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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Applicate the GRU on kaolin 
pulverization. 

• The gas infiltration stability time shows 
a squared relationship with increased 
ore size. 

• Once the gas seepage thoroughly, 
extended infiltration times don't pro
mote ore pulverization. 

• Overall effect of pulverization is com
parable for different ore sizes.  
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A B S T R A C T   

Comminution of ore is a critical and energy-intensive process in mineral resource utilization. High-pressure gas 
rapid unloading (GRU) has emerged as a promising ore grinding technique, wherein high-pressure gas is injected 
into the ore and is unloaded at high speed to induce tensile failure inside the ore. Although the GRU is capable to 
achieve more efficient ore comminution with lower energy consumption compared to conventional methods, it is 
still in the early stages of development. The pulverization effect of different size ores is a crucial question needing 
to be revealed before the GRU industrial application. This study explores the impact of ore size on ore pulver
ization by GRU, using kaolin as an experimental material. Specifically, we discuss the following: 1. the impact of 
ore size on high-pressure gas infiltration, 2. the effect of infiltration time on ore pulverization, and 3. the effect of 
ore size on GRU-pulverized ore. The results indicate that the GRU pulverization method is highly applicable to 
kaolin, and different ore sizes have minimal effects on ore pulverization. Finally, we explain the insignificant size 
effect of GRU-pulverized ore by discussing the ore material length scale, deformation scale, and ore size. The 
conclusion may provide a basis for extending the GRU method from the experimental lab scale to a larger one. It 
may also provide a reference for applying GRU in kaolin comminution.   
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1. Introduction 

The growth and development of human society rely heavily on the 
utilization of mineral resources. As social productivity continues to in
crease, the scale of mineral utilization has subsequently increased. In 
fact, the total amount of minerals mined in the latter half of the 20th 
century exceeds the total mining history recorded for thousands of years 
[1–3]. Comminution of ore is a critical upstream stage in the entire in
dustrial process, as all ores, except for coastal sand mines, must undergo 
this process before further utilization. Multi-stage grinding technology 
combined with a ball mill is currently the mainstream ore pulverization 
technology [4]. Although mature enough to meet industrial production 
requirements, ore comminution remains an energy-intensive field [5]. 
According to statistics, ore comminution utilizes more than half of the 
electric energy used in mine production, consuming about 10% of global 
electricity production annually [6,7]. Given the Paris Association 
agreement in 2016, energy conservation and emission reduction have 
become a worldwide trend [8]. It is urgent to develop new energy-saving 
and efficient ore grinding technology. 

Recently, several innovative grinding methods have emerged, 
including radio-frequency, high-voltage electric pulse, high-pressure 
water jet, etc. [9–13]. However, due to their insufficient processing 
capacity and high energy consumption, these methods are typically 
utilized as pretreatment technologies before ore grinding [14]. High- 
pressure gas rapid unloading (GRU) is an emerging ore pulverization 
technology. This method applies loading on the crystal scale by injecting 
high-pressure gas into the ore. As high-pressure gas rapid unloading, 
inducing ore occurs tensile failure from within and pulverizing ore into 
micron-sized particles in milliseconds [15–18]. The energy consumed by 
the tensile failure of ore and rock materials is only about 1/10 of that of 
extrusion failure [19]. Thus, GRU exhibits the potential to significantly 
reduce the ore comminution energy consumption compared to tradi
tional methods. Table 1 portrays a mechanism comparison of several 
grinding machines. While extensive research has been conducted, GRU 
is still in the early stages of development. Lab-scale experiments have 
shown promising results, but further research is required for industrial- 
scale applications. Ore is a typical discontinuous and uniform material 
with a significant size effect [19,20]. The pulverization effect is likely to 
vary significantly to different size ores. Thus, studying the impact of ore 

size on the grinding effect of GRU is crucial for promoting the GRU ore 
pulverization technology from laboratory to industrial scale. 

