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ABSTRACT: A near-infrared (NIR) spectrometer was used to test the double-base absorbent powder sample and to quantitatively
analyze the contents of each component as well as their dispersion uniformity to establish a rapid quantitative test method for
blending uniformity of modified double-base (MDB) propellant components. First, the quantitative calibration models of
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) were constructed based on sample testing, and the RDX model’s correlation coefficient
was 0.9929. Then, during the blending process, NIR spectra were continually collected. For the original spectra of samples, the blend
uniformity was assessed using the coefficient of moving block standard deviation (MBSD). After 160 min, the sample’s MBSD value
had reached a steady state of less than 0.003, indicating that the sample’s components were distributed uniformly. The findings
reveal that NIR spectroscopy can be used to verify the blending uniformity of MDB propellant components.

1. INTRODUCTION

A typical modified double-base (MDB) propellant, which
consists of nitrocellulose (NC), nitroglycerin (NG), aluminum
powder, hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and
water,1 has higher energy, is easy to transport, is safe to use,
has a long life, and is used to power missiles and tactical rockets.2

Multiple procedures such as absorption (mixing), calendering
(plasticizing), compression, and extension processes must be
performed during the industrial manufacture of MDB
propellants.3,4 The first and most important process in
propellant manufacturing is the mixing procedure. Mixing refers
to the process of suspending NC in a dispersion medium using a
specific dispersion method such that the components of the
MDB propellant are uniformly and properly measured blended
and securely integrated. The mixing effect of the propellant
components is critical in determining the theoretical perform-
ance of the propellants.5,6 We currently rely on experienced
operators to subjectively assess whether the propellant
components have been mixed uniformly in the manufacturing

process based on their experience and determine the process of
the manufacturing process based on the judgment results.
However, the most significant disadvantage of subjective
judgment is that it cannot accurately reflect the uniformity of
propellant component mixing, and there is likely to be a large
error, resulting in differences in the absorption effect of
propellant components, which is reflected in the finished
propellant having difficulty in maintaining the stability of the
propellant performance.7

To ensure the absorption quality of the propellant, the
uniformity of the propellant components is often cheeked
during the manufacturing process using classic wet chemical
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methods. Specifically, high-performance liquid chromatography
(HPLC),8 gas chromatography, ultraviolet−visible (UV−vis)
spectrophotometry, and dissolution-weighing methods were
used to analyze the content of RDX, NC, and NG, the
propellant’s primary components, one by one, to determine their
deviation in content. However, this off-line testing method also
has a number of disadvantages: (1) the sampling process not
only interrupts production but also poses safety risks; (2) it is
time-consuming and environmentally polluting; (3) it can only
determine the overall uniformity of a large number of
macroscopic propellant components and cannot be used to
determine the microscopic uniformity of the propellant
components; (4) it is unable to ensure continuous and
automated production of solid propellants and to meet the
requirements of “real-time, safe and environmentally friendly”
production quality control methods.9

As a result, researchers have been seeking a rapid, online, and
accurate method for the determination of the absorption
uniformity of propellant components to assess the absorption
effect and guide the propellant quality and stability control. The
United State Food and Drug Administration released a draft
application of process analysis technology in 2004 and
recommended the use of near-infrared (NIR) spectroscopy as
a fast, safe, and environmentally friendly online detection
technology for quality control of food and drug production
processes in order to improve the production line’s real-time
correction capability and thus ensure product quality.10 Thus,
the ability of NIR spectroscopy analysis technology to detect the
content of major propellant components and the mixing
uniformity online will provide key technical support for ensuring
the quality of solid propellants produced continuously and
automatically with high reliability and reproducibility. Modern
NIR analysis approaches combined with chemometric methods
can extract information from the NIR spectra of various
components and construct quantitative analytical models with
reliable and consistent performance, which can readily quantify
multiple components without degrading the drug.11 Addition-
ally, because NIR light has high transmission capabilities in
standard optical fiber materials and can be transferred over long
distances via optical fibers, NIR analysis technology has been
widely used in many fields such as food,12 pharmaceuticals,13

