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Abstract: Metal combustion, which is fundamentally a rapid exothermic redox reaction with
oxygen, governs critical applications from aerospace propulsion to structural fire safety.
Understanding key combustion metrics including combustion enthalpy, ignition temperature,
ignition delay time, combustion rate, and threshold pressure is essential for designing fire-resistant
alloys or high-energy propellants. This work establishes a comprehensive database of 725 curated
data points extracted from 45 publications, mainly encompassing pure metals, Al-based, Ti-based,
Mg-based, Fe-based alloys and multi-component alloys. Each data entry integrates combustion
metrics with alloy composition and critical experimental metadata, such as sample geometry,
oxygen partial pressure and test method. By integrating scattered literature data into a unified
framework with standardized parameters, this work provides a foundation for data-driven
discovery of next-generation materials with tailored combustion performance.
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Background & Summary

Combustion performance is a fundamental property of metallic materials, influencing both
their practical applications and safety considerations. Aluminum alloys, for instance, are widely
employed as additives in propellants due to their high energy density "2, where rapid, controlled
combustion is desirable. To maximize their energy release, researchers have explored strategies

such as particle size optimization and alloying element modification to improve the ignition and



combustion performance of Al-based additives **. Conversely, the propensity of metallic materials
to ignite under certain conditions can lead to catastrophic mechanical failures. Titanium and
magnesium alloys, for example, known for their high specific strength, low density and corrosion
resistance, are extensively utilized in automotive and aerospace industries >!'. However, their
susceptibility to combustion at elevated temperatures, leading to fire accidents, poses severe safety
risks, limiting their applications '®!2. Consequently, extensive research has been conducted to
understand the ignition and combustion behaviors of these alloys for both performance
enhancement and hazard mitigation "'%'°, Despite these divergent objectives, both scenarios
necessitate a fundamental understanding of metal ignition and combustion mechanisms.
Fundamentally, metal combustion is a rapid exothermic redox reaction, typically with oxygen

in the surrounding environment. The process begins when a metal surface is exposed to an
oxidizing atmosphere, forming a thin oxide layer through the reaction M + g 0, » MO,(AH:<O0).

This initial oxidation serves a dual purpose: it releases thermal energy while simultaneously
creating a diffusion barrier that temporarily inhibits further reaction, which causes ignition delay.
However, as oxidation progresses, localized hotspots emerge due to defects caused by thermal
stresses between metal and its oxide, and the heat release rate increases, which will further
destabilize the oxide layer. As the rate of heat accumulation surpasses the rate of heat dissipation,
the material can rapidly reach its ignition temperature, leading to combustion 1516 Once
ignited, the combustion may proceed through condensed, molten or gas phase reactions. The
combustion front propagates as a wave, with continuous oxide formation and breakdown
sustaining the reaction until either the metal is fully consumed or the heat flux drops below the
threshold for self-sustained burning.

Combustion properties are characterized by both thermodynamic and kinetic metrics.
Thermodynamically, combustion enthalpy (AH.) defines the theoretical highest energy release,
while kinetic properties include ignition and flammability parameters. Key kinetic evaluation

metrics include:



* Ignition temperature: Lowest temperature measured experimentally at which there occurs
the most rapid rate of change with time of both light intensity and sample temperature !’
20
+ Ignition delay time: Time duration between exposure to heat source and ignition 2!,
* Combustion/regression rate: Speed of flame propagation or material consumption, which
can be evaluated with either length/volume rate or mass rate 2223
* Threshold pressure: The minimum pressure at a specified oxygen concentration and
ambient temperature that supports self-sustained combustion of the entire standard
sample, which is a cylindrical rod with 3.2 mm diameter and 150 mm length according
the ASTM G-124 standard 2*.
The combustion behaviors of metallic materials are not only sensitive to alloy composition and
oxide characteristics, such as Pilling-Bedworth ratio ?° but also sensitive to external experimental
parameters including testing methods, environmental conditions and specimen geometries. For
example, ignition test results demonstrate that increasing the heating rate significantly raises the
measured ignition temperature of magnesium alloys '»!""15_ Similarly, Lee et al. %° used different
test methods to study the ignition temperature of AM60/AZ91+xCaO alloys and found that values
obtained by chip ignition test were significantly lower than those measured by differential thermal
analysis (DTA). Besides testing methods, specimen geometry is also a critical factor influencing
the results. Feng® investigated the ignition delay time of aluminum powders with varying particle
sizes under different environmental oxygen concentrations. The results indicate that as particle
size increases, the ignition delay time increases. For bulk samples, sample geometry also plays an
important role in the experimental results measured. However, various specimen geometry
including bar, block, and chip were used in previous works, as illustrated in Fig. 1. All of these

variations make the direct comparative studies across different alloys challenging.