Kaolin is a type of clay mineral that possesses excellent physical and 
chemical properties, including good plasticity, cohesiveness, insulation, 
acid resistance, and fire resistance. It has wide applications in ceramic, 
paper, refractories, cement, national defense, and other fields [21–24]. 
Despite being impacted by the novel coronavirus from 2021 to 2022, 
global kaolin production is still reaching 45 million tons [25]. The 
comminution process plays a crucial role in kaolin utilization, with the 
two mainstream methods being mechanical pulverization and jet mill
ing. The conventional technique for kaolin pulverization involves multi- 
stage crushing and grinding mills, such as the Raymond mill, which is 
suitable for processing kaolin with high raw ore whiteness and low grit 
content [26]. However, the mechanical comminution process may in
crease the iron content in the crushed product or introduce other im
purities. In contrast, the jet mill works by accelerating a high-pressure 
gas through a nozzle, which drives the material particles and causes 
them to crush, grind, and impact. The Jet mill hardly introduces im
purities during the grinding process, making it suitable for fields that 
require high purity [27,28]. 

This paper uses kaolin to analyze the influence of ore size on the 
pulverization effect of GRU while clarifying the applicability of GRU to 
kaolin crushing. The following three issues are revealed in this paper: 1. 
The influence of ore size on high-pressure gas infiltration. 2. The influ
ence of high-pressure gas infiltration time on ore pulverization. 3. The 
influence of ore size on the ore pulverization, given sufficient gas 
infiltration. 

2. Influence of ore size on high-pressure gas infiltration 

2.1. Numerical simulation method and model 

The high-pressure gas injected into the ore provides energy for GRU 
pulverizing the ore. The degree of gas infiltration into the ore directly 
affects the ore pulverization. According to the law of Darcy, the time 
required for complete gas infiltration in the ore is affected by ore size 
[29]. In order to clarify the influence of ore size on pulverization, the 
impact of ore size on high-pressure gas infiltration is firstly investigated. 
Since direct experimental observation is difficult, we analyze the process 

Table 1 
The grinding mechanism of different comminution machine.  

Destruction Mechanism 

a. Split b. Crush c. Bend d. Grinding e. Impact 

Jaw crusher √ √ √ × ×

Cone crusher × √ √ × ×

Raymond Mill × √ × √ √ 
Jet mill × √ × √ √ 
Gas rapid unloading 
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of high-pressure gas infiltration into the ore through numerical simu
lation using GDEM software which is based on the Continuous- 
Discontinuous Element (CDEM) algorithm [30–32]. Different sizes of 
ore are represented by establishing hemisphere models with different 
diameters. Several monitoring points are set in the hemisphere to record 
the change of infiltration pressure at specific positions. The infiltration 
model of ore is depicted in Fig. 1, while Fig. 2 shows the location of 
monitoring points in the ore model. 

The calculation model includes multiple parameters in addition to 
ore size, including porosity, permeability, fluid viscosity, density, and 
infiltration pressure. Permeability and porosity of kaolin were measured 
using Pulse Attenuation and Gas Porosity measurements, respectively 
[33–37]. The porosity and permeability test instrument diagram are 
shown in Figs. 3 and 4. Detailed calculation parameters are illustrated in 
Table 2. 

2.2. Numerical simulation implementation 

After the injection of high-pressure gas, the pressure within the 
infiltration chamber quickly becomes constant. A constant pressure 
boundary condition at the hemispherical boundary represents the high- 
pressure gas environment. The calculation will terminate once the 
model central pressure equals the boundary pressure of 15 MPa. At that 
time, it is considered that high-pressure gas thoroughly permeates the 
ore. After the calculation, draw the infiltration pressure history curve as 
demonstrated in Fig. 5 a)-c). Fig. 5 d) illustrates the relationship be
tween gas infiltration stabilization time and kaolin size. 

Fig. 5 a-c) indicate that the gas pressure at the monitoring point is 
initially 0, and only increases once the high-pressure air infiltrates the 
area. As the gas infiltrates the ore, the pressure gradient between the 
internal part and the boundaries of the ore decreases, resulting in a 
reduced infiltration velocity. Consequently, pressure variation at the 
monitoring point decreases over the same time interval. Infiltration time 
at 15 MPa pressure increases as the ore size increases. Specifically, the 
time required for high-pressure gas infiltration stability increases from 
2.2 min for 3 cm ore size to 6.2 min for 5 cm ore size and 24.9 min for 10 
cm ore size. Numerical calculations demonstrate that the 15 MPa high- 
pressure gas can entirely infiltrate into − 10 cm kaolin within 25 min. It 
is worth noting that the high-pressure gas has already begun to infiltrate 
into the ore before the pressure in the infiltration chamber stabilizes. 
However, numerical simulations often neglect this process, resulting in a 
slightly longer stability infiltration time than the actual occurrence. 
Additionally, the gas infiltration stability time exhibits a quadratic 
relationship with the increase in ore size. In particular, as the kaolin size 
increases in the ratio of 3:5:10, the infiltration stability time increases in 
the proportion of 9:25:100. These conclusions provide valuable 

references for controlling the duration of high-pressure gas seepage in 
subsequent experiments. 