cereals,14 tobacco,15 chemicals,16,17 and the military indus-
try18,19 and developed rapidly in recent years. In the civil sector,
NIR is commonly used to determine the homogeneity of
pharmaceuticals. Ma et al. used the near-infrared chemical
imaging (NIR-CI) method to study the homogeneity in the
distribution of chlorpheniramine maleate (CPM) tablets. A

method called “distributional homogeneity index (DHI)” was
used to evaluate the uniformity of distribution of six different
brands of CPM.20 Wahl et al. used the NIR-CI technique to
evaluate the consistency of caffeine within and between tablets
using both standard deviation (SD) and DHI methods.21 For
the military application, Zou et al. presented an NIR method for
in-process detection of the absorbent powder homogeneity. The
absorbent powders’ NIR spectra were acquired using a micro-
NIR spectrometer under stirring circumstances, and the spectra
deviation was quantified using the moving block of SD moving
block standard deviation (MBSD) method. Additionally, HPLC
is used to confirm the accuracy of the NIR analysis on the
obtained data. NIR analysis has been shown to be effective,
environmentally friendly, and safe.22 It demonstrates the
viability of using the NIRmethod to determine the homogeneity
of MDB propellant components.
While the MBSD algorithm is capable of reflecting the system

changes throughout the mixing process in real time, the
preceding study has the following two limitations: (1) the
study processed deviation on three consecutive spectral lines
across the entire spectral band range, and the characteristic
peaks of the main propellant components were obscured by the
absorption peaks of a large amount of water, making it difficult to
fully reflect the mixing uniformity change process of RDX, NC,
and other propellant components; (2) the study concluded that
the terminal point of absorption is∼131 s, which is very different
from the actual situation of propellant plants producing
propellant components generally in more than 2 h.22 It is
difficult to accurately represent the actual state of the absorption
process, and the result reached is insufficient to justify practical
implementation. As a result, it is required to choose the
characteristic peaks of the propellant’s major components and
combine them with the overall spectral characteristics to
conduct a comprehensive analysis and determine the propellant
component mixing uniformity and absorption endpoint.
Furthermore, to recreate the absorption process more
accurately, the absorption process’s mixing time should be
increased to acquire the SD over a lengthy period of time.
Nonetheless, the MBSD algorithm used in this paper serves as a
good reference for our study of the blend homogeneity of and
calculation of the absorption endpoint.
This paper will use the MBSD algorithm, reflecting the typical

characteristics of the spectrum to achieve online detection of the
mixing endpoint of typical MDB propellant components in
order to improve and optimize the MBSD algorithm for the
online determination of the absorption endpoint of typical MDB
propellant components.

Figure 1. Overall design idea for the evaluation of blend uniformity and terminal point for MDB propellant components.
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2. MATERIALS AND METHODS

2.1. Overall Design Idea. The general design concept for
evaluating the blend uniformity and terminal point of MDB
propellant components during continuous mixing in water using
an NIR method is shown in Figure 1.
The process can be summarized as follows: (1) preparing a

representative sample of MDB propellant components; (2)
configuring an NIR detection device to evaluate the character-
istic spectra of the sample; (3) detecting the spectra of various
MDB propellant components, then selecting their characteristic
spectra, and further evaluating the feasibility of online NIR
detection for blend uniformity and terminal point of MDB
propellant components; and (4) establishing a correlation
between the blend uniformity and terminal point of MDB
propellant components and the results collected by an NIR
spectrometer’s characteristic spectrum collection.
2.2. Sample Preparation. The typical propellant compo-

nents were used, including a 1:1 mixture (weight ratio) of RDX
and NC/NG, with the NC being plasticized with an equivalent
proportion of NG in advance. Because the content of minor
components such as stabilizers and catalysts in the MDB
propellant is typically less than 5%, they were not considered in
this typical formula. These propellant components are obtained
directly from an explosive manufacturer, and they all have high
sensitivity and risk, requiring extra caution during the experi-
ment.
2.3. Construction of the Test Equipment. Figure 2 shows

the self-built equipment used to determine the blend uniformity
and terminal point of MDB propellant components. The device
operates in the following way: the propellant components were

introduced and were continuously mixed in the jacketed beaker.
A constant-temperature water bath was used to maintain the
sample’s temperature. Then, utilizing Thermo Antaris II NIR
spectroscopy, a specially designed fiber optic probe was placed
into the suspension to get the sample’s NIR spectrum.
Simultaneously, computer software was used to record and
process the sample’s spectral information. Finally, by analyzing
these spectral data, a wealth of important information can be
gleaned.

