
Titre:
Title:

Quantification of the chemical reactivity of molten nitrate salts with 
heat treatable aluminum alloys

Auteurs:
Authors:

Jean-Philippe Harvey, Shanti Singh, Kentaro Oishi, Barbara Acheson,
Richard Turcotte, Daniel Pilon, Jonathan Lavoie, & Bernard Grange 

Date: 2021

Type: Article de revue / Article

Référence:
Citation:

Harvey, J.-P., Singh, S., Oishi, K., Acheson, B., Turcotte, R., Pilon, D., Lavoie, J., & 
Grange, B. (2021). Quantification of the chemical reactivity of molten nitrate salts
with heat treatable aluminum alloys. Materials & Design, 198, 12 pages. 
https://doi.org/10.1016/j.matdes.2020.109293

Document en libre accès dans PolyPublie
Open Access document in PolyPublie

URL de PolyPublie:
PolyPublie URL:

https://publications.polymtl.ca/9273/

Version: Version officielle de l'éditeur / Published version 
Révisé par les pairs / Refereed 

Conditions d’utilisation:
Terms of Use:

CC BY-NC-ND 

Document publié chez l’éditeur officiel
Document issued by the official publisher

Titre de la revue:
Journal Title:

Materials & Design (vol. 198) 

Maison d’édition:
Publisher:

Elsevier

URL officiel:
Official URL:

https://doi.org/10.1016/j.matdes.2020.109293

Mention légale:
Legal notice:

Ce fichier a été téléchargé à partir de PolyPublie, le dépôt institutionnel de Polytechnique Montréal
This file has been downloaded from PolyPublie, the institutional repository of Polytechnique Montréal

https://publications.polymtl.ca

https://publications.polymtl.ca/
https://doi.org/10.1016/j.matdes.2020.109293
https://publications.polymtl.ca/9273/
https://doi.org/10.1016/j.matdes.2020.109293


Quantification of the chemical reactivity of molten nitrate salts with heat
treatable aluminum alloys

J.-P. Harvey a,⁎, Shanti Singh b, Kentaro Oishi a, Barbara Acheson b, Richard Turcotte b, Daniel Pilon a,
Jonathan Lavoie b, Bernard Grange c

a Polytechnique Montréal, Chem. Eng., Box 6079, Station Downtown, Montréal, QC, H3C 3A7, Canada
b Natural Resources Canada, Canmet Canadian Explosives Research Laboratory, 1 Haanel Dr., Ottawa, ON K1A 1M1, Canada
c Constellium Technology Center, CS 10027, 38341 Voreppe Cedex, France

H I G H L I G H T S

• No strong reaction between Al alloys
and NaNO3 up to 720 °C in a closed
system.

• The Al-20%Mg alloy strongly reacts with
NaNO3 in an open system at 450 °C

• The Al\\5%Li alloy reacts with NaNO3

above its liquidus temperature in an
open system

• The thermal decomposition of NaNO3

promotes reactions with Al-based
materials.

• Reaching the solidus temperature of a
material during heat treatment is to be
avoided.

G R A P H I C A L A B S T R A C T

Calculated Al\\Mg phase diagram (left graph, solid black lines) and measured thermal curves (right graph) for
Al-20%Mg + NaNO3 sample (grey X - ignition); Al-12%Mg + NaNO3 sample (black X - small exothermic
reaction) and Alloy 2024(1.2%Mg) + NaNO3 (red X - small exothermic reaction).
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Thiswork explores the conditions for safe heat treatment of aluminum alloys containing lithium andmagnesium
inmolten sodiumnitrate (NaNO3) bath furnaces, and conditionswhere industrial accidentsmay occur. Using cal-
orimetry coupled to classical thermodynamics, the strength of classical thermodynamicswhen analyzing thermal
curves was demonstrated through a series of small-scale thermal analyses of various aluminum alloys in contact
with sodium nitrate. This systemwas selected to illustrate reactions that may lead to severe and violent heat ef-
fect phenomena. Using idealized binary alloys, severe oxidation ofmagnesium- and lithium-rich aluminum alloy
samples were shown to occur near 500 °C, a temperature range dangerously close to the operating temperature
of solution heat treatment furnaces in manufacturing processes of heat treatable aluminum alloy sheets used in
the aerospace industry. Commercial aluminum alloys AW257, 2198, 2024, and 1050were also assessed with the
same tools. The temperature that needed to be reached for these commercial aluminum alloys to react withmol-
ten sodium nitrate was significantly higher than the normal operating temperature of a conventional solution
heat treatment furnace.
Crown Copyright © 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Aluminum alloys have been used in the automotive industry [1] and
integrated into a multitude of highly technological applications in the
aviation and aeronautic industries in recent years. The drive towards
lighter metal alloys, mostly in military and aeronautic applications,
has seen a shift from traditional aluminum‑copper (2000 series),
aluminum‑zinc (7000 series) and aluminum‑magnesium‑silicon (6000
series), to aluminum‑lithium compositions (2000 and 8000 series),
with lithium typically added up to 2 wt% [2]. Lithium increases the spe-
cific mechanical properties of aluminum alloys (such as the specific
strength) and therefore reduces their weight which is highly beneficial
for aerospace applications.Multiple challenges arising from the addition
of lithium into aluminum alloys are described below:

1. Fast diffusion andhighmobility of lithium in the solid state that could
lead to segregation at the surface of the material [3,4]

2. High reactivity and affinity with oxygen leading to lithium losses [5]
3. Decrease of the stability of the oxide layer protecting the surface of

the material [3,6]

In each of these challenges, the reactivity of the lighter metals (lith-
ium and magnesium) poses a hazard. Traditionally, molten sodium ni-
trate bath furnaces have been operated to process heat treatable alloys
such as the 2024 alloy [7]. Aluminumalloymanufacturers are nowadays
exploring the possibility of using these furnaces to process new genera-
tions of Al\\Li alloys aswell. In this context, ensuring a safe operation of
the system is paramount. This work evaluates the reactivity of
Li-containing aluminum alloys with molten sodium nitrates in the typ-
ical operating temperature range of these solution heat treatments in
the industry. It also explores the usefulness of small-scale experiments
to support modelling of the thermodynamic origin of such hazards. An
examination of the process by which these alloys are produced is first
presented, in the context of the hazards that may be present.