3. Influence of high-pressure gas infiltration time on ore 
pulverization 

3.1. Experimental methods 

At an infiltration pressure of 15 MPa, numerical calculations indicate 
that the stabilization time for infiltration of 10 cm kaolin is <30 min. 
Theoretically, increasing the infiltration time should not affect the ore 
pulverization, provided that high-pressure gas infiltration is sufficient. 
Nonetheless, to be convincing, the numerical calculation outcomes must 
be confirmed by actual experiments. Accordingly, we subjected 10 cm of 
kaolin in the infiltration chamber to different times of infiltration 30, 90, 
and 120 min prior to rapidly unloading the gas. The particle size dis
tribution (PSD) is crucial for particles, as it determines the quality, 
safety, and performance of the final product [38–40]. Analyzing PSD 
obtained at different infiltration time could demonstrate whether 15 
MPa high-pressure gas fully infiltrates 10 cm kaolin. 

The experimental apparatus for ore pulverization comprises a high- 

Fig. 1. Calculation models for ores of different sizes.  

Fig. 2. Location of pressure monitoring points.  
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pressure infiltration chamber and a high-pressure propulsion chamber. 
The rupture disc separates the infiltration chamber from the atmo
sphere, while the piston separates the infiltration chamber from the 
propulsion chamber. The high-pressure gas inside the propulsion 
chamber facilitates the kaolin to spout out of the infiltration chamber 
rapidly once the rupture disc ruptures. A schematic diagram of the 
experimental apparatus is shown in Fig. 6. 

The experiment comprises four stages. First, the ore is placed into the 
high-pressure infiltration chamber. The explosive is attached to the 
rupture disc to instantly rupture the disc and achieve high-speed 
unloading of the infiltration chamber. Next, high-pressure gas is 

injected into both the infiltration and propulsion chambers. The high- 
pressure gas slowly infiltrates the pores in the ore until the gas pres
sure inside reaches equilibrium with the infiltration pressure. In the 
third stage, connect the wires to detonate the explosive charge adhered 
to the rupture disc. The rupture disc bursts leading to rapid unloading of 
the infiltration chamber, the ore rejecting with high-pressure airflow. In 
this stage, the ore is pulverized into micro-sized particles within milli
seconds. The fourth and final stage involves removing the ore powder 
from the collection chamber and screening it. For further details about 
the experiment, refer to the paper [15–18]. 

The process of ore ejecting with the high-pressure airflow is the 
crucial stage to induce ore pulverization. During the ejecting process, 
gas pressure outside the kaolin drops significantly faster than inside the 
internal pores forming a high-pressure gradient. When the pressure 
gradient is large enough will overcome the tensile strength between ore 
particles, the kaolin chalks from within. 

3.2. Experiment implementation and result analysis 

We conducted experiments allowing 10 cm kaolin to stand in the 
infiltration chamber for 30, 90, and 120 min. The infiltration pressure 
and propulsion pressure were set at 15 MPa and 20 MPa, respectively. 
The mass of kaolin for each experiment is approximately 2000 g, with a 
size of about 10 cm. It is worth noting that due to the maximum diameter 
of the infiltration chamber being 10 cm, the diameter of the cross- 
section of the ore must not exceed 10 cm. However, the length of the 
ore may exceed 10 cm and even approach 15 cm. For more compre
hensive information on the experimental parameters, please refer to 
Table 3. Follow the methodology outlined in section 3.1 to execute the 
experiment. Fig. 7. illustrates the experimental setup for ore 
pulverization. 

Finally, open the collection container, remove the kaolin powder, 
Screen the kaolin powder, and draw the particle size distribution curve. 
The kaolin for experimentation and the kaolin powder after the exper
iment is illustrated in Fig. 8. The PSD of the kaolin powder obtained at 
different infiltration time is shown in Fig. 9. 

