12.7 cm by 5.1 cm, the
graphite element, and removable top plate to serve as the welding ground. The furnace
was surrounded by ~22.0 mm of graphite felt and ~6.4 cm of refractory. Temperature
was monitored using a type B thermocouple. To control welding speed, the welding
torch was attached to a torch track (ESAB; Model ; Gothenburg, Sweden) that allowed
for variable welding speeds.
Butt weld gaps were ~0.35 mm wide and formed by separating the diced samples
with 4 layers of double sided tape (3M; Scotch® Double Sided Tape; St. Paul, MN).
Samples were aligned with the torch, then covered with a layer of graphite felt and preheated to ~1450°C. Samples were uncovered and the torch track was moved such that
the torch tip was placed at one end of the sample gap. The arc was struck to the sample
and welding current was increased at a rate of 17 A/s.. Once the welding current was
reached, the torch track was engaged at a speed of ~8 cm/min At the end of the weld, the
current was tapered 10% over a time span of 0.25 s followed by a decreasing at a rate of
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11 A/s. Welded samples were covered with graphite felt and the furnace was allowed to
equilibrate the temperature. The furnace and welded samples were then cooled at a rate
of ~30°C/min from the equilibrated temperature to room temperature.
Joints were cut perpendicular to the welding direction using a manual surface
grinder and diamond cutting wheel. Cross-sections were mounted in an epoxy resin and
polished to a mirror finish using successively finer diamond abrasives with the finest
abrasive being 0.25 m. Microstructural analysis of polished cross-sections was
performed using optical microscopy (Nikon; Epiphot 200; Tokyo, Japan), scanning
electron microscopy (S-570, Hitachi, Tokyo, Japan), and X-ray diffraction (Phillips, XPert Diffractometer).

3. RESULTS AND DISCUSSION
A successful butt weld of TiB2-20TiC, welded at 135 A with a plasma flow rate of
0.75 l/min, and exhibiting full penetration along the entire length of the joint is shown in
Figure 1. Several welds were attempted with increased heat input, which was achieved
by increasing current, or plasma flow rate. Higher heat input divided the weld pool and
pushed it up the sides of the two coupons producing a cutting action, similar to plasma
cutting. Likewise, specimens produced with decreased heat input through lower currents
or plasma flow rates were not melted, meaning that a weld pool could not be established.
A weld cross-section taken 3.2 mm from the start of the weld revealed that the weld pool
contained large oval pores, ~1 mm at their largest diameter. The large pores were located
at the edges and base of the weld pool and can be seen in Figure 1. The fusion zone (FZ)
appears semi-circular, and was measured to be 10.4 mm wide at the top surface of the
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parent material (PM), and 3.9 mm deep at the center of the joint. A distinct heat affected
zone (HAZ) was not apparent. During plasma arc welding, the plasma flow rate caused
the weld pool to be partially blown up onto the top surface of the parent material. These
ridges were not taken into account while measuring the fusion zone dimensions. Grazing
incidence X-ray diffraction, Figure 2, identified TiB2 and TiC as the only crystalline
phases present in the weld pool. A backscatter electron image (BEI), Figure 3, also
revealed two phases. Based on the atomic number contrast of the two phases identified
through XRD, TiC appears light grey and TiB2 appears dark grey in BEI images like
Figure 3. In contrast, TiB2 appears white and TiC appears light grey in optical images
like Figure 1. While large pores were formed during the welding process, a full
penetration weld was formed via plasma arc welding using a current of 135 A, and a
plasma flow rate of 0.75 l/min. Further, the weld contained the same two phases as the
parent material, TiB2 and TiC.
Analysis of the microstructure in the FZ of the full penetration weld revealed four
regions. The top surface of the fusion zone contained a large number of crystals that
grew directionally to a length of ~200 m, this region will be referred to as Region 1, and
is shown at the top of Figure 4. Growth of the crystals in Region 1 likely occurred as the
surface of the melt pool cooled through radiative heat losses. The cooler surface
temperature allowed for a high nucleation rate as several crystals formed at the surface of
the weld pool and grew directionally toward the center of the melt pool.7 While 200 m
long crystals are large compared to the parent TiB2, it can be seen that Region 1 did not
have the largest grains.8 Below the 200 m layer of surface crystals, a second region can
be seen with larger TiB2 crystals, referred to as Region 2. In Region 2, it is possible that
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the melt retains high enough temperatures such that the nucleation rate was lower than
the crystal growth rate, allowing larger crystals to grow from the melt.7 Within Region 2,
crystal lengths reached up to 1.2 mm. Region 3 is similar in TiB2 crystal size and
frequency to Region 2. However, in Region 3, the crystals likely grew from the bottom
of the fusion zone to the hottest region in the weld pool where Regions 2 and 3 meet.
This occurred due to the cooler Region 4, the bottom most region, acting as a cold face
for Region 3 crystal growth. The large number of TiB2 grains in Region 4 suggests a
high nucleation rate, similar to Region 1.7 Lack of directional growth, like Region 1,
suggests Region 4 had the highest nucleation rate, which indicates the lowest temperature
in the FZ during cooling. Each of the four regions can be seen in Figure 4, and are
defined by the dashed lines. In the FZ, a hot weld pool center promoted crystal growth
with crystals up to 1.2 mm in length in Regions 2 and 3, while at the cooler surfaces, a
higher frequency of crystals suggests higher nucleation rates in Regions 1 and 4.
In Regions 2, 3, and 4, the areas among the TiB2 crystals are filled with solidified
eutectic that has a cellular structure. In contrast, the TiB2 crystals in Region 1 are
bordered by TiC, not solidified eutectic.9,10 Throughout the weld, directional
solidification of the eutectic is prominent due to the thermal gradients within the weld
pool. The directionality of the eutectic growth was also affected by nearby large pores,
growing crystals and the welding direction. Figure 5 shows eutectic that has solidified
parallel to weld direction, presumably due to the thermal gradient produced by the
welding process. Areal analysis of cellular eutectic was used to determine the relative
eutectic composition, and gave a eutectic composition of 50.5±6.5 vol.% TiB2 and
49.5±6.5 vol.% TiC, which agrees with previous studies.11,12 The thermal gradients
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throughout the weld pool promote directional solidification of the eutectic that may cool
based on the weld direction, porosity, or surrounding TiB2 crystals.