The practice of homogenization by heat treatment and quenching
during the manufacture of heat treatable aluminum alloys is used to
convey enhanced physical properties to the alloy such as strength, duc-
tility and corrosion resistance. A typical heat treatment starts with rapid
heating above the solvus temperature of the alloy, followed by
quenching to achieve a supersaturated solid solution. The imposed tem-
perature of the solution heat treatment depends on the alloy to be
treated and its desired end-state properties [8] [9]. Depending upon
alloy composition, the operating temperature of the furnaceduring a so-
lution heat treatment can be close to a eutectic temperature but, in a
real-life operation, eutectic temperatures should not be reached. How-
ever, due to micro-segregation effects induced upon non-equilibrium
solidification, the chemical composition of an aluminum alloy at grain
boundaries can be significantly different from that of the bulk composi-
tion. These boundaries may each have distinct eutectic temperatures,
and operation of a furnace at, or above, this eutectic temperature can
therefore lead to the local melting of specific regions within the alloy
[10]. This must be a consideration when determining heat treatment
temperatures and durations, as well as stringency of process tempera-
ture control.

Various strategies can be used to perform alloy heat treatments,
such as convection furnaces or molten salt baths. Molten salts such
as sodium nitrate (NaNO3), potassium nitrate (KNO3), or binary salts
(KNO3 +NaNO3), as heat transfer media for aluminum alloys, have ad-
vantages over conventional heat treatment convection furnaces. As a
heat transfer fluid, molten salts allow rapid heat transfer by conduction,
whichhas been proven to bemore efficient than radiant or gaseous con-
vection furnaces [11]. Another important factor to consider when
performing a solution heat treatment is the resulting deformation/
distortion and dimensional defects of the treated part. Due to this,
and the aforementioned micro-segregation issues, it is highly desirable
to limit the time spent in the heat treatment furnace, and to limit tem-
perature gradients in the treated part in favour of uniform heating.

Important prerequisites for the selection of molten salts for this type
of application are their thermal stability and low vapour pressure in the
range of working temperatures of the solution heat treatment furnaces
(i.e. around 500 °C). At atmospheric pressure, NaNO3 starts to thermally
decompose between 500 °C to 600 °C [12] [13] depending on a number
of factors including the heating rate. Under normal operating condi-
tions, thermal decomposition of sodiumnitrate is a dynamic process de-
pendent on the atmosphere chemistry, the heating rate, the gas flow, as
well as the container material [14]. The presence of impurities in ni-
trates such as water, cyanide or chloride can also have an important im-
pact on their thermal decomposition behaviour (see [15] for example).

Molten nitrates are considered hazardous for multiple reasons; pri-
marily that nitrates are oxidizers that can sustain violent exothermic re-
actions with combustibles which can be organic or metallic (such as in
our application). Depending on the system's chemistry, this reaction
can range from a simple combustion up to a detonation. As an example,
the origin of an industrial explosion involving the presence of nitrate (in
this case, barium nitrate) used in the synthesis of aluminum-powder-
based pyrotechnical mixtures is well-documented [16]. In fact, the po-
tential explosion hazard of such a solution heat-treatment process is
predicted by classical thermodynamics. Based on these principles, a
strong exothermic reaction [17] [18] [19] is thermodynamically
favoured under typical operating temperature of the solution heat treat-
ment (i.e. about 500 °C) when an aluminum alloy is in contact with a
molten nitrate. In fact, classical thermodynamic calculations predict
that aluminum should be oxidized by sodium nitrate even at room tem-
perature. Kinetic constraints prevent such a catastrophic outcome and
allow use of the process at an industrial scale. The presence of a dense
protective oxide layer at the surface of the aluminum alloy prevents
its further oxidation. Some studies [3,6] mention that reactive alloying
elements such as lithium might lead to the formation of porous
non-protective surfacefilms. This could potentially promote a sustained
oxidation of the aluminum alloy. This alloying element could therefore
increase the risk of reaction with themolten nitrate bath. From a chem-
ical engineering perspective, there existmathematical criteria to predict
reactor runaways such as a positive divergence linked to mass and
energy balances on a segment of the reaction path [20].

Small scale experiments on the reactivity of Al\\Mg and Al\\Li sam-
ples submerged in pure sodium nitrate melts, performed by Clark et al.
[21], are the only evidence of the potential explosive behaviour of such a
process. These authors pointed out that an alloy containing more than
20 wt% Mg was required for an explosion to occur. This is well above
the current amount of Mg used in commercial heat-treatable Al alloys.
Interestingly, in this study explosions were recorded at temperatures
as low as 450 °C, which almost perfectly matches the solidus line (melt-
ing start temperature) of the Al\\Mg system. For Al\\Li samples, a min-
imum of 5% mass Li (still higher than what is used in commercial heat
treatable Al alloys) in the sample was required for the occurrence of vi-
olent exothermic reactions. The recorded explosion temperatures for
the Al\\Li samples were much higher, i.e. around 650 °C, which is
above the liquidus line of this system. This temperature is never reached
during normal solution heat treatment of aluminum alloy. However,
this temperature is not too far from normal operating conditions. This
implies that the temperature control and measurement is critical in
this application. Failure to accurately measure the hottest spot of the
heat treated aluminum alloy could potentially lead, in the worst case
scenario, to an explosion.

