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Abstract: The application of fertilizer is necessary for the growth and yield of crops, especially
for paddy rice. Precision application is important for the fertilizer utilization rate and sustainable
development of agriculture. However, the crushing of fertilizer grains will reduce the quality of
fertilization, for the decrease in the size and mass of the fertilizer particles and the degree of crushing
mainly depend on the physical and mechanical properties of the fertilizer grains. In this study, the
compression strength and critical impact speed of four typical commonly used fertilizer grains, a
compound fertilizer of nitrogen, phosphorus, and potassium (NPK compound fertilizer), organic
fertilizer, large granular urea, and small granular urea, were measured and analyzed. The static
compression test was carried out using a TMS-Pro texture analyzer and the results show that the
four kinds of fertilizer grains are brittle materials, and their elastic moduli are 208 MPa, 233 MPa,
140 MPa, and 107 MPa, respectively; the theoretical impact model of fertilizer granules is established
based on the compression test result and Hertz elastic contact theory, the theoretical formula for
the critical impact speed of fertilizer grains is derived, and the theoretical critical impact strength
and speed are worked out. An image capture system for the impact process of fertilizer grains was
developed, and the impact test was conducted. The results show that the critical impact speed of
the four kinds of fertilizer grains decreases with the increase in granule size, while the variance
analysis shows that the effect is not significant. The comparison of the experimental results with
the theoretical values shows that the theoretical formula could be used to predict the trends of the
critical impact speed of fertilizer grains. The model was optimized with the MATLAB 2018 function
fitting tool based on the test and analysis. The goodness of fit of the formula is 0.824, which is 13.43%
greater than that of the original theoretical formula, indicating that the modified formula based on the
compression test data might estimate the critical impact speed of the granular fertilizer with brittle
material properties more accurately. The results may provide a reference for the parameter design of
a precision fertilization machine.

Keywords: fertilizer granules; elastic modulus; compressive strength; critical impact speed; fitting
model; breakage characteristics

1. Introduction

Applying fertilizers is one of the effective measures to increase crop yield [1,2]. Most
of the traditional fertilization for the paddy field is carried out manually, especially during
the growth of paddy rice: it is of low efficiency and poor operation quality, and has a high
labor intensity and cost [3]. Mechanized precision fertilizer application can significantly
improve the utilization rate of the fertilizer and promote the sustainable development of
agriculture [4,5].

The physical and mechanical properties of the fertilizer will affect its moving charac-
teristics in the fertilization machine, which, in turn, affects the selection of the component
materials and the design of the structural parameters [6]. The parameters of granular
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fertilizers, such the size, density, coefficient of friction, suspension speed, coefficients of
restitution, collision recovery coefficient, and elastic modulus, were studied [7-9], and
the interaction properties of fertilizer particles were investigated as well [10]. Xiao Wenli
analyzed the influence of the fertilizer shape and particle size distribution on the flow pa-
rameters [6]. Song et al. calibrated the contact parameters of fertilizer particles in an EDEM
simulation, including the restitution coefficient, static friction coefficient, rolling friction
coefficient, etc. [11]. These studies provide a basis for the design of the fertilization machine.

While, during the fertilization operation, the collision of fertilizer granules with the
working parts of the application device is unavoidable, especially in pneumatic and disc
centrifugal fertilizer spreaders, the fertilizer granules may hit against the wall of the
application device at a high speed.

When the collision speed is great enough, the fertilizer granules may break, the size
will reduce, and the distribution range of the particle size of the fertilizer will increase,
which result in the decrease in the kinetic energy of the granules and the increase in energy
differences among fertilizer particles, and the motion trajectories vary accordingly, which
will lead to the decrease in the uniformity and precision of the fertilizer distribution in the
field [12-14]. The degree of crushing of fertilizer grains mainly depends on the physical and
mechanical properties of the fertilizer grains [3]. Wang Lei carried out an elastic collision
analysis on the contact process between the fertilizer particles and distribution device,
obtained the factors affecting the crushing of the fertilizer particles, and determined the
optimal structural type for the distribution device [15]. However, the relationship between
the critical impact speed which may break the fertilizer particles with the mechanical
properties of the fertilizer particle is still not clear.

Therefore, the mechanical behaviors of four typical fertilizers commonly used in
agricultural production under static compression and dynamic impact were studied, to
provide references for developing the technology and equipment of fertilizer application.