4. SUMMARY
Plasma arc welding was used to fusion weld TiB2-20vol.% TiC ceramic
composites. A welding current of 135 A, welding speed of 8 cm/min, and plasma flow
rate of 0.75 l/min were used to join TiB2-20vol.% TiC ceramics. The FZ had a center
depth of 3.9 mm and a width of 10.4 mm. Within the fusion zone, elliptical pores, up to 1
mm in diameter on their long axis, surrounded the fusion zone near the interface of the
FZ and the PM. TiB2 and TiC were confirmed to be the constituent phases using grazing
incidence XRD and BEI.
Four distinct regions were observed within the FZ, each evolving from
temperature gradients within the melt. Region 1 contained a high frequency of TiB2
crystals that had grown into the melt to a length of ~200 m. TiB2 crystals in Regions 2
and 3 grew to lengths up to 1.2 mm due to temperatures that favored grain growth over
crystal nucleation. Region 2 crystals grew downward into the melt at the Region 1-2
interface, while Region 3 crystals grew upward toward Region 2, where both regions
meet. Like Region 1, Region 4 exhibited a high frequency of TiB2 crystals, however, a
lack of TiB2 crystal growth in Region 4 suggests that nucleation rates were highest in
Region 4 while the temperature throughout Region 4 was the lowest. Along with
directional growth of the TiB2 phase, directional solidification of the eutectic was seen
throughout the FZ.
Plasma arc welding was demonstrated for TiB2-20TiC ceramics, yet large crystals
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and pores present in the fusion zone present critical flaws that would decrease the
strength of a welded joint. Nonetheless, fusion welding of UHTC ceramics was possible
and further understanding of the plasma arc welding process and weld pool mechanics
may lead to improvements in arc welding of ceramics.
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Figure 1: Cross section of a TiB2-20TiC weldment showing directionally solidified TiB2
grains (white) extending 1.9 mm into the FZ of a butt joint exhibiting full penetration.
White arrows point to the large pores indicated at the bottom of the figure.
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Figure 2: Grazing incidence XRD showing only TiB2 and TiC present in the fusion zone.
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Figure 3: Backscatter electron image of a TiB2–20TiC fusion zone. The light gray phase
is TiC based on Z contrast.
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Figure 4: Directional growth of TiB2 crystals (white) in Region 2 and Region 3 of the
fusion zone. A black arrow highlights Region 2 TiB2 crystal growth into the melt. A
white arrow highlights the upward growth of Region 3 TiB2 crystals. Dashed lines
separate Regions 1 (top region) through 4 (bottom region).
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Figure 5: Backscatter electron image of cellular eutectic that has solidified,
perpendicular to the cross-sectioning direction/parallel to the welding direction, in
Region 2.
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SECTION
3. SUMMARY AND CONCLUSIONS

