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The reaction kinetics of ZrN and HfN immersed in a quaternary salt of composition of 28.5% LiCl–36.3%
KCl–29.4% NaCl–5.8% UCl3 (in weight percent) were assessed. Coupons of ZrN and HfN were exposed
to the quaternary salt at 525–900 �C for 4–485 h. The reaction kinetics of the salt-refractory interactions
were assessed through physical and microstructural characterization including scanning electron micros-
copy, X-ray diffraction and mass spectrometry. The results indicated that ZrN and HfN lose weight under
all conditions investigated. While multiple mechanisms were evident, it is proposed that dissolution and
oxidation were the dominant reactions that influence the weight loss. For the overall reaction, negative
apparent activation energy values of �46 and �28 kJ/mol were observed in ZrN and HfN, respectively.
These seemingly anomalous activation energies were associated with the simultaneous occurrence of
electrochemical dissolution and surface oxide formation.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The proposed closed fuel cycle for next generation nuclear
reactors relies on the successful implementation of spent fuel
separation technologies. Electrochemical processing or pyropro-
cessing is one of the most prominent and actively studied separa-
tion methods being considered for recycling of spent nuclear fuels
[1–5]. Electrochemical processing is a batch type process in which
electrorefining and subsequent cathode processing are the crucial
steps. Typically, an electrorefiner consists of an anode, where the
metallic spent fuel is loaded; primary and secondary cathodes,
where deposition of the recovered material of interest (actinides
such as uranium and plutonium) occurs; and an electrolyte made
up of molten salts. An electrorefiner operates at 500 �C with a
controlled pO2

and pH2O atmosphere [1]. Following electrorefining,
the cathode (containing the deposited actinides and salt) is placed
in a crucible and distilled in the cathode processor. The cathode
processor operates at temperatures up to 1200 �C under vacuum
[6].

The operating conditions in an electrorefiner and cathode pro-
cessor create an unavoidable, harsh corrosive environment for
ll rights reserved.
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the process crucibles. However, very few systematic studies [7,8]
have reported on the reaction kinetics or stability of the crucible
materials under the high temperature molten salt conditions that
exist during the spent fuel recycling process. Takeuchi et al., [7] as-
sessed the compatibility of different ceramic materials in simu-
lated electrochemical reprocessing environments particular to
the method developed by the Research Institute of Atomic Reactors
in Russia (RIAR). The authors proposed Si3N4 as the best crucible
material considered. In another study, Ravi Shankar et al., [8] stud-
ied plasma sprayed ZrO2 coatings on type 316L stainless steel (SS)
in molten LiCl–KCl eutectic salts under controlled argon atmo-
sphere. Through immersion experiments carried out at 600 �C for
periods of up to 500 h, the authors found insignificant weight
change on the coated 316L SS [8].

ZrN and HfN are high temperature ceramics known for their
chemical inertness in extreme corrosive environments. In this
study the compatibility of ZrN and HfN in contact with molten
28.5% LiCl–36.3% KCl–29.4% NaCl–5.8% UCl3 (in weight percent)
was assessed. Both ZrN and HfN have the same crystallographic
(NaCl type) structure and similar thermodynamic properties
[9,10]. Thus, the objectives of this study are to assess the compat-
ibility of ZrN and HfN with the molten salt mixture and to investi-
gate the reaction mechanism. Based on thermodynamic, kinetic
and microstructural analysis, phenomenological models are devel-
oped to explain the possible reaction mechanism. With the reac-
tion mechanism known, it is expected that this knowledge could
be used to support intelligent selection of materials for contain-
ment of molten salts.

http://dx.doi.org/10.1016/j.jnucmat.2010.08.015
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Fig. 1. Photograph of hot-pressed ZrN and HfN plates.

Graphite boat 

Lid 

Fig. 2. Photograph of a graphite boat and lid employed in molten salt immersion
test.
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2. Experimental procedure

2.1. Materials

ZrN and HfN were hot-pressed3 at 2000 �C, from commercially
available ZrN (AlfaAaser4, 99.5% pure, �325 mesh) and HfN (ESPI
Metals5, 99.5% pure, �325 mesh) powders.