2. Materials and Methods
2.1. Experiment Material

The fertilizer samples selected for the study are compound fertilizer of nitrogen,
phosphorus, and potassium (NPK compound fertilizer) produced by Hebei Jiheng Group
Co., Ltd. (Hengshui, China) (main components of nitrate nitrogen, P,Os, KO, the total
nutrients > 45%, water content of 1.88%), organic fertilizer produced by Liaoning Jiaji
Crop Nutrition Co., Ltd. (Shenyang, China). (organic matter content > 40%, N-P,05-K,0O
content > 5%, water content of 2.49%), large granular urea produced by China National
Coal Group Corp. (Beijing, China) (water content of 0.83%), and small granular urea
produced by CNOOC Tianye Chemical Co., Ltd. (Huhehaote, China) (water content of
0.66%) (as shown in Figure 1).

(a) NPK compound fertilizer (b) Organic fertilizer (c) Large granular urea (d) Small granular urea

Figure 1. Four kinds of fertilizer granules for testing.

The size distribution of fertilizer granules was obtained based on triaxial dimensions
measurement and geometric mean diameter calculation of fertilizer grains (as shown
in Figure 2) [16]. Three typical sizes from the size range of intensive fertilizer granules
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are selected for the impact test, and the size error of the selected fertilizer particles was
controlled within £0.1 mm (as shown in Table 1).
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Figure 2. Particle size distribution of four kinds of fertilizer particles.

Table 1. Granule diameter of various fertilizers used in impact experiment.

Fertilizer Variety Fertilizer Granule Size (mm)
NPK compound fertilizer 25+0.1 3+01 35+0.1
Organic fertilizer 32401 3.8+0.1 44401
Large granular urea 25+0.1 35+01 45+01
Small granular urea 1.5+01 2401 25+01

The materials of target board used in the impact test are PVC, ABS, PMMA, and
304 stainless steel. The inelastic parameter A of collision between ball and board can be
calculated using Formula (1) [17]:

Ey

3 1
=2 e (@) »
1

1-p 1—pp?

[S;158)

where 7 is mean sphere radius, m; H is board thickness, m; v is impact velocity, m/s; v’ is
normal wave velocity in the target board, m/s; p; and p; are densities of the ball and board,
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kg/ m3; E; and E, are modulus of the ball and boards, Pa; and #1 and pp are Poisson’s ratio
of the ball and boards.

Among them, the elastic modulus, density, and Poisson’s ratio of the target board were
determined according to the handbook and experiments [4,18]. The remaining unknown
parameters were selected based on related literature [17]. The basic mechanical parameters
and the final dimensions of the target board are shown in Table 2.

Table 2. Physical and mechanical parameters of target boards.

Target Board Material Elastic Modulus Poisson’s Ratio Length Width Thickness
(GPa) (mm) (mm) (mm)
PVC 0.55 0.4 100 40 6
ABS 0.52 0.4 100 40 6
PMMA 1.4 04 100 40 5
304 stainless steel 195 0.3 100 40 3

2.2. Instruments and Equipment

In this study, DL91150 digital Vernier caliper (Deli Group Co., Ltd., Ningbo, China).
(accuracy of 0.01 mm) was used to measure the three-axis size of fertilizer granules; the
Shuangjie JJ523BC electronic precision balance (Beijing Jinkelida Electronic Technology
Co., Ltd., Beijing, China) (maximum range of 500 g, accuracy of 0.001 g) and measuring
cylinder were used to measure the density of fertilizer; and a TMS-Pro texture analyzer
(FTC Co., Ltd., London, OH, USA) was used in the static compression test of fertilizer
particles. An image capture system for recording fertilizer granule impact process (Figure 3)
was designed for the impact test. The image is captured using a high-speed camera
PLEXLOGGER (Shinano Kenshi Co., Ltd., Nagano-ken, Japan) (maximum shooting speed
of 100,000 FPS; maximum resolution of SXGA (1280 x 1024)), which mainly consists of
camera, built-in light source, and analyzer.

6 5 4 %ﬂ ) 3
e "\\

— . 2
7
1
8
13
9
10 12

Figure 3. Image capture and testing system for fertilizer particle state during impact process: 1. back-
board; 2. jetting tube; 3. guide tube; 4. feeding tube 5. support 6. target board; 7. solenoid; 8. analyzer
host; 9. controller; 10. air pipe; 11. air compressor; 12. high speed camera; 13. light source.

2.3. Test Plan
2.3.1. Static Compression Test of Fertilizer Granules

The compressive property parameters of fertilizer granules are obtained through
uniaxial compression test, to provide a basis for the establishment of theoretical impact
model of fertilizer granules.

In order to facilitate the observation of the changes of fertilizer granules during
compression and ensure the accuracy of test data, fertilizer granules with larger size and
higher sphericity (>97%) were selected as compression samples in this study. The granule
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size fluctuation was controlled within the range of 0.1 mm (as shown in Table 3). The
sphericity ¢ was calculated using Formula (2) [16]:

g=""7— @)

where L is mean fertilizer length, mm; W is mean fertilizer width, mm; and T is mean
fertilizer thickness, mm.