Fig. 1 Distribution of size and geometry of measured bulk samples for combustion metrics #2743

In this study, we created a comprehensive database with combustion metrics that could be fed



into machine learning (ML) based models to allow for exploration of the compositional space
beyond what was used to create the current database. To our knowledge, this is the first published
database of this type. A high level of overview of the dataset is shown in Fig. 2. The data were
collected from 45 publications comprising 725 data points, with materials falling into 13 material
classes. There are 6 datasets reporting a total of 5 different combustion metrics, e.g. combustion
enthalpy, ignition temperature, ignition delay time, combustion rate, combustion temperature and
threshold pressure. The combustion performance database was designed to support ML-based
models, enabling the exploration of material composition spaces and the development of empirical
models. The database comprises a wide range of experimental conditions, such as sample sizes,
oxygen pressures, and testing methodologies, which previously varied significantly across studies.
This standardized presentation of experimental conditions and results facilitates pattern
recognition and predictive modeling, which not only facilitates the development of calculable
matrices that could shed light on the fundamental physical processes that govern combustion

performance but also supports the development of predictive ML models for alloy design.

Fig. 2 A schematic overview of the dataset.

Methods
Among the over 160 literature sources reviewed, many did not provide the necessary
combustion properties or loading path information. Such data points were not included in our

dataset. Ultimately, we retained data from 45 paper 3+1218.21-23.27-64

, spanning research from 1950
to 2024, with approximately 70% being published after 2010. Relevant combustion properties data
were extracted through multiple approaches: (1) Direct collection from reported values in tables
and text; (2) digitization of graphical data using WebPlotDigitizer software(https://automeris.io/)® ;
(3) calculation of derived parameters when sufficient experimental details were provided. The final
curated dataset encompasses 725 individual records across 13 material classes, capturing 5 key

combustion metrics, e.g. combustion enthalpy, ignition temperature, ignition delay time,

combustion rate and threshold pressure. Each data point includes both the measured combustion



properties and associated experimental metadata to ensure proper contextual interpretation.

For combustion rate data, we implemented a standardized processing approach to account for
variations in sample sizes across different studies. The volumetric combustion rate (V'), when not
directly reported, was calculated from reported linear rates (v) using the following formula:

V=uv 71(3)2 (1)
where d is the diameter of bar sample specified in the original literature. Please note the radius
were calculated from the nominal diameter reported in the literature, which may introduce errors
to the calculated volumetric combustion rate. This normalization enables meaningful comparison
of combustion rates across different experimental configurations.

Data Record

The dataset is provided as an Excel spreadsheet hosted on Figshare® and on github®’. It
contains six individual worksheets, each corresponding to a specific combustion metric:
combustion enthalpy, ignition temperature, ignition delay time, combustion rate (volumetric),
combustion rate (mass), and threshold pressure.

Data entries include string and numeric data types. Text data such as test method and promoter
in PIC test are stored as strings. The element compositions and combustion metrics are defined as
numbers, and other numeric data such as sample parameters, oxygen pressure, and experimental
temperature are stored in the form of a numeric array. An individual record is defined as having a
unique composition, property, experimental condition and reference combination. This
architecture enables both discrete analysis of individual measurements and systematic evaluation
of parameter dependencies.

Each worksheet contains rows representing individual experimental measurements and
columns describing alloy composition, combustion properties, and experimental conditions.
Missing values are indicated as blank cells. Units are provided in the column headers.

The column headings include:

- Alloy name (string)



- Elemental composition (wt.%, numeric)

- Oxygen pressure (MPa, numeric): The gas environment is a critical factor in controlling the
ignition and combustion characteristics of alloy samples. For the reaction of alloys with oxygen,
oxygen concentration or partial pressure also controls the reaction process.

