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Interfacial reactions of zirconium
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Argonne National Laboratory and Integrated Thermal Sciences, Inc. are developing crucible
materials for melting reactive metals. A major part of this effort involves identifying
reusable materials because they would have little or no interaction with the molten metals
at elevated temperatures. Sessile drop-type experiments have been performed using pure
zirconium and stainless steel-zirconium alloys (e.g., HT9-15Zr) on beryllia (BeO) substrates.
The system was heated in high-purity argon to about 2000°C, held for 5 minutes, and
cooled to room temperature. An external video camera monitored the interfacial interaction
and wetting behavior. The zirconium melted and wetted the BeO at 1600°C, far below its
melting point (1855°C). Post-test examinations show beryllium and oxygen dissolving in
the zirconium metal. In addition, zirconium infiltrated the BeO substrate. No third phase
reaction product was present at the zirconium-beryllia interface either at the top of the
substrate or in the infiltrated region. HT9-15Zr also reacted with BeO; the alloy infiltrated
partially into the BeO and formed a reaction-like layer attached to the ceramic substrate at
the interface with the solidified metal. The rest of the liquid metal alloy did not wet the
reaction product band. The results indicate that BeO is a poor crucible for the present
application, but the observed wetting and infiltration phenomena are relevant to
understanding the behavior of the liquid metal-ceramic interfaces.
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1. Introduction
The control of interface reactions between dissimi-
lar materials is a significant issue in such applica-
tions as designing ceramic-metal composites, brazing
ceramics, and melting reactive metals in refractory cru-
cibles. In ceramic/metal systems interfacial reactions
are often accompanied by wetting of the ceramic sur-
face by the liquid metal. Wetting is defined, in general,
as a condition in which the interfacial tension between a
liquid and a solid is such that the contact angle, 6, is less
than 90°. In systems where wetting is not expected from
simple surface tension considerations, 6 is greater than
90°. Thus, at elevated temperatures, the contact angle of
aliquid metal on a ceramic is expected to be a good indi-
cator of whether an interfacial reaction has occurred [1].
Chemical reactions between ceramics and liquid at
elevated temperatures can lead to the formation of un-
desirable phases at the solid-liquid interface. The ques-
tion of interface design and control for these materials
is complex and many parameters affect the structure
of the interface either as it evolves during processing
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or as it results from the liquid metal/ceramic contact,
depending on the application. For example, in joining
silicon nitride and silicon carbide ceramics with nickel-
based superalloys, a favorable interface must be created
to guarantee a sound joint. Extensive chemical reac-
tions occur if these materials are in intimate contact
at elevated temperatures for extended periods of time,
which result in the formation of metal silicides [2-5].
Research on metal-matrix composites with silicon
carbide has shown that the interfacial reaction sequence
and ultimate morphology are mainly dependent on the
materials selected [6—8], and these features have a direct
relationship to the composite’s performance.
Therefore, material selection is critical to the engi-
neering of the interface structure to produce the desired
bulk properties. The characterization of an individual
ceramic/metal interface provides helpful data that can
be used as criteria in controlling the interface proper-
ties and phase evolution [9]. A recent study states the
need to characterize the factors governing the reaction
pathways at these interfaces [10]. This information can
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be used to design diffusion paths that will inhibit for-
mation of undesirable phases or maintain the stability
of the ceramic surface in our crucible application.

The atomic or electronic structure of the metal is a
significant factor that affects the reactivity of the liquid
metal in contact with the ceramic material. However,
the thermal energy and materials’ properties (e.g., solu-
bility and surface energy) are also important aspects that
influence this liquid metal/ceramic material interaction.
Sessile-drop studies of wetting on silicon carbide (SiC)
showed lack of wetting by metals with low or moderate
melting temperatures, e.g., Pb, Sn, Ag, or Au [11, 12],
indicating minimal interaction. On the other hand, fer-
rous metals and pure nickel have been shown to wet
SiC moderately [11-13], but this wetting is accompa-
nied by a significant dissolution of SiC in the liquid
metal [13-15].