Density measurements were done using the Archimedes meth-
od. The measured percent theoretical densities for ZrN and HfN
were 97% and 94.5%, respectively. Idaho National Laboratory sup-
plied the salt mixture that was used in this study. The salt mixture
had a composition of: 28.5% LiCl–36.3% KCl–29.4% NaCl–5.8% UCl3

(in weight percent). From here on, the salt will be referred to as
LiCl–KCl–NaCl–UCl3.
2.2. Molten salt immersion test

Test coupons of ZrN and HfN were cut to nominally 10 �
5 � 3 mm from the hot-pressed plates using a low-speed diamond
saw. The hot-pressed nitride plates are shown in Fig. 1. The outer
grey colored layer seen in Fig. 1 was from the graphite die used
in hot pressing ZrN and HfN powders. Coupons were ground to re-
move the outer layer till a golden color typical of ZrN and HfN was
obtained. Coupons were ultrasonically cleaned for 30 min in ace-
tone. The dimensions and weight of each coupon were measured
and recorded before and after exposure to the molten salt mixture.
The coupons and the salt were contained in a graphite boat6.
Graphite was known to be compatible with the molten salt mixture.
But graphite suffers from poor structural integrity to mechanical
cleaning procedures. In this study, between successive runs, the
graphite boats were replaced periodically owing to a chipping prob-
lem that occurs while mechanically cleaning of the boat after a test.
Fig. 2 shows a photograph of a typical graphite boat and lid used in
this study. LiCl–KCl–NaCl–UCl3 salts are highly hygroscopic and,
hence, a dry glove box purged with high purity argon gas was used
for handling all materials prior to testing. The boat was sealed along
the edges with a graphite lid using glue7. After the boat was sealed, it
was transferred from the glove box to the hot-zone of the molten salt
test furnace (Fig. 3). Sealing was done to prevent contact of moisture
with the salt while transferring from glove box to the furnace and
during initial purging of the furnace. The glue ingredients evaporate
at temperatures approximately above 60 �C and flushed out of the
system by the flowing argon gas. A schematic drawing of the exper-
imental setup is shown in Fig. 3.
3 Hot-pressing was performed at Ceramatec, 2425 South 900 West, Salt Lake City
Utah 84119, USA.

4 Alfa Aesar, 26 Parkridge Road, Ward Hill, MA 01835, USA.
5 ESPI Metals, 1050 Benson Way, Ashland, OR 97520, USA.
6 Graphite used was a synthetic grade pyrolitic carbon of > 99.2% purity from

Midwest Graphite Co., Inc., Illinois, USA.
7 Duco cement, Trademark of Devcon.
,

As seen in Fig. 3, commercial grade high purity argon gas from
the cylinder was flowed over a CaCO3 based moisture absorber and
through an oxygen-absorbing furnace filled with copper wire
mesh. The gas was analyzed for moisture and O2 using a moisture
(Ametek model 303B) and O2 (Ntron model OA1) analyzer, respec-
tively. The exit of the furnace chamber was connected to a scrub-
ber system (DI water) to condense any chloride salt fumes. The
typical measured value of pO2

and pH2O were approximately 0.01
and 2 ppm (ppm by volume), respectively. Prior to the start of
the molten salt immersion test, the furnace chamber was purged
with argon gas for 1 h. After subjecting the test coupons to the
immersion test, they were removed from the boat and cleaned in
DI water to remove loosely bound salt particles. Following test
coupon cleaning, dimension and weight measurements were
recorded.

The kinetics data were expressed in weight change (Dw in mg)
per unit area (cm2), where Dw (wafter immersion test � wbefore immersion

test) is defined as the weight lost or gained during the immersion
test duration. The experimental variable parameters were: (a)
immersion test temperature (525, 700 and 900 �C) and (b) test
time (4–485 h). Virgin coupons were used for each exposure.
2.3. Characterization

After coupons were exposed to the molten salt immersion test,
they were subjected to microstructural characterization using opti-
cal microscopy, scanning electron microscopy (SEM) with energy
dispersive spectroscopy (EDS) using a Zeiss Supra 35VP micro-
scope, and X-ray diffraction (XRD) using a Philips X’pert system.
The salts were analyzed for elemental content using a HP 4500
inductively coupled plasma mass spectrometry (ICP-MS) before
and after coupon tests, to detect any presence of dissolved reaction
products.
3. Experimental results

