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In-operando high-speed microscopy and thermometry of reaction propagation in polymer 
nanocomposites 

 

 

M.R. Zachariah 

Departments of Chemical and Environmental Engineering 

University of California`, Riverside, CA 

 
Objective: The focus of this proposal is to implement a newly developed high-speed 
microscopy/thermometry capability that enables ~ µs time and ~ µm spatial resolution as applied 
to the very high exothermic reaction propagation. 

Approach 
Using in operando high speed microscopy/thermometry we will quantify the reaction front 
thickness  and  temperature profile within a reaction front. Using 3-D printed materials with various 
characteristics we hope to explore structure-function relationships. This approach should provide 
the jumping off point in evaluating reaction fronts in propellants and energetics at an 
unprecedented scale, and provide data that can enable the development of both conceptual and 
mathematical models of structure-function relationships. 

 

 

Relevance to Army: Energetic materials assembled at the Nanoscale offer the potential to yield 
more energy over shorter time frame, and thus more power. However critical questions remain as 
to the actual gains in the temporal energy profile. Furthermore to design materials with enhanced 
properties a better scientific understanding is needed. The focus is to provide DOD with the critical 
information needed to assess the utility of nanoenergetic materials to real world application. We 
will provide DOD with methods for characterizing the reaction kinetics on well controlled and 
understood reactive metal, oxidizers and their composites. 

  



 

In-Operando Thermophysical Properties and Kinetics Measurements of Al-Zr-C 
Composites 

 
Abstract: 
 
To demonstrate the utility of this new approach. This report outlines investigations into  the 
combustion velocity, thermophysical properties, and reaction activation energies of Al-Zr-C 
nanolayered composite microparticles undergoing gasless high-temperature propagation after 
preparation via additive manufacturing. High-speed videography and pyrometry of the reaction 
event were used to analyze two Al-Zr-C samples with varied stoichiometry. Combustion velocity 
of the Al-Zr-C composites was ~0.3-0.5 cm/s and varied inversely with the Al content in the 
system. The Al-Zr-C composites also exhibited auto-oscillations during the propagation event 
which were characterized to have temperature fluctuations of ~50-100 K with a periodicity of ~1 
Hz. Temperature data collected via color ratio pyrometry was used to measure the thermal 
profile in-operando. Temperature maps were used to estimate the thermal diffusivity of the 
samples to be ~2 x 10-6 m2/s on the leading edge of the reaction front with a >30x increase in 
thermal diffusivity on the trailing edge. The activation energy for the Al-Zr-C composites was 
estimated to be ~30-35 kJ/mol under reacting conditions. This work ultimately demonstrates an 
accessible measurement methodology that could be used to estimate thermophysical changes in 
materials for generalized modeling purposes and confirms the functionality of the materials to 
create conductive pathways after reaction.  
 
  



1. Introduction 
 
 Energetic materials from the perspective of high-temperature synthesis systems have 
experienced a revived research interest with the rise of new manufacturing methods [1–4] and 
new experimental characterization techniques (high-speed videography/microscopy) [5–7]. 
Many efforts in the literature have investigated structure-function relationships by studying 
changes in the chemical formulation [5,8,9] or by changing the physical architecture of the 
samples using different manufacturing methods [2,10], material properties [11–13], or additives 
that may alter propagation rates [14–17]. These studies have, for the most part, focused on the 
behavior of thermite systems (metal fuel/metal oxide oxidizer), which are a subset of self-
propagating high-temperature synthesis (SHS) systems [18]. Comparison studies on these 
materials have attempted to independently modify thermochemical and architectural 
parameters, though they are inherently entangled. For example, changes in stoichiometry may 
change chemistry and also change overall thermophysical properties [14,15]. The multiphase 
nature of energetic material reactions only further complicates the process of making reliable 
thermophysical measurements. 

In contrast to many energetic reactions where fast pressurization and energy release 
occurs, the SHS process can be “gasless,” achieve similar temperatures, and nearly all final 
products are condensed phase since the process is typically an exothermic metal alloying process 
[19]. SHS has been widely studied since the early 1970s as a method to produce powders or 
ceramics. Materials for SHS are generally mixtures of micron-sized metal powders that have been 
mechanically milled into composite materials that will react and propagate at ~1 cm/s [19–21]. 
Significant strides have been made by others to develop models for the heat transfer and kinetics 
of these reactions [20,22,23]. Although some SHS composites prepared by arrested reactive 
milling release gas, for this study, the condensed phase nature of intermetallic SHS reactions are 
favorable for a diagnostic case study [24,25]. 