The purpose of this dissertation was to investigate the fusion joining of UHTCs
by plasma arc welding. A literature review on the joining of ceramics revealed that
processes such as brazing and solid-state joining have received the most attention for the
joining of ZrB2 based ceramics. For example, glass and palladium brazes work well for
the joining of ZrB2-SiC ceramics, but braze melting temperatures limit the use
temperature of joints. Solid-state joining techniques have been shown to exhibit
properties consistent with the properties of the parent material, however the processing
methods limit complex shape formation. Arc welding of ZrB2 based ceramics was also
previously demonstrated, but subsequent discussion on properties and microstructure was
small, and the understanding of fusion welded UHTCs is still miniscule. In the work
presented in this dissertation, ZrB2 containing 20 vol% ZrC was produced for plasma arc
welding studies. Plasma arc welding parameters were varied to study their effect on the
solidified fusion zone. The mechanical properties of fusion zones were also analyzed to
assess the usability of fusion welded UHTCs. Overall, this dissertation provides deeper
insight into the fusion welding of UHTCs, and the first published reports on plasma arc
welding of ZrB2 based ceramics.
3.1 SUMMARY OF RESULTS
Questions were outlined in the Introduction of this dissertation. The summary
will review the work presented in the manuscripts of this dissertation, and how it related
to the questions set forth.
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1. Can plasma arc welding be used for the fusion welding of ZrB2 based
ceramics?
Plasma and pulsed plasma arc welding processes (PAW and PPAW) were used to
join dense ZrB2-20ZrC ceramics. Three distinct fusion zone (FZ) shapes and
microstructures were observed. PAW and PPAW FZs were observed to be binary FZs.
ZrB2 grains up to 1 mm in length in PAW FZs, with aspect ratios up to ~25:1. For
PPAW binary FZs, ZrB2 grains grew up to 0.8 mm in length, with aspect ratios up to
~40:1, revealing that the growth of ZrB2, in length and width, was hindered by PPAW.
In binary FZs, the composition of the ZrB2-ZrC eutectic (43.2±6.1 vol% ZrC) agreed well
with previously reported eutectic compositions (39 vol% ZrC). Starting a weld at the
edge of the coupons allowed the melt pool to contact the underlying graphite disc, and C
from the disc diffused into the melt pool. ZrB2 grains in the PAW/C-rich were smaller
than those in the binary welds, having an average maximum Feret diameter of 22.7±22.1
m, and a maximum size of ~150 m.
2. What are the differences between plasma arc welded microstructures and the
microstructure of the non-welded material?
The grain size of ZrB2 in the PM was 3.3±1.8 m. EBSD was performed on the
PM, and the crystallographic orientation of the PM was random. The differences
between ZrB2 grain sizes in each weldment were discussed in Question 1. FZ texture was
analyzed by EBSD for three different weldments. Texture was observed throughout the
FZ of a non-keyhole weld using the highest welding current (222A) with a plasma flow
rate of 0.50 l/min, and a welding speed of 8 cm/min. These parameters were expected to
have experienced the highest temperature. Texture was observed at a microstructural
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level for keyhole welds, with welding parameters of 176 A-1.00 l/min-8 cm/min, and 198
A-0.75 l/min-8 cm/min. ZrB2 grains had a stacked appearance, where ZrC precipitated
between ZrB2 grains within a stack. Instead, it was determined, based on microstructural
observations, that fast nucleation/growth of ZrB2 desaturated B from the liquid weld pool,
forcing ZrC to precipitate. As ZrC precipitated, ZrB2 grains split and grew around the
ZrC. Not all ZrC was trapped in ZrB2 grains, and agreement with the reported eutectic
composition revealed that ZrB2 and ZrC within the eutectic solidified along an
equilibrium path.
3. How do ZrB2 grains grow within the melt pool, and can grain growth be
controlled?
ZrB2 grains at the surface of a FZ, made with welding parameters of 222 A-0.50
l/min-8 cm/min, were observed to grow up to 2 mm in length along the direction of the
arc thermal gradient. EBSD revealed that the ZrB2 grains grew along the basal plane,
resulting in grains with a plate-like appearance. Examination of a free surface revealed
ledge growth of ZrB2. Varying PAW welding parameters affected ZrB2 grain growth,
where an increasing weld pool temperature led to increased growth of ZrB2, i.e. larger
ZrB2 grains. PPAW hindered grain growth within the FZ. Similarly, the incorporation of
a third phase, in PAW/C-rich FZs also hindered the growth of ZrB2 during solidification.
4. How do the strengths of welded ceramics compare to the base material?
The four-point flexure strength of the PM was 656±79 MPa. The four-point
flexure strength was subsequently measured for PAW, PAW/C-rich, and PPAW
weldments. Flexure bars were machined from weldments, such that the surface of the FZ
was the tensile surface of the flexure bar. The flexure strength of PAW welds was
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143±34 MPa. Flexure strength increased for PPAW welds to 166±22 MPa. The highest
flexure strength was observed for PAW/C-rich welds, 247±21 MPa. Griffith criteria was
used to determine the critical flaws of the weldments. Critical flaw sizes were predicted
to be ~400 m for PAW welds, ~300 m for PPAW welds, and ~140 m for PAW/Crich welds. The critical flaw size of PAW/C-rich weldments could not be determined, as
the estimated sizes of scratch-like flaws, surface flaws, and volume flaws were all
comparable to potential machining or observable microstructure flaws. For PAW welds,
eutectic separation from ZrB2 grains during cooling led to the formation of voids large
enough to initiate failure. However, in PPAW welds, multiple fracture mirrors observed
in a ZrB2 grain indicated that link up of spontaneous or stress-induced microcracks likely
initiated failure.
5. Is arc welding a joining technique limited to ZrB2 based ceramics?
PAW of ZrC containing 20 vol% TiC (ZrC-20TiC), and TiB2 containing 20 vol% TiC
(TiB2-20TiC) was accomplished. Porosity was observed at the edge of the FZ, where
oblong pores were up to 0.9 mm in size along their longest axis. X-ray diffraction
detected the presence of TiO (hongquiite) in the ZrC-20TiC PM, but not in the FZ,
suggesting that pores in the FZ and HAZ of the ZrC-20TiC weldment possibly formed
during active oxidation of the carbide. As with ZrB2-20ZrC FZs, the TiB2-20TiC FZ was
a binary FZ. Exaggerated growth of TiB2 grains was observed, where grains grew up to
1.2 mm in length. Analysis of the TiB2-TiC eutectic composition (50 vol% TiC) agreed
well with previously reported eutectic compositions.
3.2 CONCLUSIONS
The following conclusions were based on the manuscripts presented in this
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dissertation, and the preceding Summary section.
1. Plasma and pulsed plasma arc welding techniques can be used to fusion weld
ZrB2-20ZrC particulate ceramic composites. Several combinations of current,
plasma flow rate, and welding speed can be used to alter the shape of the FZ
width and the depth of penetration. For keyhole welds, increased arc power leads
to an increase in the size of the weld pool. Increasing current led to larger arc
spot sizes.
2. ZrB2 in the PM had a random orientation and the microstructure of the PM was
homogenous. In the FZ, increasing texture occurred with increasing weld pool
temperature. In the PM, ZrC was homogenously distributed as a second phase.
In the FZ, ZrC was contained in solidified eutectic, or trapped in large ZrB2
grains, where ZrB2 grains split and grew around nucleating ZrC.
3. ZrB2 grew in the melt pool along the basal plane, forming platelet grains. Platelet
orientation was determined by the largest thermal gradient acting on growing
grains. Platelet thickness increased by ledge growth.
4. Separation of solidifying eutectic from ZrB2 grains within the plasma arc welded
fusion zone resulted in the formation of large voids within the FZ. These voids
were determined to be failure origins for plasma arc welded ZrB2-20ZrC. Void
formation was not observed in pulsed plasma arc welded ceramics, but multiple
fracture mirrors in a single ZrB2 grain indicated stress-induced microcracking
occurred in pulsed plasma arc welded FZs, leading to failure initiation. When
voids were removed from the FZ, the effects of large ZrB2 grain size controlled
the mechanical behavior of the weldments.