3.1. Weight change results

Fig. 4 shows weight change as a function of time for ZrN and
HfN after immersion test in molten LiCl–KCl–NaCl–UCl3 at 525
and 700 �C. Both ZrN and HfN experienced weight loss (negative
weight change values). The pO2

value was maintained below
1 ppm (by volume) of O2 for all the immersion experiments in this
study. At 525 �C and for each immersion times at 4, 12 and 24 h,
the weight loss values of ZrN and HfN are approximately equal
to each other (considering the error bar). At 525 �C and 96 h ZrN
exhibited around 50% more weight loss than HfN, while at lower
immersion times there is negligible difference in weight loss be-
tween them. The difference in weight loss between ZrN and HfN
is larger at 700 �C compared to 525 �C at all immersion times. In
both the nitrides, for immersion times at 4, 12 and 24 h, the weight
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Fig. 3. Schematic representation of the molten salt test setup. During the molten salt immersion test, argon gas flows through the moisture and O2 absorber before flowing
through the molten salt test furnace. The pO2

value is maintained below 1 ppm (by volume) for all the immersion experiments in this study.
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Fig. 4. Reaction kinetics of ZrN and HfN exposed to 28.5% LiCl–36.3% KCl–29.4%
NaCl–5.8% UCl3 (in weight percent) at 525 and 700 �C as a function of time. The pO2

value is less than 1 ppm (by volume). Error bar indicates the standard deviation
associated with the dimension and weight measurements. Data points at 12 and
96 h are repeated twice and found to be consistent.
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Fig. 5. Reaction kinetics of ZrN and HfN in 28.5% LiCl–36.3% KCl–29.4% NaCl–5.8%
UCl3 (in weight percent) at 900 �C as a function of time (4, 12, 24 and 96 h). The pO2

value is less than 1 ppm (by volume). A reliable data could not be recorded for ZrN
at 4 and 24 h. Error bar indicates the standard deviation associated with the
dimension and weight measurements.
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loss is higher at 700 �C compared to 525 �C. However, at 96 h the
weight loss values of both the nitrides are lower at 700 �C com-
pared to 525 �C.

The weight change over time at 900 �C is shown in Fig. 5. Con-
trary to what is seen in Fig. 4, at 900 �C the observed weight change
of ZrN and HfN are similar (Fig. 5) over the reaction time range of
4–96 h. In addition, the weight loss values of both the nitrides are
lower at 900 �C (Fig. 5) compared to 525 and 700 �C (Fig. 4).

Fig. 6 shows the results of ZrN and HfN weight change at 525 �C
for 485 h (approximately 20 days, the longest reaction time in this
study). ZrN exhibited around 50% more weight loss than HfN when
tested for 485 h at 525 �C.

3.2. Microstructural results

Fig. 7 shows SEM micrographs of the polished hot-pressed ZrN
surface before (Fig. 7a) and after (Fig. 7b) exposure to the molten
salt immersion test at 525 �C for 96 h. The surface morphology is
considerably rougher after exposure to the molten salt. The surface
morphology suggests dissolution and etching of ZrN occurred. Sim-
ilar surface roughening was observed in HfN as shown in Fig. 8.
EDS semi-quantitative analysis was performed on the surfaces of
ZrN and HfN [11]. The surface oxygen concentration (few microns
thick) of as hot-pressed ZrN and HfN was 5 and 6 atom percent,
respectively. After immersion test at 525 �C for 96 h, the surface
oxygen concentration of ZrN and HfN was 64 and 62 atom percent,
respectively. Thus, the oxygen concentration at the surface of ZrN
and HfN increased after the immersion test. The EDS results sug-
gest the formation of an oxygen-enriched layer at the surface dur-
ing reaction with the molten salt [11]. However, XRD analysis on
the coupons did not show the presence of an oxide layer such as
ZrO2 or HfO2, suggesting the oxygen was dissolved into the nitride.
Although no oxide was detected, the increase in O2 content is likely
due to the formation of a Zr–N–O type phase, as has been reported
in the literature [9,12]. The source of oxygen for this oxynitride
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Fig. 6. Bar chart showing weight loss of ZrN and HfN in 28.5% LiCl–36.3% KCl–29.4%
NaCl–5.8% UCl3 (in weight percent) at 585 �C for 485 h (the longest corrosion time
in this study). The pO2

