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Abstract  

This paper investigates the effects of nickel acetylacetonate, Ni(acac)2, on the 

thermal stability and combustion of hydroxyl-terminated polybutadiene (HTPB)-based 

fuel formulations for hybrid rocket propulsion. The presented experimental results 

show that the addition of Ni(acac)2 can intensely decrease the thermal stability of HTPB 

thus enhancing the solid fuel regression rate even at a small additive mass fraction: 

under an oxygen mass flux of 50 kg/m2s, HTPB + 5 wt% Ni(acac)2 shows a 25.5% 

increase over the non-loaded baseline. Kinetics analyses reveal that the catalytic effect 

is mainly induced by the Ni2+ in Ni(acac)2 at the early stage of decomposition, and by 

the NiO produced from the oxidative decomposition of Ni(acac)2 in the fuel final 
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degradation stage. On the other hand, the addition of Ni(acac)2 decreases the 

combustion heat of HTPB-based fuels significantly and implies the accumulation of its 

decomposition products at the fuel regressing surface. Eventually, when the content of 

Ni(acac)2 exceeds 5 wt%, the growth of regression rate slows down rapidly, and a 

performance detriment occurs at 40 wt%. This study verifies the catalytic effect of 

Ni(acac)2 on polymer matrix for HTPB based fuels showing the attractive regression 

rate performance of this additive. 

Keywords: HTPB, Catalytic pyrolysis, Nickel acetylacetonate, Regression rate, Hybrid 

rocket propulsion.  

1. Introduction   

The hybrid rocket is regarded as a promising candidate for several emerging 

applications (space tourism, suborbital flight, and small satellite orbital injection) 

thanks to its inherent safety, reliability, limited environmental impact, potential 

throttleability, and relatively low recurring costs [1, 2]. Thanks to its superior properties 

(such as excellent processability with high filling particle mass fractions, high 

elongation with good elastic recovery), hydroxyl-terminated polybutadiene (HTPB) has 

been the most commonly investigated polymeric solid fuel in the hybrid rocket field [1, 

3-5]. However, the slow regression rate due to the difficult pyrolysis of this 

polyurethane has limited its practical application [2, 6]. For HTPB-based fuels, 

regression rate enhancement is typically pursued by loaded formulations including 

energetic fuels (micro-/nano-sized metals, mechanically activated powders, hydrides) 

[7-10] and oxidizers (as ammonium perchlorate) [6, 11, 12], and including high thermal 
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conductivity and high radiation absorption materials as carbon nanotubes and opacifiers 

[13, 14]. Of these strategies, the solid fuel loading with oxidants hinders the inherent 

safety of fuels, while the addition of metal powders can yield aggregation and 

agglomeration at the burning surface [10]. On the other hand, carbon-based additives 

feature a limited impact on the regression rate. Paraffin-based fuels offer faster 

regression rate than HTPB, but this is paid by lower mechanical properties: paraffin 

blending with reinforcing polymers is required to obtain suitable mechanical resistance, 

and this implies a ballistic response detriment [15]. HTPB-paraffin blends were 

proposed as a candidate solution to combine high mechanical properties with faster 

regression rates, yet the open-literature shows contrasting results when this solution is 

implemented [16-18].  

In the propulsion field, transition metal elements (not including metal powders) have 

always been used as catalysts for oxidants like ammonium perchlorate [19-23]. On the 

other hand, the effect of these additives on the fuel matrix (i.e., HTPB) is rarely studied 

[24]. Numerous researchers have proved that some transition metal elements can 

promote the thermal decomposition of polymers. Moroi and Ciubanu found that Mn2+ 

can catalyze the overall pyrolysis process of polyurethanes, whereas Cu2+ reduces 

polymer initial thermal stability while catalyzing the final decomposition stage [25]. 

Transition metal chloride effects on the degradation temperature of polyurethane foam 

were discussed in Ref. 26.6The addition of ZnO nanoparticles dramatically reduces the 

thermal stabilities of polycarbonate-based polyurethane nanocomposites [27]. 

Laachachi et al. verified that the 15% and 20% TiO2 can decrease the activation energy 
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of poly(methyl methacrylate) (PMMA) when the conversion degree exceeds 0.5 [28]. 

Thermal decomposition of HTPB is catalyzed by acetylacetonate complexes. Cardoso 

et al. demonstrated that Cu, Ni, Co, and Cr acetylacetonate complexes promote the 

pyrolysis of HTPB based fuels at high temperature [29]. However, this paper does not 

elucidate the catalytic process and combustion mechanism of fuels loaded with 

acetylacetonate complexes. 