The results presented in Fig. 9 reveal that extended infiltration time 
did not significantly increase the production of fine particles. At the 
infiltration times of 30, 90, and 120 min, − 0.5 mm particles accounted 
for 40%, 41%, and 41%, respectively. The proportion of − 74 μm par
ticles in the three groups only fluctuated slightly. Similarly, the mass 
proportion of +2 cm coarse particles showed no regular changes. 
However, the mass ratio of 2–4 cm coarse particles decreased as the 
infiltration time increased. And the mass proportion of +4 mm coarse 
particles also decreased. The unpredictable nature of the ore's structure 
and experimental errors inevitably result in differences within local size 
intervals. Nonetheless, extending the infiltration time beyond 30 min 
had little effect on the overall kaolin pulverization. These experimental 
results shed light on two significant discoveries. Firstly, GRU is an 
effective technique for kaolin pulverization, generating approximately 
40% -0.5 mm fine particles in a single comminution cycle. Secondly, 
high-pressure air at 15 MPa can fully infiltrate 10 cm of kaolin within 30 
min. Furthermore, as long as infiltration is complete, prolonging the 
infiltration time does not significantly influence kaolin pulverization. 

4. The influence of ore size on the ore pulverization 

4.1. Experment implementation 

Both experimental and numerical simulation results indicate that 
high-pressure air at 15 MPa can infiltrate 10 cm of kaolin within 30 min. 
To investigate the influence of ore size on the GRU pulverization effect, 
we further conducted two sets of pulverization experiments on kaolin 
with sizes of 3–5 cm and 10 cm, respectively. The gas infiltration pres
sure and propulsion pressure for the experiments are 15 MPa and 20 
MPa, respectively. Table 4 presents the detailed experimental 

Fig. 3. PDP 200 pulse decay permeability instrument.  

Fig. 4. Porosity measurement system.  

Table 2 
The calculation parameters of gas infiltration.  

Ore 
size 
(cm) 

Porosity 
(%) 

Infiltration 
pressure 
(MPa) 

Permeability 
(10− 9 D) 

Aerodynamic 
viscosity (10− 5 

Pa⋅s) 

Air 
density 
(kg/ 
m3) 

3 0.63 15 15 2.22 177.88 
5 0.63 15 15 2.22 177.88 
10 0.63 15 15 2.22 177.88  
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parameters. 
After experimenting, the effect of kaolin particle size on the effi

ciency of GRU pulverization was assessed by analyzing the PSD of the 

kaolin powder. The particle size distribution of kaolin with different 
sizes after pulverization is shown in Fig. 10. 

Fig. 5. Time gas infiltration time history curve of kaolin with different sizes. A). 3 cm. b) 5 cm c) 10 cm d) Gas infiltration stability time of kaolin with different sizes.  

Fig. 6. Schematic diagram of the experiment apparatus.  

G. Zhang et al.                                                                                                                                                                                                                                  



Powder Technology 427 (2023) 118716

6

4.2. Correlation analysis of the ore size and particle size distribution 

Based on the experimental data, the results of the kaolin pulveriza
tion experiment exhibit a high level of stability at the infiltration pres
sure of 15 MPa. In the 3–5 cm kaolin pulverization experiment, the 
maximum deviation at 0.15–0.5 mm is approximately 1.5%. Similarly, 
the ultimate deviation of the 10 cm kaolin pulverization experiment 
occurs in the +4 mm block size, representing only a 1.5% deviation. At 
an infiltration pressure of 15 MPa, the pulverization effect of different 
sizes of kaolin is similar. Both 3–5 cm and 10 cm kaolin pulverization 
produce approximately 40% of particles with a size of − 0.5 mm. How
ever, examining specific particle size intervals, small-sized kaolin pul
verization yielded slightly more fines and a slightly higher quantity of 
remaining coarse particles. For instance, 3–5 cm kaolin pulverization 
produced 1%, 2.5%, and 0.5% more particles of − 45 μm, 74 μm, and 

150 μm than 10 cm kaolin pulverization. Additionally, the coarse par
ticles of +4 mm produced by crushing 10 cm kaolin were 4% less than 
that of 5 cm kaolin. 

In conclusion, pulverization of small-sized kaolin by GRU produces 
slightly more fine particles and fewer coarse particles. However, overall, 
the pulverization efficiency of GRU on ores of different sizes is compa
rable without exhibiting noticeable size effects (SEs). These findings are 
significant and warrant further research and discussion. 

