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Introduction

Laser-induced breakdown spectroscopy (LIBS) is a useful spectroscopic technique for atomic detection that
can obtain spectral information from the emitted light from plasma. LIBS require only a small amounts of
sample without any chemical preprocessing for component identification. Furthermore, LIBS is useful to
utilize for a wide range of applications because of its high detection sensitivity, distant analysis, and realtime analysis [1].
The spectral information of the emitted plasma is provided differently depending on the atom and the
molecule from electromagnetic, vibrational, and rotational transitions. This can be detected through
recombination of atoms, molecular fragments, and intermediates during the plasma cooling process. LIBS,
which was originally used only for analyzing the composition of atoms, is also being analyzed for relatively
uncomplicated molecules. Molecules constitute the interatomic distance through the combination of various
forms between elements. Thereby, the spectra of molecules have a distinct identity at wavelengths different
from the constituent atoms. As a result, the molecular emission signal is analyzed as a series of signals
classified as electrons, vibrations and rotational energies. And the molecular signal provides spectral
information in the form of a band, which is distinguished from an atomic signal having a peak value [2].
Zirconium (Zr) is useful pyrotechnic materials due to its explosive properties in powder form. However, the
high electron affinity of Zr causes molecule product combined with oxygen which is adsorbed a thin oxide
film on the surface. After that, the oxide layer thick composed of ZrO2 gradually increases as time passing.
Moreover, this tendency is further accelerated by the presence of humidity and oxidants, which significantly
degrades the explosive performance of Zr-containing ignition devices.
The purpose of this study is to quantitatively investigate the degree of oxidation of Zr, which is determined
a performance of pyrotechnic device, with aging effects by analyzing ZrO band signal through LIBS. This
approach, which can distinguish between Zr and ZrO2 content in the material, was estimated aging rate by
comparing a calibration curve for the molecular band applying the area under the curve (AUC) method [3].
Furthermore, X-ray diffraction(XRD), which is used for component analysis to investigate the chemical
structure by measuring the scattered intensity of an X-ray beam, was carried out on the aging samples to
complement and validate the LIBS results. The comparison of the two kinds of pyrotechnic materials
according to aging duration was done in the pattern representing ZrO2.
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Experimental setup

2.1 LIBS setup
The LIBS system uses a Q-switched Nd:YAG laser (RT250-Ec, Applied Spectra Inc.) at 1064 nm with a
5ns pulse duration at 30mJ of energy (3.82×1012 W/m2). The laser beam passed through the beam expander
to reduce the divergence of the beam area focuses with a 15x magnification objective (LMM-15X-P01,
Thorlabs) to generate the beam without introducing chromatic aberration. The focal distance can be adjusted
by moving the position of the sample on a xyz-stage. Also, the incremental spot locations (at 1 mm apart)
are chosen be larger than the single beam spot size (about 100 μm) to minimize the effect of ablation and
maintain constant focal length, a thermal effect. Furthermore, a six-channel CCD spectrometer is set to
detect the plasma in the wavelength range from 198 to 1050 nm. The spectral resolution of the CCD is
classified about 0.1 nm for ultraviolet(UV) to visible(VIS) wavelengths and 0.12 nm for visible to nearinfrared(NIR) wavelengths at 13,000 wavelength channels. The gate width and the laser repetition rate are
fixed at 1.05 ms and 1Hz, respectively. The gate delay is set at 1.0 μs considering the reference.
2.2 Sample preparation
The ZrO2 powder mixed with a paraffin binder (ZrO2/binder) was prepared at various mixing ratios (from
10:0 to 0:10) for confirming the ZrO molecular band structure and for quantitative analysis. In addition,
Table 1 represents the details of the sample for two types of pyrotechnic substances; zirconium potassium
perchlorate (Zr/KClO4) and iron oxide doped zirconium (Zr/Fe2O3). The basic material compositions were
Zr(53%), KClO4(42%), Viton-b(5%) in Zr/KClO4, and Zr(41%), Fe2O3(49%), SiO2(10%) in Zr/Fe2O3,
respectively. However, the non-aged samples mixed with ZrO2 have been used to draw a calibration curve
with different concentrations of Zr and ZrO2 in the Zr composition of each material. On the other hand, the
aging samples were introduced by monitoring the aging duration related with the oxidation process.
Especially, hygrothermal aging condition (both heat and moisture) was set to 71oC with relative humidity
at 70%.
Table. 1. Sample types of zirconium/oxidizer pyrotechnic substances

Zr/KClO4

Zr/Fe2O3

Zr

Composition of
non-aging samples (%)
53x *

ZrO2

53(1-x)

KClO4

42

Viton-b

5

Zr

41x

ZrO2

41(1-x)