2.4. Characteristic Spectrum Selection of MDB
Propellant Components. The selection of the characteristic
spectrum is based on the premise that the spectrum of a certain
region of the propellant components represents only that region
and is unaffected by the spectrum of other components,
particularly water. TheNIR spectrum of each component (RDX,
NC, NC + NG, H2O, RDX + H2O, NC + H2O, NC + NG +
H2O, RDX+NC+NG+H2O) is identified in this example with
or without water (RDX + H2O, NC + H2O, NC + NG + H2O,
RDX +NC +NG +H2O). All in situ NIR spectra were acquired
with a resolution of 16 cm−1 and averaged over 10 scans in the
range from 4000 to 10 000 cm−1. Each spectrum capture takes
∼8 s.

2.5. Feasibility BlendUniformity and Terminal Point of
MDB Propellant Components. The oscillation of mass
concentration of the suspension was used to determine if it is
evenly mixed. When we determined that the blend uniformity
and terminal point of MDB propellant components had been
reached, we took a uniform distribution of at least one sample
mass across time. In particular, as long as the propellant
component’s concentration can be quantified quantitatively

Figure 2. Self-built equipment for evaluation of blend uniformity and terminal point of MDB propellant components: schematic diagram (left) and
actual installation picture (right).

Table 1. Samples Set for Constructing a Quantitative Chemometrics Model of RDX Contents in Water
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using NIR spectroscopy, its blend homogeneity may be
reflected.
Based on the result of Section 2.4, the characteristic

components and spectrum of the MDB propellant would be
chosen. The operation proceeded in the following way: using an
electronic balance, 600 g of deionized water is weighed. The
RDX mass fraction is adjusted to a range of 1−15.5% at 0.5%
interval, and it is ensured that each sample has 600 g of water.
We prepared a total of 30 samples. Mechanical stirring blades
were added into the sample at a speed of 650 rpm to ensure
uniform mixing of the RDX and H2O in the system. After
continuous stirring, the optical fiber probe was placed directly
into the sample, and the NIR spectrum of 30 samples was
obtained successively. Among them, 23 samples served as the
calibration set for developing a quantitative chemometrics
model, while the remaining seven samples served as prediction
sets for evaluating themodel’s performance. Table 1 summarizes
the samples used to develop a quantitative chemometrics model
of the RDX concentration in water.
Following that, TQ Analyst software was used to do spectral

preprocessing and multivariate regression. To eliminate random
noise and false contribution caused by a baseline shift, all spectra
were preprocessed using the first-derivative method. Sub-
sequently, a quantitative model for RDX over the selected
wavenumber ranges was created using a partial least squares
(PLS) regression algorithm, which extracts the maximum
amount of meaningful information from signals effectively.
The appropriate number of PLS variables was determined using
leave-one-out cross-validation with the root-mean-square error
as the minimal statistic (RMSECV, formula 1).

=
∑ −

−
= y y

n
RMSECV

( )

1
i
n

i i1
pred ref

(1)

where yipred is the RDX content predicted by the NIR model,
yiref is that obtained by weighing, and n is the number of
samples.
2.6. Evaluation of Blend Uniformity and Terminal

