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Abstract 

A study on particulate matter (PM) compound of a turbocharged gasoline direct injection (GDI) engine 

for different injection strategies has been performed. Particularly, morphology and structure of PM and 

soot produced by GDI engine were investigated as a function of injection rail pressure and start of 

injection before top dead center (SOI bTDC). The produced particulate matter and soot have been 

analyzed on a wide range of operating conditions by means of imaging and sampling techniques. To 

study the relationship between particulate morphology and engine working conditions, microscopic 

analyses (SEM and TEM) of several samples at the exhaust were performed. Therefore, these 

investigations were coupled with soot measurements before the catalyst and at the exhaust by means of 

a soot detector, able to measure the carbon component of particulate matter. Besides, the same 

measurements were compared with smoke opacity analyses to detect also the non-carbon components. 

The results demonstrated high influence of injection strategies on soot morphology-composition and on 

catalyst efficiency, revealing also a wear phenomenon of the piston under high pressure condition. 
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1. Introduction 

In the last decades, the interest of scientific community in pollutants production from automotive sector 

and their reduction has grown continuously because, as it is well known, engines are one of the main 

cause of gaseous and ultra-fine solid particles emissions. Compression ignition (CI) diesel engines are 

associated with relatively high particulate matter (PM) emissions that have been recognized as harmful 

for environment and dangerous for human health, being carcinogenic and causing respiratory diseases 

[1]-[3]. On the other hand, port fuel injection spark ignition (SI) gasoline engines are characterized by 

negligible soot (carbonaceous compounds) and PM emissions [4], but higher values of CO2 that is one 

of the major causes of global warming [5]-[7]. In order to reduce CO2 emissions of SI engines, new 

technologies have been developed and engine downsizing has been proposed as possible direction for 

pollutant reduction [8]-[10]. For this reason, gasoline direct injection (GDI) engines coupled with high 
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performance turbocharger systems have been developed in recent years [11]-[14]. In addition to CO2 

reduction, it has been demonstrated that vehicles powered by turbocharged downsized gasoline engines 

yield fuel savings up to 20% with respect to traditional SI engines moving vehicles of the same weight. 

However, GDI engines are characterized by higher soot production with respect to traditional SI and CI 

engines with particulates filter [15]: although the homogeneous stoichiometric premixed combustion is 

adopted in GDI engines, air-fuel mixing is not enough for complete fuel evaporation and local fuel-rich 

zones are formed into the combustion chamber with subsequent high soot formation [11],[16]. 

Furthermore, depending on injection strategies, such as high rail pressure with high penetration length 

or high injection angle with piston near to top dead center (TDC), fuel may impinge piston head or valves 

with subsequent pool fire combustion [17] and increment in soot production. 

The soot-PM produced by turbocharged GDI engines is characterized by nano-scale dimension and is 

mainly produced during transitory, cold start and high engine speed regimes [15]. The PM emitted by 

internal combustion engines is mainly constituted by soot, ash, volatile organic and sulphur compounds 

from fuel and lube oil [16],[18]-[22] or metal compounds from engine wear and fuel [23], that have high 

toxicological influence on human health. 

As GDI engines diffusion and installation on commercial light duty vehicles are quickly increasing, due 

to their low CO2 emissions, the particulate emission reduction is the key point for current and future 

researches.  A deep understanding of PM compound morphology, dimension, composition and 

concentration can help the development of new devices or particulate filters for emissions reduction. 

Furthermore, by knowing the influence of injection parameters on PM compound production and 

concentration, a reduction of pollutants can be achieved by modifying the engine control unit (ECU) 

parameters, that might results in a parallel increment in soot dimension up to micrometric size and a 

subsequent reduction of reactive sites [11],[24]. 

For a better understanding of PM morphology, diameters distribution, composition and concentration, 

SEM-TEM analyses are the most commonly used methods [25]-[33], coupled with selected area electron 

diffraction (SAED) [27], x-ray investigations (EDX-XRD) [27],[34],[35], thermogravimetric analysis 

(TGA) [36],[37], Raman spectroscopy [27],[38], exhaust sampling [18],[39],[40] or in chamber imaging 

for soot measurements on flame (Two Colour Method, Laser Induced Incandescence) [41]-[47]. As 

regards to microscopic study on soot morphology, previous researches focused on injection strategy 

variation (lean and rich conditions, high-load case and advance of ignition) [28], emissions produced 

during standard driving profiles (NEDC and WLTC) [11],[29],[48] or comparing the soot produced by 

gasoline engines with diesel soot in order to identify morphological differences and similarities [30] or 
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comparing soot characteristics produced using different fuels in spark ignition engines [49]-[52]. Some 

other researchers, dealing with electronic microscopy study of soot, investigated the influence of different 

fuels [25], [26], [53]-[54]. 