In the current work, nickel acetylacetonate (Ni(C5H7O2)2), Ni(acac)2, is considered 

to enhance the regression rate of HTPB based fuels, by accelerating the pyrolysis of 

polymer matrix. The effects of Ni(acac)2 on thermal stability, combustion heat, thermal 

conductivity, and regression rate of HTPB-based fuels were determined. Kinetic 

methods combined with analysis of the combustion products were used to clarify the 

catalytic process and combustion mechanism of fuel grains. 

2. Experiment  

2.1. Materials  

The HTPB pre-polymer (average molecular weight of 2970 g/mol and -OH content 

of 0.787 mmol/g) was purchased from Liming Research & Design Institute of Chemical 

Industry Co., China. The dioctyl adipate (DOA, plasticizer), isophorone diisocyanate 

(IPDI, curing agent), and dibutyltin diacetate (TIN, curing catalyst) were obtained from 

Aladdin (Shanghai, China). The Ni(acac)2 (purity 99%, density 1.455 g/cm3, average 

number-based diameter of 46 μm), was supplied by Meryer Chemical Technology Co., 

Ltd (Shanghai, China). Scanning electron microscopy (SEM) images of the Ni(acac)2 

are reported in Fig. 1. 
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2.2. Sample preparation 

Tested fuel formulations were manufactured at the Institute of Space Propulsion 

(ISP), Nanjing University of Science & Technology (NUST). A HTPB-based fuel with 

no additive served as the baseline for the study. Ni(acac)2 loaded formulations featured 

5, 10, 15, 20 and 40 wt% additive. The HTPB-based fuel consisted of 78.86 wt% HTPB 

pre-polymer, 13.04 wt% DOA, 7.67 wt% IPDI ([-NCO]/[-OH] = 1.08), and 0.43 wt% 

curing catalyst. Details on the formulations of HTPB + Ni(acac)2 fuels are reported in 

Table 1. A schematic overview of the fabrication processes is shown in Fig. 1. The ZKJ-

3 type vacuum mixer equipped with a 500 ml stirring cup was used to mix the reactants 

under vacuum (< 5 kPa) at 270 rpm. The HTPB pre-polymer, DOA, and TIN were 

mixed for 5 minutes. Following this step, Ni(acac)2 was dispersed in HTPB, DOA, and 

TIN pre-mixture: mixing of the compound continued for 15 minutes. Finally, the IPDI 

was added to the mixture. The composition was then mixed under vacuum for 10 

minutes. The stirred HTPB + Ni(acac)2 slurry was cast into molds. The specimen for 

the ballistic analysis features a cylindrical shape with outer diameter (OD) of 19 mm, 

inner diameter (ID) of 16 mm, and length of 30 mm. Samples were cured for 24 hours 

at the temperature of 36°C. This step was then followed by a post-curing of 72 hours at 

60 °C. 
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Fig. 1. Scheme of the phases in the preparation of HTPB + Ni(acac)2 fuel grains.  

Table 1. Composition of baseline and Ni(acac)2 loaded formulations (ingredient 

contents are reported as mass fractions; HTPB-fuel ingredients normalized to 100%). 

Formulation  HTPB DOA IPDI TIN Ni(acac)2 

Baseline 78.86  13.04  7.67  0.43  0 

HTPB + 5 wt% Ni(acac)2 74.92  12.39  7.29  0.41  5 

HTPB + 10 wt% Ni(acac)2 70.97  11.74  6.90  0.39  10 

HTPB + 15 wt% Ni(acac)2 67.03  11.08  6.52  0.37  15 

HTPB + 20 wt% Ni(acac)2 63.09  10.43  6.14  0.34  20 

HTPB + 40 wt% Ni(acac)2 47.32  7.82  4.60  0.26  40 

2.3. Materials characterization methods 

Field emission SEM (FESEM, Quanta 250FEG, USA) was operated at 10 kV 

coupled to an energy dispersive spectrometer (EDS), with a gold coating layer covering 

the specimens. FESEM + EDS enabled to evaluate the morphological structure of 

Ni(acac)2, and the additive dispersion in HTPB + Ni(acac)2. FTIR spectrometer 
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(Thermo Scientific Nicolet iS10, USA) and microcomputer automatic calorimeter (IKA 