Point.The construction between blend uniformity and terminal
point as well as the RDX spectrum can be used to deduce the
blend uniformity and terminal point of MDB propellant
components. To illustrate the change in the uniformity of
MDB propellant components, a simple approach called MBSD
was used to demonstrate the difference between the spectra at
different times. The MBSD method is straightforward and
convenient as it avoids the lengthy operations associated with
conventional methods and does not require pre-calibrated
stoichiometry. The algorithm of MBSD is as follows23
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where Aij denotes the absorbance of the j-th spectrum at the
wavenumber value of i, A̅i is the average absorbance value of the
selected continuous n spectra at the wavenumber value of i, m
denotes the total number of selected wavenumbers, and S
denotes the average of the SD of absorbance that corresponds to
the selected m waves. It should be noted that if the number n of
selected continuous spectra is greater, it is easy to ignore the
partial discrepancies between the spectra. In this study, the value
of n is 3, implying that three consecutive spectra are selected for
calculation each time. The MBSD algorithm calculates a real-
time difference between NIR spectra during the full mixing

process of MDB propellant components. Taking into account
the influence of accidental elements in the real mixing process,
after the beginning of the mixing process, when the S values of
multiple consecutive nodes are less than the threshold, they are
evaluated as a blend uniformity and terminal point.
Further, microscopic pictures of the mixed MDB propellant

components at different mixing times were taken to verify their
homogeneity.

3. RESULTS AND DISCUSSION
3.1. Spectral Analysis. Figure 3 shows the NIR lg(1/R)

spectra of RDX, NC, NC +NG, and H2O. As shown in Figure 3,

RDX has four main absorption bands: 4000−4730, 5750−6250,
6930−7510, and 8730−9020 cm−1. The spectra of 5750−6250
cm−1 are placed directly between the water absorption peaks of
5100 and 6880 cm−1, which are less influenced by water and are
relatively strong in comparison to other bands. Because the
spectra of 6930−7510 cm−1 are covered by the water absorption
peak at 6880 cm−1, and 8730−9020 cm−1 is covered by the water
absorption peak at 6880 and 8500 cm−1, respectively, water will
interfere with these two spectral bands significantly. As a result,
two spectral regions, 4000−4730 and 5750−6250 cm−1, are
preferred as RDX modeling intervals.
Additionally, the NIR spectra of RDX +H2O, NC +H2O, NC

+ NG + H2O, and RDX + NC + NG + H2O were collected to
validate the modeling intervals for RDX. As shown in Figure 4,
when RDX, NC, NC +NG, and RDX +NC +NG are combined
with water, their absorption strength is greatly increased. While
both are affected by water’s strong peaks,24 the characteristic
peaks of RDX in the 4000−4730 and 5750−6250 cm−1 spectral
bands can be retained intact, and the characteristic absorption

Figure 3. NIR spectra of RDX, NC, NC + NG, and H2O.

Figure 4. NIR spectra of RDX + H2O, NC + H2O, NC + NG + H2O,
and RDX + NC + NG + H2O.
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peaks of NC have a considerable overlap with those of water. As
a result, it can be determined that RDX is capable of being used
for spectral modeling in the 4000−4730 and 5750−6250 cm−1

spectral regions.
Figure 5 shows the sample spectra collected using the 2.5

method. It was found that the absorbance of RDX + H2O

decreased with the increase of RDX content from 1 to 15.5%.
After automatic optimization by the system software, the
additional chosen spectral modeling intervals were 4244.2−
4557.4 and 6024.33−6106.74 cm−1, and the preprocessing
method was the first-order derivative.
3.2. Feasibility Analysis. In this study, TQAnalyst software

randomly chose 23 samples from 30 standard samples to serve as
the calibration set, and the PLS method was used to create the
quantitative calibration model for RDX. The remaining seven
samples (with RDX concentrations of 1.5, 3.5, 5, 8.5, 10.5, 12,
and 15%, respectively) were not used in the model construction
but were used for the prediction validation.
Internal cross-validation refers to the process of extracting m

samples (m < n). RMSECVwas obtained by using the leave-one-
out method.25 When the appropriate number of major factors is
found, the matching RMSECV value is modest, indicating that
the former model is stable and dependable. As shown in Figure
6, the optimal number of major factors for modeling the RDX
content model is 9.
Table 2 contains the values for the relevant parameters used

during the model construction process. Rc
2 and RMSEC for the

model’s internal correction were 0.9929 and 0.36, respectively,
indicating that the model performed well in terms of internal
correction,26 which is a result of the simplicity of the system.