As inferred in the above discussion, the ability to predict the condi-
tions for runaway reactions during heat treatment (i.e., temperature,
alloy composition, bath composition, etc.) is paramount to process
safety and hazard prevention in any commercial development of heat-
treatable alloys. The next logical step, after this risk is assessed and
deemed acceptable, is to determine the effect of this heat treatment
method on the evolution of the aluminum alloy part (i.e. geometrical
variations of the part after quenching; lithium losses and surface segre-
gation, etc.).
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This current study provides insight to these runaway conditions
through the use of experimental trials at the milligram scale combined
with predictive thermodynamic modelling. A series of calorimetry
experiments, performed in open and closed conditions, was used to
examine various commercial and synthetic Al alloys. The synthetic Al
materials contained specifically reactive alloying elements, such as lith-
ium andmagnesium, in contact with pure sodiumnitrate. These two re-
active elements were selected as they are added to heat treatable
aluminum wrought alloys and are particularly susceptible to react
with molten sodium nitrate as quantified by their standard reduction
potential. Thermo-analytical methods (i.e. differential scanning calo-
rimetry [22]) coupled with gas analyses by IR and MS were used to
postulate reactions and to assess the feasibility to process lithium-
containing alloys in molten nitrate bath furnaces. Comparison with
thermodynamic calculations was performed to help elucidate the re-
action mechanisms in these systems and to obtain a process hazards
screening tool for novel Al\\Li or Al\\Mg alloys, at the design stage.

2. Methodology

2.1. Sample Synthesis and Preparation

All commercial aluminum alloy sheets (i.e. 1050, 2024, 6156, 2198
and AW257)were provided by Constellium. Table 1 presents the chem-
ical analysis of each alloy, obtained by spark optical emission spectros-
copy, in addition to customized Al\\Mg and Al\\Li binary alloys
synthesized using a small-scale induction furnace (Indutherm VC
650 V). These latter samples were used to validate the experimental
work of Clark et al. [21] regarding the reported explosive reaction
when certain Al\\Li and Al\\Mg alloys were exposed tomolten sodium
nitrate. Reagent Plus grade NaNO3 (>99.0%) and LiNO3 (9.9% Li) were
obtained from Sigma-Aldrich.

Circular thin section samples were punched from the alloy; chipped
sampleswere extracted using a controlledmachining procedure to limit
the temperature increase below 80 °C and avoid severe oxidation of the
machined chips. An example of punched andmetallic chips is presented
in Fig. 1. It is known that the sample procedure and preparation tech-
nique have an important impact when performing calorimetry mea-
surement of heat treatable aluminum-alloys, as highlighted by Starink
et al. [23]. In the present work, the increased surface area to mass of
chips, rather than punched samples, were preferred when performing
differential scanning calorimetry (DSC) tests of the alloy exposed to
the molten nitrate.

2.2. Thermodynamic Calculations

Thermodynamic calculations presented in this work were per-
formed using the FactSage software [24]. This thermochemical package

has extensive thermodynamic databases for oxides, salts, metallic sys-
tems and more. These databases are used to evaluate the energetic be-
haviour of different stoichiometric compounds and solutions as a
function of imposed intensive properties, namely temperature, pressure
and molar fraction (in the case of solutions). Numerical methods and
challenges associated with the identification of multiphasic equilibrium
states by a constrained Gibbs free energy minimization were already
presented by Harvey et al. [25].

2.3. Experimental methods

A TA Instruments 2910 DSC was used for heating closed-system
experiments (pressure-tight screwed capsules that can withstand up
to 100 bar) up to 720 °C, to ensure that a complete melting endotherm
was captured. A purge of 50 mL min−1 argon, heating rate of 10 °C
min−1 and sample masses ≤30 mg (see Table S1, supplemental mate-
rial) were used. This maximum temperature is substantially higher
than normal operating conditions of molten salt bath furnaces, yet
may be representative of some overheating situations in industrial fur-
naces caused by an erroneous thermocouple reading in the system. Eu-
tectic temperature probes are used in the industry to prevent such
erroneous measurements and allow automatic shutdown of furnace
heaters. A TA Instruments Q600 (SDT, simultaneous DSC/TG) was
used for heating open system experiments (i.e. open crucibles for
which samples can partially/fully equilibrate with the protective gas
flow) to ≤1200 °C at 10 °C min−1, also under 50 mL min−1 argon
flow. Temperature, mass and heat flow calibrations of the DSC and
SDT, and thermal stability measurements of the samples, were per-
formed according to ASTM standards [26].

As the sample was heated in the SDT, the argon purge gas swept
evolved gases from the sample through transfer lines maintained at
150 °C connecting the sample chamber to a FTIR (Nicolet 6700,
4 cm−1 resolution, 60-s spectrum acquisition time, 59 scans/spectrum).
To identify additional species which are not infrared active, it proved
advantageous to also couple a mass spectrometer to the SDT/FTIR
to record atomic mass fragments (MS, Extrel MAX300-LG, 19 mm
quadrupole MS, electron potential 100 eV, filament emission current
approximately 1.5 A).

A Setaram LABSYS EVO STA with DSC measurement option (iso-
thermal temperature accuracy of ±1 °C and 0.4 μWheat flow resolu-
tion) was also used for heating open system experiments to capture
complete melting endotherms of the pure alloys without any pres-
ence of salt. Calibrations were performed as described by ASTM
E794 using Sn, Pb, Zn, Al and Ag metal standards [26]. An arithmetic
average of five measurements for each standard material was used
for calibration. Both the calibration and sample measurements
were carried out under 15 mL min−1 Ar atmosphere. Around 40 mg
of the punched sample in a 90 μL alumina crucible (pre-annealed at

Table 1

Chemical composition of the commercial Al alloys and synthetic samples used in this worka.