5. Result and discussion 

5.1. Results 

This study investigates the effect of ore particle size on the crushing 
efficiency of GRU using kaolin as the experimental material. The nu
merical simulation results indicate that a 15 MPa high pressure can 
effectively infiltrate 10 cm kaolin within 30 min. The time required for 
gas infiltration prolongs in a quadratic relationship with the ore size 
increase. Furthermore, the experimental results demonstrate that 
continuously extending the infiltration time after adequate gas infiltra
tion does not significantly improve the GRU pulverization efficiency of 
kaolin. Specifically, Fig. 9 depicts that at 15 MPa pressure, GRU pul
verization produced about 40% of − 0.5 mm particles after infiltration 
times of 30, 90, and 120 min. Lastly, experiments conducted on varying 
sizes of kaolin show that, even though small-sized kaolin generated 

Table 3 
Experimental parameters.  

Parameters Group 1 Group 2 Group 3 

Weight (g) 2000 2000 2000 
Kaolin size (cm) 10 10 10 
Infiltration gas pressure (MPa) 15 15 15 
Infiltration time (min) 30 90 120 
Propulsion gas pressure (MPa) 20 20 20 
The thickness of the rupture disk (mm) 4 4 4  

Fig. 7. Platform for ore pulverization.  

Fig. 8. Kaolin before and after experiment. (a) Kaolin. (b) Kaolin powder.  
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slightly more fine powder and coarse particles than large-sized ones, the 
effect of GRU pulverization is comparable. At a 15 MPa infiltration 
pressure, 3–5 cm and 10 cm kaolin generated approximately 40% of 
− 0.5 mm particles produced by GRU pulverization. 

In summary, the study demonstrates that GRU technology can pro
cess various ore sizes and has the potential to be scaled up from a lab
oratory to an industrial production level. The GRU can be effectively 
integrated with existing ore crushing and grinding processes. Mined ores 
can be processed directly by the GRU without the need for pre-screening 
or secondary crushing. And the portion of the GRU grinding product that 
meets the selection criteria can be pre-screened and the remaining 
coarse particles can also meet the required feed size for further grinding. 
The GRU could increase ore grinding efficiency, reduce energy con
sumption and serve as a key technology for the mineral processing 
industry. 

5.2. Discussion about the generalizability of the results 

Experiments on kaolin pulverization have indicated that GRU pul
verization is not significantly affected by the size of the ore. However, it 
is hasty to draw such a conclusion based on a single type of ore. To verify 
this finding, we conducted additional experiments using iron ore as the 
material. The gas infiltration and propulsion pressures were maintained 
at 15 MPa and 20 MPa, respectively. Each experiment involved a mass of 
approximately 2000 g of iron ore with sizes of around 3–5 cm and 10 cm. 
After the experiments, according to the PSD to analyze the influence of 
iron ore size on GRU pulverization. Fig. 11 illustrates the iron ore before 
and after the experiment. 

The results presented in Fig. 12 demonstrate that the effect of pul
verizing 10 cm iron ore with GRU is comparable to that of 3–5 cm iron 
ore at an infiltration pressure of 15 MPa. Both 3–5 cm and 10 cm iron 
ores produce 39% and 41% of particles measuring − 0.5 mm, respec
tively. Moreover, the yield of − 150 μm particles in both cases is 29%. 
Meanwhile, 3–5 cm iron ore pulverization by GRU produces 4% and 8% 
>10 cm of − 45 μm fine particles and coarse particles of +4 mm, 
respectively. The conclusion obtained by different sizes of iron ore 
pulverization experiments is consistent with kaolin. Although the GRU 
pulverizes small-sized ores and produces slightly more fine and coarse 
particles, the overall effect of ore pulverization remains comparable to 
that of large-sized ore. The size effects on ore pulverized by GRU are 
negligible. 

Fig. 9. Kaolin particle size distribution at different gas infiltration time. a) 30 min, b) 90 min, d) 120 min.  

Table 4 
Experimental parameters.  