A fundamental aspect of heterogenous, solid, self-sustained interface driven reactions is 
the interplay between the heat flux to initiate the reaction and the heat generated from reaction. 
At a macroscopic level, nearly all SHS systems act in a “quasi-homogenous” manner whereby the 
reaction  front of the SHS system moves uniformly in the direction of propagation [18,26]. This 
can simply described by saying that the heat flux smoothly delivers heat forward for initiation to 
nearby unreacted materials [18,27,28]. Steady-state, quasi-homogenous SHS systems may be 
quantified analytically by Equation 1 where 𝑣𝑣 is propagation velocity, α is effective thermal 
diffusivity, 𝜔̇𝜔 is reaction rate, Tad is adiabatic flame temperature, Ti is ignition temperature, and 
T0 is the temperature of the unreacted material [28]. Equation 1 simply suggests that the 
propagation rate is dependent on how much energy is released (Tad), how fast the energy is 
released (𝜔̇𝜔), and how fast that energy can be transported to nearby unreacted reactions (α). 
 

𝑣𝑣 ≈  �𝛼𝛼 ∙ 𝜔̇𝜔 �
𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑖𝑖
𝑇𝑇𝑖𝑖 − 𝑇𝑇0

� (1) 

 
 This study will focus on the self-propagating, high-temperature synthesis of Al-Zr-C 
nanolayer composites prepared by arrested reactive ball milling and subsequently 3D printed. 



This mixture has particular applications as a composite that can be reacted to form electrically 
conductive paths as detailed in concurrently-prepared articles by Arlington et al. [29,30] and 
previously patented by Fritz and Barron [31]. Al-Zr-C composites have been largely studied prior 
to this for ZrC particle synthesis, but much of the research has only been reported by one group 
and reiterated numerous times [21,32–34]. Previous work reports that the reaction is initiated 
by Al melting (~933 K) followed by an exothermic alloying process with Zr to form ZrxAly (Eq. 2) 
[21,32–35]. The C then dissolves into the mixture to form a slurry of ZrxAlyCm (Eq. 3) until a 
saturation point where ZrC particles begin nucleating (Eq. 4). The final products of the SHS 
reaction are mixtures of Al, Zr, and ZrxAly alloys with small ZrC particles interspersed throughout. 
It has also been shown that some AlCm can be found in the final products (Eq. 5) [21,32–34]. The 
ideal overall reaction for the Al-Zr-C system is shown in Equation 6 as the ZrC formation reaction, 
in which ∆Hrxn = -196.6 kJ/mol. 

 
𝑍𝑍𝑍𝑍 (𝑠𝑠) + 𝐴𝐴𝐴𝐴 (𝑙𝑙) → 𝑍𝑍𝑟𝑟𝑥𝑥𝐴𝐴𝑙𝑙𝑦𝑦 (𝑙𝑙) + 𝑍𝑍𝑍𝑍 (𝑠𝑠, 𝑙𝑙) + 𝐴𝐴𝐴𝐴 (𝑙𝑙) (2) 

 
𝑍𝑍𝑟𝑟𝑥𝑥𝐴𝐴𝑙𝑙𝑦𝑦 (𝑙𝑙) + 𝐶𝐶 (𝑠𝑠) → 𝑍𝑍𝑟𝑟𝑥𝑥𝐴𝐴𝑙𝑙𝑦𝑦𝐶𝐶𝑚𝑚 (𝑙𝑙) (3) 

 
𝑍𝑍𝑟𝑟𝑥𝑥𝐴𝐴𝑙𝑙𝑦𝑦 (𝑙𝑙) + 𝐶𝐶 (𝑠𝑠) → 𝑍𝑍𝑍𝑍𝑍𝑍 (𝑠𝑠) + 𝐴𝐴𝑙𝑙 (𝑙𝑙) (4) 

 
𝐴𝐴𝐴𝐴 (𝑙𝑙) + 𝐶𝐶 (𝑠𝑠) → 𝐴𝐴𝐴𝐴𝐶𝐶𝑚𝑚 (𝑙𝑙) (5) 

 
𝑍𝑍𝑍𝑍 + 𝐶𝐶 → 𝑍𝑍𝑍𝑍𝑍𝑍 (6) 

  
 Research on SHS materials has largely relied on measurements taken with highly 
specialized diagnostics like time-resolved X-ray diffraction (TRXRD), high-speed transmission 
electron microscopy (HSTEM), or dynamic transmission electron microscopy (DTEM), though 
these tools can be prohibitively expensive and time intensive despite offering in-operando 
observations [20]. These in-operando devices also typically involve experiments that are 
performed under nonstandard conditions (e.g. in vacuum), on small amounts of material, and 
generally do not offer simultaneous temperature measurements for thermophysical property 
and kinetics estimations. However, others have found success measuring the thermophysical 
properties and kinetic parameters of SHS reactions using temperature measurements which has 
served as the inspiration for the work here [20,36,37]. This study observes and quantifies flame 
front behavior through an in-operando probe of the thermophysical and kinetic properties of an 
Al-Zr-C SHS material using high-speed color camera pyrometer. Thermochemical parameters can 
be used as inputs for a simple thermal reaction propagation models for predictive modeling of 
propagation rates in SHS materials based on easily measured input parameters. Additionally, the 
in-operando spatiotemporal temperature measurements of the SHS reaction will be used to gain 
insight on the reaction mechanism in the material. 
 