C2000, Germany) were used to determine the molecular structure and combustion heat 

of pristine Ni(acac)2, baseline, and loaded formulations. Differential scanning 

calorimetry (DSC)/thermogravimetry (TG) (Netzsch STA449C, Germany) was 

performed in air (50 mL/min), with a heating rate of 10°C/min to characterize the 

thermal behavior of all the fuels. DSC/TG scans with a heating rate of 5, 10, 15, and 

20°C/min were performed on the baseline and HTPB + 15% Ni(acac)2 in the 

temperature range 35°C to 700°C. Two fuel disks (50 mm OD, 13 mm height) were 

tested in a hot disk thermal analyzer (Hot Disk TPS2500, Sweden), equipped with a 

6.40 mm radius Kapton sensor at 298 K. X-ray diffraction (XRD, Bruker D8, Germany) 

with Cu-Kα radiation was employed to analyze the combustion products of pristine 

Ni(acac)2, and HTPB + 15/40% Ni(acac)2 composites. 

2.4. Hybrid propulsion combustion system 

As shown in Fig. 2 (schematic), a 2D-radial hybrid burner, based on the original 

design by the Space Propulsion Laboratory (SPLab) of Politecnico di Milano, was used 

to perform combustion tests on prepared fuels [10]. Further views of the facility are 

reported in Fig. S1, details on the facility are reported elsewhere [10,15] . Gaseous 

oxygen was used as oxidizer. A mass flow rate of 3 g/s was axially injected into the 

grain port. The oxidizer injector is designed to grant optical access to the tested 

specimen head-end, thus providing the possibility to track the central port diameter 

during the combustion. An automatic system combined with solenoid valves and 

pressure transducer-controlled chamber pressure granting a quasi-steady value of 1.0 
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MPa. A B/KNO3 (40/60 wt%) primer charge was ignited by laser, providing a non-

intrusive system for specimen ignition. The burning process of the cross-section was 

recorded by a high-speed camera operating at 500 fps. A scheme of the injector 

implementation and optical path for the visualization of the burning strand head-end is 

reported in Fig. 2. Gaseous nitrogen was used to interrupt the combustion before 

complete consumption of the fuel. A time-resolved technique was used for the 

regression rate (rf) determination. This data reduction procedure enables the 

identification of relevant ballistic parameters (including the oxidizer mass flux, Gox). 

Full details on the method are reported elsewhere [9, 13]. The non-loaded HTPB is 

taken as baseline for the relative grading of the tested formulations. Five combustion 

tests were performed for each formulation. Single test data were collapsed in an 

ensemble average curve enabling the definition of error bars based on standard 

deviation. 

 

Fig. 2. Schematic of the 2D-radial hybrid burner.  
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2.5. Kinetic methods 

Kinetic analyses were performed by DSC/TG scans at different heating rates. Two 

model-free non-isothermal methods were used for the data reduction, the distributed 

activation energy model (DEAM) and the Kissinger method were adopted to evaluate 

the activation energy (E) and frequency factor (A). The DAEM assumes that many 

irreversible first-order parallel reactions with different rate parameters occur 

simultaneously in determining the activation energy [30, 31]. The initial form of DAEM 

can be written as: 

1 − 𝛼 = ඲ 𝑒𝑥𝑝⁡ ቆ−𝐴න 𝑒𝑥𝑝 ൬−
𝐸

𝑅𝑇
൰ⅆ𝑡

𝑡

0

ቇ𝑓ሺ𝐸ሻⅆ𝐸⬚
⬚

∞

0
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׬ 𝐻 ⅆ𝑡
𝑡

0

׬ 𝐻 ⅆ𝑡
𝑡𝑓
0

 (2) 

න 𝑓ሺ𝐸ሻ ⅆ𝐸
∞

0

= 1 
(3) 

In the Eqs. 1-3, α is the conversion degree, R represents the ideal gas constant, T is 

the absolute temperature, f(E) is the activation energy distribution curve, and H is the 

heat flow measured by DSC. Miura and Maki [32] simplified the original DAEM and 

expressed it as: 

𝑙𝑛 ൬
𝛽

𝑇2
൰ = 𝑙𝑛 ൬

𝐴𝑅

𝐸
൰ + 0.6075 −

𝐸

𝑅𝑇
 (4) 

with β indicating the heating rate. The basic equation of the Kissinger method [33] 

can be presented as: 
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where Tm represents the temperature peak of the DTG curve. In the proposed models, 

E can be obtained from the slope of the regression lines of ln(β/T2) vs. 1/T for DAEM, 

and from ln(β/(dα/dT)) vs. 1/Tm for the Kissinger method. In the analyses, the value of 

A is determined by the intercept of regression lines.       