In the present work, based on electronic microscopic images (SEM-TEM) of soot particles sampled by 

copper grid specimens at the exhaust of a commercial turbocharged GDI engine, the PM compound 

morphology has been studied, by varying the injection parameters that could affect soot production. Since 

in addition to carbonate compound, metallic particles have been found on the copper grid, Energy 

Dispersive X-ray (EDX) analyses have been performed to deep investigate the PM composition. Finally, 

to correlate PM compound morphology and distribution with conventional exhaust sampling techniques, 

opacity (for PM quantity determination) and soot concentration have been measured at the engine exhaust 

and before the catalyst, thus obtaining the catalyst efficiency in soot/PM oxidation. 

 

2. Experimental setup 

In this work, several experiments were carried out on a 4-stroke 1.4 liters turbocharged GDI engine 

coupled with AVL DynoPerform 240 Eddy current dynamometer, driven by AVL CDC 400 controller, 

through AVL LSE 410 power unit. In Table 1 the main characteristics of the engine are reported. 

 

Table 1. Characteristics of the GDI engine. 

Engine type Four stoke, GDI, 4 cylinders, turbocharged 

Valves/Cylinder 4 

Displacement (cm3) 1390 

Bore (mm) 76.5 

Stroke (mm) 75.6 

Compression ratio 10:1 

Max power (kW@mm-1) 90@5000 

Max torque (Nm@mm-1) 200@[1500-4000] 

Catalyst TWC 

 

To monitor the engine parameters, such as in cylinder pressure, intake and exhaust temperature, engine 

oil and coolant temperature, 2 independent acquisition boards were used for high and low speed signals. 

The first one was a National Instruments NI PCI-6123 board, 8 channels, able to acquire up to 3.2 
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MS/s/channel, while the second one was a National Instruments compact DAQ cDAQ-9172 board 

coupled with a NI 9205 module, 32 channels, that can acquire up to 250 kS/s. Furthermore, by means of 

AVL 733S gravimetric fuel meters, the instantaneous (10 Hz acquisition rate frequency) and the average 

gasoline consumption were measured during the engine tests. Data consistency was checked by an online 

mass-balance implemented in the engine monitoring software. 

The engine ECU parameters were monitored and modified by means of ETAS ES590 interface module 

via Ethernet. The interface was connected with the engine ECU by means of a K-line cable. In order to 

modify the ECU calibration, INCA software was used. Through ASAM interface and by means of 

ASAP3 protocol, the ECU PC controller was coupled with the engine monitoring PC by a RS232 

connection. All engine parameters, fuel consumption and the main ECU parameters were monitored and 

acquired by a PC through a National Instrument LabView software developed for this purpose. In Figure 

1 a scheme of the experimental setup is reported. 

 

 
Figure 1. Scheme of the experimental setup. 

 

In order to analyze the carbonate compounds morphology and concentrations, sampling and imaging 

techniques have been applied to the engine exhaust, before and after the catalyst. Furthermore, taking 

into account that soot/PM oxidation is highly temperature dependent, as oxidation rate becomes relevant 

above 600 °C [28],[55],[56], in order to investigate the catalyst efficiency, all tests in this work have 

been carried out, keeping the catalyst intake temperature at 726 ± 4 °C [22],[57]-[59]. 
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Several SEM/TEM analyses have been executed on specimens (copper grids) taken at the exhaust via 

thermophoretic sampling techniques. The thermophoretic phenomenon is referred to the deposition of 

solid particles dispersed into a fluid, due to a temperature gradient between gas and specimen surface 

[60]-[62]. Copper grids with 300 meshes and 3 mm diameter were used as PM deposition surfaces for 

SEM analyses, while TEM analyses required different grids with carbon coating on the specimen. All 

grids were cooled at about 7 °C, in order to increase the temperature gradient, allowing a better PM 

deposition on the specimen. Finally, thermophoretic sampling was performed at constant engine speed 

of 1000 rpm and 50 Nm of load for 1 second. 

The SEM analyses were executed by means of ZEISS EVO 40 high vacuum microscope that allowed to 

work up to 1:1000000 of magnification ratio, being its maximum resolution equal to 4 nm at 30 kV, 

depending on specimen characteristics and images contrast. 

The Transmissions Electronic Microscope LEO 922 operating with an electron acceleration voltage of 

200 kV, 0.29 nm resolution was used to execute TEM, SAED and EDX analyses. 