2. Methods 
 



a. Sample preparation 
 
 The powder samples were prepared by Charles Stark Draper Laboratory (CSDL) 
(Cambridge, MA, USA) and Johns Hopkins University (Baltimore, MD, USA) as part of the RAIL3D 
program and previously patented as “Reactively assisted ink for printed electronic circuits” [31]. 
A full characterization of these powders is described in concurrently prepared articles by 
Arlington et al. [29,30] In summary, these powders were prepared by arrested reactive ball 
milling. The mass loading of the powders was chosen to give an Al:Zr:C atomic ratio of 2:1.2:1 or 
0.5:1.2:1. After milling, powders were dried in air and sieved to less than 25 micrometers. The 
composition of the two tested samples can be seen in Table 1. 
 
Table 1: Mixture compositions for the two samples tested in this study. Number in sample description denotes atom 
ratio of reactants in composite. 

Sample Mass % 
Al Zr C 

2 Al / 1.2 Zr / 1 C 31% 62% 7% 
0.5 Al / 1.2 Zr / 1 C 10% 81% 9% 

  
 Samples used in this study were prepared by direct-write additive manufacturing (3D 
printing) of an ink containing one of two different stoichiometries as described in Arlington et al. 
[29,30] Prior to printing, the precursor was loaded into a 10 mL plastic syringe with a tapered 18-
gauge blunt Luer Lock needle (McMaster-Carr) and placed into a vertically mounted syringe pump 
on the 3D printer (Hyrel3D). The syringe pump extrudes material along an 8-cm square perimeter 
path that has 12 microscope coverslips (22x22mm, 0.17mm thickness, VWR) placed along the 
path. Four layers of material was printed for each batch of 12 samples for a final approximate 
height of ~2.5-3 mm. Samples were then placed on a hot plate at ~100C for ~10 minutes to 
evaporate any remaining dimethylformamide (DMF) from the samples and are then broken apart 
using a razor. Samples were printed to this height to minimizes the effect of thermal loss through 
interactions with the glass substrate on which they were mounted that could possibly skew 
values for temperature and propagation rate.  
 
b. Morphology characterization 
 
 Reactive powders and printed samples were analyzed using scanning electron microscopy 
(SEM) using a Duobeam Quanta 200i with SEM pictures shown in Figure S1. SEM analysis of the 
Al-Zr-C system focuses on the particle separation distance, particle sizes, and particle 
morphology. From Figure S1, one can see that reactant particles within both systems considered 
are mostly non-spherical with length scales which appeared to be < 10-20 µm as a result of the 
sieving process. Separation distances appeared to be no larger than a couple microns which 
seems reasonable given that the mode of additive manufacturing relies on the evaporation of a 
solvent, resulting in materials which are expected to be quite porous.  
   
c. High-speed videography/pyrometry 
 



 Macroscale burn tests were performed by mounting the microscope coverslips with 
printed SHS material on a 3-axis translational stage (Newport) inside of a container filled with 
argon and observing the combustion event using high-speed videography. Samples were ignited 
using a resistively heated nichrome wire and the reaction event was recorded using a high-speed 
color camera (Phantom VEO710) recording at ~200 frames/s. The camera was equipped with a 
macro lens that allows for a spatial resolution of ~20µm/pixel (Nikon). The propagation velocity 
for each sample was estimated by tracking the location of the reaction front throughout the video 
and using the pixel/distance ratio to calculate distance traveled over time. Samples were tested 
three times each and propagation rate was averaged over each of the videos using a linear best 
fit. A separate experiment to observe the homogeneity of the reaction front used the same high-
speed camera equipped with a long working distance microscope objective which gives a spatial 
resolution of ~1.7 µm/pixel (InfinityOptics K2 DistaMax). 
 The high-speed color camera was also calibrated to operate as a pyrometer enabling both 
temporal and spatial temperature measurement of the reacting samples. This capability has been 
described in detail in previous work [5]. Briefly, raw pixel values were extracted from raw images 
and demosaiced in accordance with the camera’s Bayer filter array to recover red, green, and 
blue color intensities at every pixel [5]. The color channel ratios were then calculated and 
corrected using calibration factors obtained for the camera using a blackbody radiation source 
[5]. Corrected color ratios were then matched to a temperature assuming gray body emission. 
The final temperatures reported in the 2D temperature map are below the saturation threshold, 
above the black level of the camera, and are accurate to within ±110 K [5]. 
 As will be discussed in the following sections, it was necessary to extend the dynamic 
range of the temperature measurements in order to extract information below the limit of 
sensitivity of our color ratio pyrometry method. Since light emission scales as a power-law of 
temperature, we can use the pyrometry to calibrate the raw light emission signal, thus enabling 
us to extend the temperature measure to lower temperatures. An example of the fit between 
the light emission-based temperature and color-ratio pyrometry estimated temperature can be 
seen in Figure 2. 
 