157
5. Plasma arc welding was used to weld both ZrC-20TiC and TiB2-20TiC ceramics.
Porosity was observed in each FZ, indicating the need to refine PM processing
and/or welding parameters. Welding of a carbide ceramic also revealed that
ceramics with higher electrical resistivities than ZrB2 can be arc welded, but at
this point, the range of electrical resistivities that allow for arc welding is
unknown.
Overall, the research presented in this dissertation expands the knowledge of ceramic
fusion welding and provides a base for future work in the area. Analysis of the effect that
welding parameters had on the formation and texture of the FZ, and discussion on the FZ
microstructure and how it affects the mechanical properties surpasses that of the previous
work on arc welding of ZrB2 based ceramics. In future work, control of welding
parameters and weld pool temperatures can be used to control the size, solidification
behavior, and the resulting microstructure of FZs, leading to desired FZ properties.
Finally, it is recommended that research in PAW of ZrB2-20ZrC ceramics expand
upon the parameters of 176 A (current), 1 l/min (plasma flow rate), 12 cm/min (welding
speed). This combination of parameters provides sufficient heat to form a FZ, but grain
growth is hindered compared to higher welding currents, likely due to a combination of
increased plasma flow rate and increased welding speed. To further refine
microstructure, PPAW should be utilized, and an experimental matrix centering around
the parameters presented in this research can assist in parameter refinement. Ultimately,
a finer microstructure will improve the mechanical performance of ceramic weldments.
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4. SUGGESTIONS FOR FUTURE WORK

