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Abstract. The nuclear magnetic resonance (NMR) method is introduced in order to make the test of 

crosslink density of composite solid propellant easier than traditional methods. The research status of 

mechanical properties of nuclear magnetic resonance and solid propellant is briefly introduced, so is 

the basic principle of crosslink density and transverse relaxation time of solid propellant. A test 

example is shown, and the crosslink density and transverse relaxation time of the HTPB binder sample 

are measured. The NMR method is expected to be a new way to evaluate the mechanical properties of 

propellant, which exhibits a lossless, economical and rapid advantage in NMR testing. 

1. Introduction 

Composite solid propellant is a polymer-based filler-type composite materials, which can be used 

as the engine power source can significantly improve the survival and combat effectiveness of 

weapons [1]. In the manufacture, storage, transportation and use, the propellant must have good 

mechanical properties to ensure that it will not cause excessive deformation or damage due to the 

various external loads. The crosslink network structure of the propellant affects even the physical and 

mechanical properties such as tensile strength, elongation at break, modulus, compression deformation, 

swelling rate and hardness of the propellant [2]. The structure of the micro-crosslinked network 

structure of the solid propellant will be reflected in the changes in mechanical properties, if you can 

find this relevance, and combined with the propellant damage criteria, it can be used as an important 

basis for assessing the effectiveness of propellant failure. The cross-linked network structure of 

propellant can be characterized by crosslink density and transverse relaxation time [3]. Nuclear 

magnetic resonance (NMR) is applied to the study of the mechanical properties of solid propellant, and 

to get the crosslink density and transverse relaxation time.   

2. Research status  

In 1946 the two research groups led by Prof. Bloch of Stanford University and Prof. Purecell of 

Harvard University conducted the first independent study with different samples (water and paraffin) 

and different methods (double coil induction method and single coil absorption method) Nuclear 

magnetic resonance (NMR) experiments [4-5]. Since then, NMR began to develop rapidly, was applied 

in many areas, showing a great vitality and broad application prospects. Today, NMR technology is 

mainly used in the following three areas [6]: (1) In medicine, the use of proton nuclear magnetic 

resonance imaging (MRI) principle for clinical diagnosis of imaging, detection of body organs and 

tissues; (2) In biological applications, NMR can be used for the 3D structure of protein molecules, and 

explain its structural sequence and function of the association; (3) In chemistry, NMR is an important 

method for the study of polymer, glass, ceramics, resin and piezoelectric materials and so on. Cui 

Haibiao et al. [7] applied D_T_2 two-dimensional nuclear magnetic resonance to logging technology 

which provides a new tool for logging evaluation. Li Jielin et al. [8] studied the characteristics of rock 

NMR under freezing-thawing conditions, providing reliable experimental data for the study of rock 

freezing and thawing damage mechanisms. 
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As a relatively new and advanced research method, Wang Fangfang et al.[9] predicted that the NMR 

method would lead the fashion in the study of explosives; Zhao Shouyuan et al.[10] studied the 

relationship between transverse relaxation time and the crosslink density by low-field solid-state NMR; 

Jia Lin et al.[11-12] used low frequency NMR method to detect the curing process of binder crosslink 

density, providing a reference for propellant pulp curing mechanism; Wang Minchang et al.[13] 

introduced the NMR method to test the composition of a certain type of liquid propellant, promoting 

the quantitative analysis of propellant. 

In the study of composite solid propellants, the research of mechanical properties has been the most 

important, and the influence of cross-linked network structure has even determined its mechanical 

properties. The study of the cross-linked network structure of propellant is of great significance to 

formulation design and material performance optimization [2]. Therefore, we can also use nuclear 

magnetic resonance in the study of solid propellants, analyzing and explaining the propellant 

mechanical properties from the perspective of micro-cross-linked network structure. Although nuclear 

magnetic resonance is widely used in the study of polymers, the specific research on the propellant has 

not yet fully developed, this relatively new field of research is very promising. 