Argonne National Laboratory and Integrated Thermal
Sciences, Inc., are presently developing crucible mate-
rials for melting zirconium, stainless steel-zirconium
alloys, and other reactive metals. Our objectives are to
identify materials that can be reused with little or no
interaction with the molten metals at elevated temper-
atures and to understand the reactions that occur at the
metal/ceramic interface. The test metals included high
purity zirconium and ferritic stainless steel-zirconium
alloys, (i.e., SS-15 wt% Zr and Zr-8 wt% SS). These
alloys are of interest because our primary applica-
tion is to produce them as high-level nuclear waste
form [16]. Pure zirconium was tested to isolate its be-
havior, because it is the most reactive component in
the SS-Zr alloys. This paper presents results pertain-
ing to Zr and HT9-15Zr on beryllium oxide (BeO).
Substrate selection was based on the relative thermo-
dynamic stability of the oxides with respect to ZrO,
by a simple comparison of the Gibbs free energy of
formation.

A literature survey of the compatibility of metals
with refractory oxides [17] in an inert atmosphere be-
low 1400°C, revealed that beryllia among other oxides
(titania, magnesia, zirconia, alumina and thoria) re-
mained unaffected when exposed to metals such as
titanium, zirconium, niobium, and others. Economos
and Kingery [17] observed, however, that some interfa-
cial reactions with various metals, including Zr, started
to be appreciable at 1600°C and became significant at
1800°C.

2. Interfacial metal-ceramic reactions
and wetting

The characterization of a metal/ceramic interface re-
quires an understanding of the energetics of wetting and
interface chemical reactions, as well as the microstruc-
ture and composition of interface compounds. Chemi-
cal wetting occurs when an electronic exchange occurs
across the liquid/solid interface by virtue of chemical
bonds [18]. That is, chemical bonds are formed as the
electronic structure of the surface atoms of the two mat-
ing surfaces is modified. This modification takes place
by one of two mechanisms: reduction/oxidation (redox
wetting) or by dissolution and mixing of one phase into
the other.
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In a sessile-drop experiment, a drop of liquid metal
rests on a flat ceramic surface. The shape of the drop
is recorded and these measurements may be used to
compute the surface tension of the liquid metal, 1y,
together with the contact angle of the drop on the flat
surface, 6, defined in Fig. 1. This schematic exemplifies
poor wetting condition. The contact angle 6 is repre-
sented by the Young equation, which is derived by a
simple force balance:

Ysv + yv - cos(180° — 0) = ysL (D)
or,
cos§ = 1SV T ¥sL Q)
YLV

It is known that 6 is affected by the substrate geome-
try and roughness [19], the chemical composition of the
phases present, and the vapor pressure of the phases. For
example, the oxygen partial pressure has been shown
to affect the measured value of 6 in metals that form a
strong oxide layer at their surface [20, 21]. This change
occurs because of the oxide formation at the metal drop
surface that prevents proper contact between metal and
substrate.

When a reaction phase is produced at the interface of
the liquid metal and the ceramic substrate, a new con-
figuration develops (Fig. 2), which is described as re-
active wetting. According to Laurent [21], the smallest
contact angle in a reactive system is expressed by:

AVR AGR
COS Oppin = cosOyp — —— —
Yiv YLV

3)

where, 6p is the contact angle of the liquid metal on
the ceramic substrate in the absence of any reaction,
Ay is the change in interfacial energies brought about
by the interfacial reaction, (this term accounts for the
change in the nature of the interface that results from
the interfacial reaction), and AGpy is the change in free
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Figure 1 Schematic of solid substrate poorly wetted by a molten-metal
droplet.
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Figure 2 Schematic of a solid substrate wetted by liquid metal with for-
mation of areaction layer. The sketch shows good wetting characteristics.

Yo




energy per unit area released by the reaction of material
contained in the vicinity of the metal/ceramic interface.
The term (AGRr/y1v) in Equation 3 was proposed on
the reasoning that the reaction between the liquid and
an unreacted ceramic surface at the periphery of the
drop increases the driving force for wetting [22-25].

For interface reactions that produce no new phase
at the interface and involve only dissolution of the ce-
ramic substrate into the melt, divergent opinions exist
regarding the influence of AGgr on wetting [24, 27].
This is due in part to the kinetic complexities involved
in the theory of reactive wetting and to difficulties in
evaluating AGRr and measuring the contact angle. Cal-
culated values of AGy are said to be very sensitive to
the choice of thickness of the effective interface, that
is, the number of atomic layers constituting the zone
in which the diffusionless reaction occurs [28]. Experi-
mental data exhibiting an effect of AGgr on wetting by
a metal are somewhat sparse, as indicated by Naidich
[23] and Pask [26]. Most of the analyzed experimental
data from reactive sessile drop experiments have been
described without considering AGg, and just in terms
of changes in the nature of the metal/substrate interface,
along with other effects such as the shape of the reaction
products, and the kinetics of reaction that accompany
the reaction [29, 30].