3. Results and discussion 

In this Section experimental results will be discussed for both the pre- and the burning 

phases. Composite characterization is introduced first, then combustion performances 

are discussed. 

3.1. Composite characterization 

3.1.1 FTIR spectrum analysis   

Results from the FTIR analyses are shown in Fig. 3. The presented data include the 

characteristic peaks of the pristine Ni(acac)2, together with the evidence from the HTPB 

+ Ni(acac)2 composites. Bands in the range 700-580 cm-1 show sensitivity to the nature 

of the metal. A peak at 669 cm-1 is assigned to the Ni-O stretching, while the one 

observed at 652 cm-1 is probably due to ring deformation of the organic moiety [34]. In 

the spectrum, the peak at 1660 cm-1 belongs to the keto-enol tautomerism of 

acetylacetonate, while what is seen at 3349 cm-1 corresponds to the presence of 

crystalline water introduced during the preparation of the pristine material [35, 36]. 

Focusing on the non-loaded HTPB, C=C stretching is noted at 1640 cm-1, while the 

characteristic C=O band of the plasticizer is responsible for the peak at 1730 cm-1. With 
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the addition of Ni(acac)2, the intensity of characteristic peaks belonging to plain HTPB 

reduces significantly.   

 

Fig. 3. FTIR spectra of the pristine Ni(acac)2 and non-loaded/loaded HTPB-based 

formulations. 

3.1.2 Thermal analysis 

Thermal behavior characterization of the pristine Ni(acac)2 and HTPB-based 

composites is shown in the Fig. 4. The weight loss of Ni(acac)2 below 120°C is assigned 

to the departure of crystallization water, which corresponds to an endothermic peak at 

111°C [35, 37, 38]. This is consistent with the spectral analysis results in Fig. 3. The 

large mass loss of the additive in the temperature range 120-395 °C is related to the 

multi-step decomposition of the acetylacetonate species, the main exothermic peak of 

this stage is at 375°C and ultimately leads to the formation of a residual product (22.4%) 

consisting of metallic Ni and NiO [35, 37]. For this reason, TG traces for loaded HTPB-

based fuels show a residual mass for temperatures > 600°C (see Fig 5a). 

The baseline fuel exhibits two mass loss stages corresponding to the exothermic 
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reactions whose peak temperature is at 205°C and 456°C. The first weight loss can be 

attributed to the oxidative decomposition of the plasticizer, while the second one is due 

to the depolymerization and decomposition of the remaining polybutadiene [16]. With 

the increase of Ni(acac)2 mass fraction, the main exothermic peak (Tp) of the HTPB-

based fuels is shifted from 456°C to 438°C, and the end temperature (Tf) of the 

decomposition reaction is significantly reduced (from 631°C to 580°C). Fig 5b depicts 

the differences between corresponding pairs of Tp and Tf values for pure HTPB fuel and 

HTPB + Ni(acac)2 composites. Achieved data testify that Ni(acac)2 catalyzes the 

pyrolysis of the cured HTPB matrix. Under the investigated conditions and catalyst 

contents, this catalytic effect increases for increasing Ni(acac)2 mass fraction. 

Nevertheless, the main exothermic peak of the Ni(acac)2 is observed to shift from 375°C 

to 367°C at low content (5 wt%), while it is hidden by the main exothermic peak of the 

HTPB matrix for larger mass fractions. In particular, for the 40 wt% load, the 

exothermic peak is eventually increased to 487°C. These results indicate that the 

decomposition by Ni(acac)2 is catalyzed at low content (5 wt%), but the opposite effect 

is achieved at relatively high content (≥ 20 wt%). Overall, The above results show 

that the presence of Ni(acac)2 can greatly lower the decomposition temperature of 

HTPB-based fuels. 
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Fig. 4. Thermal analysis of pristine Ni(acac)2 and non-loaded/loaded HTPB-based fuels: 

(a) TG, (b) DSC. 

 

Fig. 5. Thermal analysis of pristine Ni(acac)2 and non-loaded/loaded HTPB-based fuels: 

(a) residual mass after complete fuel decomposition, (b) difference between peak 

temperature (ΔTp) and end temperature (ΔTf) for pure HTPB and HTPB + Ni(acac)2. 