Al$ Si Fe Cu Mn Mg Zn Ti Zr Li Ag

%mass %mass %mass %mass %mass %mass %mass %mass %mass %mass %mass

Commercial Alloys
AW257–31 Balance ≤0.1 ≤0.1 2.1–2.8 0.2–0.6 0.2–0.9 ≤0.08 ≤0.08 ≤0.08 1.1–1.7 ≤0.1
2198 95.282 0.029 0.038 2.96 0.009 0.335 0.008 0.032 0.145 0.914 0.256
6156 96.731 0.854 0.08 0.9 0.453 0.8 0.146 0.036 – – –

2024 93.8548 0.041 0.069 4.27 0.409 1.248 0.078 0.0139 0.0163 – –

1050 99.4508 0.129 0.325 0.0022 0.044 0.034 0.009 0.006 – – –

Synthetic samples
Al-12%Mg 87.5 – – – – 12.5⁎ – – – – –

Al-20%Mg 80 – – – – 20 – – – – –

Al-5%Li 95 – – – – – – – – 5 –

a measurement presented for both alloying elements and impurities
⁎ average of 3 measurements, last digit represents the uncertainty
$ by subtraction
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1600 °C for 4 h prior to any measurement under Ar atmosphere) was
placed on the DSC measurement rod. An empty and pre-annealed
alumina crucible was used as reference. Both reference and sample
crucibles were loosely covered with alumina lids, and a heating
rate of 10 °C min−1 from 50 to 710 °C was applied for the sample
measurements.

The limited selection of commercially available and inert closed
capsules for 2910 DSC trials, and open pan materials for SDT trials
led to the use of gold-sealed 316 L capsules (Netzsch Instruments
Inc.) for closed system experiments and specially made INCONEL
625 pans (Instrument Specialists) for the open system experiments.
It is to be noted that the closed capsules are designed so that the
gold seal is not in direct contact with the molten salt or molten
metal (as gold reacts with aluminum to form intermetallics), and are
stated to withstand a pressure of about 10 MPa. A list of all samples
tested is given in Table S1.

Consideration was given to pan selection since molten aluminum is
an aggressive medium, and energetic reactions of the molten alloy and
sodium nitrate has been reported by Clark [21]. Pure alumina is often
recommended to contain liquid aluminum [27], however, alloying ele-
ments such as lithium and magnesium are known to rapidly degrade
(shatter) Al2O3 crucibles because of volume mismatches induced by
the formation of LiAlO2 [5]. Anecdotally, when previously working
with pure lithiummetal in anAl2O3 crucible under an argon atmosphere
at high temperature, a thermite-like runaway reaction was recorded
during SDT calorimetry trials. This was attributed to lithiummetal scav-
enging oxygen from the Al2O3 crucible. Therefore, due to thepresence of
lithiumandmagnesium in some alloy samples,metallic alloy containers
were preferred, as is the casewhen assessingpromisingmolten salt can-
didates for concentrated solar power stations and thermal energy stor-
age system applications [28].

To assess the durability of various DSC containers in terms of metal/
nitrate compatibility, a series of FactSage thermodynamic equilibrium
calculations were undertaken. Specific stainless steels such as 316
alloy (austenitic steel) could be an acceptable container material [29],
though stainless steel will also react to some extent with liquid alumi-
num [30] [31]. Others, such as ferritic steels, will be destroyed by
the molten salt via different reactions such as (1) 4NaNO3(l) + 3Fe(s)

→ Fe3O4(s) + 4NaNO2(l) or (2) NaNO3(l) + 3Fe(s) → NaFeO2(s) +

Fe2N (l) + 0.5O2(g) [32]. The physico-chemical characteristics of a
nanometric Cr2O3 layer are also of prime importance when looking at
the corrosion behaviour of nickel alloys such as INCONEL [33]. The
Cr2O3 layer at the surface of thesematerials is predicted from thermody-
namics to react with liquid aluminum to form Al2O3. This could prevent
further reactionwhich is one objective of Co-Continuous-Ceramic Com-
positematerials [34]. Table 2 lists these FactSage thermochemical calcu-
lations, and other key chemical interactions, which were evaluated for
standard specific enthalpy (∆h° at atmospheric pressure) for heat inter-
actions between the system and surroundings. These ideal data were
also used for comparison to DSC thermal curves [24].

3. DSC analyses

3.1. Comparison to Model - Alloys

Thecorrespondencebetween theoreticalmelting [24] and that recorded
by DSC for the chipped and punched samples is given in Fig. 2 and Table 3.
Peakmelting temperature increased as the particle size increased. For each
alloy sample, the lowest peak temperature corresponded to the FactSage
model of idealized discrete regions of the bulk surface, which predicts ther-
modynamic phase equilibria based on the minimization of the Gibbs free
energyof the system(whichevaluation requires interpolationsof binary in-
teractions in multicomponent systems). The highest peak temperature
corresponded to the punchedDSC samples. Alloy 1050 is 99.45% aluminum
(Table 1) and was not modelled; however, when considered as pure Al in
Table 3 this alloy also followed the trend of the model resulting in a lower
peak melting temperature in comparison to experiment.

The agreement between the calculated thermodynamic and experi-
mental melting enthalpy was good, and the simulated theoretical
curves also agreedwith those experimentally obtained,which validated
multiple aspects of our study:

1. The metallic chips and punched samples used in our tests were not
too severely oxidized during the sampling procedure. As expected,
the peak temperatures vary with particle size and heat transfer
(Table 3). The solidus to liquidus peak temperature of each alloy
was highest for the punched samples tested in an alumina cup.

2. The 316 L stainless steel was an adequate material to contain these
aluminum alloys as no exothermic reactions were recorded in the
25 °C – 700 °C range.

3.2. Thermodynamic considerations

Solution heat treatments are typically performed close to the solidus
temperature of the aluminum alloy. Fig. 3 shows a ternary Al-Mg-Cu
isoplethal section (e.g. similar to alloy 2024 with mass fraction XMg =
0.0125, Table 1). Indicatedon thisfigure is the typical solutionheat treat-
ment temperatureof about500°C. For the2024alloy, thisoperatingtem-
perature is only 10 °C below the solidus. Therefore, if the operating
temperature of the furnace is not strictly controlled it becomes probable
that pre-existing chemical heterogeneities induced duringmanufacture
of the alloy may partially melt. Fig. 4 shows the liquidus and solidus
lines as well as the associated eutectic temperature for different Al-rich
diagrams, covering the range of chemical compositions (for Cu, Li and
Mg) listed in Table 1.Mg is the alloying element that allows the genera-
tion of a liquid phase at the lowest temperature, i.e. around 450 °C,
while lithium has the highest eutectic temperature at about 600 °C. A
priori knowledge obtained bymodelling such alloy heterogeneities (or
phases)whichare susceptible to reactivity, andwhichexhibit a lowtem-
perature liquidus state,mayallowpredictionof thebehaviourof thebulk
when supportedwith small-scale tests such asDSC.