Research presented in this dissertation has focused on the fusion welding of ultrahigh temperature ceramics, but more work in the area of ceramic welding can be
accomplished. This section presents several suggestions for future work that will
advance the understanding of the behavior of ceramics during fusion welding.
1. The use of modeling will be useful in understanding the thermal gradients
generated during the plasma arc welding process. Information on the temperature
of a weld pool, and the thermal gradients surrounding the cooling liquid, can be
combined with microstructural observations to describe the nucleation and growth
behavior of the diboride in diboride-carbide weld pools. Modeling may then be
used to optimize PAW parameters such that the FZ remains at a temperature
conducive to high nucleation rates and low growth rates.
2. Pre-heating is necessary to successfully plasma arc weld diboride or carbide based
ceramics. Without a pre-heat in excess of ~1300°C, thermal shock of the ceramic
has been observed. Therefore, it is suggested that the thermal shock associated
with arc welding be investigated.
3. PAW/C-rich FZs had smaller ZrB2 grains than PAW or PPAW FZs. It was
hypothesized that the introduction of C into the weld pool reduced the
temperature of the weld pool as energy was expended during the dissolution of C
from the graphite spacer. This occurs as the enthalpy of fusion (Hf) and mixing
(Hmix) are expected to be positive for the system. In PAW/C-rich welds, the
lower temperature of the weld pool promoted nucleation of ZrB2, but hindered
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growth. Addition of a filler material with known Hf and Hmix can be added to a
weld pool during welding, could be used to confirm this hypothesis.
4. Large pores were observed in the FZ of ZrC-20TiC. Porosity was also observed
in the HAZ of ZrC-20TiC and ZrB2-20ZrC weldments. Currently, porosity
formation is thought to occur during to active oxidation of the non-oxides. X-ray
diffraction of the parent material revealed the presence of hongquiite, a cubic TiO,
and the formation of these pores is thought to occur during oxidation of (Zr,Ti)C
with TiO, producing CO/CO2 gas. Oxygen impurities are present in the shield
and plasma gas. The utilization of pure materials, powders and gasses, may
restrict or eliminate pore formation in the FZ and HAZ.
5. The research presented in this dissertation revealed that PAW can be utilized for
the fusion joining of ceramics, while previous work on the arc welding of
ceramics utilized gas tungsten arc welding (GTAW) processes. Utilizing GTAW,
the fusion welding of ceramics containing SiC and B4C was demonstrated.
Attempts at PAW of UHTCs containing SiC and B4C have not been so successful,
therefore, it is suggested that the research on fusion welding of ceramics by
GTAW be expanded.
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APPENDIX

