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Abstract 

This study investigates the adverse effects of moisture to the 

energetic materials using Zirconium (Zr) and Iron (III) oxide 

(Fe2O3) as energy sources. The moisture thermally decreased 

the heat of reaction and made the reaction difficult by 

increasing the activation energy. By using the X-ray 

photoelectron spectroscopy (XPS), decomposition of oxidizer, 

Fe2O3, and formation of ZrO2 process was investigated. Finally, 

Transmission Electron Microscopy-Energy-Dispersive X-ray 

Spectroscopy (TEM-EDS) and Fast Fourier Transform (FFT) 

image analysis were used to analyze the Zr surface in depth, 

which is the main energy source. Moisture acted on the surface 

of Zr to directly form oxide layer and ZrO2, as well as 

generating cracks on the surface, allowing penetration of 

oxygen to the deep inside. As a result, moisture was the critical 

factor of natural aging and has adversely affected both the 

oxidizing agent, Fe2O3, and the energy source, Zr. 

1  Introduction 

A high energy material is a composite material composed of a 

solid fuel and an oxidizer. These materials are the substances 

which chemical enthalpy and thermal enthalpy change abruptly 

by the external impact. Therefore, high-energy materials are 

used extensively in various practical fields such as energetic 

materials, propellants, airbags, and the like, which require a 

momentarily large force. 

The high energy materials are highly reactive thus their 

performance easily deteriorates by exposure to heat, vibration 

or moisture during long term storage. These external conditions 

can lead to malfunction or misfire of energy materials, resulting 

in lower reliability and greater risk. 

Therefore, the analysis of the aging effects and the prediction 

of the performance is the one of major research topic that has 

emerged recently, and many studies have been conducted to 

study the causes of these aggressions and the changes in their 

performance. As a representative example, a lot of experiments 

tried to simulate the actual aging environment through 

temperature accelerated aging method, moisture accelerated 

aging method and cycling accelerated aging method [1]. 

However, such efforts have not been practically researched for 

samples aged under normal storage conditions. 

Thus, in this paper, the Zr/Fe2O3 composite which widely used 

as an ignition agent was prepared in the three conditions: 8 

years natural aged condition, 8 weeks accelerated aged 

condition except moisture and non-aging condition. Finally, the 

effect of moisture on practical storage conditions was 

determined thermally/chemically/structurally by using DSC, 

XPS and TEM-EDS. 

2  Experiment and Results 

2.1  Sample preparation 

As shown in table 1, samples were divided into three groups 

according to aging types: pristine sample (#1), 8 years natural 

aged sample under the normal storage conditions (#2), and 8 

weeks temperature accelerated aged sample in the condition of 

91 °C and RH 0% (#3). The 8 weeks accelerated aging sample 

(#3) correspond to those stored at room temperature (25 °C) for 

about 150 years by the van't Hoff equations (1) as below [2]. 

𝑡𝑢 = 𝑡𝐴 ∙ 𝐹
(𝑇𝐴−𝑇𝑢)

𝛥𝑇𝐹 /365.25  (1) 

where tu is the period of natural aged, Tu is the temperature of 

natural aging (i.e., 25 °C), tA is the period of accelerated aging, 

and TA is the temperature of accelerated aging condition. F 

means the reaction rate change per 10 °C of change. 

The comparison of the 8 weeks temperature aged sample (#5) 

with the 8 years natural aged sample (#4) provides good results 

in confirming natural aging conditions except the temperature 

factors. 

Sample

No. 

 Aging condition 
Aging 

type 

Activation 

energy 

(kJ/mol) 
Temperature 

Relative 

Humidity  

Aging 

Duration 

#1 - - - No aged 114.9 

#2 Seasonal Seasonal 8 years Natural 133.3 

#3 91°C 0% 8 weeks Thermal 118.9 

Table 1: Three kind of samples according to aging type. pristine 

sample (#1), 8 years natural aged sample (#2), and 8 weeks 

temperature accelerated aged (#3) 

2.2  High-speed images of Zr ignition 

Instantaneous snapshots of ignition process of Zr powder, 

which is a primary source of this energetic material, are shown 

in Fig. 1, at time intervals of 40㎲. The images are recorded at 

a framing rate of 50,000 fps and with a spatial resolution of 400 

× 250 pixels2. Nd:Yag laser (1064 nm) with a pulse width of 10 

ns and pulse frequency of 10 Hz is used to ignite the sample. A 
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small quantity of Zr powder pressed into a paraffin pellet of 

diameter 40mm is the sample used for this experiment. A 

region of high intensity near the sample surface is noticed in 

these images (Fig. 1b), which represents the formation of 

plasma of Zr powder, and followed by the breakdown into finer 

particles subsequently, right above the irradiated sample 

surface area.  This is phenomenon of plasma formation is 

mainly due to the laser ignition source, which has high energy 

density per pulse. Similar studies would be performed on the 

energetic samples that are subjected to various aging conditions 

to study their ignition characteristics. 