3. Fundamental 

3.1 Transverse relaxation time 2T  

Transverse relaxation time 2T also known as spin-spin relaxation time, is caused by the energy 

exchange within the spin system, reflecting the chemical environment in which the hydrogen protons in 

the polymer of the sample, and the hydrogen protons force and degree of freedom are closely related, 

while the hydrogen protons and the internal structure of the sample are inseparable[12]. The greater the 

restraint of hydrogen protons or the smaller the degree of freedom, the shorter is 2T . Different 

mechanical properties of the sample is not the same, the internal chemical environment of the molecule 

must be different, the hydrogen proton by the constraints or degrees of freedom are different, that is, 

the length of 2T is not the same. Therefore, we can use different changes of 2T  in the relationship 

between the mechanical properties analogy to determine the mechanical properties of the propellant is 

good or bad, as Damadian[14] identified the tumor. 

The transverse relaxation time 2T  is measured with the CPMG pulse sequence[15] (shown in Fig.1), 

overcoming the shortcomings of the long cycle of the spin echo sequence and the large error of the CP 

sequence, and can measure 2T quickly and accurately. 

 
Fig.1 CPMG pulse sequence test T2 

In the Figure, RF is the trigger time; RX is the reception time;  is the half-echo time. 
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After the 90 ° RF pulse, 0( )M t M , the nuclear spin begins to move freely and relax, and the 

resonant signal at this time is called the free induction decay (FID) signal [15], as described in Equation 

1: 
2/

0( )
t T

M t M e


                                                                 (1) 

Then add 180 ° pulse at ,3 ,5 ,t     …,(2N-1) , then get the echo at 2 ,4 ,6 ,t N    …,2 , the peaks 

are: 
22 /
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And then transverse relaxation time 2T can be calculated based on these peaks . 

3.2 Crosslink density 0N  

The effect of prepolymer on the mechanical properties of propellant is mainly through the structure 

of solidified cross-linked network, and crosslink density is one of the most important parameters to 

describe the network structure. The crosslink density is a quantitative description of the degree of 

crosslink, defined as the concentration of the effective network chain in the unit volume, that is, the 

number of moles of the effective network chain per unit volume [1]. Propellant network structure 

(shown in Fig.2) is mainly composed of three parts: ① cross-linked part; ② hanging part of the chain; 

③ free chain part. 

 
Fig.2 Propellant network structure 

According to the theory of viscoelasticity of rubber, the elastic stress  of cross-linked rubber 

under uniaxial tension is proportional to the crosslink density 0N [16-17], 
2

0 ( )N RT                                                          (3) 

Among them 8.3144R   J·K-1mol-1, is the molar gas constant, T is thermodynamics temperature 

(K),  is deformation rate( 0/ 1L L    ), 0N is crosslink density (mol/ml),  is elastic 

stress(10-1pa). 

The cross-linked structure of the polymer is divided into chemical crosslink and physical crosslink. 

Chemical crosslink is mainly C-C bond and the molecular chain between the combination of physical 

crosslink mainly molecular chain of geometric entanglement, hydrogen bonds and Van der Waals 

force and so on[18]. 

The chemical crosslink of the molecular chain provides good heat resistance and mechanical 

properties for chemically cross-linked binder-based propellants to ensure that the propellant can 

withstand a certain stress and strain loading and maintain a stable size. However, the high crosslink 

density causes the polymer to be formed to be hard and brittle, resulting in a decrease in the impact 

strength of the propellant, which does not meet the performance requirements of the propellant for 

adherent casting. In general, adherent casting propellant must have a good elasticity, requiring a low 

crosslink density, low modulus, high strain capacity. 
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Fig.3 Relationship between crosslink density and tensile properties 

(crosslink density N0:①＜②＜③＜④) 

The general relationship between the crosslink density and the tensile property of the solid 

propellant is shown in Fig.3. The graph   is the stress and   is the strain of the propellant during the 

stretching process. It can be seen from the Figure that with the increase of the crosslink density of the 

propellant, the tensile strength and the elastic modulus E increase with the increase of the plasticity, but 

the plasticity decreases and the brittleness increases more easily (the maximum strain
max  becomes 

lower) 

The methods for testing the crosslink density of propellants are swelling method [19-20], rheological 

method [21], equilibrium modulus method [22], stress-strain method [23] and NMR method [24]. The 

traditional method of testing has been very mature [25], and as a new method, nuclear magnetic 

resonance method has advantages of short time, the wide temperature range, the results reproduce well, 

provide information and other characteristics, and can distinguish between physical and chemical 

crosslink that other methods can not do [2]. Zhao Fei et al. [26] demonstrated that the crosslink density 

measured by NMR method has a good correlation with the results obtained by swelling method, and 

illustrated the feasibility of nuclear magnetic resonance method. 