- Xef: Xep 1s the effective molar fraction of the oxidant in the post-combustion gas changed by
varying air and oxygen flow rates. Data of Xes are related to ignition delay time data in this
database. The effective oxidizer mole fraction is defined by:

Xesr = Xo, + 0.6H,0 + 0.22X 0, (2)
— H20 pressure, N2 pressure, Ar pressure (MPa, numeric): These columns describe the gas content
of reaction atmosphere when testing ignition delay time.
— Test method: Basically, test methods compile promoted ignition-combustion test (PIC), furnace-
heating test, premixed flame test and the minority of laser-ignition test. Combustion metrics,
especially ignition delay time and ignition temperature, can be affected by test method, which
should be considered if these inputs are combined.

An example section of the dataset of volumetric combustion rate is shown in Table 1, and the
other datasets follow the same or a very similar format. The reference number corresponds to the

references in the final tab of the dataset.

Table 1 A section of combustion rate dataset. The full elemental composition includes the following elements:
Ti, Al, Cu, Si, V, Cr, Zr, Mg, Ni, Fe.

Allo Composition (wt.%) Oxygen Combusti Combusti Sat:g ?Ie Combustio
NamBé . pressure on Length on rate diameter nrate  Ref.
T Al Cu o Cr (MPa)  (mm)  (mmss) T (mms)

Til4 8446 124 1391 0 0.2 10 23 32 185 22
Til4 8446 124 1391 0 0.3 20 4.4 3.2 35.2 22
Til4 8446 124 1391 0 0.3 30 58 32 47 22
Til4 8446 124 1391 0 0.3 40 7.2 3.2 575 22
Til4 8446 124 1391 0 0.4 10 32 32 24.9 22
TE22V-es g 0 25 01 40 48.0 32 3858 %

10Cr
TE22V-es g 0 25 03 40 57.0 3.2 458 5
10Cr
TE22V-es g 0 25 04 40 54.1 32 4988 %

15Cr




Ti-2Cu 98 0 2 0 0.1 40 6.4 1.79 51.8 56
Ti-2Cu 98 0.2 10 3.8 1.79 30.2 5
Ti-2Cu 98 0 2 0 0.2 20 4.8 1.79 38.5 5

o
N
o

Data overview

As illustrated in Fig. 3, the compiled dataset comprises 725 data points systematically
categorized by combustion metrics. For thermodynamic property, combustion enthalpy, we include
32 data points of pure metals, and 41 data points of alloys, e.g. Al-Ni alloys and multi-component
alloys. For kinetic metrics, we include a total of 652 data points of ignition delay time, ignition
temperature, combustion rate and threshold pressure. Most ignition delay time data were obtained
from powders, with a small portion from bulk samples; in contrast, ignition temperature data
primarily derive from bulk samples, though some powder-based measurements are included. The
other two kinetic metrics were measured exclusively on bulk samples. The metal categories

collected for each metric are illustrated in Fig. 3.

Fig. 3 Composition of data (The number labeled is the number of data entries for each category).

Technical Validation

The data were collected when a quantification of combustion metrics was given either in
number or shown in a readable figure, and enough details regarding the test method related to
combustion performance were given. Furthermore, additional screening was performed by
examining outliers in various statistical plots of the datasets. In Fig. 4, a comparison between the
theoretical and experimental measured combustion enthalpy is presented. As can be seen from the
figure, the value of theoretical combustion enthalpy is systematically lower than experimental
combustion heat, which is expected due to factors rooted in the differences between idealized

models and real combustion environments.

Fig. 4 Theoretical and experimental combustion enthalpy *°.

Fig. 5 presents the screening of data regarding ignition metrics, including ignition temperature

and ignition delay time. As illustrated in Fig. 5 (a), there is a positive relation between ignition



temperature and ionization energy for pure metals*®%®. In Fig. 5 (b), a relation was found between
the solute oxide melting temperature® and ignition temperature in Mg alloys>’°. All the samples
are cut into bulks, where heat source centered. When adding solutes with low oxide melting
temperature, the ignition temperature of Mg alloys is lower than pure Mg. Conversely, when the
melting point of the solute oxide exceeds a certain threshold, the corresponding ignition point is
higher than that of pure Mg. Fig. 5(c) shows the ignition delay time of Al and Al-Mg particles
affected by particle size and effective molar oxidant fraction (Xsr), and clear trends could be

observed for both particle size and Xy on the ignition delay time?**>.