Parameters Group 1 Group 2 Group 3 Group 4 

Weight (g) 2000 2000 2000 2000 
Kaolin size (cm) 3–5 3–5 10 10 
Infiltration gas pressure (MPa) 15 15 15 15 
Propulsion gas pressure (MPa) 20 20 20 20 
Infiltration time (min) 30 30 30 30 
The thickness of the rupture disk 

(mm) 
5 5 5 5  

G. Zhang et al.                                                                                                                                                                                                                                  



Powder Technology 427 (2023) 118716

8

5.3. Discussion about the SEs on ore pulverization by GRU 

The experiments on the pulverization of kaolin and iron ore have 
both demonstrated that GRU pulverizes ores of varying sizes with 
comparable efficacy. Meanwhile, it is also observed that pulverization of 

smaller ore sizes obtains slightly more fine and coarse particles. In this 
section, we discuss the underlying mechanisms. The ores ejected from 
the infiltration chamber inevitably collide with the discharge head, 
causing damage and generating coarse particles. Subsequently, the in
ternal gas expansion induces ore pulverization from within. 

Fig. 10. Particle size distribution of different sizes kaolin pulverization obtained at infiltration pressure of 15 MPa.a) 3–5 cm b) 10 cm.  

a) b)

10 cm

Fig. 11. Iron ore before and after experiment. a) Iron ore. b) Iron ore powder.  

Fig. 12. Particle size distribution of different sizes iron ore pulverization obtained at infiltration pressure of 15 MPa.a) 3– 5 cm b) 10 cm.  
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Additionally, given a fixed mass of ores, the number of small-sized ores 
exceeds that of the large-sized ones. The likelihood of individual small- 
sized ores colliding with the discharge head is correspondingly lower 
than that of large-sized ores, which makes the small-sized ores pulver
ization generate more coarse particles compared to larger ones. How
ever, for the same mass of ores, small-sized ones have a larger free 
surface area than large-sized ones. Therefore, the internal gas expansion 
is more likely to produce fine particles for small-sized ores. To reduce 
the remaining coarse particles from small-sized ores pulverization and 
increase the production of fine particles from large-sized ones, the 
following methods can be applied: 1. enlarging the outlet size of the 
soaking chamber to increase the probability of each small ore colliding 
with the discharge head, and 2. modifying the shape of the discharge 
head to facilitate sufficient collisions with large-sized ores, leading to 
more free surface area and increased production of fine particles from 
large-sized ores. 

The pulverization efficiency of GRU on ores of different sizes is 
comparable without exhibiting noticeable size effects. This phenomenon 
deserves further examination through in-depth discussion. Size effects 
(SEs) are commonly observed in various domains of physics and engi
neering [20]. The SEs announcement is related to the specimen size, 
deformation scale, and internal material length scale. Usually, 
decreasing the size of a specimen results in a stronger response in several 
plasticity phenomena. For example, decreasing the size of the indenter 
increases the indentation hardness of metals and ceramics. The solid 
material hardening is assumed to result from accumulating statistically 
stored dislocations ρS and geometrically necessary dislocationsρG [41]. 
When the length scale associated with the deformation field is small 
compared to a material length scale, the density of geometrically 
necessary dislocations swamps the statistically stored ones, resulting in 
obvious size effects. For example: at 10% strain ρG≫ρS for λ<50 μm in 
single crystals and forλ<20 μm in polycrystals [42]. (λ represents the 
material length scale. In the torsion test, λ is simply the radius of the 
cylinder; in bending it is the half thickness of the beam; in the hardness 
test it is related to the indent size; at the crack tip, to the plastic zone 
size; In polycrystals one might expect it to be related to the grain size.) 
When the length scale associated with the deformation field is large 
enough, the ρG<< ρS and the conventional plasticity laws without 
length scale is sufficient. Considering a specific material with a defined 
material length scale, the SEs weaken as the deformation field increases. 
Fig. 13 illustrates that the hardness of cold-worked polycrystalline Cu 
and single-crystal Cu gradually stabilizes as the indentation depth ex
ceeds 1 μm [43]. 