A way to take advantage of the interfacial reac-
tions as a means of promoting wetting without causing
massive reactions between the metal and the ceramic,
is to alloy a non-reactive base metal with controlled
quantities of reactive solute additions. This approach is
used to design filler metal brazing alloys for ceramics
[24, 27, 29], and is well illustrated by the case of Al,O3
and SiO, wetted by nickel containing a reactive alloy
addition [30].

3. Experimental procedure

High-temperature experiments were performed by
placing small samples of solid metal on ceramic sub-
strates in the configuration shown in Fig. 3, heating the
sample to temperatures above the metal melting point
and observing the behavior of the system. The goals for
these sessile drop-style experiments were (1) to screen
stable ceramics as candidate crucible materials for melt-
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Figure 3 Experimental set-up of sessile-type test. Top view.

ing reactive metals and (2) to observe the wetting and
high-temperature interactions between the molten met-
als and ceramic substrates. The work reported here
is one segment of an ongoing study of metal/ceramic
interfaces at high temperature.

Oxides and other ceramics were fabricated from
high-purity powders (99.9%) by hot uniaxial press-
ing (HUP). Single-component oxides (e.g., BeO, Y,03,
MgO, and CaO) were fabricated, along with several sta-
ble mixed oxides (e.g., MgAl,04, CaZrO3, CaO - HfO,,
and MgO - ZrO,). Substrate selection was based on the
relative thermodynamic stability of the oxides with re-
spect to ZrO, by a simple comparison of the Gibbs free
energy of formation, AGy (Fig. 4). Oxides with AG¢
higher than that of ZrO, were automatically disqualified
since Zr metal will reduce them. It was recognized that
even oxides with AGy¢ below ZrO, could react with the
liquid metals because of complexities that arise at high
temperatures. The hot-pressed substrates all had den-
sities above 85% theoretical density; most were in the
range of 92 to 95% theoretical density. The surface state
of the ceramic substrate was in the as-processed condi-
tion, and no other surface modifications were done.

Up to four metal-ceramic combinations were heated
in a given experiment (Fig. 3). All materials were
cleaned prior to the tests; acetone was used to remove
dirt and other contaminants from the materials, and then
dried completely before the heating cycle. The metal
specimens used in this portion of our investigation were
pure Zr (99.5%, with Hf as the major contaminant at
0.16% by weight, carbon, chromium, tin, sulfur and
iron) and a ferritic stainless steel (HT9) alloyed with
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Figure 4 Gibbs free energies of formation for selected oxide ceramics.
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15-wt% Zr, a material referred to as HT9-15Zr. The
composition of the HT9 metal (in weight percent) is
0.5Ni, 12.0Cr, 0.2Mn, 1.0Mo, 0.255i,0.5W, 0.5V, 0.2C,
and balance Fe.

The sample stage was heated in a tungsten mesh fur-
nace in high-purity argon (research grade, 99.99% pu-
rity). A sensing thermocouple was placed about 0.5 cm
beneath the samples. The materials were preheated at
about 600°C, and then the temperatures were ramped
to the maximum test temperature, which typically ex-
ceeded 2000°C. The initial furnace ramp was 20°C/min
from 600°C to an intermediate temperature of 1600°C
for the HT9-15Zr alloy and 1800°C for Zr. From there,
the ramp was slowed to 10°C/min, and heating contin-
ued to the peak temperature. For the HT9-15Zr alloy,
the temperature was increased manually after 1600°C,
because its low melting point of 1350°C. In most cases,
the samples were held at the peak temperature for
~5 minutes and then cooled at ~200°C/min to 1200°C,
where the furnace was shut-off.

An external video camera was used to view the in-
teraction and wetting behavior of the samples and to
record the experiment, as shown in Fig. 3. The view
path for the camera was through a small window in the
furnace and between the split in the tungsten mesh fur-
nace elements. A series of welding glass plates were
used to filter the intense radiant light from the furnace
hot zone while viewing the experiment progress. In situ
observations were followed by post-test examinations
using scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS).