value is less than 1 ppm (by volume). Error bars indicate the
standard deviation associated with the dimension and weight measurements.
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formation is not yet clear. One of the possibilities could be the oxy-
gen dissolved within the ZrN and HfN sintered pellets diffusing to
the surface at immersion temperatures. Coupons were cross-sec-
tioned and polished following testing in order to analyze the reac-
tion interface. EDS analysis revealed that the thickness of the
oxygen-enriched layer increased with either reaction temperature
or time. Table 1 shows the thickness of oxygen-enriched layer for
10 µm 

(a) 

Fig. 7. SEM micrograph showing (a) a polished surface of the as- hot-pressed ZrN and (b
weight percent) at 525 �C (pO2

less than 1 ppm by volume) for 96 h.

mµ01

(a) 

Fig. 8. SEM micrographs showing (a) a polished surface of as- hot-pressed HfN and (b)
weight percent) at 525 �C (pO2

less than 1 ppm by volume) for 96 h.
ZrN. In ZrN tested for 96 h, the thickness of the oxygen-enriched
layer increased from 30 to 70 lm with increase in reaction temper-
ature from 525 to 900 �C. A similar trend was observed in HfN also.

3.3. XRD results

In a separate experiment, ZrN powders were mixed with LiCl–
KCl–NaCl–UCl3 and reacted at 900 �C for 1 h with pO2

value less
than 1 ppm (ppm by volume). After the test, the solidified mixture
was crushed into powders and XRD was performed. The main
objective of this experiment was to increase the surface area for
the reaction and to identify any reaction products that go unde-
tected when analyzing the bulk nitrides. Fig. 9 shows the resulting
XRD spectrum, which identifies UO2 as a new phase (instead of
UCl3) among other reactant compounds. Similar results were ob-
served in ZrN powders reacted with the salt at 900 �C for 4 h.

3.4. ICP-MS results

ICP-MS analysis was performed to analyze the presence of Zr
and Hf ions in LiCl–KCl–NaCl–UCl3 salt before and after immersion
experiments. Zr and Hf ions in the LiCl–KCl–NaCl–UCl3 salt prior to
immersion experiments (i.e., in as-received condition) were less
than 1 atomic ppm. LiCl–KCl–NaCl–UCl3 salts were collected from
the graphite boat after the immersion experiments at 525, 700 and
900 �C for 96 h in which ZrN was reacted with LiCl–KCl–NaCl–UCl3.
Table 1 shows the ICP-MS result together with the corresponding
weight change and thickness of the oxygen-enriched layer for each
immersion experiment. After immersion experiment at 525 and
700 �C for 96 h, the Zr ion concentrations present in the salt were
204 and 82.1 appm (atomic parts per million), respectively. Results
10 µm 

(b) 

) cleaned surface after exposure to 28.5% LiCl–36.3% KCl–29.4% NaCl–5.8% UCl3 (in

mµ01

(b) 

cleaned surface after exposure to 28.5% LiCl–36.3% KCl–29.4% NaCl–5.8% UCl3 (in



Table 1
The effect of reaction conditions on (a) weight loss of ZrN (b) thickness of the oxygen-
enriched layer in ZrN, and (c) Zr ion concentration in the salt after immersion
experiment. The salt composition was 28.5% LiCl–36.3% KCl–29.4% NaCl–5.8% UCl3 (in
weight percent). The pO2

value was maintained below 1 ppm (by volume) during the
immersion experiment. N/A indicates data unavailable.