A.1 UNPUBLISHED DATA
A.1.1 Inert Atmosphere Welding Chamber
A custom welding chamber consisting of a glovebox (MBraun; UNIlab ;
Garching, Germany) modified with feedthroughs for a graphite element furnace (Figure
A1) for pre-heating, cooling water for the furnace, a welding ground, power and gas for a
plasma arc welding torch (Victor Technologies; Thermal Arc; PWM 300; St. Louis,
MO), and electrical power. The glovebox was set to maintain argon between 100 and
450 Pa (1.0 and 4.5 mbar) over atmospheric pressure. A Thermal Arc® plasma arc
welding system consisting of a coolant circulator (HE100A), power supply (ArcMaster
300S), welding console (WC-100B), weld sequencer (WC-1), and plasma arc welding
torch was utilized for welding. The pre-heat furnace consisted of a graphite box with
nominal inner dimensions of 12.7 cm by 12.7 cm by 5.1 cm, the graphite element, and
removable top plate to serve as the welding ground. The furnace was surrounded by
~22.0 mm of graphite felt and ~6.4 cm of refractory. Temperature was monitored using a
type B thermocouple. To control welding speed, the welding torch was attached to a
torch track (ESAB; Model ; Gothenburg, Sweden) that allowed for variable welding
speeds. The entire inert welding chamber is pictured in Figure A2.
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Figure A1: Covered welding furnace. The welding plate serves as contact with the
specimen and ground. A graphite element under the welding plate heats the welding
plate and specimens. A type-B thermocouple measures temperature.

Figure A2: Welding chamber and equipment necessary for PAW of UHTCs.
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A.1.2 Factorial Analysis of PAW Welding Parameters
PAW welding parameters were optimized for ZrB2-20ZrC using a 33 factorial.
The welding current, plasma flow rate, and welding speed were investigated. Table A1
includes the values of each parameter that were investigated. Weldments were given
scores based on the density and penetration depth of the FZ. The scores were analyzed
for interactions, using an ANOVA (analysis of variance) general linear model in Minitab,
to determine which welding parameters produced the optimal weldments.
A total of 14 parameter combinations from the 33 factorial were observed to
produce successful welds. With no replications of the experiment, an error term could
not be calculated, therefore, it is assumed that no three-factor interactions occured. For
analysis of two-factor interactions, the null hypothesis of the factorial was assumed that
no significant interaction occurred between the factors.

Testing for two-factor

interactions with a significance level of 0.05, resulted in a failure to reject the null
hypothesis, leading to the conclusion that there were no two-factor interactions. As no
two-factor interactions were observed, the main effects of each parameter were
calculated, where the null hypothesis was that each factor had no significant effect on the
final weldment score. Using a significance level of 0.05, testing of main the effects
revealed that the welding current and plasma flow rate had a significant effect on the
formation of weldments. At a significance level of 0.1, welding speed had a significant
effect on the formation of weldments.

Therefore, it was concluded, with 90%

confidence, each factor had an effect on the formation of welds in the ZrB2-20ZrC
system. Main effects plots are shown in Figure A3, where increasing current and plasma
flow rate were observed to have a positive effect on the mean weldment score, while
increasing speed was observed to have a negative effect on the mean weldment score.
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The highest weldment score of 9.92 was selected as the set of optimal welding
parameters for future work, where the current was 198 A, plasma flow rate was 0.75
l/min, and the welding speed was 8 cm/min.
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Table A1: 33 Factorial Parameters and Final Weldment Scores
Welding Current

Plasma Flow Rate

Welding Speed

(A)

(l/min)

(cm/min)