1780 °C

4. Results and discussion

Before analysis of the data obtained in this study, we
would like to point out that the melting point of the
two metals used, to understand the types of reactions
that occurred at different temperatures during the ther-
mal cycle. The HT9-15Zr alloy is a eutectic material
that melts between 1320°C and 1350°C. Zirconium
was expected to melt near its reported melt tempera-
ture of 1855°C, unless prior reaction with the substrate
affected its melting characteristics. While precise mea-
surements of the contact angle were difficult because
of the elevated temperatures and physical changes at
the interface, the interfacial changes of the two systems
discussed in this paper are presented in the sections that
follow.

4.1. Interfacial reactions
in the Zr/BeO system

Fig. 5 shows a series of video images from the Zr/BeO
interaction experiment. The image at 600°C shows the
parallelepiped shape of the metal sample at the start
of the experiment. During heating, some surface crust
developed in the Zr near the interface with BeO as the
temperature approached 1500°C. At about 1550°C, a
significant reaction was observed between the Zr metal
and the BeO substrate. This reaction intensified and
bubbling, or gas evolution, was observed at the solid-
liquid boundary as the temperature reached 1580°C. At
around 1605°C a liquid layer was evident at the inter-
face, yet the Zr metal was far below its melting point

1605 °C

Figure 5 Video images showing the pure Zr sample as it melted on the BeO ceramic.
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and the sample maintained its parallelepiped shape. As
the temperature reached 1735°C, the Zr metal became
distorted and assumed a trapezoid-like shape. At about
1780°C, the Zr specimen became greatly deformed be-
cause of an increased amount of liquid within the sam-
ple. At 1790°C, the Zr metal specimen collapsed and
a hemispherical droplet formed. A wetting angle of
approximately 60° was measured at 1795°C in a still
video image (Fig. 5). The contact angle decreased sig-
nificantly at ~1825°C. The heating cycle continued up
to near 2000°C, where the system was held for five
minutes.

4.1.1. Chemical reaction between
Zr and BeO

A chemical reaction at the Zr/BeO interface was ob-
served by the gas evolution perceived at the liquid metal
ceramic interface. The video image at 1605°C in Fig. 5
confirms this gas evolution. It is apparent that Zr has
reduced BeO. One possible chemical reaction could be
written as:

1 1
EZI’(S) +BeOg) = EZI’OQ + Be @)

The Gibbs free energy of the reaction was calculated
at the temperature of 1600°C, which corresponds to the
temperature where melting of the Zr metal was first
detected. Based on the information from thermochemi-
cal tables [31, 32], the energies of formation of 1 mole of
BeO and 1/2 mole of ZrO, are 103.4 kcal and 91.3 kcal
respectively. This results in a total Gibbs free energy
change for the reaction of about 4+-12.1 kcal. This large
positive energy value makes reaction (4), as written,
unlikely to occur.

Another chemical reaction that was considered to
explain the chemical interaction is that of Zr reducing
BeO, and then the oxygen and beryllium simultane-
ously dissolve in the Zr metal («-Zr up to 863°C and
then B-Zr). This reaction can be represented as follows:

BeOgs) + Zr(s) = Zr(0) + Bezio) &)
The energy of formation of BeO, as indicated above,
is 103.4 kcal. To obtain the corresponding energy for
Zr(O) we looked at the equilibrium phase diagram of
zirconium and oxygen [33], (Fig. 6), and estimated the
equilibrium concentration of oxygen in «-Zr(O) to be
about 16.7 at.%. With this information and referring to
the thermochemical tables [31], we obtain A Hzyo) =
—137kcal/mole, and A Sz;0) = —20kcal/K mole. Then
AGz0) = —101.0 kcal. Consequently the total Gibbs
free energy change for reaction (5) is +2.4 kcal.
This value, although still positive, is five times lower
than the corresponding value for the chemical reaction
(4). Based on these energy calculations, of the two
chemical reactions written above, reaction (5) is the
most likely to occur. Further evidence in support of this
reasoning is found in the change of the microstructure
of the Zr metal, which shows a microstructure consist-
ing of several features typical of an alloy material, and
different to the single-phase microstructure typical of a
pure metal. Details of the microstructure development
and/or transformations are described in Section 4.1.3.
Note that the solubility of O in «-Zr is always greater
than in B-Zr, but in both cases this solubility is greater
than that of Be in a-Zr or 8-Zr (Fig. 7 [34]). The solu-
bility of Be is larger in §-Zr than o-Zr.