d. Determination of transport and kinetic properties  
 
 Simultaneous determination of transport and kinetic properties in condensed 
reaction/diffusion systems has been of long-standing interest and a variety of methods have been 
developed to estimate these parameters. For a detailed discussion on these methodologies as 
they are related to SHS, it is recommended that the readers reference the review article by 
Mukasyan et al [20]. The conversion rate (𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑) of an SHS reaction can be represented by 
superposition of a reaction kinetic term that follows Arrhenius behavior, 𝐾𝐾(𝑇𝑇), and a conversion 
term, Φ(𝜂𝜂) (Eq. 7) [20]. 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐾𝐾(𝑇𝑇)Φ(𝜂𝜂) (7) 

 
 Previous reports by Boddington et. al suggested that the Arrhenius form of 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 can be 
represented by Equation 8, which consists of a pre-exponential factor (A), a conversion (𝜂𝜂) term 



raised to a factor n which is representative of “nth order kinetics,” and the Arrhenius exponential 
term where Ea is activation energy of the reaction, R is the ideal gas constant, and T is the 
temperature. It is important to note, however, that there are many potential kinetic rate laws 
which specifically apply to solid-state kinetics that could be used as an expression for 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 [38]. 
Boddington et. al reported that other forms of 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 were considered, but did not significantly 
change estimated values for A, n, and Ea or the quality of the fit. As such, other studies by have 
also used this expression to estimate kinetic parameters [37,39,40].  
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐴𝐴(1 − 𝜂𝜂)𝑛𝑛 exp �−
𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

� (8) 

 
 Many methods have been developed to estimate Ea of SHS systems since it is 
fundamentally important to modeling reacting systems. One common method employed to 
estimate Ea involves dilution of the sample so that changes in combustion velocity  are used to 
compute Ea [41]. However, considering that this method also inherently changes the chemistry 
of the reaction, an alternative proposed by Boddington et al. was favorable for the analysis 
presented here. Boddington et al. proposed that the conversion rate can be related to the 
reaction front temperature profile, thermal diffusivity, and velocity of the system by the Equation 
9 where Tad is the adiabatic flame temperature, T0 is the ambient temperature, tr and td are the 
rise and decay times of the reaction in the remote inert regions of the reaction profile [20,36]. 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=

𝑇𝑇 − 𝑇𝑇0
𝑡𝑡𝑑𝑑 − 𝑡𝑡𝑟𝑟

+ 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 −

𝛼𝛼
𝑣𝑣2
𝑑𝑑2𝑇𝑇
𝑑𝑑𝑡𝑡2

𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇0
(9) 

 
 The adiabatic flame temperature for the ZrC formation reaction (Eq. 6) was calculated to 
be 3765 K using CHEETAH, though the actual temperature of the reaction would be reduced when 
considering side reactions with the Al [21,34,42]. Adiabatic flame temperature calculations for 
the 0.5 Al / 1.2 Zr / 1 C and 2 Al / 1.2 Zr / 1 C systems were estimated to be 2730 K and 1770 K, 
respectively, though these calculations are limited by the catalog of information available in the 
program for the Al-Zr-C intermediates [42]. Seeing that estimating the adiabatic flame 
temperature with consideration for the Al content is difficult, the adiabatic flame temperature 
of the ZrC formation reaction was used for calculations to estimate activation energy in the 
sections below. A sensitivity analysis for the role of Tad on the estimated kinetic parameters 
revealed that changes in the adiabatic flame temperature used had a minimal impact on the 
activation energy. 
 
e. Thermophysical property estimations 
 
  Temperature measurements collected from color-ratio pyrometry and the light emission 
estimates discussed in the section above were used to extract thermophysical properties of the 
leading and trailing edges of the reaction. Prior to any calculations, the color-ratio pyrometry 
temperature values were smoothed using a 2D smoothing algorithm which utilized an 8-point 



smoothing window [43]. Single line temperatures were extracted using a custom routine on the 
post-processed data that allows for data visualization at a constant vertical position. 
 As discussed above, light emission-based temperature estimates were used to extend the 
dynamic range of our temperature measurements to much lower temperatures, thus enabling 
us to probe the pre-reaction zone. After fitting the temperature to light intensity, the extended 
temperature profile was analyzed and used as inputs to the Boddington equation (Equation 9). 
Assuming that reaction at low temperatures is negligible (pre-reaction zone; i.e. 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = 0), the 
measured combustion velocity and rise and fall time estimates from built-in MATLAB routines 
were used to extract values for the thermal diffusivity (𝛼𝛼). Temperature profiles and derivative 
terms of the Boddington equation in the pre-reaction zone were estimated by fitting the light 
emission-based temperature measurements to exponential functions using built-in MATLAB 
fitting routines. 
 Thermal diffusivity of the post-reaction products was also of particular interest to 
examine the change in material properties after reaction. Given the gasless nature of the Al-Zr-C 
system, it can be assumed that heat transfer is governed exclusively by thermal conduction 
driven by thermal gradients [28,44]. The temperature of a sample as a function of position and 
time can therefore be roughly modeled by the heat diffusion equation (Equation 10) where T is 
temperature, x is position, and t is time. Estimations for thermal diffusivity can therefore be 
calculated using numerical differentiation on the pyrometry images recorded.  
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝛼𝛼 �
𝑑𝑑2𝑇𝑇
𝑑𝑑𝑥𝑥2