Table 3. Equivalent granule diameter of fertilizer used in compression test.

Fertilizer Variety Equivalent Granule Diameter (mm)
NPK compound fertilizer 3+£01
Organic fertilizer 35+0.1
Large granular urea 35401
Small granular urea 2+0.1

Figure 4 shows the texture analyzer used in the compression test. In the test, fertilizer
sample is placed under the center of the indenter, and as close as possible to the indenter,
then we set the pressure and position parameters of the indenter to zero, and start the
preset compression program to obtain a downward movement of the indenter at a speed of
2 mm/min. When the compression displacement reaches 1 mm, the compression is set to
stop and the indenter will return to the starting position at a speed of 40 mm/min. The
compression force and displacement of fertilizer granules during the test are recorded by
analysis software. Twenty fertilizer granules of each size class are tested for static analysis.

Figure 4. Fertilizer particle compression test: 1. computer; 2. texture analyzer; 3. indenter; 4. fertil-
izer particle.

2.3.2. Fertilizer Granule Impact Test

During the fertilizer application process, the greater the impact speed of fertilizer
granule on the wall of the device, the higher the possibility for its breakage. According to
the Hertz elastic collision theory, when the size and material properties of fertilizer granules
and the target board are certain, the impact is mainly related to the relative speed of the
fertilizer granule impacting on the target board [19]. Therefore, the impact test was carried
out to determine the critical impact speed of fertilizer granules in this study.

(1) Definition of critical fracture state

It was observed from the trial test that the state of different types of fertilizer granules
with different sizes were similar after impacting on the target board. The four typical
states of large granules of urea captured by high-speed camera at a shooting frequency
of 16,000 FPS after impacting on a 304 stainless steel board are shown in Figure 5. With
gradual increase in the collision speed, four typical conditions, complete (the particles
bounce), damaged, broken, and shattered, of the fertilizer granules will appear. When
bounce occurs, the main body of granule is complete; when damage occurs, there will be
small fragments off granule after impact, but the change is not obvious, and the main body
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of the granule still exists; when the impact speed increases, the fertilizer grains break into
some large pieces (broken state); when the speed increases further, the fertilizer granules
may shatter into small pieces, and the main body of the granule no longer exists.

(a) Complete (b) Damaged (c) Broken (d) Shattered

Figure 5. Typical states of large granular urea impacted on 304 stainless steel board.

The “damaged” condition after impact is taken as the critical state of the fertilizer
grain in this study, according to related research on critical impact damage of granular
objects, and the speed, which results in the damage, is taken as the critical impact speed of
fertilizer granule [20,21].

(2) Experiment method

A pneumatic acceleration device was designed to accelerate fertilizer granules to the
critical impact speed with compressed airflow. The pressure range of air compressor was
determined through trial tests.

(). Trial test of pressure range

In the test, the critical impact speeds of four kinds of fertilizer granules with three size
grades were measured. The pressure of the air compressor is adjustable between 0 and
0.7 MPa. The impact states of 20 fertilizer granules were captured at every 0.05 MPa to
determine the maximum air pressure P; at which all fertilizer grains bounce after impacting
on the target board, and the minimum air pressure P, at which all fertilizer grains break
into small pieces. Then, P1—P; was set as the range of air pressure for the impact test. The
high-speed camera shooting frequency was set to 16,000 FPS and the recording time was
0.48 s to capture clearly the state after fertilizer granules impacted on target boards.

(if).  Determination of critical impact speed

The air pressure was set at P, at beginning of the test, then we put a fertilizer granule
in the jetting tube, and turn on recording button on the analyzer host and the airflow
valve switch, to obtain the video of impact process. With each injection, the pressure in
the cylinder decreases, and we repeat the test process until the pressure in the cylinder
drops to Py, then turn on the air compressor, and recharge the cylinder pressure to P, then
repeat the above operation until 50 videos of fertilizer grains in critical breaking process
are captured.

3. Results and Discussion
3.1. Compressive Properties of Fertilizer Granules

Figure 6 shows the typical compressive force-deformation curve of the four typical
fertilizer granules. It can be observed that the four kinds of fertilizer granules have
great differences in compressive strength, but the compressive failure characteristics are
similar. In the early stage of loading, the relationship between the compression force and
deformation of the fertilizer grain is basically linear, indicating that the fertilizer granules
are elastic in this stage. When the compressive force on the fertilizer granules reaches a
peak value, cracks will appear on the fertilizer granules and they would rapidly develop
and connect together, which would cause the splitting of the fertilizer granules, resulting in
a rapid reduction in compression force. There are no obvious yield points from the elastic
deformation to the failure of the fertilizer grains.
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Figure 6. Compressive force-deformation curve of fertilizer granules.