For a given material with a defined material length scale, the spec
imen size becomes critical in the SEs. Ore and rock materials possess 
multi-scale micro-defects. Rocks exhibit a large range of SEs compared 
to metal materials, in magnitude up to macroscopic levels. It shows a 
“smaller, stronger” mechanical response, increasing strength with 
specimen size reduction. As the specimen size approaches the rock 
material length scale, the number of microstructures increases with 
increasing specimen size. Besides, micro-fractures become more likely to 
capture each other, accumulate, and eventually form macroscopic 
cracks. Therefore, rock materials demonstrate a significant size- 
dependent mechanical response within a certain size range. When the 
specimen size is large enough to contain sufficient micro-defects, the 
effects of local micro-defects on its apparent mechanical properties 
weaken. Its mechanical properties approach those of the rock mass, 
diminishing the corresponding size dependence. Fig. 14 describes the 
SEs of compressive strength of 6 kinds of ore rock materials [44]. Before 
20 cm, the compressive strength of the six ore rocks decreased sharply 
with the specimen size increase. When the specimen size exceeds a 
particular value, the compressive strength of several ores tends to be 
consistent, respectively. 

GRU employs high-pressure gas rapid decompression to induce ore 
pulverization on the single-crustal scale from within. The materials 
length scale associated with the GRU pulverized ores is on the crystal 
scale. The ore particles dissociate from the cemented status as the 
around cracks expand from pore initiation. The local mechanical 
response may differ due to the fracture density distribution and the 
inter-particle strength difference. The pulverization of ore by GRU re
sults in deformations that not only occur at the crystalline scale but also 
extend to the macroscopic level, ultimately leading to the cross-scale 
destruction of the ore into powder particles. Such a large deformation 
scale swallows up the differences caused by local micro-defects. 
Furthermore, the macroscale ore already contains many randomly 
distributed microfractures. The regional microstructural differences 
have less weight on the overall mechanical response. Rock specimens 
with different macroscopic scales have the same microstructural char
acteristics. Therefore, changing the ore dimension does not significantly 
affect the overall ore pulverization effect. 

5.4. Discussion about the application of GRU comminution technology in 
kaolin 

The GRU has broad potential applications in the field of kaolin 
grinding. Firstly, it can simplify and revolutionize the existing kaolin- 
crushing technology. Experimental results have demonstrated that the 
GRU can effectively pulverize large-sized kaolin into fine powder. Pul
verizing 10 cm kaolin using the GRU at an infiltration pressure of 15 
MPa yields particles smaller than 2 mm at around 70% after one 
comminution cycle. Therefore, most of the mined kaolin can be directly 
fed into the grinding stage after the GRU process. Coarse particles that 
do not meet the mill feed size requirements will be recycled into the 
subsequent grinding cycle as sand returns. Secondly, the GRU can in
crease kaolin crushing efficiency, reduce grinding volume, and lower 
energy consumption. The GRU can crush kaolin into micro-sized parti
cles in milliseconds, considerably reducing the cost of ore crushing time. 
As shown in Fig. 10, a single pulverization cycle produced nearly 30% of 
− 150 μm particles. Pre-screening can separate the eligible fines, thereby 
reducing grinding volume. Lastly, the GRU utilizes high-pressure gas as 
the energy input, with no impurities introduced into the grinding 
product. Consequently, the purity of the final crushed product is 
improved compared to conventional mechanical methods. 

Kaolin is a high-quality but limited resource in natural resource. The 
limited fine-grained content of the raw ore restricts the yield of high- 
quality kaolin products. To obtain fine-grained kaolin flakes, the deep 
processing of kaolin requires the flaking technique, which breaks down 
the coarse-grained crystals [24,45]. The mainstream kaolin splitting 
techniques include mechanical grinding, high-pressure extrusion, and Fig. 13. The depth dependence of hardness copper.  
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chemical soaking. The high-pressure extrusion method utilizes a high- 
pressure homogenizer to pressurize the kaolin and spout at high 
speed. The sudden decompression during the ejection causes the kaolin 
crystals to dissociate due to the impact, shear, and cavitation. GRU 
pulverized kaolin follows a similar mechanism to the high-pressure 
extrusion process, but pulverization happens in the gas phase. The 
high-pressure gas entering the kaolin layers may produce a better 
splitting effect after unloading and expansion, as shown in Fig. 15. 