� (10) 

 
 Initial attempts to estimate the thermal diffusivity of a sample by analyzing single point 
temperature as a function of time (𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑) and using proximity temperatures to calculate 
(𝑑𝑑2𝑇𝑇/𝑑𝑑𝑡𝑡2) numerically revealed that noise would generate unrealistic thermal diffusivities. 
Assuming a constant, quasi-homogeneous propagation rate, Equation 10 can be simplified by 
substituting  𝑥𝑥 = 𝑣𝑣𝑣𝑣, where 𝑣𝑣 is propagation rate (in m/s). Note that the propagation rate is 
shown to be very constant in Figure 1 and that the previous work on similar stoichiometries also 
shows a consistent propagation rate. Thermal diffusivity can therefore be calculated using 
Equation 11.  
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥

=
𝛼𝛼
𝑣𝑣
�
𝑑𝑑2𝑇𝑇
𝑑𝑑𝑥𝑥2

� (11) 

 
 Temperature measurements used for estimating thermal diffusivity in the post reaction 
zone were extracted using color-ratio pyrometry values in a temperature region below the 
observed phase transition in the material (~1500 K). Data in this region was fit to an exponential 
function and those fits were then used to estimate the first and second derivatives of the thermal 
profile for Equation 11. 
 It is also important to assess the impact of other heat losses on the surface temperature 
and thermal diffusivity estimations. To estimate the impact of conductive heat loss to the glass 
substrate, a COMSOL Multiphysics simulation of the process was performed using standard 



values for thermal transport properties of materials and holding a hot “reaction zone” at ~1700 
K. The thermal profiles of a system with and without the glass substrate revealed that the 
temperature only differed by <1% and therefore we have assumed that heat loss to the substrate 
was negligible for the time scale over which measurements were made. Results from the 
COMSOL simulation can be seen in Figure S2. A simple estimation of the relative heat fluxes due 
to convection and radiation also show that they play a minimal role relative to conduction in this 
region of interest. Both convective and radiative heat losses had an estimated flux which was 
<5% of that expected for conduction in the same region. 
 
f. Kinetic parameter estimation 

 
 Kinetic rates were calculated using custom built routines in MATLAB using data that was 
extracted from the determination of the leading-edge thermal diffusivity measurements 
described above. By using the temperature values in the region on the leading edge above 933 
K, the estimated rise and decay times, and propagation velocity, values for 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 could be 
calculated using the Boddington equation (Eq. 9). The values estimated by the Boddington 
equation and measured temperature data were then used as inputs to a MATLAB solver routine 
which would minimize the difference between the values calculated in Equation  8 and Equation 
9 to estimate values for the constants A, n, and Ea [36]. 
 
3. Results  
 
a. Propagation characterization 
 
 The combustion event of samples was recorded using a high-speed camera with a 
resolution of ~20 µm/pixel and the leading edge of the reaction front was tracked as a function 
of time to calculate an average combustion velocity. Figure 1 shows position of the leading edge 
vs. time for the tested samples, all of which showed highly linear behavior indicating that mixing 
inhomogeneity from printing was not impacting the reaction velocity. Combustion velocities 
obtained were 0.36 ± 0.04 cm/s and 0.45 ± 0.04 cm/s for the 2 Al / 1.2 Zr / 1 C and 0.5 Al / 1.2 Zr 
/ 1 C samples, respectively. This propagation rate is slightly lower than those reported by 
Vadchenko et al. (~1 cm/s), but this may be attributed to different preparation methods or heat 
sinks introduced by the glass substrate and polymer binder addition [35].  
 The inverse relationship between the Al content and combustion velocity is attributable 
to the change in thermal conductivity of the samples and a reduction in reaction completion as 
a function of Al content. A similar trend is also exhibited in work done by Arlington et al [29,30]. 
The Al in the SHS system is introduced to facilitate nanolayered particle fabrication, though a side 
effect of the addition is an increase in the thermal conductivity of the sample. However, the Al 
also results in side reactions with the Zr that would decrease the overall conversion for the ZrC 
formation reaction. Although it has been proposed that the propagation velocity would increase 
with the square root of thermal diffusivity and would thereby increase with Al addition, side 
reactions reduce the adiabatic flame temperature for the mixture and the increased thermal 
diffusivity reduce the peak temperature achieved in the composite. The combined effects of the 
increased thermal diffusivity and reduced reaction conversion after a ~3x increase in Al content 



actually reduced the propagation velocity in these experiments. To further probe the role of Al 
content reaction dynamics, color ratio pyrometry on the propagation experiments is used in the 
following sections to estimate thermal profiles in-operando, thermal diffusivity of the 
composites, and activation energy of the reaction. 
 

