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ABSTRACT 

 
The effect of terephthalic acid particle properties on particle fracture phenomena was 

investigated in this study. Furthermore, to evaluate the fracture characteristics in real process, 
the effect of the particle impact angle on particle fracture phenomena was also investigated. The 
results of this study indicated that: (i) the crystallite size correlated with the fracture stress of the 
particle; (ii) the crystallite size also showed a correlation with the critical fracture velocity and the 
kinetic energy of the particle; and (iii) the particle fractured more easily at impact angles under 45°. 
 
Keywords: Particle strength, Particle fracture, Impact angle, Pneumatic transportation, Terephthalic 
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1 INTRODUCTION 
 

In various industrial processes involving particle movement, such as a powder pneumatic 
transportation system and a solid-gas septarian using air filtration, particles often fracture 
because of the impact with a pipe’s inner wall or with the surface of a fiber in an air filter. Particle 
fracturing may cause several problems, such as an increase in the apparent volume, clogging of 
the powder transfer pipe, and deterioration in flowability because of a relative increase in the 
adhesion force. Additionally, this phenomenon may significantly affect a subsequent process and 
the final product quality. Thus, the investigation of particle fracturing is very important. 

Research on the particle fracture phenomenon, especially single-particle fracturing, has been 
conducted for a long time. For example, Rittinger’s or Kick’s research on pulverization energy 
includes an extremely wide range of studies that are related to pulverization energy measurements 
or compression fracture loads (Pitchumani et al., 2004; Kanda, 1996), as well as an investigation 
of the effect of particle diameter and structure on the compression strength (Griffith, 1924; 
Yashima and Saito, 1979; Golchert et al., 2004). Moreover, the kinetic point of view, including 
the investigation of fracturing behavior of particles under an impact load without considering the 
stationary fracture phenomenon, has been presented in some studies (Chaudhri, 2004; Chau et 
al., 2000; Khanal et al., 2005). 

In consideration of the above, although single-particle fracturing has been studied in detail, 
the design of real industrial process applications is based on past experiences. One of the main 
reasons is the fact that most of the previously conducted research studies have only considered 
the limited case of uniaxial compression. In most cases, previous research studies cannot be 
directly applied to real processes. The granule fracturing mechanism under biaxial compression 
conditions was analyzed in our previous report (Satone et al., 2017) using both experimental and 
simulation methods. The results of this study indicated that (1) the fracturing behaviour differs, 
depending on the number of compression axes, and (2) the fracture load under the biaxial condition 
is smaller than that under the uniaxial condition. Nevertheless, even applying these results to real 
processes, some issues remain since our previous report was conducted under ideal conditions. 

The particle fracture phenomenon has been investigated in several studies using simulations. 
The discrete element method reported in (Samimi et al., 2005; Bolton et al., 2008) considers a 
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particle as a collection of fine particles. In other simulations, the finite element method was 
applied for individual particle fracturing by calculating the stress distribution within the particles 
under compression (Tsoungui et al., 1999; Gundepudi et al., 1997). Although simulations are 
useful in modeling particle fracturing, they also exhibit several issues because of the restrictive 
conditions imposed during modeling. Thus, several current useful studies cannot be directly 
applied to practical problems. 

Alternatively, the dynamic particle fracture phenomenon, which is more complex than the 
normal fracture phenomenon, has been analyzed under static or quasi-static conditions. Processes 
under real conditions could not be analyzed because of their difficulty of observation. In many 
research studies, a particle was forced to impact a wall vertically, even if the experimental conditions 
were dynamic. The effect of the impact angle has received less attention. In our previous research 
work on single-particle fracturing under biaxial conditions (Satone et al., 2017), the experimental 
results indicated that the fracture load under biaxial conditions differs, depending on the direction 
of the resultant force vector in the two axes. This result is very important in investigating the 
effect of impact angle on the particle fracture phenomenon. Moreover, the particle fracturing 
characteristics can be predicted from any physical property value of the particle without using 
empirical laws. 