 

Figure 1: High-speed images of Zr ignition process 

2.3  DSC and TGA result for the reaction kinetics 

The reaction between Zr and Fe2O3 is known to form the end 

product of Fe as the reduction form of oxidant, Fe2O3, and ZrO2 

as the oxidation form of energy source, Zr as below chemical 

formula (2) [3]. 

2Fe2O3 + 3Zr → 3ZrO2 + 4Fe  (2) 

Fig. 2 shows the DSC and TGA curve at the same time for the 

un-aged Zr/Fe2O3 (#1). Experiments were performed at a 

heating rate of 10 °C/min and an initial mass of about 2.1 g was 

used. Other experimental conditions were controlled according 

to ASTM-E698-11. The reaction starts at about 390 °C, and 

TGA also begins to increase in mass at this temperature range 

meaning ZrO2 formation as a result of reaction. Therefore, it 

can be inferred that the heat of reaction of Zr/Fe2O3 is greatly 

influenced by the initial amount of both Zr and Fe2O3. 
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Figure 2: DSC and TGA curve for pristine Zr/Fe2O3 (#1). 

2.4  Calorimetry and Activation energy 

The calorimetry results for the entire sample (#1~#3) are shown 

in Fig. 3 and the activation energy were calculated by ASEM-

E698-11 and shown in Table 1. In the Fig. 3, each point 

represents the individual experiments performed and the solid 

line represents the Lorentz distribution. The square box shows 

the average heat of enthalpy distribution of each sample. 

As shown in Fig. 3, the heat of enthalpy value was the lowest in 

the natural aging sample (#2), and the heat of enthalpy decrease 

in accelerated aging sample (#3) was marginal. As shown in 

Table 1, the activation energy was increased by about 16 % in 

the natural aging sample (#2) compared to the pristine sample 

(#1), but only by about 3 % increase was observed in the 

accelerated aging sample (#3). 

The decrease in the heat of enthalpy in the natural aging sample 

means that the amount of Zr than the initial energy source 

decreased or the amount of Fe2O3 decreased. Also, the 

formation of oxide film by aging increases the activation 

energy [4]. In the accelerated aging samples (#3), the heat of 

enthalpy reduction and activation energy increase were not 

obvious, thus it can be reasonably concluded that moisture has 

a great influence on these changes. 
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Figure 3: The calorimetry results for the entire sample (#1~#3) 

2.5  XPS analysis: chemical state of Zr-bond and Fe-

bond 

The XPS experiment was performed to confirm the chemical 

bonding state of Zr and Fe, and the results are shown in Fig. 4. 

As shown in Fig. 4(a), the amount of ZrO2, the final product of 

reaction in Zr, showed the greatest intensity in the naturally 

aged sample. This indicates that moisture is a important factor 

in ZrO2 formation. F.C. Lglesias et al [5] already showed that 

ZrO2 could be formed by the reaction of water and Zr under 

normal room temperature conditions. Therefore, natural aging 

of Zr by the moisture proceeds as the following equation (3). 

The oxidation of Zr was not caused by the oxidant, Fe2O3, but a 

moisture. 

Zr+xH2O → ZrOx+xH2 (0<x≤2)  (3) 

Decrease of Fe2O3 was also present in the accelerated aging 

sample, but the reduction of oxidant was the severe in the 



 

 

natural aged sample. The (0001) crystal plane of Fe2O3 easily 

accepts moisture and changes to Fe3O4 [6]. At that time, 

hydrogen and Fe3O4 react with each other to form Fe. However, 

since Fe is excellent in reactivity, it readily bonds with oxygen 

in the air and presents in FeO or Fe3O4 state. This process could 

occur at room temperature and be expressed as below chemical 

equation. 