Further thermodynamic calculations of the energy of
formation of Zr(O), yielded the most negative values
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Figure 6 Equilibrium Zr-O phase diagram [33].
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Figure 7 Equilibrium Be-Zr phase diagram [34].

ranging from —99.5 to —101.0 kcal/mole, correspond-
ing to oxygen levels of 15.3 to 23.1 at.%. Estimates
at concentrations of O above or below this range, pro-
duced less negative values. The chemical analysis by
EDS of three locations of the Zr matrix offered an av-
erage value of about 10 at.% oxygen dissolved in the
solidified metal. These measurements were based on a
standardless analysis. If we consider 10 at.% to be the
oxygen content of the Zr in the matrix, the equilibrium
phases present at about 1600°C (Fig. 6) are 8-Zr and
a-Zr, with compositions of oxygen of 7 and 17 at.%,
respectively.

4.1.2. Wetting and infiltration
characteristics

Fig. 8 displays the cross section of the final shape of
the Zr droplet and the BeO substrate. The ultimate wet-
ting angle is difficult to measure because the original
surface of the beryllia, represented by the dotted line in
Fig. 8a, was dissolved. This observation is confirmed
by the new metal/ceramic interface that receded into the
beryllia. This change suggests significant dissolution of
the beryllia in Zr the metal. Further, this solubility pro-
vides the mechanism for removal of the reaction prod-
ucts from the interface and accounts for the smoothness
of the Zr/BeO interface (Fig. 8a and c). The Zr metal
infiltrated the substrate, penetrating almost two-thirds
of the of the 2.5 mm substrate.

The molten Zr on the top surface did not appear
to spread across the BeO. The contact area at the
metal/ceramic interface was approximately the same
from the beginning of melting until the experiment was
stopped. This behavior contrasts with the infiltration
of liquid Zr into the substrate, where capillary effects
would also help the spreading. It is known that oxygen
in liquid metals can act as a surface-active agent that
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lowers the surface tension [31]. Thus, the penetration
of the molten Zr-Be alloy into the beryllia may be aided
by its higher concentration of oxygen at these locations,
because of its proximity to the interface reaction. The
infiltration of the liquid metal alloy is also influenced
by the lower melting point of the Zr-Be alloy as more
Be is dissolved in the alloy (Fig. 7).

4.1.3. Characterization of the microstructure
Fig. 8b shows the microstructure of the Zr metal on
top of the ceramic substrate following chemical re-
actions and solidification. The white phase is «-Zr,
the black precipitates are BeO, and the lamellae-like
microstructure is a eutectic structure. EDS was used
to identify the composition of the microstructure fea-
tures. Fig. 9 depicts the o-Zr matrix and a BeO pre-
cipitate and identifies the locations of the spots for
which a semi-quantitative (standardless) analysis was
performed. Table I shows the O and Zr content of the
different spots. Spots 1, 2, and 4 correspond to the
«-Zr matrix, where the oxygen was measured at about
10.0 at.%. The primary constituent at these spots is Zr;
Be is expected to have dissolved in this matrix, but this
element is too light to be detected by the equipment
used.

TABLE I EDS standardless analysis of microconstituents in Zr-metal
of the Zr/BeO system (at.%)

Spot number?®

Element 1 2 3 4 5
Oxygen 9.0 10.0 100.0 10.0 96.0
Zirconium 91.0 90.0 - 90.0 4.0
2See Fig. 9.
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Figure 8 Interface between the Zr metal and the beryllia substrate following solidification of the system. Composite figure shows details of
microstructure for three regions. No reaction phase precipitated at the metal-ceramic interface.

Figure 9 SEM micrograph showing the a-Zr matrix and BeO precipitate and locations of the EDS spot analyses.