Reaction
conditions

Weight loss
(mg/cm2)

Thickness of
the oxygen-enriched
layer (lm)

Zr ion concentration
in the salt after
immersion
experiment (appm)

525 �C for 96 h �13.62 30 204
700 �C for 96 h �9.49 50 82.1
900 �C for 96 h �2.86 70 N/A
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Fig. 9. XRD pattern of mixture of ZrN powder and 28.5% LiCl–36.3% KCl–29.4%
NaCl–5.8% UCl3 (in weight percent) after molten salt tested at 900 �C (pO2

less than
1 ppm by volume) for 1 h.
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ZrN(s) + Cl2(g) = ZrCl2(g) + 0.5N2(g) 

HfN(s) + Cl2(g) =  HfCl2(g) + 0.5N2(g) 

ZrN(s) + 1.5Cl2(g) = ZrCl3(g) + 0.5N2(g) 

HfN(s) + 1.5Cl2(g) =  HfCl3(g) + 0.5N2(g) 

ZrN(s) + 2Cl2(g) = ZrCl4(g) + 0.5N2(g) 

HfN(s) + 2Cl2(g) =  HfCl4(g) + 0.5N2(g) 

Fig. 10. Free energy change of Zr–Cl and Hf–Cl compounds. In Zr–Cl compounds,
ZrCl4, ZrCl3 and ZrCl2 gaseous phases are plotted. In Hf–Cl compounds, HfCl4, HfCl3

and HfCl2 gaseous phases are plotted. Energy calculations were performed using
HSC Outokompu software.

Table 2
Free energy (DG) values of oxidation of UCl3 and chlorination of ZrN and HfN at 525
and 700 �C. Calculations were done with HSC Outokompu software.

Equation DG at 525 �C (kJ) DG at 700 �C (kJ)

UCl3 + O2(g) = UO2 + 3/2 Cl2(g) �258.2 �264.7
ZrN + 2Cl2(g) = ZrCl4 + 1/2 N2(g) �454.8 �423.2
HfN + 2Cl2(g) = HfCl4 + 1/2 N2(g) �464.7 �433.2
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clearly indicate the increase of Zr ion concentration in LiCl–KCl–
NaCl–UCl3 after the immersion experiment. Concentration of Zr
ions decreased as the reaction temperature increased from 525
to 700 �C.
4. Discussion

As illustrated in Figs. 4–6, ZrN and HfN experienced weight loss
when exposed to the molten salt mixture between 525 and 900 �C.
High temperature molten salt compatibility studies with other
materials systems such as SiC [13] and Al2O3 [14] are well docu-
mented. Bourg et al. [15] studied the reaction of ZrN under Cl2

gas and LiCl–KCl eutectic mixture at 500 �C. The weight loss ob-
served in this study [15] was attributed to (i) the formation of vol-
atile reaction products and/or (ii) electrochemical dissolution.
Hence, based on previous observations [15], it is of interest to con-
sider candidate electrochemical processes and formation of any
volatile reaction products such as chlorides to explain weight loss
observed in ZrN and HfN.

4.1. Thermodynamics of reactions of ZrN and HfN with LiCl–KCl–NaCl–
UCl3

ZrN and HfN can react to form Zr–Cl and Hf–Cl gaseous products
(Fig. 10), respectively, provided there is sufficient concentration of
chlorine. Thermodynamic calculations in Fig. 10 were performed
using HSC Outokompu software. Fig. 10 indicates that amongst
the Zr–Cl and Hf–Cl compounds, ZrCl4 and HfCl4 are favored vola-
tile compounds, since they posses the most negative free energy
among likely constituents. In this study, Cl2 was not introduced
directly as in the case of Bourg et al. [15]. The possible sources of
free Cl2 or Cl� ions in this study are discussed later.