This paper aims to analyze the particle fracture phenomenon under conditions close to those 
encountered in real processes. Particle impact tests are conducted for different impact velocities 
and impact angles using a modified cascade impactor. Furthermore, the relation between the 
particle fracture phenomenon and particle properties is investigated by conducting uniaxial and 
biaxial single-granule compression tests and the X-ray powder diffraction method.  
 

2 EXPERIMENTAL METHODS 
 
2.1 Sample Powder 

A terephthalic acid powder was used as a test sample. A large quantity of this powder was 
used as a raw material for the polyethylene terephthalate (PET) resin. Reportedly, problems are 
caused by particle fracturing in a pneumatic transportation process at a PET manufacturing plant. 
Four samples of terephthalic acid powder with a 1520 kg m–3 density obtained from four different 
manufacturers (Sample A: Kishida Chemical Co., Ltd.; Sample B: Tokyo Chemical Industry Co., Ltd.; 
Sample C: Merck KGaA; and Sample D: Kanto Chemical Co., Inc.) were used in the experiments. 
Fig. 1 shows the particle size distribution of each powder sample. 

 
2.2 Evaluation of Physical Properties 

The physical properties of particles, such as particle size distribution, crystallite size, and 

 

 
Fig. 1. Particle size distributions for various terephthalic acid sample. 
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fracture stress, were measured. The particle size distribution was measured using a laser diffraction 
method (MicrotracBEL Corp., Microtrac FRA). The crystallite size was calculated using a powder 
X-ray diffraction (XRD) pattern. This pattern was determined via powder XRD using a diffractometer 
(Rigaku Corp., MiniFlex II) equipped with a Cu–Kα radiation source. The scan rate was 2.0° min–1, 
the step interval was 0.02°, and the scan range was in the 10°–70° 2θ range. The fracture stress 
measurement of a single particle was based on the JIS R1639-5 (JIS R1639-5, 2007) using a micro-
compression tester (Shimazu Crop., MCT-510). The particles were compressed to the point of 
fracture, and the fracture load F1 (N) was recorded. One hundred particles were used in each 
compression test. The fracture stress of a single particle S (Pa) was calculated using the following 
Hiramatsu’s equation (Hiramatsu et al., 1965) for a fracture load and a particle diameter x (m): 
 

1
2

2.8F
S

xπ
=  (1) 

 
2.3 Particle Impact Test 

Fig. 2 shows a schematic diagram of the particle impact testing apparatus. The system consists 
of a single stage of the cascade impactor (C1-150, Shimazu Corp.), a membrane filter, and a gas 
suction pump. An angle-adjustable plate is used at the impact section of the cascade impactor. 
Using this mechanism, a particle can be impacted on the plate for a wide range of impact 
velocities and impact angles. The distance from the nozzle outlet of the cascade impactor to the 
impact plate is 5.5 mm. The particle impact test process is described as follows. Initially, the gas 
suction pump was set to a constant flow rate. The particles were poured into the inlet of the 
cascade impactor. After the pouring was completed, almost all particles in the cascade impactor 
and membrane filter were collected. A change of 50% particle diameter was evaluated. Table 1 
summarizes the nozzle size, the flow velocity at the nozzle, and the theoretical cut off diameter 
of 50% collection. Theoretically, the expansion of gas passing through the nozzle must be 

 

 
Fig. 2. Schematic of the particle impact tester. 

 
Table 1. Experimental conditions. 

Stage Nozzle diameter  
(mm) 

Air flow velocity  
below orifice (m s–1) 

Cut off diameter of  
50% collection (µm) 

1st 5.3 15.4 11.4 
2nd 3.5 35.4 6.11 
3rd 2.7 59.5 4.14 
4th 2.0 108.4 2.64 
5th 1.6 169.4 1.89 
6th 1.1 358.4 1.08 
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considered to calculate the flow velocity in the nozzle and the theoretical cut off diameter of 50% 
collection (Okuda et al., 2018). This aspect was not considered because, unfortunately, the internal 
pressure of the cascade impactor could not be measured because of the physical restrictions of 
the apparatus. However, this was not considered a significant problem since the particles used 
were large enough compared with the theoretical cut off diameter of 50% collection. 
 