The compositions of the spots in Fig. 9 reported in
Table I, particularly in the Zr matrix, are consistent
with what is predicted by the equilibrium phase dia-
grams in Figs 6 and 7. Zr has limited solubility for
Be: for example, at 800°C the maximum solubility
of Be in B-Zr is 2 at.% but almost negligible in a-Zr.
The coarser, blocky, black phase in the microstructure
(Figs 8b and 9) is BeO. The EDS analysis of this phase
(point 3 in Fig. 9 and Table I) shows only oxygen and no

Zr; Be must be present but it is too light to be detected
by the instrument. BeO precipitates during solidifica-
tion of the liquid metal by the oxidation of the excess
Be before the eutectic reaction. Notice that Zr is virtu-
ally insoluble in 8- and «-Be. Concurrent with the BeO
precipitation, 8-Zr also forms (Fig. 7).

Fig. 8b shows the fine eutectic microstructure.
According to the Be-Zr phase diagram (Fig. 7), there is
only one eutectic reaction, which occurs in the Zr end

3771



of the phase diagram at about 965°C. In our system, we
hypothesize that pure Zr is being alloyed by the Be re-
duced from the BeO. Thus, the phase transformations
must follow equilibrium changes in the Zr rich por-
tion of the phase diagram. Liquid was observed at the
Zr/BeO interface at about 1600°C, hence Be must have
alloyed the Zr, for it to melt below 1855°C. According
to the phase diagram (Fig. 6), for Be-Zr liquid to be in
equilibrium with Zr at this temperature, the liquid alloy
must contain about 12 at.% Be and Zr must be present
as B-Zr and contain ~0.5 at.% Be. These results indi-
cate that the Be-Zr alloy formed is a hypoeutectic alloy,
where the equilibrium composition of the eutectic alloy
would be Zr-35 at.% Be.

Note that the reduction of BeO by Zr produces Be
and O and both of these elements dissolve in liquid Zr.
However, as the solubility limits of both elements in Zr
is exceeded, the free Be will react with the excess O
to produce new BeO. Thus, as the temperature reaches
the eutectic temperature the phases present will be 8-Zr,
BeO particles, and eutectic Be-Zr liquid alloy. O would
also be in solution in B-Zr and in the eutectic. When
temperature drops below ~965°C, a eutectic transfor-
mation will occur (Fig. 7); the eutectic microstructure
consists B-Zr and the intermetallic Be,Zr. Both phases
are expected to have O dissolved in them. EDS analysis
of the black phase of the eutectic was done to confirm
the intermetallic Be,Zr. In the BeO precipitated prior to
the eutectic reaction, only oxygen was detected and no
Zr was measured. Spot chemical analyses on three par-
ticles of the eutectic intermetallic (acicular-like dark
phase) revealed the presence of Zr (17-20 at.%) and
oxygen. The detection of Zr in these eutectic mi-
croconstituents suggests that these are indeed Be-Zr
intermetallics.

4.2. Interfacial reactions
in the HT9-15Zr/BeO system

The HT9-15Zr/BeO system was heated to a peak tem-
perature of 2016°C, where it was held for five minutes
and then cooled at a rate of about 200-300°C/min
to 1200°C, where the furnace was shut-off and the
cooling was uncontrolled to room temperature. During
heating partial melting was detected near the interface
at ~1340°C, while the remaining solid block floated
away from the interface. As the temperature reached
~1350°C, anon-wetting hemispherical cap was formed
in contact with the interface. Still, a solid lump was
present within the molten cap (Fig. 10 indicated by an
arrow), and the sample retained this shape even as the
temperature approached 2016°C. Segregation or slag
entrapment was observed at the location indicated by
the arrow.

4.2.1. Chemical reaction between
HT9-15Zr and BeO

The interfacial reactions and melting characteristics
in this system were different than those observed in
Z1/BeO. In the video no interfacial reaction was evi-
dent before melting. The HT9-15Zr alloy has a melting
point (the eutectic temperature is ~1335°C) lower than
the temperature at which the chemical reaction was ob-
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served in the Zr/BeO system. Thus, the eutectic melting
preceded the interfacial reaction between Zr and BeO,
blocking it from view in the video as the temperature
of the system approached 1500°C. The reaction band
that formed and remained attched to the BeO, however,
gives evidence of a chemical reaction, as seen in Figs 10
and 11. Region 2 in both figures is the reaction band.

The interface reaction between the HT9-15Zr alloy
and the BeO occurred by Zr reducing the beryllia. An
EDS spot analysis of the reaction band, and not the
infiltrated metal alloy, showed Zr and O, but Be is also
expected.