When measures crosslink density by NMR, the total magnetization decay process and crosslink part 

and hanging part of the chain are related to the following functional equation : 

2

0

21 22

( ) exp( 0.5 ) exp( )
t t

M t A q Mrl t B A
T T

                       (4) 

The meaning of the parameters: ( )M t represents the magnetization intensity vector; A represents the 

total signal ratio (%) of the cross-linked portion (chemical crosslink and physical crosslink) signals; 

21T represents the transverse relaxation time  of the cross-linked portion(ms); q represents the 

anisotropy rate of the cross-linked moiety, which is the ratio of the residual dipole moment to the 

residual dipole moment below the glass transition temperature at the sample test temperature, 

q reflects the degree of molecular binding from the nuclear magnetic angle, the larger the cross linking 

density is, the greater the q will be, indicating the greater the degree of binding to the molecule; 

Mrl represents the residual dipole moment of the sample below the glass transition 

temperature(10-4s-2); B  represents the proportion of the entire signal of the hanging chain part of the 

signal(%); 22T represents the transverse relaxation time of the hanging tail chain portion(ms); 0A  is a 

fitting parameter, no physical meaning. 

The crosslink density is usually calculated using equation (5): 

0

C

N
M


                                                                   (5) 

0N  is the crosslink density of the sample;   is the sample density (g / ml); CM  is the average 

number of samples, that is, the molecular weight  between adjacent crosslink points(kg / mol). 

Bring (5) into equation (6): 
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The equation for simplifying the crosslink density is (7): 

0

5
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N q
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
                                                                 (7) 

N  is the number of main chain bonds of the repeating unit; C  is the number of bonds in the main 

chain in the statistical segment; ruM is the molar mass of the repeating unit. 

4. Test example 

Equipment: VTMR20-010V-T nuclear magnetic resonance temperature analysis system, magnetic 

field strength 0.5 ± 0.05T, probe coil Φ10mm, temperature range of 30 ~ 130 ℃ (± 0.3 ℃). 

Sample: Hydroxyl-terminated polybutadiene (HTPB) binder, density of 0.7 g / ml, curing in the test 

tube(Φ8.5mm × H20mm) with the equipment. 

The sample was placed in a 30 ° C incubator for 20 minutes and placed in a nuclear magnetic 

resonance apparatus. The test temperature was 30 ° C. Collect the signal spectrum (shown in Fig. 4): 

 
Fig. 4 Sampling signal map 

The sampling points were analyzed and fitted by using the magnetic resonance crosslink density 

analysis software, and the result is shown in the following table: 

Table 1. Nuclear magnetic resonance sampling analysis result 

sample T2(ms) A B 
N0 

(mol/ml) 

HTPB 

binder 
15.04 74.89％ 25.11％ 0.92×10-4 

5. Conclusion 

Compared with the traditional research methods of solid propellant, nuclear magnetic resonance 

method has the following three advantages: 

(1) Non-destructive testing, which means that nuclear magnetic resonance can be directly applied to 

the equipment installed in the detection, and not to make any damage to the weapons; 

(2) The sample can be reused, which can greatly reduce the waste of the sample during the test; 
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(3) Fast detection speed, a test only takes about ten minutes, can effectively save the experiment 

time. 

As the equipment service time increases, the service life of the missile weapon system's accurate 

forecast is particularly important, and the life of the main evaluation criteria is the length of the service 

life of engine. If you can find a relevance to the network structure and mechanical properties of 

propellant, the crosslink density of propellant or the size of the transverse relaxation time can be turned 

as an important evaluation basis, which tell mechanical performance is good or bad for the life of the 

engine evaluation, providing a new way of thinking. 

Although the nuclear magnetic resonance (NMR) method has many advantages, there are still many 

technical problems to overcome as a kind of new method. Nuclear magnetic resonance analysis 

software, for example, whose calculation model is created according to the rubber structure, can't 

completely suitable for propellant; There is no uniform magnetic field and completely accurate RF 

pulse, only through technology improve the signal-to-noise ratio and resolution of equipment, the test 

precision will improve. Along with the advance of technology and the deepening of the research, the 

NMR method is expected to become the new direction for propellant research. 
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