3.1.3 Combustion heat and thermal conductivity characterization   

The combustion heat and thermal conductivity of the investigated fuels were 

determined to provide a deeper insight into their burning performance (Fig. 6a). The 
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use of Ni(acac)2 yields an increase in the thermal conductivity of the HTPB-based 

composites (Fig. 6a). The baseline formulation provides a conductivity of 0.1992 

W/mK, which is consistent with the open literature data [13, 39]. Nevertheless, because 

the combustion heat of Ni(acac)2 is less than half of the corresponding value for non-

loaded HTPB (18005 J/g vs. 42466 J/g), the addition of Ni(acac)2 yields a decrease in 

the combustion heat for HTPB + Ni(acac)2 composites. An XRD pattern of the residuals 

for Ni(acac)2 in the combustion process is reported in Fig. 6b. The XRD pattern reveals 

that the metal in Ni(acac)2 is not completely oxidized in the combustion heat test. 

Considering the characteristics of the XRD analysis, the actual content of Ni in the 

combustion products may be much higher than the 45.9% identified by the pattern of 

Fig 6b. This result partially explains the decrease of combustion heat in loaded 

formulations. Overall, the addition of Ni(acac)2 for regression rate enhancement 

requires a proper trade-off for the identification of a suitable mass fraction of the 

additive. 

 

Fig. 6. Non-loaded HTPB and HTPB + Ni(acac)2: (a) Combustion heat and thermal 

conductivity of prepared fuels; (b) XRD analysis of Ni(acac)2 powder after combustion 

heat testing. 
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3.1.4 Combustion performance  

An overview of the combustion process for selected fuel formulations is reported in 

Fig. 7, where ti indicates the ignition time. A more detailed comparison, including the 

combustion process images of all composites is shown in Fig. S2. In Fig. 7 (and in Fig. 

S2), all the combustion images are captured enforcing the same operating parameters. 

The relative ballistic grading of the tested formulations is reported in Fig. 8 (rf (Gox) 

and percent rf differences between the baseline and the Ni(acac)2-loaded fuels). A 

qualitative analysis of the burning process (Fig. 7) shows that the addition of Ni(acac)2 

leads to a brighter image than that observed pure HTPB. Since the presence of Ni(acac)2 

can greatly promote the decomposition of fuel grains, it may be due to the accelerated 

pyrolysis of fuels during the burning process, resulting in more intense combustion. In 

addition to this, the presence of Ni provides radiating particles augmenting the image 

brightness. Diameter growth in time suggests a faster regression rate (i.e., larger 

diameter for the same time elapsed from ti) for the Ni(acac)2-loaded formulations 

featuring additive loading lower than 40 wt%. According to the images reported in Fig. 

7 and Fig. S2, the fastest regression rate is achieved by HTPB + 15 wt% Ni(acac)2, 

though with faint (if any) increase with respect to HTPB + 5 wt% Ni(acac)2 (see the 

partially overlapped error bars). On the other hand, when the content of additive rises 

above 20% , the combustion process starts appearing slower, with a generally poorer 

quality (as observed by recorded images). Large fuel slivers fragments appeared during 

the combustion process in HTPB + 40 wt% Ni(acac)2，indicating the fragmentation in 

the combustion of the fuel grain. 
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Fig. 7. Regression process of the non-loaded and loaded HTPB-based formulations 

(gaseous oxygen, 3 g/s, 1.0 MPa). 

Fig. 8a describes the instantaneous 𝑟𝑓ሺ𝐺𝑜𝑥ሻ of pure HTPB and HTPB + Ni(acac)2. 

The regression rate has been calculated based on the analysis of the sequence of 

combustion images and their corresponding burning surface recognition results (as 

shown in Fig. 7 and Fig. S2). Each curve is the average of 5 runs measured under the 

same conditions, and the error bar represents the standard deviation of measurements. 

Fig. 8b shows the regression rate increase of HTPB + Ni(acac)2 composites relative to 

the baseline. The achieved ballistics responses can be compared with the performance 

of paraffin-based fuels burning under similar operating conditions by the data reported 

in Table 2 Fig. S3 To further compare the regression rate increase of Ni(acac)2 loaded 

formulations, paraffin, one of the most commonly used fuel matrix in the hybrid 

propulsion field, was tested under the same conditions and compared with the pure 

HTPB fuel. Its regression rate curve is presented in Fig. S3. The reported paraffin data 
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consider a macro-crystalline wax with melting point of 58.3°C (Sinopec). The full 

regression rate details and power law approximation of rf vs. Gox (𝑟𝑓 = 𝑎𝑟 . 𝐺𝑜𝑥
𝑛𝑟) are 

shown in Table S1. All the tested fuel formulations show a 𝑛𝑟 in the range 0.5 to 0.7 

testifying a convective heat transfer mechanism with contributions from the radiation 

heat transfer.  