It can be concluded from the compression test curve and phenomenon that the break-
ing feature of the fertilizer granules under compression is conformed to that of brittle
materials; that is, the fertilizer used in this study could be regarded as elastomers before
material failure occurred, and it breaks up eventually under a certain peak stress, due to
the increase in and the connection of the internal fracture accumulation of the fertilizer
grains [22-24]. The modulus of elasticity is one of the important parameters affecting the
breakage of brittle materials [19]; the apparent elastic modulus of fertilizer granules is
calculated theoretically with Formula (3) [25] based on the maximum damage force and
deformation data of fertilizer granules obtained through compression tests.

3F) (1 — u?
- 3hl-r) 3)
4D2R2
where E is the elastic modulus, Pa; F is the compression load, N; y is Poisson’s ratio; D is
the compression deformation, m; and R is the curvature radius of the test sample at the
contact point, m.

Table 4 shows the compressive mechanical parameters of the fertilizer granules ob-
tained through statistical calculation.

Table 4. Mechanical properties of fertilizer particle under compression.

Fertilizer Variety Mean Value of Maximum Mean Value of Maximum Apparent Elastic Modulus
Compression Force (N) Deformation (mm) (MPa)
NPK compound fertilizer 30.74 £ 1.35 0.187 £ 0.020 208
Organic fertilizer 42.52 £1.86 0.246 £ 0.025 233
Large granular urea 25.58 £ 0.96 0.222 £ 0.023 140
Small granular urea 8.00 + 0.24 0.143 £+ 0.018 107

3.2. Theoretical Calculation of Critical Impact Speed

When the speed of fertilizer granules hitting the target board is not higher than the
critical impact speed, the main body of the granules remained intact without damage, the
granules are in the stage of elastic deformation according to the compression characteris-
tics, the properties of the granules can be studied based on the Hertzman elastic contact
theory [26], and the impact stress of the contact center of the granules upon hitting the
target board can be calculated with Formula (4) [27]:

2
3 [(4E*\3 1
P=_— F3 4
27‘[<3Re> @
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where P is the impact stress of the contact center, Pa; E* is the equivalent elastic modulus,
Pa; R. is the equivalent contact radius, m; and F is the impact force, N.

The impact force F is related to the elastic deformation of granules upon hitting target
board. The relationship between them can be demonstrated through Formula (5):

4E* R.6°
F = 3
3\ E(e)

(5)

where ¢ is the impact deformation, m; and F; (e) is the ovality correction factor.

The F; (e) is taken as 1 in this study due to the high sphericity of the fertilizer granules.
It could be known from the two formulae above that the impact force and impact stress
reach their peak values when the granule deformation reaches the maximum value, and the
granule would be most likely to break. At this moment, the kinetic energy of the granule
would be fully converted into the deformation energy of the target board and the granule
itself, that is:

0 1
/ Fdé = fmevz (6)
0 2

where v the is impact speed, m/s; and m, is the equivalent mass of the collision object, kg.
Therefore, it could be deduced that:

2
15mev? 1\ 5
Omax = [ ——— 7

2 (16E*\/Re> @

where dmax is the maximum deformation during the impact process, m. It could be obtained
from the above four formulae that:

2 1
3 [ 4E* \° [5mev?\ P
Prax = —
™ 27T<3Rei> ( 4 > ®

where Ppax is the maximum contact center stress of the granule in the impact process, Pa.
The formulae for the equivalent mass and equivalent contact radius in Formula (8) are
as follows:

1 1 1 1 1 1

— = =+ = 9
Me mg  my Re R¢  R¢ ®)
where m; is the granule mass, kg; m; is the target board mass, kg; Ry is the granule curvature
radius, m; and Rt is the target board curvature radius, m.

Since the mass of the target boards are much larger than that of the fertilizer granules,
this study takes Re =~ Rg, me =~ mg in the calculation. Then, the calculation formula for the

critical impact speed of the fertilizer granules upon hitting the target board is:

_ o7
o = 156 (pEI4) (10)

where v is the critical impact speed of the fertilizer granules, m/s; Ej is the comprehensive
elastic modulus of the fertilizer granule and target board, Pa; 07 is the critical impact stress,
Pa; and p is the fertilizer density, kg/ m3, which is measured by the drainage method in this
study [16].

The comprehensive elastic modulus is calculated as:

1 1—u? 1—u?
S Plf+ Ui

Er E¢ E; an
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where E; is the elastic modulus of the fertilizer granule, Pa; E; is the elastic modulus of the
target board, Pa; yis is the Poisson’s ratio of the fertilizer granule, which is taken as 0.25 [16];
and p is Poisson’s ratio of the target board.