3 RESULTS AND DISCUSSION 
 
3.1 XRD Pattern 

Fig. 3 shows the XRD pattern for different powder samples. The observed diffraction peaks 
were indexed to the unit cell of the terephthalic acid, and no difference in the peak positions 
among the samples was observed. Nevertheless, certain differences in the peak height among 
the samples were clearly observed. This result indicates a clear difference in the crystallinity 
among the samples. Table 2 summarizes the calculated crystallite size and the 50% particles 
diameter. Generally, the higher the crystallinity, the higher the energy required to break a crystal 
structure. Thus, it can be assumed that the particles’ strength or, in other words, the particles’ 
hardness satisfies the expression A > B > C > D. 

 
3.2 Single-particle Compression Test 

Fig. 4 shows a representative load–displacement curve of each sample for a single-particle 
compression test. The horizontal axis in the graph was normalized to a 50% particle diameter. It 
can be observed that the applied load increases at the early stage of particle compression. As the 
particle compression continues, the applied load does not vary with the displacement. At this 
point, it was considered that the particle fractured. Consequently, using this particular fracture load 
and Eq. (1), the fracture stress S of a single particle was calculated. Generally, the fracture stress of 
a single particle exhibits a wide distribution. Similar behavior was observed in this experiment. Fig. 5 
shows the relationship between the calculated crystallite size and a 50% fracture stress. In this 

 

 
Fig. 3. XRD patterns for various terephthalic acid sample. 

 
Table 2. Crystallite size and 50% particle diameter of various terephthalic acid powder. 

Sample Crystallite size (nm) 50% particle diameter (µm) 
A 406 150 
B 290 130 
C 210 152 
D 150 181 
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Fig. 4. Examples of load-displacement curves for various terephthalic acid sample. 

 

 
Fig. 5. Effect of crystallite size on fracture stress of single terephthalic acid particle. 

 
figure, the straight line is a regression line obtained by applying the least-squares method. There 
is a correlation of the crystallite with the 50% fracture stress. Thus, the assumption that a particle’s 
strength depends on the order of its crystallinity was confirmed. 

 
3.3 Particle Impact Test 

Fig. 6 shows the relationship between the calculated airflow velocities in the cascade impactor 
nozzle with the 50% particle diameter after performing the particle impact test. In this figure, the 
solid line trend can be easily explained. For each sample, its 50% particle diameter decreases at 
the flow velocity value indicated by a dashed line. It was assumed that many particles fractured 
at this point. The particles used in this experiment were relatively large; their Stokes number was 
over 450 at the maximum nozzle diameter condition. It can be considered that a particle’s impact 
velocity is the same as the airflow velocity. Thus, this velocity was defined as the critical fracture 
velocity. Fig. 7(a) shows the relationship between the critical fracture velocity and the crystallite 
size of each particle sample. A correlation of the critical fracture velocity with the crystallite size 
can be observed. However, its R2 value is lower than 0.95. This can be due to the differences in 
the average particle size among the samples. To exclude the effect of particle size, the kinetic 
energy E (J) of particles at their fracture point was calculated using the following equation, where  

https://doi.org/10.4209/aaqr.220022
https://aaqr.org/


ORIGINAL RESEARCH 
 https://doi.org/10.4209/aaqr.220022 

Aerosol and Air Quality Research | https://aaqr.org 6 of 9 Volume 22 | Issue 3 | 220022 

 

(a)  (b)  

(c)  (d)  

Fig. 6. Effect of air flow velocity on 50% particle diameter for various samples, (a) Sample A, (b) Sample B, (c) Sample C, 
(d) Sample D. 