4.2.2. Wetting and infiltration
characteristics
The metal alloy did not wet the ceramic substrate; the
contact angle was larger than 90°, as seen in Fig. 10.
This lack of wetting occurred despite the formation of
a reaction region. The infiltration of the alloy into the
reaction band did not reduce the wetting angle either.
Fig. 11 (Region 2) shows clearly the infiltration of the
liquid alloy into the ceramic substrate, behavior similar
to that of the Zr/BeO system. But the penetration of the
HT9-15Zrinto the BeO was not as extensive in this case:
~200 pwm, compared to a penetration of ~1600 pm for
pure Zr (Fig. 8). Note that the penetration of the lig-
uid HT9-15Zr into the ceramic substrate only extends
through the thickness of the reaction band (Fig. 11b).
The lower infiltration depth of the metal alloy than the
pure zirconium into the substrate may be attributed to
the content of Zr. The Zr, it seems, acted as the wetting
agent that allowed the HT9 alloy to spread and infil-
trate into the pores and cavities of the BeO substrate.
A smooth and almost straight horizontal boundary is
defined between the beryllia and the reaction product,
yet the original BeO interface has receded, as seen in
Fig. 11a. This confirms the dissolution of the beryllia.
Only the cavities or pores in the reaction band are filled
with the HT9-15Zr alloy. None of the pores in the beryl-
lia substrate adjacent to the interface were observed to
be filled with the metal alloy.

4.2.3. Characterization of the microstructure
The separation of Regions 1 and 2 (illustrated in Figs 10
and 11) suggests a difference in composition, struc-
tures, and physical properties. It is apparent that the
coefficients of thermal expansion of regions 1 and 2 are
quite different. Fig. 12 exhibits the typical solidification
microstructure of a cast HT9-15Zr alloy, consisting of
dendrites and a eutectic microstructure. This structure
was found in the droplet above the BeO. The same
microstructure was also found in the liquid metal that
infiltrated the BeO, (Region 2 in Fig. 11 and Fig. 13).
This cast microstructure has been discussed in detail
in a previous publication [16]. Region 2 of Fig. 11 is
practically a composite material with a ceramic matrix
(gray phase in Fig. 11b) and infiltrated metal. The inter-
face between Region 2 and the bulk BeO is well defined
by the depth of the liquid penetration (Fig. 11b).

A chemical characterization across the interface be-
tween the two regions was performed via EDS (Fig. 13).
The results from the spot analyses are tabulated and are
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Interface

100 pm
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(b)

Figure 11 Alloy HT9-15Zr and BeO interface following melting at 2016°C and cooling to room temperature: (a) SEM micrograph and (b) optical
micrograph.
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TABLE II ESD spot analysis at interface of HT9-15Zr/BeO system and bulk chemistry of HT9 steel

Spot number?®

1 2 4 5

HT9
Element at. % wt% at.% wt% at. % wt% at.% wt% at. % wt% wt%
(0] 9.3 2.9 0.0 0.0 453 12.8 7.7 24 11.8 33 -
Zr 0.1 0.1 35.2 47.1 53.8 86.4 0.8 1.3 16.6 26.7 -
Fe 76.7 82.9 58.9 48.3 0.6 0.6 77.9 82.8 61.9 61.0 85.4
Cr 13.5 13.6 5.1 3.9 0.1 0.1 13.3 13.2 9.1 8.3 11.5
Ni 0.4 0.5 0.8 0.7 0.1 0.1 0.3 0.3 0.6 0.6 0.6
Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7

“See Fig. 13.
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Figure 13 SEM micrograph of the HT9-15Zr/BeO interface. The black dots represent the EDS spot analyses at both sides of the interface.

presented in Table II. Again, beryllium is not reported
because it is too light to be identified by EDS. Spot
#3 corresponds to the matrix of the ceramic reaction
band (Region 2 in Fig. 13); it contains Zr (~54.0 at.%)
and O (~45.0 at.%); however, Be must be present also.
The excessive content of Zr at this region confirms the
reduction of the BeO by Zr. Clearly, Zr diffused prefer-
entially to this region to react with BeO to form a com-
pound of Zr, Be, and oxygen. Unlike pure Zr, no BeO
precipitates were found either in the solidified droplet
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or infiltrated metal, possibly because Be is more soluble
in iron or chromium than in pure zirconium.