In order to correlate PM composition with conventional sampling techniques at the exhaust, a comparison 

between 2 sampling techniques has been performed in the last part of the present work. Particularly, the 

Micro Soot Sensor (MSS) AVL-MSS and the opacimeter AVL DICOM 4000 have been applied. The 

first one, whose working principle is based on the photo-acoustic effect (a pulsed IR laser producing 

periodic heating around soot particles, generates a pressure pulse, directly proportional to the mass 

concentration of carbon black [63] (soot particles are strongly absorbing the MSS laser pulses, despite 

other solid particles, whose acoustic effect is therefore negligible), which is acquired by a high sensitivity 

microphone placed into a resonant chamber) was used to measure the soot concentration (carbon fraction 

of particulate matter). While, the opacimeter AVL DICOM 4000 was used to measure the total PM 

concentration. The working principle of this instrument is based on the light absorption effect due to 

solid particles dispersed into a fluid. By considering a light beam with intensity 𝐼" propagating into a 

fluid in thermal equilibrium with an optical path length 𝐿, the light extinction can be expressed according 

to the Lambert-Beer law [64]: 

𝐼(𝐿) = 𝐼"𝑒()*  (1) 

where 𝜎, the particle cross section related to the extinction coefficient, can be expressed as follows: 

𝜎 = , 𝑁(𝑟)𝑄012(𝜆,𝑚, 𝑟)𝜋𝑟7𝑑𝑟
9

"
 

(2) 

According to Mie theory [65],[66], in Eq. 2, 𝑁(𝑟) is the number of particles having radius 𝑟, 𝑚 = 𝑛 − 𝑖𝑘 

is the complex refraction index of particles and 𝑄012(𝜆,𝑚, 𝑟) is the extinction efficiency for spherical 
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particles with known optical properties. Therefore, the extinction through a medium is composed by 2 

contributes: 

𝑄012 = 𝑄>?@ + 𝑄@B>2 (3) 

where 𝑄@B>2 is the scattering efficiency for spherical particles and 𝑄>?@ is the absorption efficiency. 

The measured intensity by the sensor, 𝐼, depends on particles radius and composition as well as laser 

source wavelength. This means that all the opaque particles (carbon, oil lubricant/HC, fuel/HC, metallic) 

produce light absorption unlike as in a photo-acoustic sensor (e.g. AVL MSS) able to detect only the 

carbon component of particulate matter. 

 

2.1. Measurement points identification 

Since the aim of the present work was the study of PM compound produced by a turbocharged GDI 

engine, different injection strategies (modification of ECU values as start of injection crank angle and 

rail pressure) have been tested at engine speed of 1000 rpm and load of 50 Nm, in order to identify crucial 

sooting conditions of low speed vehicles, starting without turbocharger functioning. Particularly, once 

reached the engine operating point of 1000 rpm 50 Nm and set the rail pressure to 50 bar, a scheduled 

increment of rail pressure was performed, starting from 50 up to 120 bar with steps of 10 bar. After the 

last set point was reached, the rail pressure was reset to 50 bar and a new scan with several start of 

injection crank angles (up to 340 CA° bTDC with increment steps of 10 CA°) was tested. For each ECU 

point, several analyses have been realized, according to the summary in Table 2. 
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Table 2. List of measurement points and analyses. 

ID ECU parameters SEM TEM/SAED 
 

EDX Soot concentration Opacity 
SOI 
(CA°) 

Rail pressure 
(bar) 

1 270 50 þ þ þ þ þ 
2 270 60 ¨ ¨ ¨ þ þ 
3 270 70 ¨ ¨ ¨ þ þ 
4 270 80 þ þ þ þ þ 
5 270 90 ¨ ¨ ¨ þ þ 
6 270 100 ¨ ¨ ¨ þ þ 
7 270 110 ¨ ¨ ¨ þ þ 
8 270 120 þ þ ¨ þ þ 
9 280 50 ¨ ¨ ¨ þ þ 

10 290 50 ¨ ¨ ¨ þ þ 
11 300 50 þ þ ¨ þ þ 
12 310 50 ¨ ¨ ¨ þ þ 
13 320 50 ¨ ¨ ¨ þ þ 
14 330 50 ¨ ¨ ¨ þ þ 
15 340 50 þ þ ¨ þ þ 

 

The fuel consumption, measured by a fuel balance, was almost constant (1.89 ± 0.09kg/h) during all tests 

confirming that the different injection strategies did not affect the total fuel consumption significantly.  

 

3. Results and discussion 

3.1. SEM, TEM, SAED and EDX analysis 

In this section, the results of several SEM, TEM, SAED and EDX analyses are presented. The SEM 

analyses allowed to study morphology and dimension of soot and PM particles, while higher resolution 

TEM images coupled with SAED and EDX analyses were used to study in depth their 

morphology/composition. 