 
Figure 1: (a,b) Sample high-speed images of the propagating SHS samples tested. (c) Position vs. time data for 
combustion of 0.5 Al / 1.2 Zr / 1 C and 2 Al / 1.2 Zr / 1 C composites in Ar measured using high speed videography. 
Reported velocity is based on an average of linear fits between three experiments. 

b. Temperature Profiles 
 
 Conversion of the pixel intensities to temperature were performed using a home-built 
MATLAB routine that has been discussed in detail elsewhere [5]. The color ratio pyrometry code 
provides temperature information at each pixel location that is above the black level and not 
saturated. Figure 2 shows a typical thermal image via color ratio pyrometry for the propagation 
of the samples for a single frame without any spatial averaging. Light emission-based 
temperature measurements are also plotted in Figure 2 and show a nearly perfect overlap with 
the color ratio temperature measurements. The accuracy in the light emission temperature 
measurements suggests that this correlation can be used to extend the dynamic range of our 
temperature measurements to estimate the rise time, decay time, and thermal diffusivity of the 
leading edge as will be described in the next section. 
 Example thermal gradients (Figure 2) for the tested samples demonstrate two clearly 
different profiles. Lower Al content is associated with both wider leading and trailing edges of 
the thermal profile. The peak temperature of the samples is also sustained over a shorter 
distance for the sample with lower Al content, which is to be expected considering that the 
thermal conductivity of the samples should decrease with lower Al content. A similar relationship 
between the width of peak temperature sustainment and the Al content has also been previously 
reported by Hu et al. [34] The inverse relationship between the width of the trailing edge and Al 
content is counter to the expectation since the Al content should increase the overall thermal 
conductivity of the samples, though if the final product is largely a Zr/Al alloy in both samples, 
then these results are attributable to varied thermal properties between different alloys. A more 



detailed discussion is provided in the following section on thermal diffusivity. Interestingly, the 
peak temperature of the reaction seems to be independent of the Al content since both 
composites show a peak temperature ~1600-1700 K. This is counter to what would be expected 
as the reaction temperature was speculated to be adversely affected by side reactions of Al and 
Zr with increasing Al content. However, the reduction in Al content would limit the prevalence of 
the Zr/Al melt and the dissolution of C into the system would be inhibited, thus decreasing the 
degree of completion of the ZrC formation reaction, reducing the total energy release, and 
lowering the peak temperature.  
 One interesting feature of these temperature profiles is the apparent step change in 
temperature. This is most evident in both samples between ~1500-1600 K. We attribute this 
abrupt change in temperature to an endothermic phase transition, implying that there also has 
to be a significant increase in entropy to make the free energy thermodynamically favorable. The 
Al-Zr phase diagram is very rich where many equilibrium or non-equilibrium phase transitions 
could occur. A possible source of this endothermic phase transition is at ~1550 K from a mixture 
of Zr5Al4 (∆Hf = -0.4 eV/atom) and Zr2Al3 (∆Hf = -0.5 eV/atom) to a mixture of ZrAl (∆Hf = -0.27 
eV/atom) and Zr2Al3 [45]. 
  There was also a phenomenon observed in both samples where the light intensity would 
cyclically spike during sample propagation, though this was most prominent in the 2 Al / 1.2 Zr / 
1 C case. A plot of light intensity vs. time for the 2 Al / 1.2 Zr / 1 C (Figure S3) exhibits periodic 
oscillations occurring at a frequency of 1 Hz (1 cycle/s, ~0.36 cm/cycle) with temperature 
oscillations of ~50-100 K. One possible cause of the oscillations is that the sample is propagating 
in a “relay-race mode” where there are local hesitations in the reaction front because of thermal 
resistances between distinctly separated reaction regions [18,26,27,44]. However, it is unlikely 
that the sample is propagating in relay-race mode since the oscillations are periodic and that the 
length scale of the reaction front (~1-2 mm, Figure 2c) is roughly 2-3 orders of magnitude larger 
than that of the composite powders (Figure S1) [26–28,44,46–48]. Videos recorded of the flame 
front with enhanced magnification (Figure S4) also show no evidence of resolved flame 
corrugation, casting further doubt on the notion of relay-race mode propagation. All of these 
observations, in addition to the linearity of the velocity profiles, suggest that this SHS system is 
within the quasi-homogenous propagation regime [44]. Such auto-oscillations have been 
reported in a variety of SHS systems and are widely agreed to originate from unsteady heat 
transfer in the reacting medium, whether it be driven by limitations in heat and mass transfer 
rates or multi-step reactions in SHS [19,49–53]. Unlike many of the studies that seek to 
numerically evaluate the oscillations in these materials, we do not see any hesitations in the 
propagation velocity. Overall, the origins of these oscillations are complex and not entirely 
understood [54]. The observation is noted here for thoroughness but is not considered further.  
 