Fig. 1. Macroscopic image of Alloy AW257 metallic chips and punched samples used in the DSC tests.
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3.3. Thermal decomposition of nitrates

Thermal decomposition of the nitrates was assessed first, shown in
Fig. 5 for NaNO3, LiNO3 and a 50/50%mass (NaNO3 + LiNO3) mixture.

LiNO3was considered since lithiummay spontaneously transfer and ac-
cumulate, at a typical manufacturing operating temperature, from
lithium-containing aluminum alloys into the molten salt (for example
via Table 2 R20). In closed system tests, the maximum temperature of

Table 2

∆h° of key phase transitions and possible chemical reactions as calculated using FactSage.

Reaction Δh° / J g−1 T / °C Δm/m / % Reaction Index

Melting reactions

NaNO3(s) → NaNO3(l) 178.5 310 0 R1
Al(s) → Al(l) 397 660.3 0 R2
AW 257(solidus) → AW 257(liquidus) 376 [578.8–647.9] 0 R3
2024(solidus) → 2024(liquidus) 380 [507.7–642.1] 0 R4
2198(solidus) → 2198(liquidus) 377 [559.6–727.5] 0 R5
6156(solidus) → 6156(liquidus) 390 [561.8–648.8] 0 R6

Oxidation reactions (per gram of metal)

2Al(s) + 1.5O2(g) → Al2O3(s) −31,020 500 +88.9 R7
Mg(s) + 0.5O2(g) → MgO(s) −24,710 500 +65.8 R8
2Li(l) + 0.5O2(g) → Li2O(s) −43,670 500 +115.3 R9
Li(l) + Al(l) + 2NaNO3(l) → 2NaNO2(l) + LiAlO2(s) −146,820 (per g of Li) 700 0 R10a
Li(l) + Al(l) + O2(g) → LiAlO2(s) −173,065 (per g of Li) 700 +94.3 R10b
Al(l) + 3 Mg(l) + NaNO3(l) → 3MgO(s) + Na(l) + AlN (s) −23,706 (per g of Mg) 700 0 R11a
Mg(l) + NaNO3(l) → MgO(s) + NaNO2(l) −20,915 (per g of Mg) 700 0 R11b

Thermal decomposition reactions (per gram of NaNO3)

NaNO3(l) → 0.5Na2O(s) + 1.25O2(g) + 0.5 N2(g) 2550 750 −63.5 R12
NaNO3(l) → NaNO2(l) + 0.5O2(g) 1210 600 −18.8 R13
NaNO3(l) → 0.5Na2O(l) + 0.5NO2(g) + 0.5NO(g) + 0.5O2(g) 3260 800 −63.5 R14

Reaction between reactants and containers (per gram of metal)

4NaNO3(l) + 3Fe(s) → Fe3O4(s) + 4NaNO2(l) −4600 (per g of Fe) 500 0 R15
NaNO3(l) + 3Fe(s) → NaFeO2(s) + Fe2N (l) + 0.5O2(g) −2000 (per g of Fe) 500 −6.3 R16
13Al(l) + 4Fe(s) → Al13Fe4(s) −1870 (per g of Al) 700 0 R17
3Al(l) + 1Ni(s) → Al3Ni(s) −2790 (per g of Al) 700 0 R18
Cr2O3(s) + 2Al(l) → Al2O3(s) + 2Cr(s) −10,723 (per g of Al) 700 0 R19

Molten salt contamination reactions
NaNO3(l) + Li(l) → LiNO3(l) + Na(l) −1147 (per g of Li) 500 0 R20

Fig. 2. Thermal curves of different aluminum alloys, displaced on the ordinate for better viewing and shown with heat flow normalized to grams of pure alloy: green long dash lines are
theoretical heat flow calculated using the FactSage software, red solid lines are chipped aluminum alloys hermetically sealed in 316 L stainless capsules and blue dotted lines are punched
aluminum alloys in ceramic cups.
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720 °C was not high enough to allow the sodium or lithium nitrate to
decompose. However, under open conditions (with no pressure build-
up affecting the chemical equilibrium and mass balances that are
shifting because of the constantly evacuated gas phase), LiNO3 and
NaNO3 decomposition shifted to lower temperature and each individual
melting endotherm was followed by endothermic decomposition. A
mixture of 50/50%mass (NaNO3 + LiNO3) showed a completely misci-
ble melt having one broad endothermic peak. This recorded peak is in
excellent agreement with the eutectic temperature of 194.6 °C calcu-
lated using the FTsalt database of the FactSage software. A decomposi-
tion endotherm occurred with mass loss starting slightly earlier than
either of the pure components. This may suggest that any gradual lith-
ium transfer occurring from the aluminum alloy to the molten sodium
nitrate bath, as a function of time in real-life operation,may serve to de-
crease the thermal stability of the bath, relative to a pure NaNO3 bath.
Such a lithium transfer in the molten salt may occur via reaction R20

(Table 2) which is thermodynamically favoured under standard condi-
tions in this range of temperature.