4.2. Uranium oxide formation

XRD analyses of ZrN and HfN test coupons after molten salt
immersion experiments did not identify the formation of any reac-
tion products on the sample surfaces. However, XRD pattern of the
reaction products from a separate experiment, in which ZrN pow-
der was reacted with LiCl–KCl–NaCl–UCl3, confirmed the presence
of UO2 (Fig. 9). The UCl3 component in the salt mixture was oxidized
to UO2. Among the salt mixture components UCl3 is the least stable
component and susceptible for conversion to an oxide. Table 2
shows that this oxidation reaction is thermodynamically spontane-
ous in the range of temperatures of interest. The source of oxygen
for this reaction can be from a combination of the following
sources: (a) residual oxygen impurities in the argon gas, which
was measured to be in the parts per million ranges and (b) oxygen
dissolved in the salt and test coupons prior to reaction. As shown in
Table 2, oxidation of UCl3 releases gaseous chlorine. This chlorine
could react with ZrN or HfN to form ZrCl4 and HfCl4 volatile com-
pounds, respectively making identification of condensed phases
on the material surfaces or in the salts impossible. Although neither
formation of ZrCl4 or HfCl4 was confirmed by analyzing the down-
stream gas, a white smoke was observed during the reaction above
500 �C. This white smoke gets condensed at the scrubber end of the
downstream gas line. EDS analysis on the condensed white pow-
ders indicated the presence of Zr, Hf and chlorine species. Extent
of volatile compound formation increases with reaction time, and
correspondingly more weight loss is observed (Fig. 4). Thus, forma-
tion of ZrCl4 and HfCl4 via oxidation of UCl3 explains the increase in
weight loss with reaction time observed at 525 (for all reaction
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times) and 700 �C (up to 96 h). But this does not explain the de-
crease in weight loss observed at 700 �C at 96 h (Fig. 4) and for all
reaction times at 900 �C compared to 525 �C (Fig. 5). Thus, at higher
reaction temperatures the dominant reaction mechanism is be-
lieved to be different than at 525 �C as discussed in the next section.

4.3. Surface oxidation of test coupons

Semi-quantitative EDS analysis indicates that the oxygen-en-
riched layers in ZrN and HfN could be solid solutions of Zr–N–O
or Hf–N–O (oxynitrides). As seen in Table 1, as the temperature in-
creased from 525 to 900 �C the thickness of the oxygen-enriched
layer increased; and correspondingly the weight loss and Zr ion
concentration present in the salt solution decreased. From the
results presented in Table 1, it is proposed that as temperature
increases, an oxygen rich surface layer forms and protects the test
coupons, namely the ZrN and HfN from the chlorination process
or electrochemical dissolution (Table 2). This results in a decrease
in the amount of weight loss. In a study by Ikuma and Shoji [16]
on the high temperature oxidation of ZrN powder, the authors re-
ported that the onset of oxidation was observed at 680 �C, and
the powders turned black in color. In our present study, surfaces
of nitrides tested at 700 �C and 900 �C appeared black in color.
The presence of an oxide on the surface was not confirmed during
post-test characterization. However, as reported earlier, an oxy-
gen-enriched layer, likely an oxynitride phase [9,12], was observed.
Therefore, at 700 and 900 �C the dominant reaction likely changes
due in part to the formation of a surface oxide or oxynitride. The
change in the surface composition could restrict electrochemical
dissolution and/or chlorination reaction at 700 and 900 �C.

4.4. Volatile product formation/electrochemical dissolution and surface
oxidation

At 525 �C, formation of volatile products (via chlorination reac-
tion) and or electrochemical dissolution seems to dominate over
the formation of an oxynitride phase (Table 1). This observation
can be made from the following results: (a) relatively higher
weight loss of ZrN and HfN at 525 �C than 700 and 900 �C (b) rel-
atively higher Zr ion concentration present in the salt solution
studied at 525 �C (Table 1) and (c) increase in weight loss. In addi-
tion, the surfaces of nitrides tested at 525 �C exhibited a golden
color indicative of pure ZrN and HfN. But the surface turned black
in color when tested at 700 and 900 �C, signifying a surface oxida-
tion reaction had occurred. Thus, at high temperature regimes (700
and 900 �C) formation of oxynitride phase dominates over electro-
chemical dissolution as evidenced by the relative increase in the
thickness of the oxynitride layer, decrease in the Zr ion concentra-
tion, and decrease in the weight loss values of ZrN and HfN tested
at 700 and 900 �C.