Fig. 5 Ignition metrics data validation by screening data with various internal and external factors. (a) Ignition
temperature of pure metals as a function of ionization energy **%; (b) Ignition temperature of lumped Mg

27-29

alloys as a function of oxide melting temperature of the solute metal in Mg alloys® (Horizontal axis

representing the melting point of the oxide corresponding to the solute, and the dashed line indicating the

ignition temperature of pure Mg); (c) Ignition delay time of particles by screening effect of particle size and
21,54

effective molar oxidant fraction (X, ) 353, (d) Ignition delay time of Cu with different ignition promoters

Fig. 6 presents the screening analysis of flammability datasets, focusing on combustion rates
and threshold pressure measurements. As can be seen from the figures, the data demonstrate
expected variations correlated with alloy composition, sample dimensions and oxygen pressure.
When the experimental conditions are the same, results for alloys within the same material
category consistently cluster within narrow ranges, confirming the internal consistency of the

compiled data. This systematic behavior validates the database’s reliability for comparative

analysis across material systems.

Fig. 6 Screening of flammability datasets. (a) Combustion rate of Ti alloys 2>°%¢, Cu-Zr alloys *’ and Al-Ni *%;
(b)Zoom-in of part of the collected data in (a); (¢) Comparison of combustion rates across various alloy

category; (d) Mass combustion rate of Ti-xCu alloys with variations of Cu composition and O, proportion >*%%;

(e )Threshold pressure data of various alloys measured based on ASTM G-124 470,
Data Availability
The dataset supporting this study is publicly available on Figshare at DOI: 10.6084/m9.figsh

are.29966602 and on github (https://github.com/wpl2000/CombustionData)



Code availability

No custom code was developed for the generation or processing of this dataset.
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Abstract: The combustion behavior and mechanism of Til4 titanium alloy are studied by promoted
ignition combustion tests at different oxygen pressures in this paper. The burning velocity increases
at higher oxygen pressures and also increases with longer burning times instead of a constant at
the same pressure. The Cu atoms are found enriched in two zones—i.e., the heat affected zone and
melting zone during the combustion process—which can prevent the diffusion process of oxygen
atoms. The different combustion behavior of Til4 and Ti-Cr-V alloys is basically controlled by the
characteristics of phase structures and chemical reactions.
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1. Introduction

Titanium alloys have broad applications in aviation industry because of the excellent properties
such as high strength, low density, and high corrosion resistance [1,2]. However, they can be ignited
by high speed friction and particle impact under the conditions of high pressure and temperature
due to the low thermal coefficient and high combustion heat, known as a “titanium fire” accident [3].
The applications of titanium alloys are limited by the “titanium fire” accident since the burning velocity
of titanium alloys is so fast, needing only 4-20 s, that it can hardly be terminated once the combustion
reaction starts.

To avoid this problem, many researchers are developing burn resistant titanium alloys. There

are two typical types of burn resistant titanium alloys, one type is Ti-Cr-V system alloys and another ini- ‘ O I l O I l e I I t
is Ti-Cu system alloys. The burn resistant mechanism of Ti-Cr-V alloys is that adding some V and

Cr (above 13 wt %) to Ti matrix, the burning product V,Oj is volatile and takes away a great deal
of heat by volatilization process during combustion. Furthermore, the element Cr can form a dense
and continuous oxide layer Cry(); in the combustion process and it can prevent the Ti matrix from

oxidizing. Therefore, the Ti-Cr-V system alloys avoid combustion to some extent [4-7]. The Alloy C,

Alloy C*, and Ti40 are Ti-Cr-V system alloys [5-10]. Different from the Ti-Cr-V alloys, the Ti-Cu system a O S
burn resistant alloys are based on the principle of friction. The copper shows wonderful thermal

conductivity and it can transfer heat rapidly from friction to avoid the local heat concentration which
makes it difficult to reach the ignition point [11-13]. The friction conditions are improved by changing
dry friction into wet friction with liquid lubrication due to the melting of Ti;Cu phase, leading to the
friction heat decreases sharply [14-16]. Therefore, the addition of Cu into titanium alloy is reported to
improve the burn resistance. Several Ti-Cu system alloys have been developed, such as BTT-1, BTT-3,
and Til4 [17-20].
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