Furthermore, the preprocessing using the first-order derivative
method minimizes NIR light scattering by RDX particles, and
the instrument’s random noise contributes to the good results.27

Figure 7 shows the results of an internal cross-test to determine
the RDX content.
External validation is the process of validating a model using

samples from the validation set that are unrelated to the
calibration set. External validation not only indicates the model’s
predictive ability but also checks that it is not over-fitted, which
is important for complex systems. The fiber optic probe was
immediately inserted into seven external validation samples in a
continuous stirring state, and the absorbent powder samples’
NIR spectra were collected. The obtained spectra are then
analyzed according to the predefined model, and the absorbent
powder’s RDX concentration is shown directly on the computer
interface. The entire process, from spectral collecting to model
processing to acquire results, is straightforward and does not
require any pretreatment of the sample, does not utilize chemical
reagents, and produces no waste that contributes to environ-
mental pollution. Figures 8 and 9 show the numerical
connection between the predicted values of the RDX
quantitative model and the actual values of the medium
component content of the validation set samples. The quality
of prediction was assessed in terms of RMSECV and R2.28 As
shown in Figures 8 and 9, the results of the calibration model in
predicting the RDX contents are well accepted.
In conclusion, in situ detection of RDX content was

performed by constructing a two-component system consisting
of RDX and swirling it continuously in water under continuous
stirring conditions. The optimal spectral pre-treatment method
and algorithm for modeling were optimized. By analyzing the
impacts of significant amounts of water present and continuous
stirring on the NIR spectra, the optimal spectral pretreatment
method andmodeling algorithm were optimized. Additionally, a
more appropriate modeling interval was chosen for themodel by
analyzing the samples and the RDX NIR spectrograms. The
constructed model may accurately reflect the current issue.

3.3. Blend Uniformity Analysis. The absorbent powder
system was subjected to a total of three consecutive mixing
stages of stationary−starting mixing−mixing homogeneously,
and the absorbent powder’s NIR spectra were acquired in real
time and are shown in Figure 10. In the illustration, there are two
distinct spectral overlap bands, and the overlap area 1
corresponds to the spectrum of the material at rest. However,
the NIR spectral similarity increased gradually and the spectra
eventually overlapped at spectral interval 2, which were
attributed to the improved homogeneity of the components
within the absorbent powder system throughout the mixing
process.
Obviously, it is highly difficult to distinguish subtle differences

between the spectra through direct observation of the NIR
spectra of the absorbent powder samples, which cannot
adequately reflect changes in homogeneity during the mixing
process. As a result, the NIR spectra of continually collected
samples were analyzed using chemometric software. Conven-
tional NIR spectroscopy determines the mixing endpoint by
detecting whether the content of each component in different
parts is consistent, which not only introduces interference from
spectral band overlap and a large amount of liquid water but also
necessitates the collection of massive representative samples to
build a quantitative calibration model. Additionally, the model’s
maintenance and updating at a later stage demands a significance
of resources. Furthermore, because the mixing process is

Figure 5. NIR spectra of RDX + H2O with an RDX content of 1−
15.5%.

Figure 6. Relationship between RMSECV and the number of master
factors.
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influenced by incidental factors, the mixing terminal point is
defined as the point at which several consecutive S values are
smaller than a predefined threshold value29 (0.03 in this study)
after the mixing process begins. The major logical procedures of
the workflow devised in this study for analyzing the effect of
absorbent powder mixing homogeneity that meet the require-
ments for online testing are summarized in Table 3.
The NIR spectra of the absorbent powder component

configured in Section 2.5 were obtained for ∼2.5 h at a certain
temperature. As shown in Figure 11, 290 spectral curves were
obtained. The change pattern of the absorbent powder’s spectral
curve shows a lot of fluctuation at first but progressively

stabilizes at a given point with reduced fluctuation later, which
shows the absorbent powder’s mixing homogeneity.
They recorded the average deviations of three consecutive