It can be concluded from Formula (10) that the critical impact speed of the fertilizer
granules is only related to the inherent properties of the materials, such as density, critical
impact stress, and elastic modulus, but less related to the size of the fertilizer granules. In
addition, the breakage of the fertilizer grains followed the normal stress fracture criterion,
due to the brittle property. That is, the critical impact stress of the fertilizer is equal to
the ultimate compression stress. Table 5 shows the critical impact stress and speed of the
fertilizer granules which are worked out with Formulas (4) and (10), using the compression
mechanical characteristic parameters of the fertilizer granules in Table 4.

Table 5. Calculated value of critical impact strength parameters of fertilizer granules.

Critical Impact Critical Impact Speed on Different Target Boards (m/s)
Fertilizer Variety S MP
tress (MPa) ABS PVC PMMA 304
NPK compound fertilizer 55.96 30.116 29.156 20.242 15.365
Organic fertilizer 54.10 35.99 34.934 25.048 19.555
Large granular urea 36.66 23.953 23.432 18.447 15.554
Small granular urea 27.27 17.832 17.521 14.504 12.713

3.3. Results and Discussion of Impact Test
3.3.1. Effect of Granule Size on Critical Impact Speed

The results of the four types of fertilizers with three particle sizes hitting on the target
boards are given in Tables 6-9. The relationship between the critical impact speed and the
size of the fertilizer particles are shown in Figure 7. The p value obtained from the variance
analysis of the influence of the fertilizer granule size on the critical impact speed is shown
in Table 10.

Table 6. Critical impact speed of NPK compound fertilizer impacting on target boards.

Target Material ABS PVC PMMA 304
Particle size/mm 2.5 3 3.5 2.5 3 3.5 2.5 3 3.5 2.5 3 3.5

27.79 2674 2692 2694 2733 2542 2073 2217 2140 18.64 19.04 18.68

2648 2727 2842 26.60 2668 2617 2265 2220 20.81 18.93 18.79 18.05

26.39 2652 2698 2753 2740 2710 20.67 20.23 21.00 19.60 19.12 19.05

28,59 2844 27.02 2693 2753 2556 2097 21.77 2158 18.34 19.91 17.66

2840 2795 2798 2676 2826 25.84 2038 21.20 21.07 18.28 19.31 18.62

27.83 2694 28.09 2737 2650 2642 2218 20.64 20.32 18.75 18.51 17.55

2829 2817 2642 27.00 2797 2724 2180 21.23 20.87 20.31 18.60 19.16

28.54 2849 26.72 2670 2650 2723 21.10 20.29 21.17 19.91 18.37 18.43

2826 28.15 2847 2757 26.07 2598 2056 20.87 21.19 20.34 19.15 18.83

Critical 27.92 28.00 28.02 2698 2594 27.01 21.13 22.07 2027 19.77 17.85 19.21
impact speecl/m-s’1 2845 2691 2696 2658 27.03 27.66 2211 20.52 20.67 18.08 17.90 18.13
2848 2745 27.02 2817 2559 26.04 2094 21.73 20.53 20.24 19.66 19.33

28.61 2670 2720 2815 2641 2596 2238 20.76 20.73 19.36 18.29 18.68

2791 2782 26.67 2735 2717 25.84 2113 2219 21.56 19.84 19.12 18.95

2736 2835 2849 2727 2712 2613 2136 2143 21.31 19.95 19.76 18.95

26.70 2794 2652 2627 2570 27.70 2196 22.08 21.01 18.93 19.60 19.42

28.38 2764 2656 2675 2679 2599 2155 20.07 2140 18.83 19.60 17.95

28.84 2734 2651 2714 2719 2720 2183 2211 20.67 20.32 18.55 19.87

26.79 2874 2831 2721 2577 2615 21.89 2141 21.22 19.05 18.18 19.91

2771 2673 2793 2684 2694 2733 20.63 21.15 20.89 18.31 20.02 18.92
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Table 7. Critical impact speed of organic fertilizer impacting on target boards.
Target Material ABS PVC PMMA 304
Particle size/mm 3.2 3.8 4.4 3.2 3.8 4.4 32 3.8 44 32 3.8 44