 
(a)  (b)  

Fig. 7. Relation between (a) critical fracture velocity or (b) kinetic energy of single particle and crystallite size. 
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vc (m s–1) is the critical fracture velocity, x (m) is the average particle diameter, and ρp (kg m–3) is 
the particle density: 
 

3 21
2 6 p cE x
π ρ υ= ⋅ ⋅  (2) 

 
Fig. 7(b) shows the kinetic energy of a single particle at its fracture point as a function of the 

particle’s crystallite size. The kinetic energy of a single particle exhibits a good correlation with 
the crystallite size, and its R2 value is higher than 0.99. Using this result, a particle’s fracture 
velocity can be estimated from its crystallite size to prevent particle fracture. 

Next, the effect of the impact angle on the critical fracture velocity was investigated. Particle B 
was selected as a sample because its fracture stress value was approximately the average among 
the fracture stress values of the four samples. Fig. 8 shows the relationship between the impact 
angle and the critical fracture velocity. The solid line in Fig. 8 exhibits a trend, which can be easily 
explained. It is observed that the particle fractured more easily at impact angles below 45°. For 
an impact angle in the 45°–90° range, the lower the impact angle, the lower the critical fracture 
velocity is. The single-particle fracturing under static and biaxial compression conditions was 
analyzed in Satone et al. (2017), where it was found that the required load for particle fracturing 
under a biaxial compression was less than that under a uniaxial compression. Under the biaxial 
compression with equal loads applied on the two axes, the angle of the resultant force formed 
by the two axes was 45°, and the required load for particle fracturing exhibited its lowest value. 
This result may be attributed to the following. The particle compressed along one axis deformed 
into a flat shape similar to that of a “Go stone” since the deformed material was able to move 
freely from compression along the two axes. The biaxially compressed granules deformed only 
in one free direction; however, their shape was spheroid, similar to that of a rugby ball. Under 
the biaxial compression, the granule material exhibited fewer degrees of freedom to disperse the 
compression load compared with the uniaxial compression case. Fracturing occurred even at low 
forces, as the biaxial load became unbalanced. 

When a particle impacted the wall vertically, the particle was deformed in the two axes 
without moving direction. Its shape became flat, similar to that in the uniaxial compression. On 
the other hand, when a particle impacted the wall diagonally, the particle could be deformed 
only one axis. Its shape became spheroid, similar to that in the biaxial compression. This was 
considered as the reason that the particle fractured more easily at impact angles below 45°. 
Nevertheless, the deformation behavior of the impacted particle can only be speculated. We are 
in the process of investigating this topic using bigger particles and a high-speed video camera. 
When the impact angle is over 45°, it is considered that the particle could not collide with the 
wall; instead, it slid on the wall’s surface. Thus, the particle could not easily fracture in this case 

 

 
Fig. 8. Effect of impact angle of particle on critical fracture velocity. 
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since the impact force could hardly be transmitted to the particle. In various real industrial 
processes involving particle movement, such as a powder pneumatic transportation system, 
there is an empirical law stating that particle fracturing occurs at the elbow of a pipe, where the 
airflow direction changes drastically. In this case, the particle will not always impact the inner 
wall vertically. The particle’s trajectory changes because of various factors such as the elbow 
curvature radius, the elbow angle, and the insufficient Stokes number of the particle. Among 
these effects, the particle can impact the inner wall from various angles. This consideration is 
qualitatively related to the above empirical law. 
 

4 CONCLUSIONS 
 

In this study, the effect of terephthalic acid particle properties on particle fracture phenomena 
was explored. Furthermore, the fracturing characteristics in real processes were determined by 
investigating the effect of the particle impact angle on particle fracture phenomena. The results 
indicated that 1) the crystallite size is related to the fracture stress of a particle, 2) the crystallite 
size is related to the critical fracture velocity and the kinetic energy of the particle, and 3) a 
particle fractures more easily at impact angles below 45°. Using these results, the occurrence of 
particle fracturing in a powder pneumatic transportation system can be predicted by measuring 
the crystallite size of a particle and calculating the flow field. 
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