Compared to the high oxidizer mass flux region, HTPB + Ni(acac)2 composites 

exhibit more significant regression rate increases for relatively low oxidizer mass flux 

values: percent increases of 25.5%, 26.7%, 28.2%, 16.2% and -5.9% are achieved at 

Gox = 50 kg/m2s for 5%, 10%, 15%, 20%, and 40% Ni(acac)2 respectively. Regression 

rate enhancement shows a faint dependence from the additive mass fraction in the fuel 

for Ni(acac)2 loads < 20 wt%, and reaches its peak at 15 wt%. Starting from 20 wt% of 

Ni(acac)2, the combustion performance of the fuel is lowered, even showing a 

regression rate decrease over the baseline at HTPB + 40 wt% Ni(acac)2 composite. With 

respect to Relative to pure HTPB and Ni(acac)2 loaded fuels, paraffin shows faster 

regression rates. However, this performance is obtained with extremely poor 

mechanical properties, making this fast-regressing fuel unsuitable in practical 

applications [40-42]. Ni(acac)2 can act as an additive in the HTPB-based fuels also in 

the case of HTPB + paraffin blends or other multi-additive compositions.  For 

example, in a fuel system composed of 40 wt% paraffin particles and 60 wt% HTPB, 

adding 7.6 wt% copper acetylacetonate to HTPB can increase the regression rate of the 

entire fuel by 82% at Gox = 5 kg/m2s [29]. 
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Fig. 8. HTPB-based fuels burning in gaseous oxygen: (a) regression rate, and (b) 

percent regression rate increase vs. oxygen mass flux. 

Table 2. Details of the regression rate of the tested formulations: percent increases are 

evaluated with respect to the baseline.  

 Regression rate (mm/s) Regression rate increase (%) 

GOX (kg/m2s) 50 150 50 150 

Baseline  0.317 0.599 - - 

5% wt% 0.398 0.649 25.5 8.3 

10% wt% 0.402 0.651 26.7 8.6 

15% wt% 0.406 0.655 28.2 9.3 

20% wt% 0.368 0.633 16.2 5.7 

40% wt% 0.298 0.572 -5.9 -4.5 

58# paraffin 0.985 2.462 211 311 

*GOX - oxygen mass flux.  

3.2. Thermal decomposition kinetics and combustion mechanisms  

3.2.1 Kinetics for baseline and HTPB + 15% Ni(acac)2 

To further confirm the catalytic effect of Ni(acac)2 on HTPB based fuels, the pure 

HTPB and HTPB + 15% Ni(acac)2, which exhibits the fastest regression rate under the 



 

19/33 

 

investigated conditions, are compared by their activation energy. The DEAM method 

is employed based on DSC data (see Fig. S4) to calculate the kinetic parameters at 

different conversion degrees, and their variation trend and corresponding values are 

shown in Fig. 9 and Table S2. Kinetic parameters are evaluated for 0.25 ≤ α ≤ 0.95. 

In Fig. 9, the E of HTPB + 15% Ni(acac)2 composite slightly decreases for 0.5 ≤ α 

≤ 0.7, while it is drastically reduced for other conversion degrees. It can be inferred 

that the Ni(acac)2 has a catalytic effect on the early and final stage of decomposition of 

HTPB based fuels. Schubert et al. report that the metal in Ni(acac)2 exists as Ni2+ in the 

early stages of the heating process, and is then turned into Ni and NiO before getting 

fully converted into NiO at a high temperature [35]. Therefore, during the pyrolysis of 

HTPB + Ni(acac)2 composites, Ni element exists as Ni2+ and NiO in the early and final 

stages. And there is a transformation from Ni2+ to NiO in the middle stage, showing the 

existence of relevant Ni. So, it can be concluded that the Ni2+ and NiO can catalyze the 

fuel grains drastically, while Ni has a weak (if any) catalytic effect. 

 

Fig. 9. Activation energy vs. conversion degree as evaluated by DEAM method for 

baseline and HTPB + 15% Ni(acac)2. 
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3.2.2 Kinetics for polybutadiene component in baseline and HTPB + 15% Ni(acac)2 

Results from Sec. 3.1.2 suggest that polybutadiene is the fuel component ruling the 

decomposition process of the HTPB-based fuels. Because of the low pyrolysis 

temperature of Ni(acac)2, the decomposition process (10°C/min) of HTPB + 15% 

Ni(acac)2 above 450 °C is attributed to the degradation of polybutadiene component. 