30.11 2873 2854 2950 28.04 28.04 2370 2353 22.38 20.95 21.24 21.29

2932 2980 29.17 2970 2882 2797 2186 2235 2207 20.90 21.44 21.95

30.73 28.62 29.84 27.08 2887 2728 2336 2240 2273 20.93 20.64 20.48

29.63 2925 3013 2878 2735 2823 2396 2175 23.77 21.96 20.84 20.00

2945 30.09 29.81 29.00 29.09 2665 2274 2317 2275 20.29 21.12 21.58

29.17 2892 2920 2958 2839 2651 2299 2288 2216 20.54 20.67 21.04

30.65 29.53 3038 27.88 27.02 2815 2298 2355 @ 22.02 21.87 20.49 21.67

29.62 3034 3039 2754 2765 2922 2319 2216 2266 21.93 20.15 20.79

30.70 2856 2856 2797 2710 29.15 2197 2198  21.69 21.13 20.84 21.26

Critical 2927 30.67 29.12 2927 27.62 2888 23.09 2301 2285 21.82 20.99 20.45
impact speed/m-s™! 2932 30.76 2791 2829 28.67 2833 2261 2338 2245 20.08 19.91 20.67
29.85 29.89 29.28 2748 2814 2876 2379 2333 @ 21.62 21.86 20.22 21.65

2929 3038 29.74 29.11 2899 2798 2273 2265 2221 21.38 21.63 20.16

3048 2845 2976 28.65 28.64 2727 2398 2347 2378 20.51 21.74 19.86

30.88 2946 2930 2696 2872 2710 21.85 2276 2293 21.61 20.56 21.28

29.02 2875 2872 29.14 2852 2717 2373 2214 2154 20.03 20.12 20.60

30.86 29.23 29.86 2851 2839 29.17 2239 2364 2333 21.50 21.61 21.21

29.17 3054 2842 29.06 2885 2893 2379 2314 23.10 20.82 20.47 21.32

30.64 29.04 2924 2880 2764 2778 2212 2356 @ 23.01 21.70 20.60 21.23

29.58 3027 29.61 2826 2724 2685 2234 2204 2146 21.87 21.42 20.78

Table 8. Critical impact speed of large granular urea impacting on target boards.
Target Material ABS PVC PMMA 304
Particle size/mm 25 3.5 4.5 25 3.5 4.5 25 3.5 4.5 25 35 4.5

21.88 2039 2170 2070 1928 2021 19.34 1851  18.15 17.50 16.88 16.49

2197 20.60 2071 2096 19.72 2027 1743 18.09 17.07 15.55 15.84 16.00

2017 2117 1995 1953 20.68 2045 1897 1721 1826 17.45 16.71 16.42

2049 21.61 20.87 2125 19.01 1934 1955 1759 18.01 16.27 15.76 15.70

20.63 2091 2079 19.69 2050 19.89 17.04 18.18 17.95 17.02 16.14 16.38

20.30 21.69 2096 2017 2051 1997 17.67 1813  16.98 17.13 16.32 16.26

21.63 2093 2074 2042 2025 1954 18.09 18.00 17.20 16.47 16.10 16.18

2057 2090 2053 2031 1936 1954 1770 17.86  18.03 15.60 16.02 16.75

2178 2198 2149 1941 19.04 19.17 1831 17.18 17.00 15.76 15.66 16.82

Critical 2219 2022 2048 20.66 2057 2050 1861 18.13 @ 16.85 15.63 16.04 16.64
impact Speed/m-sf1 21.69 2126 2046 2093 20.61 2056 17.05 17.57 17.74 16.19 16.05 15.98
2211 2150 19.81 1954 20.60 19.86 1748 1831  18.05 15.70 16.57 16.14