spectral lines and archived values of close to 80−90. Figure 12
shows the mean deviation of the absorber for three consecutive
spectral lines as a function of time. The mean deviation of the
absorber’s three consecutive spectral lines showed a little
variation, and it is obvious that the mean deviation of the
absorber’s three consecutive spectral lines showed an overall
decrease with time, indicating that the absorber’s mixing
uniformity was improved. It can be observed that after ∼80
min of absorption, the percentage of the average deviation of the
three consecutive absorber drug spectral lines less than 0.01
gradually increases, whereas there are few spectral deviations less
than 0.01 before∼80min; after∼154min, the average deviation
of the three consecutive absorber drug spectral lines is less than
0.03, whereas there are numerous deviations greater than 0.03
before ∼154 min. When the NG in the absorbent powder has a
strong swelling effect on the NC, the NC consistency in the
system becomes more stable, and the variability of the mixed
system with RDX becomes relatively small. As a result, the
average deviation of three consecutive absorber spectral lines
shows an overall decreasing trend.
Replication tests were conducted to determine whether a

necessary link could be made between this online test result and
the uniformity of the absorbed samples. For the absorber
fraction specified in Section 2.5, NIR spectra were collected for
∼2.8 h. As shown in Figure 13, 290 spectral profiles were
obtained. Figure 14 shows the mean deviation of the absorber
for three consecutive spectral lines as a function of time.
The average deviation of three consecutive spectral lines of

the absorber was used to describe the absorber’s mixing
uniformity with good reproducibility, and the absorber’s overall
mixing uniformity improved over time, as indicated by the
decreasing trend of the average deviation of three consecutive
spectral lines. After 160 min, the average deviation of the
absorber’s three consecutive spectral lines was practically less
than 0.03, indicating that the absorption had reached its terminal
point.

Table 2. Relevant Parameters and Cross-Validation Results from the RDX Content Modeling Process

number of samples Rc
2 RMSEC spectral pretreatment methods modeling interval/cm−1 number of main factors

23 0.9929 0.36 first order derivative 4244.2−4557.4 cm−1, 6024.33−6106.74 cm−1 9

Figure 7. Regression diagram of the RDX model.

Figure 8. Linear regression diagram of internal calibration.

Figure 9. Linear regression diagram of external prediction.

Figure 10. NIR spectra of the absorbent powder system.
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In addition, microscopic pictures (Figure 15) of the mixed

MDB propellant components at 20 and 160 min were taken,

respectively, to verify their homogeneity. As shown in Figure 15,

the MDB propellant components are composed of RDX with

diameters ranging from tens of micrometers to 200 μm and NC

with lengths ranging from tens of micrometers to 1 mm with a

diameter of about 20 μm. Obviously, the difference in

morphology and particle size of these two substances makes it

Table 3. Absorbent Powder Mixing Uniformity Effect Evaluation Workflow Method

Figure 11. NIR spectral curves of absorbers at different times.
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difficult for them to mix. At a mixing time of 20 min (Figure
15a), the two species, RDX and NC, were almost separated
without much intersection, which corresponds to a large
volatility of mean deviation of three consecutive spectral lines
of the absorber shown in Figures 12 and 14. On the contrary,
after mixing with 160 min, RDX and NC are more evenly mixed
and have some intersection between them, which corresponds to
a small volatility of mean deviation of three consecutive spectral
lines of the absorber shown in Figures 12 and 14. These
microscopic characterizations confirmed that MBSD could well
represent the blending uniformity of MDB propellant
components.

4. CONCLUSIONS
The components of the MDB absorber system were modeled
using NIR spectroscopy combined with chemometrics. The
model correlation coefficient was greater than 0.99. The results
of the internal prediction validation demonstrated that the
model prediction error was relatively small and stable.
The MBSD method was demonstrated to analyze the sample

components’ blend uniformity, and theMBSD value of RDX can
be used to immediately reflect the sample’s total blend
uniformity. The microscopic characterizations confirmed that
MBSD could well represent the blending uniformity of MDB
propellant components. The results demonstrated that using
NIR spectroscopy, the mixing homogeneity of the MDB
propellant components may be rapidly assessed. It can be
expected that NIR spectroscopy and NIR technology have a
great application in the characterization of the uniformity of
various propellants.
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