Peak temperatures of the DTG curves (see Fig. S5) are used in the Kissinger method as 

input data (Eq. 5) to calculate E and A. As shown in Fig. 10, the HTPB + 15% Ni(acac)2 

composite with a heating rate of 10°C/min is used as an example to describe the peak 

locations. The kinetic parameters for polybutadiene in the baseline fuel and HTPB + 

15% Ni(acac)2 are listed in Table 3. From the calculated values of E, it can be observed 

that the average activation energy of polybutadiene component in HTPB + 15% 

Ni(acac)2 has been lowered by 54% with respect to the baseline. This gap in the 

activation energy values suggests that Ni(acac)2 can reduce the thermal stability of 

polybutadiene thus playing a catalytic role in the decomposition process. Such an 

outcome is consistent with the results presented in Sec. 3.1.2 and Sec. 3.2.1.   

 

Fig. 10. TG and DTG curves of HTPB + 15% Ni(acac)2, β = 10°C/min. 
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Table 3. Kinetic parameters obtained by the Kissinger method for polybutadiene 

component in baseline and HTPB + 15% Ni(acac)2. 

Samples  E (kJ.mol-1) ln A (S-1) R2 

Baseline  

T1 204.4  32.7  0.9995 

T2 377.0  59.4  0.9999 

T3 119.9  15.0  0.9501 

Average  233.8  35.7   

15 wt%  

T1 90.2  13.4  0.9985 

T2 150.9  22.7  0.9896 

T3 83.2  10.2  0.9994 

Average  108.1  15.4   

3.2.3 Combustion mechanisms 

HTPB + 15% Ni(acac)2 is used to testify the homogeneity of the prepared fuel grains, 

as shown in c0 of Fig. 11. The pre-burning morphology of all HTPB -based composites 

is shown in Fig. S6: Ni(acac)2 is evenly distributed in HTPB matrix. The surface 

morphology of quenched fuel grains in selected formulations is shown in Fig. 11a-d, 

which reveal the state of the burning surface. The burning surface morphology of all 

composites is shown in Fig. S7. Compared to the plain HTPB, the loaded formulations 

feature accumulation of additive decomposition products at the regressing surface. This 

effect is more and more marked as the Ni(acac)2 content is increased. The EDS mapping 

(c1 in Fig. 11) show that the blanket is composed of abundant C, widely distributed Ni, 

and little O.  

The XRD spectrum is used to characterize the composition of melting layer near the 

burning surface, especially, the 15% and 40% Ni(acac)2 composites are chosen as the 

specimen. Fig. 11-e1 exhibits the spectrum of pristine Ni(acac)2, which is compared 
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with Fig. 11e for confirming the existence of Ni(acac)2 in the surface layers. Fig. 11e 

reveals that the burning surface and adjacent melting layer contains much metal Ni, 

moderate elemental C, a little Ni(acac)2, and less NiO. The XRD spectra indicate that 

the combustion surface is mainly covered by elemental C and metal Ni, instead of NiO. 

This is because the presence of carbonaceous species in metal-organic salt precursors 

can induce strong Ni2+ reduction to purely metallic species, and the blockage effect 

caused by fuel evaporation reduces the possible reaction of Ni with oxygen [2, 35]. 

Further, according to the analysis of Fig. 6b, Ni(acac)2 is also difficult to be burned 

completely, ultimately leading to more metal Ni instead of NiO at the burning surface. 

The mixture of Ni and NiO covers the burning surface, inhibiting the pyrolysis and 

gasification of fuels, eventually causing part of the fuel to be carbonized and forming 

element C. The low content of Ni(acac)2 is due to the undecomposed raw material that 

close to the melting layer near the burning surface. The above results are consistent 

with the analysis of Fig. 11-c1. Since the content of NiO is less than that of Ni on the 

burning surface, the content and distribution range of element O are also less than 

element Ni. The C element in Fig. 11-c1 comes from the C element in the pristine and 

partially pyrolized fuel. Too little N element in the fuel grains is hard to be detected. 

According to the above analysis, Fig. 11f summarizes the combustion process of 

HTPB + Ni(acac)2 composite. During the burning process, the Ni(acac)2 in the melting 

layer decomposes into the metal Ni and (small amounts of) NiO. Compared with the 

gasified fuel, it is difficult for Ni and NiO to get entrained in the flow, thus these 

products of Ni(acac)2 reaction are eventually accumulated at the burning surface. 
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Owing to the blockage effect of evaporated fuel on gaseous oxygen, the oxidation of 

Ni is slowed down, and Ni remains on the burning surface. The deposited Ni and NiO 

will inhibit the pyrolysis and gasification of the fuel, causing part of the fuel to be 

carbonized and forming element C. Ultimately, the element C, metal Ni, and NiO cover 

the burning surface, as shown in Fig. 11b-d and Fig. S7.  