2155 2030 20.80 1993 2034 1987 1842 17.07 17.01 17.70 16.45 15.93

20.11 2110 2098 21.09 19.08 19.21 17.18 18.36 17.73 16.89 16.35 15.84

21.37 21.04 2032 2030 20.64 2021 1979 1839 @ 18.04 16.81 16.52 16.82

2049 2033 2046 21.11 19.63 2037 1777 1818 1823 16.52 16.23 15.87

21.65 2213 2042 1932 1935 1888 1746 17.02 17.26 17.11 16.03 16.27

2049 2025 2135 19.66 1886 1941 1839 1758 17.01 16.73 16.04 16.66

2114 2110 2044 20.09 19.04 1888 1943 18.03 17.93 16.29 16.25 16.32

2150 21.89 21.79 2058 1959 1893 1843 17.83  17.56 16.01 16.52 15.85
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Table 9. Critical impact speed of small granular urea impacting on target boards.
Target Material ABS PVC PMMA 304
Particle size/mm 1.5 2 2.5 1.5 2 2.5 15 2 25 15 2 2.5
12.63 11.50 12.34 11.60 10.80 10.95 10.68 11.02 10.44 10.41 1033  9.15
12.21 11.34 12.41 11.46 11.01 11.82 10.96 10.16 10.16 10.12 10.30  10.20
11.42 11.42 11.83 11.13 1221  11.10 9.92 10.32 10.57 9.61 10.09 9.61
11.59 12.18 11.93 11.65 11.13  11.53 10.21 10.88 10.71 10.32 9.94 9.96
12.56 12.73 11.58 10.95 11.01 10.78 11.49 10.28  10.69 10.18 9.36 9.52
12.22 12.63 11.50 11.89 1131  10.68 11.31 10.51  10.03 10.05 10.12  9.87
11.91 12.12 12.38 11.90 1094 11.64 10.51 11.04 11.11 9.62 9.39 9.96
11.78 12.54 11.27 11.65 11.53 10.86 11.55 10.12  10.59 9.55 9.79  10.20
12.55 11.63 12.46 11.59 1210 11.19 10.32 10.02  10.67 9.94 10.12  9.79
Critical 12.92 12.09 12.15 11.88 11.06  10.89 10.58 11.29 10.93 10.39 9.80 9.45
impact speecl/m-s*1 12.49 11.63 11.90 11.98 10.82 11.06 10.89 10.66 10.46 10.37 9.36 9.20
12.31 12.37 11.37 11.64 11.16  11.51 11.30 11.01 994 10.24 10.18  9.78
11.54 12.39 12.05 11.75 12.10 11.58 10.46 1044 11.24 10.44 9.78 10.20
12.92 11.35 11.34 10.86 11.58 10.86 10.49 9.99  10.28 9.91 9.88 9.54
11.65 12.81 11.87 11.86 11.58 11.65 11.00 10.28  10.60 9.76 9.42 9.54
12.10 12.41 12.42 11.50 10.86 11.13 10.30 11.16  10.99 9.57 10.67 10.28
11.42 11.37 11.62 11.48 11.48 11.38 10.78 10.10 11.14 9.82 10.35  9.84
12.58 12.48 11.47 11.57 11.78 11.82 11.42 11.05 1043 10.40 9.78 9.79
12.81 12.34 11.95 11.79 11.68 10.85 11.16 10.82  11.30 9.57 9.79 9.97
11.58 12.21 11.38 11.13 11.63 11.57 10.47 10.79 995 10.47 9.81 9.93
Grain diameter Grain diameter
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Figure 7. Relationship between critical impact speed and fertilizer particle diameter.

Target material
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Table 10. p value of variance analysis.
p Value
Fertilizer Variety
ABS PVC PMMA 304

NPK compound fertilizer 0.085 0.020 0.086 0.067

Organic fertilizer 0.059 0.091 0.121 0.182

Large granular urea 0.078 0.020 0.015 0.121

Small granular urea 0.133 0.037 0.309 0.079

Note: If p > 0.05, the effect is not significant; if 0.01 < p < 0.05, the effect is significant; if p < 0.01, the effect is
extremely significant.

It can be seen from Figure 7 that, generally, the critical impact speed of each variety of
fertilizer decreases gradually with the increase in fertilizer granule size. The reason might
be that there are some defects such as cracks and micropores in the production process of
the fertilizer; the breakage of the fertilizer granules is mainly related to the accumulation
of internal defects as a kind of brittle material [23,26,28,29]. The smaller the sizes of the
fertilizer granules, the smaller the internal defects and the lower the density of the defects.
Therefore, the overall strength of small-sized fertilizers was higher than that of large-sized
fertilizers of the same variety [30,31]. However, the decrease in the critical impact speed
does not increase significantly with the increase in granule size.

The variance analysis in Table 6 shows that the p values of most impact tests are greater
than 0.05, indicating that, although the granule size of the fertilizer has some influence on
the critical impact speed, the influence is not significant, with only 4 of all 16 treatments
showing relatively significant effects of the fertilizer particle size on the critical impact
speed, the NPK compound fertilizer granules impacting on the PVC board, the large
granular urea on the PVC board, the large granular urea on the PMMA board, and the
small granular urea on the PVC board.

It can be concluded that the critical impact speed of the same variety of fertilizer
granules is independent of the granule size basically under the actual impact condition,
which is consistent with the analysis results of the derived theoretical Formula (10).

3.3.2. Comparative Analysis of Calculated and Measured Critical Impact Speeds

It can be obtained from the analysis above that the granule size of the fertilizer basically
does not affect the critical impact speed. Therefore, the average value of the critical impact
speed of the fertilizer granules of the same variety with different size grades impacting on
a certain material target board can be taken as its critical impact speed. The comparison
and analysis of the difference between the theoretical and the measured value of the critical
impact speed is shown in Figure 8. It can be observed that the calculated values of the
critical impact speed of the fertilizers, except small urea, are not always greater than the
measured values. The calculated values of the critical impact speed are all greater than the
measured values of the small urea and the reason may be related to the strain rate effect
and the impact damage mechanism of the brittle materials [30,31].