The first important point validated was whether thermal decompo-
sition of the molten sodium nitrate bath was necessary for an exother-
mic reaction to commence within the alloy. In this scenario, the
multiple chemical reactions occurring during the thermal decomposi-
tion of molten sodium nitrate, Table 2 (R12–14), liberate species (O2,
NO2, NaNO2, NO), which allow oxidation to promote decomposition of
the alloy. The thermodynamics and kinetics of the thermal decomposi-
tion of sodium nitrate are well documented [12] [35–39]. Fig. 6 shows
the FTIR andMS analyses of the evolved gases produced by thermal de-
composition of the 50/50%mass (NaNO3 + LiNO3) during the open pan
SDT measurement. The detection of both NO and NO2 peak around
625 °C on the FTIR curve which, combined with the oxygen signal on
the MS curve (mass fragment = 16), favours the decomposition mech-
anism defined by reaction R14 (which is in agreement with previous

Table 3

Theoretical vs Experimental ∆ho and peak melting temperature.

Theoretical Chipped Punched

Melting reactions ∆ho / J g−1 Tpeak / °C †∆ho / J g−1 Tpeak / °C †∆ho / J g−1 Tpeak / °C

NaNO3(s) → NaNO3(l) 178.5 310 192⁎ 307⁎ – –

Al(s) → Al(l) 397.5 660.3 369⁎ 665⁎ 339⁎ 679⁎
AW 257(solidus) → AW 257(liquidus) 376 645 478 652 313 658
2024(solidus) → 2024(liquidus) 380 640 366 644 311 649
2198(solidus) → 2198(liquidus) 377 645 437 651 282 657
6156(solidus) → 6156(liquidus) 390 645 449 652 335 658
1050(solidus) → 1050(liquidus) 397.5$ 660.3$ 356 663 344 671

⁎ NaNO3 powder and Al metal as received from supplier
$ pure Aluminum
† approximate experimental values dependent on factors such as DSC integration parameters, sample homogeneity, container heat transfer etc.

Fig. 3. Calculated Al-Mg-Cu Isoplethal sectionwith XMg=0.0125, 1 atm using the FTlite database of the FactSage software. The dashed red line represents the solidus linewhile the dotted
line defines a typical solution heat treatment temperature for a 2024 alloy.
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studies [14]). In this open pan configuration, the start of decomposition
occurs nearly 100 °C lower than the peak temperature. Since pre-
existing chemical heterogeneities induced during manufacture of the
alloy may partially melt in the region above 500 °C (indicated in
Figs. 3 and 4), reactive species being liberated near this temperature re-
gionwould contribute to severe oxidation (including corrosion and pas-
sivation) of the aluminum alloy.

4. Reaction of alloy samples with sodium nitrate

Synthetic Al\\Mg and Al\\Li samples were assessed on the small
scale (milligrams) to explore conditions similar to the one used by
Clark et al. [21] in which very high reactivity, including explosions,
were reported on the gram scale between molten sodium nitrate and
aluminum alloys. Table 1 lists two samples: Al-20%Mg and Al-5%Li,

Fig. 4. Binary liquidus and solidus lines for Al-X systems as calculated by the FactSage software.

Fig. 5.DSC and SDT experiments on different nitrates in open (SDT) and closed (DSC) conditions. Mass loss indicatedwith dashed line and arrow pointing to onset of mass loss. All curves
are displaced on ordinate for comparison.
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representing compositions forwhich explosionswere recorded by Clark
et al. [21], and a third sample: Al-12%Mg, which was not identified as a
strongly reactive material when exposed to molten sodium nitrate.
Commercial alloys AW257 and 2198 listed in Table 1 contained both
Li and Mg, and alloy 2024 contained the highest content of magnesium
of the remaining samples. Each of these six samples were combined
with NaNO3 and assessed by calorimetry for reaction behaviour be-
tween the nitrate and each alloy on the milligram scale (Figs. 7–9).

5. Reaction of Al-Mg binary alloys

This section explores the chemical reactivity of Mg-rich synthetic
samples. Their highMg content is not representative of typical commer-
cial Al\\Mg alloys. For some of these compositions explosions have

been reported in the past when exposed to a molten sodium nitrate
bath.We needed to confirm these observations using our methodology.

5.1. Reaction of Al-12%Mg

Under both open and closed conditions, the Al-12%Mg sample in
contact withmolten sodium nitrate underwent a first small exothermic
reaction between 500 and 600 °C,whichmay indicate a surface alloy re-
action had occurred before melting of the alloy (Fig. 7, marked with ‘X'
on SDT thermal curve). At this temperature range, theAl-12%Mg sample
was modelled to be in a 2-phase (Al-FCC + liquid) equilibrium (Fig. 8).
The main exothermic reaction for this sample occurred above 800 °C
(Fig. 7), a temperature which is substantially higher than both the
liquidus temperature of the alloy as well as the thermal decomposition
temperature of the salt. It is also well above the conventional heat

Fig. 6.DSC/TG/FTIR/MS analyses of the 50/50%mass LiNO3+NaNO3 sample, with legends indicatingmultiple gas specieswhere appropriate. Arrows point to onset of mass loss indicating
decomposition and evolution of gaseous species.
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treatment temperature of these alloys. At this temperature, heat gener-
ated by the sample decomposition out-ran the SDT programmed sam-
ple heating rate (10 °C min−1). The recorded value of SDT heatflow
approached 1000 mW in the region where programmed tracking was

exceeded, and such high heat flow is indicative of a runaway reaction.
At this high temperature, the presence of fuels (Mg and Al) and oxi-
dizers can be considered a reactive pyrotechnic mixture in which sub-
stantial heat was evolved due to metal oxidation [40]. Here, response

Fig. 7. Thermal curves (inWper g ofmixture) of Al\\Mgalloy+NaNO3 in closed capsule DSC experiments up to 720 °C (dashed lines), and openpan SDT experiments up to 1000 °C (solid
lines). “X” indicates discussion points in text reproduced in Fig. 8.

Fig. 8. Calculated Al\\Mg phase diagram (solid black lines) and measured DSC exothermic reactions temperatures (X) for Al-20%Mg + NaNO3 sample (grey X's - ignitions); Al-12%
Mg + NaNO3 sample (black X - small exothermic reaction) and Alloy 2024(1.2%Mg) + NaNO3 (red X - small exothermic reaction).
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of the SDT is non-ideal and the instrument's sensors could even be dam-
aged. Indeed, thermal stability by ASTM methods [26] recommend test
conditions which maintain heat flow reactions <8 mW, and require a
linear heating rate to accurately determine onset to decomposition tem-
perature (and mass loss).