6. Conclusion 

This paper investigates the impact of ore size on ore pulverization by 
the GRU. The research includes numerical simulations and experiments, 

which show that high-pressure gas (15 MPa) completely infiltrates 10 
cm kaolin in 30 min. The time for gas infiltration increases quadratic as 
the ore size increases. Specifically, as the kaolin size grows in the ratio of 
3:5:10, the infiltration stability time extends in the proportion of 
9:25:100. However, extending the infiltration time after adequate gas 
infiltration does not significantly improve the ore pulverization effect. 
At a 15 MPa pressure, GRU pulverization results in approximately 40% 
of − 0.5 mm particles after infiltration times of 30, 90, and 120 min. The 
study also found that the GRU can pulverize ores of various sizes with 
similar effectiveness. At an infiltration pressure of 15 MPa, pulverization 
of 3–5 cm and 10 cm kaolin yields nearly comparable results, producing 
around 40% of − 0.5 mm and 30% of − 150 μm particles, respectively. 
The conclusion is corroborated by iron ore pulverization experiments, 

Fig. 14. Size effect for compression strength of several rocks. a). limestone. b). iron ore. c). diorite. d). quartz. e). coal. f). mica schist.  

Fig. 15. Splitting mechanism of the GRU.  
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which show that the GRU produces similar results for different ore sizes. 
The GRU applies uniform equal stress loading on the ore particle 

single crystal scale, inducing ore destruction from within. However, as 
ore pulverization by the GRU involves much larger deformation scales 
and specimen sizes than crystal scale, altering the ore size does not 
significantly impact the pulverization effect. This conclusion could serve 
as the basis for scaling up the GRU pulverization method from labora
tory to industrial scale. Furthermore, it can provide an essential refer
ence for subsequent GRU methods used in kaolin pulverization research. 
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[40] Ś. Grzegorz, M. Janusz, Forward and inverse analysis for particle size distribution 
measurements of disperse samples: a review, Measurement 187 (2022), 110256. 

[41] J. Hutchinson, N. Fleck, Strain gradient plasticity, Adv. Appl. Mech. 33 (1997) 
295–361. 

[42] N. Fleck, G. Muller, M.F. Ashby, J.W. Hutchinson, Strain gradient plasticity: theory 
and experiment, Acta Metall. Mater. 42 (2) (1994) 475–487. 

[43] K. McElhaney, J.J. Vlassak, W.D. Nix, Determination of indenter tip geometry and 
indentation contact area for depth-sensing indentation experiments, J. Mater. Res. 
13 (5) (1998) 1300–1306. 

[44] B.C. Liu, J.S. Zhang, Q.Z. Du, A study of size effect for compression strength of 
rock, Chin. J. Rock Mech. Eng. 06 (1998) 611–614. 

[45] V.L. Bosazza, Textures of clays, Nature 147 (3738) (1941) 779. 

G. Zhang et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0005
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0005
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0010
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0015
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0015
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0020
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0020
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0025
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0025
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0025
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0030
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0030
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0035
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0035
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0040
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0040
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0040
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0045
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0045
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0045
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0050
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0050
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0050
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0055
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0060
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0060
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0060
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0065
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0065
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0065
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0070
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0070
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0070
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0075
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0075
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0075
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0075
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0080
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0080
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0080
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0085
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0085
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0085
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0090
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0090
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0090
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0095
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0095
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0100
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0100
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0105
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0105
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0110
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0110
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0115
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0115
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0115
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0120
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0120
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0125
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0125
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0130
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0130
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0130
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0135
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0135
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0140
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0140
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0145
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0145
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0150
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0150
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0150
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0155
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0155
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0155
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0155
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0160
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0160
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0160
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0165
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0165
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0165
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0170
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0170
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0170
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0175
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0175
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0180
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0180
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0180
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0185
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0185
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0190
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0190
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0190
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0195
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0195
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0200
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0200
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0205
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0205
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0210
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0210
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0215
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0215
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0215
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0220
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0220
http://refhub.elsevier.com/S0032-5910(23)00500-4/rf0225

	Influence of ore size on the production of micro-sized ore particles by high-pressure gas rapid unloading
	1 Introduction
	2 Influence of ore size on high-pressure gas infiltration
	2.1 Numerical simulation method and model
	2.2 Numerical simulation implementation

	3 Influence of high-pressure gas infiltration time on ore pulverization
	3.1 Experimental methods
	3.2 Experiment implementation and result analysis

	4 The influence of ore size on the ore pulverization
	4.1 Experment implementation
	4.2 Correlation analysis of the ore size and particle size distribution

	5 Result and discussion
	5.1 Results
	5.2 Discussion about the generalizability of the results
	5.3 Discussion about the SEs on ore pulverization by GRU
	5.4 Discussion about the application of GRU comminution technology in kaolin

	6 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