Spots 1 and 4 reveal an iron-rich («-Fe, ferrite) ma-
trix with chromium and oxygen in solid solution. How-
ever, Be is likely present too because Fe and Cr are
the main elements of the matrix and both have no-
table solubility for Be. Spots 2, and 5 correspond to the
white intermetallic phase of the metal alloy, Zr, (Fe, Cr,
Ni),. Both of these spot analyses display comparable
chemistries; however there is some difference in the



Figure 14 Segregation of non-soluble particles to the top of the solidified alloy droplet.

levels of oxygen and zirconium between both spots.
Spot 5 contained oxygen (11.8 at.%), while no oxygen
was found in spot 2. The value corresponding to oxygen
in spot 5 could also include Be. In addition, Be forms an
intermetallic with Zr (Fig. 7), as explained earlier. Con-
sequently the white intermetallic phase, particularly in
the infiltrated region, could be a Zr,(Fe, Cr, Ni, Be),
intermetallic. This intermetallic is similar to the one in
spot 2 of Fig. 13, but the Zr content is lower; this dif-
ference is possibly caused by Zr being consumed in the
reaction with BeO to form the reaction band (spot 3).

It was also observed in the solidified metal droplet
that several non-soluble particles floated and segregated
to the top (Fig. 14). The composition of these particles
was Zr (58.0-63.0 at.%), O (33.0-35.0 at.%), and Fe
(3.0-6.0 at.%). The presence of Be in these oxide parti-
cles cannot be ruled out. These compositions are similar
to the chemistries that were observed in the ceramic re-
action band (Fig. 13, spot 3). We can presume then that
these particles are either precipitation products from
the reduction of the beryllia by Zr or fragments that
separated from the reaction band. Note that these parti-
cles did not interact with the metal alloy, nor were they
wetted by it. This is consistent with the lack of wetting
of the bulk metal on the reaction band (Fig. 10). This
behavior was the same as that of the liquid metal that
infiltrated the ceramic reaction band. There was also
lack of bonding between the particles and the metal,
similar to the separation of the metal droplet and the
reaction band at the interface.

5. Conclusions

Chemical reactions were clearly observed at elevated
temperatures in the Zr/BeO and HT9-15Zr/BeO sys-
tems. In both systems the Zr reduced the beryllia, and
the beryllium and oxygen dissolved in zirconium. The
molten metal did not completely wet the ceramic sub-
strate. For the later system (HT-9-15Zr/BeQ), in spite
of the fact that a reaction or transition layer formed at
the metal/ceramic interface, still there was no wetting.
Thus, in this case, the concept of wetting as a parameter
to assess indirectly the stability of a ceramic substrate

in contact with a liquid metal at elevated temperatures
is misleading.

As far as the primary mission of the tests, the use
of BeO as a crucible material for Zr containing metal
alloys is definitely not recommended above 1350°C.
In our investigation we determined that BeO is not
stable when exposed to Zr metal at elevated temper-
atures (>1600°C). The HT9-15Zr/BeO interface was
different from the Zr/Be interface in its microstructural
details, but the chemical reaction was similar. In both
systems, Zr was active for reducing BeO. The chemical
reaction was more extensive with pure Zr than with
the HT9-15 wt% Zr alloy; for example, the depth of
the liquid metal infiltration in the Zr/BeO system was
eight times greater than in the HT9-15Zr/BeO system.
This occurred even though the metal alloy become
liquid much earlier than pure Zr, and so had more time
to infiltrate the beryllia.

In summary the following are true:

1. In this investigation wetting proved to be a mis-
leading indicator of the stability of a ceramic phase in
contact with a liquid metal at elevated temperatures.

2. When selecting stable materials for service at high
temperatures, thermodynamic data should be used with
caution. According to the Gibbs free energy of forma-
tion, Zr should not reduce BeO, but our results showed
significant dissolution of beryllia at temperatures near
1600°C.

3. For the Zr/BeO system there was no apparent
change in the liquid/ceramic area of contact from the
moment the drop was formed, but the original BeO in-
terface was consumed. The molten Zr infiltrating the
BeO could have caused the observed decrease in the
contact angle and collapse of the metal droplet.
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