5.2. Reaction of Al-20%Mg

Increasing the amount of magnesium to 20%mass greatly in-
creased the susceptibility of the Al/Mg binary alloy to react with
NaNO3 as seen in Fig. 7. At first, a clear and strong exothermic signal
(>2700 J g−1)was recorded at 450 °C,which coincideswith the eutectic
temperature in the Al-rich region of this binary phase diagram (Fig. 8).
The enthalpy change for this DSC exotherm (Δh0) was estimated by in-
tegration of the associated peak in Fig. 7, which as a first approximation
does not factor in heat exchangewithDSC environment suchasheat loss
to the inert purge gas [22]. The strong exothermic signal is in perfect
agreement with the observations of Clark et al. [21]. According to their
observations, an explosion occurred when the metallic system reached
a eutectic reaction (a3-phase reaction). TheAl-12%Mgsampledescribed
above was not rich enough in Mg to reach the eutectic reaction. This
shows that themetal needs tomelt to promote the rapid exothermic re-
action with the molten salt. Another striking element of the Al-20%Mg
system is the negligible weight loss of the sample at the first (eutectic)
exothermic reaction temperature (supplemental material). This tem-
perature is nothighenoughfor themoltensodiumnitrate togenerate re-
active (gaseous) thermal decomposition products with mass loss,
implying that the reaction proceeded directly between the molten salt
and the available metallic Al-20%Mg. Table 2 provides different reaction
mechanism scenarios (see reactions R11a and R11b) that do not involve
any mass fluctuation. Based on enthalpies, this exothermic reaction
(449 °C,−Δh ~ 2700 J g−1) had consumed a sizeable amount of the ox-
idizer and alloy species (Mg and Al fuel) at the eutectic reaction temper-
ature, and as a result an ignition-type behaviour was not recorded at
the higher decomposition temperature after alloy melt (729 °C,
−Δh ~ 1400 J g−1). Although an ignition-type behaviour was not ob-
served, it should be noted that the starting SDT sample mass (Table S1)

had been reduced by ~80% compared to the mass of (Al-12%Mg +
NaNO3) to reduce the chance of damage to the instrument by ignition
after melting. As for the Al-12%Mg, the formation of a liquid metallic
phase is required for this reaction to occur. Under normal heat treatment
conditions, the formation of such a liquid phase should never occur. The
range of temperature between the solvus and the solidus of a given
material therefore acts as a safety factor.

6. Reaction of Alloy 2024

In thepresence of NaNO3 the commercial alloy 2024, containing 1.2%
Mg, resulted in two exothermic events occurring after alloy melt. The
start of this reaction driven by the thermal decomposition of themolten
sodium nitrate to produce O2(g) is marked with “X” in Fig. 7, indicating
a small and broad exotherm with peak at 750 °C. This was followed by
major molten metal oxidation peaks with total enthalpy ~1000 J g−1.
As with the Al-12%Mg alloy, the 2024 commercial alloy contained far
lessMg than required to reach the eutectic reaction. The small exotherm
was located well away from the eutectic reaction as indicated in the
simplified (binary) Al\\Mg phase diagram of Fig. 8. This commercial
alloy can be safely solution heat treated as a reaction with the salt
only occurs well after the alloy completely melted.

7. Reaction of Al-5%Li and Other Commercial Alloys

Thermal curves of NaNO3 and the lithium-containing alloy samples
(alloy 2198, alloy AW257 and Al-5%Li) are presented in Fig. 9. For the
Al-5%Li + NaNO3 (10 mg) system, there occurred a first small exother-
mic reaction as a shoulder before complete melting of the binary alloy
(indicated with “X” on Fig. 9), in a temperature regionwhere decompo-
sition products linked to NaNO3 are present. This sample did not show
behaviour similar to the ignition reported by Clark et al. [21], contrary
to the Al-20%Mg sample. The reaction kinetics for the Al-5%Li system
may be influenced by the small Li atomic radius. Lithium is a fast-
diffusing element that can be transferred to the molten salt, depleting
Li within the aluminum alloy while producing metallic liquid sodium.
Therefore, the metal-to-salt ratio may become a determining factor for

Fig. 9. Thermal curves of Al\\Li alloys and Fe samples, with NaNO3, in closed capsule DSC experiments up to 720 °C (dashed lines), and open pan SDT experiments up to 1000 °C (solid
lines). “X” indicates discussion points in text.
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the reaction mechanism when the molten salt is in intimate contact
with the aluminum alloy. The specific enthalpy of the lithium transfer
reaction (Table 2, R20) was calculated to be significantly less exother-
mic than the direct lithium oxidation by O2(g) (Table 2, R9), which sup-
ports these observations. However, direct lithium oxidation cannot be
ruled out as it may be kinetically limited. The main experimental exo-
thermic reaction was recorded at a temperature of 750 °C, which was
well above the melt temperature of the alloy, and again this behaviour
appeared to be pyrotechnic-like ignition in the SDT configuration
(heatflow >1000 mW). According to our results, this alloy could be
safely heat treated in a molten sodium nitrate bath furnace even with
this high lithium content.

The reactivity of commercial aluminum alloys, 2198 and AW257, in
contactwithmolten sodiumnitrate in closed capsulemeasurements did
not show any strong exothermic reaction up to a temperature of 700 °C.
Again, similar to the Al-5%Li system, a small exothermic event occurred
prior to the melting of the AW257 alloy at around 625 °C (indicated
with “X” on Fig. 9). This validates the experimental observations of
Clarke et al. [21], which concluded that magnesium and lithium content
of commercial alloys should be low enough to prevent severe oxidation
caused by the formation of a substantial amount of liquid phase when
reaching a eutectic reaction.