Originated from the catalysis by Ni(acac)2 on HTPB-based fuels, only 5 wt% 

Ni(acac)2 already enhances the regression rate by 25.5% at GOX = 50 kg/m2s. However, 

with the introduction of relatively high Ni(acac)2 mass fractions, a reduction of 

combustion heat together with the insurgence of surface phenomena exhibit an 

increased inhibitory effect on combustion. Hence, regression rate enhancement shows 

a faint dependence from the additive mass fraction in the fuel for Ni(acac)2 loads < 20 

wt%, and reaches its peak at 15 wt%. Starting from 20 wt% of Ni(acac)2, the 

combustion performance of the fuel is lowered, and a regression rate detriment with 

respect to the baseline is achieved for HTPB + 40 wt% Ni(acac)2. Combining the 

characterization results of Fig. 11 with Fig. 7, we can conclude that the incomplete 

combustion in 40% loaded formulation originated from the severe coverage of burning 

surface by Ni, C, and NiO mixture. This mixture sinters together and is blown into the 

flame zone by oxygen, leading to the hard-to-burn fragments ultimately. The difference 

of regression rate improvement in HTPB + Ni(acac)2 between high and low oxygen 

mass flux results from the influence of combustion heat on convective heat transfer, 

which dominates the combustion behavior of fuel grains [10]. In high oxidizer mass 

flux zone, the reduction of combustion heat in loaded formulations induced by the 
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addition of Ni(acac)2 severely deteriorates the convective heat transfer. This 

deterioration partially off sets the catalytic effect of Ni(acac)2 on HTPB-based fuels, 

resulting in an insignificant increase in the regression rate. Nevertheless, the influence 

of convective heat transfer on combustion is greatly reduced in low oxidizer mass flux, 

leading to an alleviated deterioration on combustion caused by the reduction of 

combustion heat. 

 

Fig. 11. SEM analyses of (a) baseline, (b) 5%, (c) 15%, (d) 40% Ni(acac)2 after 

combustion termination and (c0) HTPB + 15% Ni(acac)2 before combustion; (c1) EDS 

mapping results of HTPB + 15% Ni(acac)2 after terminating combustion; (e) XRD 
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spectra of HTPB + Ni(acac)2 with 15 wt% and 40 wt% (after combustion termination), 

and (e1) Ni(acac)2 pristine material; (f) schematic of the combustion mechanism in 

HTPB + Ni(acac)2 fuels. 

4. Conclusion  

This paper discusses the effects of the introduction of Ni(acac)2 in HTPB-based fuels 

for hybrid rocket propulsion. Experimental results show that Ni(acac)2 can catalyze the 

pyrolysis of HTPB-based formulations, hence significantly increase the regression rate 

even at a low content (5% Ni(acac)2 enhances the regression rate by 25.5% at GOX = 50 

kg/m2s). Experimental results testify that the catalytic action is exerted by Ni2+ in 

Ni(acac)2, and NiO produced from the oxidative decomposition of Ni(acac)2. On the 

other hand, with the introduction of relatively high Ni(acac)2 mass fractions, a reduction 

of combustion heat is noted together with the insurgence of surface phenomena partially 

contrasting the fuel regression. Under the investigated conditions, regression rate 

enhancement shows a faint dependence from the additive mass fraction in the fuel. 

Under the investigated conditions, 5 wt% Ni(acac)2 significantly affects HTPB 

decomposition process, providing enhanced regression rates. Yet,  HTPB + 40 wt% 

Ni(acac)2 shows a regression rate reduction with respect to the baseline. While a 

detailed analyses of the combustion products is needed in order to identify an optimal 

Ni(acac)2 mass fraction for HTPB-based formulations, in the tested conditions the 

maximum regression rate increase and the lowest data scattering is achieved by HTPB 

+ 15 wt% Ni(acac)2.  

Achieved experimental results suggest that Ni(acac)2 can be a suitable candidate for 
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regression rate performance enhancement in HTPB-based formulations. Future 

developments of the presented work will include an evaluation of the effects of NiO 

and other transition metal oxides on the combustion mechanism of solid fuels for hybrid 

propulsion and an application of this strategy to other solid fuel matrixes or reinforced 

polymers.  
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