4.5. Apparent activation energy

Calculation of apparent activation energy of processes that oc-
cur by the simultaneous operation of different mechanisms is well
documented in the literature [17–20]. In this study of molten salt
reactions of ZrN and HfN, evidence indicates the simultaneous
occurrence of different mechanisms such as electrochemical disso-
lution/formation of volatile products and/or oxynitride formation.
In similar cases of competing reactions, negative activation energy
was reported in the literature [18–20]. Fig. 11 shows the Arrhenius
plot between natural logarithm of rate and inverse temperature for
weight loss data at 96 h. The recession rate (lm/s) was calculated
by normalizing the weight loss data with reaction time and theo-
retical density of ZrN and HfN. A linear kinetic process was as-
sumed in the calculation of activation energy. As observed in the
literature [18–20], a negative apparent activation energy value of
�46 kJ/mol and �28 kJ/mol (Fig. 11) was observed for the molten
salt reaction of ZrN and HfN, respectively. This seemingly anoma-
lous negative activation energy can be physically construed as
the manifestation of two or more fundamental mechanisms
responsible for the weight loss.
4.6. Phenomenological model

Fig. 12 shows a schematic representation of a phenomenologi-
cal model for reactions of ZrN in LiCl–KCl–NaCl–UCl3 solution.
The proposed model can be explained as follows:

(i) At 525 �C ZrN dissolves electrochemically in the molten salt
solution. Electrochemical dissolution is schematically repre-
sented in Fig. 12 by the removal of Zr4+ ions from ZrN sur-
face. The dissolution resulted in weight loss of the bulk
sample. The absence of an oxynitride phase at 525 �C left
the nitride surface unprotected and exposed completely to
the molten salt solution.

(ii) In addition to dissolution, ZrN could react with Cl2(g) or Cl�

ion to form ZrCl4 and N2(g). In Fig. 12, the arrows represent-
ing the diffusion of ZrCl4 and N2(g) from the ZrN surface
depict this reaction. The primary source of Cl2(g) is sug-
gested to be from the oxidation reaction of UCl3(s) to
UO2(s) and Cl2(g). Key evidence for this observation is from
the XRD pattern given in Fig. 9.

(iii) At 700 and 900 �C, ZrN formed an oxynitride layer at the sur-
face. The thickness of the oxynitride phase increased with
increased reaction time and temperature. For example, the
thickness of the oxynitride phase in ZrN after 96 h was 30
and 70 lm at 525 and 700 �C, respectively. The source of
oxygen could be diffusion of oxygen to the surface from
ZrN itself since hot-pressed ZrN was found to have dissolved
oxygen impurities. However, further studies have to be done
to confirm the source of oxygen.

(iv) The oxynitride layer appears to inhibit dissolution and pen-
etration of Cl2(g) and chlorine ions. Thus, formation of oxy-
nitride at 700 and 900 �C controls the weight loss. Further
study is required to evaluate the specific rate limiting
mechanisms.
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Fig. 12. Schematic representation of possible reaction processes involving ZrN in 28.5% LiCl–36.3% KCl–29.4% NaCl–5.8% UCl3 (in weight percent).
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5. Conclusions

The durability of ZrN and HfN was evaluated in molten 28.5%
LiCl–36.3% KCl–29.4% NaCl–5.8% UCl3 (in weight percent) at tem-
peratures ranging from 525 to 900 �C for reaction times of
4–485 h under argon atmosphere. ZrN and HfN experienced
weight loss under all experimental conditions. However, weight
loss decreased with an increase in temperature, and the highest
weight loss values were observed in immersion experiments done
at 525 �C. Experimental evidence indicates that weight loss is due
to formation of volatile products and or electrochemical
dissolution.

Formation of Zr–Cl and Hf–Cl volatile products is believed to oc-
cur due to reaction of the nitrides with Cl2(g) or Cl�, which could be
generated due to reaction of UCl3 species present in the salt with
oxygen. The source of oxygen for this reaction could have come
from oxygen residual impurities in argon gas, test coupons, and/
or salt. However the source needs to be confirmed by further anal-
ysis. Occurrence of the reaction was confirmed by the presence of a
UO2 phase in the XRD analysis of the salt species after immersion
testing. It is, thus, concluded that during electrorefining and cath-
ode processing, a low pO2

value in the processing atmosphere may
reduce the crucible damage. Occurrence of electrochemical deposi-
tion is believed to be occurring from the observed presence of Zr
ion concentration (through ICP-MS analysis) in the salt species
after immersion testing.

At 700 and 900 �C, the formation of oxynitride phase at the sur-
face seems to prevent the formation of volatile product and elec-
trochemical dissolution. Thus the simultaneous occurrence and
competition of electrochemical dissolution and oxidation resulted
in negative activation energy values.
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