This figure also shows that pure iron starts to react with NaNO3

(see the exothermic reactions R15 and R16) above a temperature of
600 °C. In the open pan experiments of 2198 + NaNO3 (15 mg) and
AW257 + NaNO3 (9 mg), a temperature of approximately 750 °C
was required before any major decomposition exotherm occurred.
Again, in this high temperature zone, reactive NaNO3 decomposition
products would provide oxidative species, and these samples showed
pyrotechnic-like ignition behaviour in the SDT configuration. Table 2
provides the specific enthalpy of the reaction involving Al(l), Li(l) and
O2(g) that leads to the formation of the highly stable LiAlO2 oxide (reac-
tion R10b). At this temperature, the lithium-containing alloy is fully
melted while the sodium nitrate has thermally decomposed to liberate
O2(g) and NOx(g). When compared to a conventional solution heat
treatment of aluminum alloys, this would be about 250 °C above any
normal operating temperature. Obviously, these reactions are not avail-
able for commercial alloy samples not containing Li (alloys 6156 and
1050, see Table 1). In these samples, it is expected that, similar to the Al-
12%Mg system, theMgcontentwill not be sufficient to reach theeutectic
reaction, and additionally themagnesium content of these commercial
alloys should be low enough to prevent severe oxidation caused by the
formation of a substantial amount of liquid phasewhen (or if) reaching
a eutectic reaction. Although NaNO3with alloys 6156 or 1050were not
tested using SDT, it is expected that in the temperature zone above
alloy melting, the molten Al and Mg would serve as fuels which would
also undergo a pyrotechnic-like ignition reaction in the SDT. According
to these results, it can be concluded that all these commercial alloys
are chemically inert to themolten sodiumnitrate bath in normal operat-
ing conditions (i.e. when the heat treated alloy stays in the solid state).
These results also show that even in the eventuality that partial/local
melting of the alloy occurs (because of an erroneous temperature read-
ing of the alloy/bath), it would still require a temperaturewell above the
liquidus of the alloy to reach strong exothermic reactions.

8. Concluding remarks

The main objective of this work was to determine whether it is safe
or not to operate a molten sodium nitrate bath furnace to solution heat
treat the next generation of Al\\Li alloys. Under stable and fully con-
trolled solution heat treatment temperatures (i.e. above the solvus
and below the solidus), it has been demonstrated that there is virtually
no reaction occurring in the system at the microscale. This is a perfect
example where kinetics prevents strong exothermic reactions while
classical thermodynamics predicts spontaneous oxidation of the alloy
by the molten sodium nitrate.

The series of DSC analyses performed in this work also confirmed
the usefulness of small-scale experiments to elucidate reactions at a
large-scale, which may lead to violent heat effect phenomena. While
the idealized magnesium- and lithium-rich aluminum samples (Al-
12%Mg, Al-20%Mg and Al-5%Li) are not in commercial use, the 20%
Mg sample clearly demonstrated that severe oxidation reactions
could occur in a temperature range below the alloy melt temperature
and dangerously close to the operating temperature of solution heat
treatment furnaces. On the same experimental scale, oxidation was
observed in the idealized 12%Mg and 5%Li samples only after the
alloy melt, which is normally well above the operating temperature
of solution heat treatment furnaces.

The strength of classical thermodynamics when analyzing thermal
curves was also demonstrated. In fact, coupling of thermodynamic
calculations with these DSC experiments and FTIR/MS gas analyses
appears to be a powerful tool to understand the basic reactionmech-
anisms that occur in such complex systems.

As for the chemical reactivity of the commercial aluminum alloys in
contactwithmolten sodiumnitrate, our findings are consistentwith the
observations of Clarke et al. [21]. The temperature that needs to be
reached for the commercial aluminum alloys to react with the molten
sodium nitrate is significantly higher than the normal operating tem-
perature of a conventional solution heat treatment furnace. Therefore,
temperature excursions inside the solution heat treatment furnace
need to be uncontrollably large to be the most evident origin of a cata-
strophic failure for the alloys that were studied.

Our results can also be presented in a broader context as corrosion of
alloys (containers, pipes, etc.) by molten nitrate salts are among the
main issues in the field of concentrated solar power plants. If the oper-
ating temperature of the molten nitrate salt in these heat storage tech-
nologies is below the solidus of these aluminum alloy, our results show
that they would be chemically inert [41] [42] [43] [44].

The conclusions of our work should be taken with great care when
transposed to industrial applications [18] [19]. On the scale of testing
we performed, even though strong oxidation reactions were not re-
portedwithin the operating temperature range of conventional solution
heat treatment for lithium containing commercial alloys, we cannot
claim that this operation would be without any risk at the industrial
scale. A complete evaluation of the actual risks of fires or explosions
for this type of molten salt furnaces would require a combined model-
ling of the kinetics as well as the heat dissipation rate from the heat
treatment furnace. Kinetic studies could be used to generate the rate
determining parameters. Quantification of the heat transfer dynamics
of the furnace with its surrounding would allow to the evaluation of
the temperature increase of the system upon these exothermic events.
We would therefore require the following more realistic conditions in
future experiments:

1. Work with dynamic operating conditions to mimic the convection
movement of the molten salt in the furnace.

2. Use unaltered aluminum alloy sheets to study the influence of their
metallurgical state on the reactions with the molten salt.

3. Select an adequate metal-to-salt ratio to mimic industrial conditions
(to reproduce the actual lithium transfer in the molten sodium ni-
trate and its impact on the thermal stability of the bath).

4. Add some impurities in the molten salt bath such as water, HCl and
carbonates.

5. Study the effect of long isothermal conditions on the stability of the
system.

These conditionswill be studied in the next phase of ourwork on the
identification of the safety issues associated with molten salt solution
heat treatment furnaces used in the aluminum industry. We also want
to explore in this next phase the effect of this solution heat treatment
and subsequent quenching on the quality and integrity of the heat
treated Al\\Li alloys to confirm the possibility to use this process at
the industrial scale.
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