 
Figure 2: (a,b) Sample color image and montage of temperature data collected via color ratio pyrometry. (c) Example 
of temperature vs. position data for both samples tested with regions of suspected phase transitions. Propagation 
direction is from left to right. Profiles shown are chosen for optimal comparison and not for the same timestamp. 
Dotted lines in the graph represent the light emission-based temperature measurements that are used to extend the 
dynamic range of the instrument. 

c. Extraction of thermophysical properties 
 
 Thermophysical properties were extracted using a mixture of methods with data from the 
color ratio pyrometry and light emission-based temperature measurements. The resulting 
thermal diffusivity data has been summarized in Table 2. Example plots of the temperature data 
in the different regions, polynomial fits for the trailing edge estimation, and regions used for the 
rise and decay regions can be seen in Figure 3. 
 As discussed in the experimental section, the light emission temperature measurements 
were used as inputs for the Boddington equation. At temperatures below 933 K, it can be 
reasonably assumed that there is negligible chemistry and therefore the left-hand side of the 
Boddington equation can be set to 0. Built-in MATLAB routines to identify the rise and decay 
times of the SHS reaction, temperature measurements, and combustion velocity were used to 
estimate thermal diffusivity. For the leading edge of the samples, the thermal diffusivity was 
nominally ~2 x 10-6 m2/s between both samples. Although these thermal diffusivity values are 
relatively low, the numerous interfaces between the ~µm sized particles and different materials 
within the particles would lower the thermal conductivity of the sample and therefore these 
values are believed to be reasonable. 
  On the trailing edge of the sample, the thermal diffusivity increased by ~30-40x for both 
samples. This increase in thermal diffusivity on the trailing edge is the primary goal of Draper’s 
RAIL3D program to create printable, reactive materials that have a higher conductivity after 
reaction [29,31]. This diffusivity enhancement suggests that the reaction is mostly complete 



before the temperature begins decreasing. The high temperatures reached during the reaction 
also results in particle melting and sintering which promotes conductivity/diffusivity. This result 
is also consistent with those reported in Arlington et al. [29] Interestingly, samples with higher Al 
content had a lower thermal diffusivity, which may seem counterintuitive since the final products 
are ideally Al and ZrC (Eq. 2-6) and Al is a very good thermal conductor. This behavior is likely 
traceable to  the role of Al as a diluent in the reaction, thus larger amounts of Al could detract 
from the energy output of the reaction, reduce the ability for Al to reflow heat, and lead to 
incomplete reactions which has products/morphologies with lower thermal diffusivity [29,34]. 
The depression in the measured thermal diffusivity compared to the values of the pure 
components can be largely attributed to the introduction of a polymer binder for the printing 
process, interfacial resistances between the powder grains, and porosity in the materials. For 
reference, the thermal diffusivities of Al, Zr, and C are roughly 9.7 x 10-5 m2/s, 1.2x 10-5, and 2.2 
x 10-4 m2/s, respectively. 
   

 
Figure 3: Temperature profile data for (a) 2 Al / 1.2 Zr / 1C and (b) 0.5 Al / 1.2 Zr / 1 C printed samples. Solid line in 
each plot shows the goodness of fit for the exponential curve used to estimate thermal diffusivity on trailing edge. 
Shaded regions highlight the regions used for rise and decay time where temperature is <933 K. 

Sample Avg. Thermal Diffusivity (𝜶𝜶), m2/s Kinetic Parameters 
Leading Trailing A (s-1) n Ea (kJ/mol) 

2 Al / 1.2 Zr / 1 C 2.2 ± 0.5 x 10-6 7.2 ± 2.2 x 10-5 122 ± 60 2.3 ± 0.8 31 ± 4 
0.5 Al / 1.2 Zr / 1 C 2.6 ± 0.1 x 10-6 1.1 ± 0.1 x 10-4 184 ± 79 2.6 ± 0.5 34 ± 4 

Table 2: Calculated thermal diffusivities for tested SHS samples as estimated using single line temperatures and 
polynomial fits. Estimated kinetic parameters for tested SHS samples estimated using nonlinear regression fit and 
model described by Equation 8. 

d. Kinetic parameters  
 
  Arrhenius parameters and reaction order in Equation 8 were determined using a 
nonlinear regression fit of Equation 8 to the experimental determined 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑. Activation energies 
reported have been calculated for temperatures on the leading edge of the thermal profile 
(T>933 K). A summary of the kinetic parameters use as inputs for Equation 8 can be seen in Table 
2. 