In the theoretical calculation, the fertilizer granules are assumed to be ideal elastic
spheres, and the data used in the calculation are measured under static compression
conditions. In fact, fertilizer granules are a kind of near-spherical brittle material; the strain
rate under high-speed impact conditions would be much higher than that under a static
load compression, which might increase the elastic modulus and ultimate breaking strength
of the fertilizer granules [30,31]. However, under the influence of high strain, the native
flaws inside the fertilizer granules are more easily activated and extended, which might
reduce the strength of the fertilizer granules [25,32]. It can be concluded from Figure 8a—c
that both the strain rate effect and the impact damage effect have influences on the strength
of the NPK compound fertilizer, organic fertilizer, and large granular urea under the
impact condition. When the impact damage plays a major role, the measured values are
3.02-19.19% lower than the calculated values; when the strain rate effect plays a major role,
the measured values are 4.88~23.71% higher than the calculated values. In a comprehensive
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view, the impact damage effect of the three fertilizers was the main factor under the impact
condition. While the small granular urea is loose and has more internal defects, and it
is more vulnerable to damage under impact, it can be observed from Figure 8d that the
strength of the small granular urea is always affected by impact, and the material strength
greatly decreased through impact, and the measured values are only 22.03~34.95% lower
than the calculated values.

40 ~
- Calculated value I Calculated value
[ Measured value
20k - Measured value
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/ D
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v v
@ Y
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] G 20
£ &
£ £
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(a) Critical impact speed of NPK compound fertilizer (b) Critical impact speed of organic fertilizer
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ABS PVC PMMA 304 ABS PVC PMMA 304
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(c) Critical impact speed of large particle urea

(d) Critical impact speed of small particle urea

Figure 8. Comparison between calculated value and measured value of critical impact speed of
fertilizer particles.

3.3.3. Correction of Calculation Formula for Critical Impact Speed

It can be obtained from the above analysis that the impact failure mechanism of the
fertilizer granules is complicated. Although Formula (10) can be used to calculate the
critical impact speed, the accuracy still needs to improve. Therefore, based on the power
function form of Formula (10), the formula for the critical impact speed was fitted with the
function fitting tool of the MATLAB 2018 software, according to the data of the compression
and impact tests. In the equation, o>/ pEI4 is taken as the independent variable X, which
describes the comprehensive properties of the two interaction materials, and the average
values of the critical impact speed of the fertilizer granules as the dependent variable Y.
The fitted equation is:

Y = 1.844X04476 (12)

The curves of the fitted formula and theoretical formula are shown in Figure 9. The
calculated fitting goodness value of the theoretical formula is 0.727, and it is 0.824 for the
fitted equation, which was 13.43% higher. It proves that the calculation formula has a
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better applicability to the actual impact breakage of the fertilizer granules after the fitting
optimization. With Formula (12), the critical impact speed of the brittle fertilizer granules
could be calculated directly with the data obtained from the compression test.

Critical impact speed/m-s

40 r S Measured data points
Fitting equation curve

- X . -
35 — — — — Theoretical equation curve -~ -

30 1
25
20
15 ¢
10

0 1 1 1 1 1 )
0 100 200 300 400 500 600

Composite material attribute parameter

Figure 9. Comparison between fitted and theoretical equations.

4. Conclusions

@

@

®G)

@)

The four typical fertilizers are all brittle materials and can be regarded as elastomers
before failure occurs. The theoretical calculated apparent elastic modulus is 233 MPa
for the organic fertilizer, 208 MPa for the NPK compound fertilizer, 140 MPa for the
large granular urea, and 107 MPa for the small granular urea.

A theoretical impact model for the fertilizer particles was constructed based on the
Hertz elastic contact theory, and the derived theoretical formula for the critical impact
speed of the fertilizer granules shows the speed is only related to the material prop-
erties of the granules and target boards, and less affected by the size of the fertilizer.
The test and analysis of variance give a similar result. The theoretical critical impact
speed and critical stress of different types of fertilizers on different target boards are
worked out based on compression test data.

The comparison of the calculated and measured values of the critical impact speed
shows that the theoretical calculation formula may be used to predict the critical
impact speed of the fertilizer particles.

The theoretical critical impact speed calculation formula is fit and corrected using the
function fitting tool of the MATLAB 2018 software based on the static compression test,
impact test, and theoretical impact model. The goodness value of the fitting formula
was 0.824 and 13.43% higher than the theoretical equation, which could calculate the
critical impact speed value of the fertilizer granules with brittle material properties
more accurately and conveniently. It may provide a reference for the design of the
parameters of fertilizer application machines.
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