Fe2O3

49

SiO2

10

Aging conditions

Hygrothermal aging
for 2, 4, 8, 16 weeks

Natural aging
for 1, 6, 7, 8 years

[*] : x indicates Zr/(Zr+ZrO2) ratio, which is ranged from 0.2 to 1.0.
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Results

3.1 LIBS analysis of pyrotechnic materials
The molecular signal detection approach was applied to the analysis of oxidizer-doped zirconium substances
that are associated with the reliability assessment of aging pyrotechnics. Here, the emission of the ZrO
molecular band signal appears in the form of an intermediate in both Zr and ZrO2. However, we estimated
that under the same experimental conditions, the emission of the ZrO signal would occur differently in the
two sources. For this reason, this work analyzed the effect of Zr and ZrO2 concentration on ZrO signal
generation.
Figure 1 shows the LIBS spectra of the two types of solid oxidizer (KClO4 and Fe2O3) doped Zr. The
experiments were carried out on the non-aging sample mixed with ZrO2 and the aging sample for each
substance. The emission spectra of ZrO signal corresponding to the wavelength range of about 623 to 660
nm were remarkably observed with a unique band structure. In addition, the amplitude of Zr/Fe2O3 is smaller
than Zr/KClO4 due to its low Zr composition. Meanwhile, a certain amount of ZrO signal is expected even
at a high concentration of Zr due to the recombination of Zr and oxygen in the air during the cooling process.
These results show that the ZrO band signal is generated in both ZrO2 and ZrO2, and the signal intensity per
weight is more dominant in ZrO2. For aging samples, the increasing signal intensity is observed with aging
duration in Figure 1 (c), (d). Also, it follows closely the increasing trend of the non-aging samples with
added ZrO2. As a result, it is clearly confirmed that the oxidation of Zr within the aging samples of both
natural and hygrothermal to form more ZrO2.

Fig. 1. The emission spectra for the two types of samples. (a) non-aging Zr/KClO4 with added ZrO2,
(b) non-aging Zr/Fe2O3 with added ZrO2, (c) hygrothermally aged Zr/KClO4, (d) naturally aged Zr/Fe2O3.
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Fig. 2. AUC results of the aging samples (red circles) in comparison to the calibration curve of
the non-aging samples (black squares). (a) Zr/KClO4 (b) Zr/Fe2O3

To quantify the content of ZrO2 in the material, an AUC method was applied to the ZrO band signal by
integrating the related band region in Figure 1. In this study, we set the pure binder as a background for the
AUC results due to its inactive characteristic in the LIBS. Figure 2 shows the resulting calibration curve of
the ZrO α (1,0) bands of the b3ϕ – a3Δ system based on the AUC results as the ZrO2 concentration increases.
The data processing was performed using OriginPro software (OriginLab, OriginPro 8.5.1, USA). The
between ZrO2 concentration (x) and the corresponding area under the band structure (y) is expressed by the
equation (y=269.7 x + 6439) with a correlation coefficient, R2 = 0.93 in Zr/KClO4. For aging sample of
Zr/Fe2O3, the regression equation of calibration curve was y = 57.6x+4182.7 (R2 = 0.91). The red points
with error bars indicate both the mean and standard deviation of the applied AUC method on the aged
samples. Both hygrothermal and natural aging samples follow the behavior of the non-aging sample with
increasing ZrO2 concentration. In conclusion, these spectral results indicate that the oxidation of Zr is closely
related to the aging of the Zr-based pyrotechnic materials.

Fig. 3. The predicted element concentration (wt. %) for both Zr and ZrO2 in aging pyrotechnic materials.
(a) Zr/KClO4 (b) Zr/Fe2O3
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Figure 3 represents the weight concentration of Zr and ZrO2 with respect to the whole substance. The graph
clearly shows both the decrease in Zr and the increase in ZrO2 in both samples. The concentrations of ZrO2
in case of Zr/KClO4 were estimated to be about 23.1%, 33.2%, 38.3% and 41.4% according to the aging
step. On the other hand, The ZrO2 concentrations of Zr/Fe2O3 aging samples were about 2.05%, 8.70%,
13.2% and 17.5%, respectively. By using the AUC results of the ZrO band, we have demonstrated a method
for predicting the concentration of the oxidation of Zr in aging pyrotechnic samples.
3.2 Validation for LIBS results via XRD method

Fig. 4. XRD patterns for (a) Zr/KClO4, (b) Zr/Fe2O3

X-ray diffraction (XRD) is used for component analysis by measuring the intensity according to the
scattering angle of the X-ray beam, which indicates the chemical structure of the sample. Figure 4 shows
the XRD patterns for the aging samples. It represents a remarkable diffraction patterns at 2θ = 24.2°, 25.4o,
and 28.2°, which correspond to the unique characteristics of ZrO2 crystal [5]. The signals for the
corresponding diffraction peaks were clearly increased as the aging time in both samples. This
complemental spectroscopic method demonstrates the same tendency as the LIBS results.
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