 Plots of 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 versus time and corresponding Arrhenius model fits of the two mixtures 
are presented in Figure 4. Plots of 𝜂𝜂 versus time corresponding to the data presented in Figure 4 
can be seen in Figure S5. The Arrhenius model fits are in good agreement with the measured data 
for 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑. Pre-exponential factors (A) were ~122 ± 60 s-1 and ~184 ± 79 s-1 for the 2 Al / 1.2 Zr / 
1 C and 0.5 Al / 1.2 Zr / 1 C curve fits, respectively. The reaction order(s) (n) in the curve fits were 
nominally between 2.3-2.6, which is representative of a complex, multistep reaction mechanism 
proposed for the system [21,32–34]. Activation energies for the 2 Al / 1.2 Zr / 1 C and 0.5 Al / 1.2 
Zr / 1 C composites were estimated to be ~31 ± 4 kJ/mol and ~34 ± 4 kJ/mol, respectively.  These 
activation energies are lower than values that were previously reported for similar Al-Zr-C 
composites when estimated using differential thermal analysis (99-186 kJ/mol) [20,34]. We note, 
however, that Boddington et al. also reported lower activation energies which they attributed to 
discrepancies in experimental conditions [36]. In particular, they suggested that kinetic analysis 
under ignition conditions will yield a different apparent activation energy than that obtained 
under steady reaction propagation as was done in in this work. This is not particularly surprising 
as they are very different processes and similar behavior has been reported for gas phase 
combustion. Therefore, the activation energy measured here represents the thermal sensitivity 
of the mass burning rate, which is a convolution of the thermal sensitivity to heat/mass transfer 
and the chemistry. 
 The slight change in the estimated activation energies for the different composites is likely 
not significant, although it has been previously reported that an increase in Al would promote 
the Al-Zr intermetallic reaction which has a lower activation energy than the ZrC formation 
reaction [34]. Again, these values are meant to be representative of the bulk material under 
experimental conditions which could be used as inputs to a thermal propagation model. 
 

 
Figure 4: Plots of  𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 vs. time and corresponding Arrhenius model fit used to calculate the activation energy of 
(a) 2 Al / 1.2 Zr / 1 C and (b) 0.5 Al / 1.2 Zr / 1 C samples. Timestamps were normalized to time after the reaction 
front profile exceeded 933 K. 

4. Conclusion 
 



 This work investigates the propagation and thermophysical properties of an additively 
manufactured, self-propagating high-temperature synthesis (SHS) Al-Zr-C composite. By 
employing high-speed color ratio pyrometry, the temperature profile of the SHS compound was 
measured in-operando for two samples with varied stoichiometry. High-speed videography and 
pyrometry analysis of the reaction event showed that propagation velocity of the samples was 
0.3-0.5 cm/s and varied inversely with Al content. These propagation events also demonstrated 
auto-oscillations in reactions associated with temperature rises of ~50-100 K at a frequency of 1 
Hz. Using the temperature measurements, the thermal diffusivity of the samples was estimated 
using the thermal diffusion equation to be ~2 x 10-6 m2/s on the leading edge of the reaction front 
and both samples exhibited a >30x increase in thermal diffusivity on the trailing edge. The 
increase in thermal diffusivity exhibited the desired behavior of have a material undergo a 
reaction which results in a conductivity enhancement over the starting material. Activation 
energy of the two samples was estimated to be ~30-35 kJ/mol. This work ultimately 
demonstrates a new, accessible measurement methodology that could be used to estimate 
thermophysical changes in materials for generalized modeling purposes. 
 
 
  



5. Supplementary Figures 
 

 
Figure S1: SEM visualization of reactant and product morphology of a)-b) 0.5 Al / 1.2 Zr / 1C and c)-d) 2 Al / 1.2 Zr / 

1 C stoichiometries. 

 
Figure S2: (a) Depiction of COMSOL simulation to check influence of glass slide on temperature profile of the 

system. Figure includes glass slide. Initial temperature of hot region at t=0 is 1700 K. (b) Temperature profile in YZ 
plane for different times in simulations with and without glass slide. 

 



 
Figure S3: Plot of normalized light intensity vs. time for the 2 Al / 1.2 Zr / 1 C composite to demonstrate the periodic 

oscillations in brightness during reaction propagation. 

 

 
Figure S4: (a) High-speed microscope images of propagation for the 0.5 Al / 1.2 Zr / 1 C samples and (b) 

corresponding temperature map as measured by color pyrometry. Images captured using a Phantom VEO710L high 
speed camera coupled to an InfinityOptics K2 DistaMax Lens with a resolution of ~1.7 µm/px. 



 

Figure S5: Plots of  𝜂𝜂 vs time for the (a) 2 Al / 1.2 Zr / 1 C and (b) 0.5 Al / 1.2 Zr / 1 C samples for the data presented 
in Figure 4. Conversion values calculated by trapezoidal integration of the Boddington equation using the leading-

edge thermal profile and estimated thermal diffusivity as inputs. 
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