Score

Porosity in
FZ

176

0.50

8

0.00

-

198

0.50

8

6.51

yes

222

0.50

8

3.89

yes

176

0.75

8

8.44

yes

198

0.75

8

9.92

no

222

0.75

8

9.41

no

176

1.00

8

4.29

yes

198

1.00

8

6.43

yes

222

1.00

8

8.41

yes

176

0.50

12

0.00

-

198

0.50

12

0.00

-

222

0.50

12

0.00

-

176

0.75

12

0.00

-

198

0.75

12

9.42

no

222

0.75

12

9.49

no

176

1.00

12

0.00

-

198

1.00

12

9.02

yes

222

1.00

12

9.94

no

176

0.50

16

0.00

-

198

0.50

16

0.00

-

222

0.50

16

0.00

-

176

0.75

16

0.00

-

198

0.75

16

9.08

yes

222

0.75

16

0.00

-

176

1.00

16

0.00

-

198

1.00

16

0.00

-

222

1.00

16

9.45

no

Perfect Score

13.96
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Welding Current
Plasma Flow Rate
Welding Speed

7

Mean Weldment Score

6
5
4
3
2
1
low

med.

high

Factor

Figure A3: Plotted 33 factorial weldment scores, where the effects of welding current,
plasma flow rate, and welding speed were analyzed for their effect on PAW of ZrB220ZrC.

A second optimization experiment, a 32 factorial, was used to analyze the effect of
pre-heat temperature and arc ramp-up rates on welding of ZrB2-20ZrC. The three levels
of pre-heat temperature tested were 1250, 1450, and 1650°C. Arc ramp-up rates were
tested at levels of 15, 20, and 25 A/s. Welding current, plasma flow rate, and welding
speed were kept constant at 198 A, 0.75 l/min, and 8 cm/min for each of the nine 32
experiments. The scores for all 9 weldments were analyzed for two and single factor
interactions, using an ANOVA (analysis of variance) general linear model in Minitab, to
determine which pre-heat temperature and arc ramp-up rates produced optimal
weldments. It was observed that the pre-heat temperature and arc ramp up rates did not
interact, or have a significant effect on the weldment score (Figure A4), therefore, pre-
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heat temperature and arc ramp up rate were determined to not significantly affect the
ability to successfully weld ZrB2-20ZrC when using the values that were examined.

Mean Weldment Score

13

Pre-heat Temperature
Arc Ramp Up Rate

12

11

10

9
low

med.

high

Factor

Figure A4: Plotted 23 factorial weldment scores, where the effects of pre-heat
temperature and arc ramp rate were analyzed for their effect on PAW of ZrB2-20ZrC.
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A.1.3 Pulsed Plasma Arc Welding of ZrB2-ZrC-WC
PAW of ZrB2-20ZrC and TiB2-20TiC were demonstrated, but it was observed that
the diboride exhibited exaggerated growth (grains up to 1 mm in length in one direction).
Analysis of ZrB2-ZrC PAW welding procedures also revealed that the growth of ZrB2
could be controlled. Two methods were observed. The first method was the
incorporation of a third phase that may alter solidification. The second method was the
use of PPAW, where controlled pulses provided the necessary heat to melt the PM at
peak currents. To expand on both methods on the control of ZrB2 during weld pool
solidification, PPAW was used to weld a ZrB2 containing 25 vol% ZrC and 10 vol% WC
(ZrB2-25ZrC-10WC). Three FZs were analyzed. The first weldment was welded using a
peak current of 260 A and a background of 57%. Pulse times were 0.1s at peak and 0.3s
at background. The plasma flow rate was 1 l/min, and the welding speed was 12 cm/min.
The second ZrB2-ZrC-WC weldment was welded using a peak current of 230 A and a
background of 57%. Pulse times, plasma flow rate, and welding speed were the same as
the first weld. The third ZrB2-ZrC-WC weldment was welded using a peak current of
230 A and a background of 50%. Pulse times were 0.1s at peak current and 0.4s at
background current. Plasma flow rate and welding speed were the same as the first two
welds. Representative microstructures for each weld are presented in Figure A.3.
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Figure A5: ZrB2-ZrC-WC PPAW fusion zones, where power input into the weld
decreases from left to right. Far left, power input of 2637 J/mm. Middle, power input of
2333 J/mm. Far right, power input of 2066 J/mm.