Fe2O3 (0001 surface) + H2O → Fe3O4+H2 

Fe3O4+4H2 → 3Fe+4H2O 

Fe+O2, atmosphere or Fe+H2Oatmosphere → FeO or Fe3O4 

In conclusion, Zr/Fe2O3 reacts with moisture to form a reaction 

product, which has a great influence on the performance 

degradation and this process can explain the result of heat of 

enthalpy reduction. 
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Figure 4: XPS results for confirming the chemical bonding 

state of Zr (a) and Fe (b) in the samples #1 to #3 

2.6  TEM-EDS and FFT image of Zirconium surface 

The TEM and FFT images of the Zr surface, main energy 

source, are shown in Fig. 6 and Table 2, respectively. The Zr 

and ɑ-Zr layers were present in the non-aged samples (#1), but 

the monoclinic-ZrO2 layer was formed and oxygen layer was 

formed outermost in the case of the natural aged sample (#2). 

However, in the accelerated aging sample (#3), only the Zr 

layer, the ɑ-Zr layer and the oxygen layer were found. The 

depth of oxygen penetration was also deepest at about 40 nm in 

natural aging samples. On the other hand, the oxygen 

penetration depth of the accelerated aging sample was about 20 

nm. 

The monoclinic-ZrO2 found in the natural aging sample is the 

most thermally stable form of ZrO2 phase. In general, ZrO2 is 

known to form monoclinic-ZrO2 via tetragonal-ZrO2 [7], 

however it is known that transition from tetragonal-ZrO2 to 

monoclinic-ZrO2 occurs rapidly in the presence of moisture. 

The cracks can occur during this process and oxygen can 

penetrate deeply due to these cracks. The laminated structure 

shown in the natural aging sample, that is, ‘Zr - ɑ-Zr - 

monoclinic-ZrO2 - oxygen layer’, is the most stable layered 

structure that Zr could form. 

Therefore, moisture acts in the direction of decreasing the 

reactivity most on the Zr.  

3  Conclusion  

The effect of moisture on the aging of Zr/Fe2O3 was analyzed 

thermally/chemically/structurally and the aging process of Zr 

and Fe by the moisture was suggested. This led to a decrease in 

heat of enthalpy and an increase in activation energy, which 

ultimately led to a drastic decrease in the performance of 

energy materials. The performance degradation process of Zr 

and Fe2O3 by moisture is shown in Fig. 5. 

The (0001) plane of Fe2O3 is excellent in reactivity with 

moisture, and forms a Fe3O4 structure by bonding with the OH- 

group of water. Fe3O4 reacts with formed H2 to reduce to Fe, 

and Fe binds immediately with ambient oxygen to form FeO or 

Fe3O4. As a result of aging, oxygen is reduced and the role of 

the oxidizing agent is critically decreased.  

Since Zr is highly reactive, it binds with ambient oxygen to 

form ɑ-Zr. In the presence of water, water directly acts to 

promote the formation of oxide layer and tetragonal ZrO2, 

which is formed initial form of ZrO2. However, the water 

promotes the conversion of the tetragonal phase to monoclinic, 

forming a thermally stable form of monoclinic ZrO2 thus, 

reducing the reactivity. 

As a result, Zr decreases its role as an energy source by stable 

structure, and Fe2O3 loses oxygen and decreases its role as an 

oxidant, reducing the enthalpy of the entire Zr/Fe2O3 system. 

 

Figure 5: Reduction of oxidant role of Fe2O3 (a) by the aging 

progress and reduction of reactivity of Zr (b) by the aging 

progress.  
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Figure 6: TEM-EDS results (a)~(c) for all samples (#1~#3) and FFT images (d~f) for the natural aged sample surface (#2). 

FFT image analysis is shown in Table 2. 

Layer d-spacing (nm) (h, k, l) Phase 

A 
0.1677 

0.2556 

(1, 1, 0) 

(0, 0, 2) 
Zr 

B 

0.1704 

0.1398 

0.2561 

(1, 2, 1) 

(2, 2, 0) 

(0, 0, 2) 

Zr3O 

C 

0.3888 

0.5079 

0.3313 

(0, 1, 1) 

(1, 0, 0) 

(1, 1, 1) 

ZrO2 

Table 2: Miller indices (h, k, l) and d-spacing confirming the phase and the crystal structure of Fig. 6 (d)~(f). 