The heat input for each of the three welds was calculated and heat input was
observed to decrease from weld 1 to weld 3. Dividing the heat input by the welding
speed gives the linear energy input in J/mm. The total linear energy input for weld 1 was
2637 J/mm, for weld 2 2333 J/mm, and for weld 3 2066 J/mm. The length of ZrB2 grains
was also observed to decrease with decreasing linear energy input, where ZrB2 grains in
weld 1 grew to lengths of 2.3 mm and ZrB2 grains in weld 3 grew to lengths of 0.66 mm,
a reduction of ~71% for the observed maximum in ZrB2 grain length. Therefore,
decreasing the linear energy input hindered the growth of ZrB2 grains in ZrB2-25ZrC10WC FZs.
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A.1.4 Tungsten filler additions
Tungsten filler (W wire) was added to the PAW FZ of ZrB2-20ZrC. Filler was
added to the FZ by feeding wire into the molten ZrB2-ZrC weld pool just behind the
plasma arc. W filler was added using a welding current of 200 A, 1 l/min plasma flow
rate, and a welding speed of 8 cm/min. In the FZ (Figure A6), ZrB2 grains were observed
to grow up to lengths >1 mm with aspect ratios ranging from ~10:1 to ~45:1. The
observed grain sizes were similar to that of ZrB2 in PAW welds, with aspect ratios similar
to both PAW and PPAW techniques. At a higher welding current and plasma flow rate,
the incorporation of W as a filler may have affected ZrB2 grain growth, but an in-depth
analysis of filler materials and their effect on FZ solidification is required.

Figure A6: FZ of a ZrB2-20ZrC FZ, where W was utilized as a filler material.
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A.1.5 Gas Tungsten Arc Welding of TiB2-TiC-B4C
The PAW of a three phase PM was attempted through the PAW of ZrB2-ZrC-B4C
and TiB2-TiC-B4C ceramics. However, during welding loss of B4C occurred, and the
final FZ microstructure consisted of only ZrB2-ZrC or TiB2-TiC. Due to the penetration
of the plasma jet into the weld pool, it is possible that oxidation of B4C occurs during
PAW of the three phase material. It should be noted that the argon gas utilized for a
plasma gas did contain some percentage of oxygen impurities, therefore, oxidation of
B4C could occur even in the inert (typically <100 ppm O2) environment of the glovebox.
To determine if a diboride-carbide containing B4C could be fusion welded, TiB2-TiC-B4C
was welded with GTAW (gas tungsten arc welding) in an argon bucket. When compared
to PAW, GTAW does not produce a plasma jet that penetrates the weld pool, therefore,
the melt pool is not exposed to oxygen unless the welding environment contains oxygen.
Welding was not performed in the glovebox, therefore, to reduce oxygen within the
bucket, the bucket was flooded with argon for a period of 15 minutes. The argon flow
into the bucket was continued during welding. Welding was performed by arcing to a
graphite pillar which the specimens sat on. Radiative heating of the specimen from the
arc was enough to pre-heat the specimens to a sufficient temperature to prevent thermal
shock. Welding with a current of ~225 A, two specimens were butt welded using
GTAW. After welding, the specimen was allowed to cool naturally to room temperature.
The specimen was slightly glassy on the surface after welding, indicating that some
oxidation of the specimen occurred.
SEM image analysis of the FZ revealed a finer microstructure, similar to that of
PAW C-rich. Figure A7 presents a low magnification view of the FZ, where exaggerated
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growth similar to PAW of ZrB2-20ZrC and TiB2-20TiC, or PPAW of ZrB2-20ZrC was
not observed. Pores were observed at the HAZ/FZ interface, which may have formed due
to oxidation of the weld pool. Figure A8, a higher magnification image of the FZ, reveals
the presence of two phases, a light grey phase, and a black phase. At the present time, it
is unclear what the two phases are, or if a third phase is present, but not visible due to
contract differences. However, it can be said that TiC has been observed to appear as a
brighter phase than TiB2 in SEM, due to Z contrast. Similarly, a low molecular weight
compound, such as B4C would appear very dark compared to TiC or TiB2. Regardless of
the phases present, the GTAW FZ re-enforces the idea that GTAW can be utilized for the
fusion joining of UHTCs.

Figure A7: FZ of a TiB2-TiC-B4C weldment revealing a finer microstructure than PAW
fusion joining methods. Porosity was observed at the HAZ/FZ interface.
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Figure A8: Higher magnification image where a phase with a high Z contrast and a phase
with a low Z contrast were observed.
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