In Figure 2, two SEM images at different magnifications, related to the test case 1, at 50 bar rail pressure 

and 270 CA° bTDC SOI, are reported. 
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Figure 2. Test case 1; SEM images at different magnifications (A: 3320 magnification; B: 10000 

magnification). 

 

As shown in Figure 2-A, no significant particulate deposition is detectable on the specimen at low 

magnification), while the higher magnification image (Figure 2-B) shows rare filament-like particles, 

having the main dimension of about 2 µm and several branched structures with lower dimension of about 

200-500 nm: these particles are usually generated in high temperature well-premixed combustion 

processes. Under these conditions, soot particles coalesce in form of chain, due to the pressure of charged 

radicals in the flame: as the flame extinguishes, the free charges disappear and the chains coalesce 

without a preferential direction resulting in the larger agglomerates shown in Figure 2-B. 
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Figure 3. Test case 1; TEM images of graphite clustered nanoparticles at different magnifications (a, b 

and c) and mean diameters distribution (d), measured by Euclidean Distance Mapping (EDM) on the 

thresholded TEM images. 
 

This assumption is confirmed by the TEM bright field images, reported in Figure 3, which show a typical 

carbon cluster with main dimension of about 260 nm and it is also strengthen through diffractometry 

(SAED analysis), in which crystal lattice structures of the particles have been analyzed by means of 
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Miller's indexes values (hkl): indeed according to [67], the diffraction image of particle produces a series 

of concentric circles, whose diameters represent the lattice main dimension into an orthogonal direction 

to the electron beam. Therefore, by knowing the main lattice dimension of the species, it is possible to 

analyze chemical composition of each particle. The results are summarized in Table 3. 

 

Table 3. Test case 1; SAED analysis: nanoparticles diffraction image, experimental diffraction diameters 

and indexed diffraction diameters of carbon black [27]. 

 

Experimental diameter (A) Carbon indexed 
diameter (A) hkl value 

D1 = 3.31 D1 = 3.37 002 
D2 = 2.18 D2 = 2.13 100 
D3 = 1.90 D3 = 1.80 102 
D4 = 1.20 D4 = 1.21 111 

 

Experimental diffraction pattern of PM is similar to carbon black, having comparable diameters of the 

rings. Therefore, these results demonstrated that, in the first test case, a significant part of the clusters 

was composed by aggregates of carbon spheres with mean diameter of about 25 ± 7nm (see distribution 

reported in Figure 3-d measured by Euclidean Distance Mapping (EDM) on the thresholded TEM 

images [68]). 
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Figure 4. Test case 1: TEM images of metallic nanoparticles at different magnifications. A diffraction 

image is reported as the insert in b). 

 

In addition to the above-discussed soot particles, in the test case 1, several polycrystalline aggregates 

have been also found on the specimen. They consisted of metallic nano-crystals with mean dimension of 

few nanometres (4 ± 1 nm) aggregated in cluster of about 500-700 nm, as it is evident in the high-

resolution image of Figure 4-b.  

To deepen the metallic nano-particles composition, an EDX analysis has been performed. The EDX 

spectrum, reported in Figure 5, shows traces of Cu and Si atoms in the nanoparticles; furthermore, as 

their inter-planar distances, ranged between 2 and 3 A (these values have been yielded according to [69] 

and [57], by the six high intensity spots detected in the diffraction image of Figure 4-b), it is possible to 

conclude that they are bonded into an alloy, while the formation of pure metallic crystals of Cu and Si 

can be ruled out. This experimental result is compatible with the piston material (40 - AlSi12Cu3Ni2Mg), 

but not whit the combustion chamber alloy (aluminum and zirconium oxides) or with the lube oil 

(standard 5W20 composed mainly by Na, Ca, Zn, and P [20]). Finally, Chlorine traces are also present 

probably due to additives into fuel.  
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Figure 5. Test case 1: Metallic nanoparticles EDX spectrum. 

 

The increment in rail pressure up to 80 bar (test case 4) leaded to higher particulate matter deposition, 

with respect to the 50 bar rail pressure case; furthermore, bigger particles with mean diameter up to 20 

µm were also detected, as it is shown in Figure 6-A, where a plerosphere structure from coal fly ash is 

observable [58]. Besides, at higher SEM magnification, well-defined cloudy structures with filament-

like particles can be seen around the big PM particle (Figure 6-B). Therefore, their 

morphology/composition has been investigated by means of TEM, SAED and EDX analysis. 
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Figure 6. Test case 4: SEM images at different magnifications (A: 2300 magnification; B: 6500 

magnification). 

 

In the TEM bright field images of Figure 7 (a, b and c), typical carbon particles are shown; their 

composition is confirmed by the particle diffraction pattern reported in Table 4. In this case, the spheres, 

forming branched-like carbon clusters, have mean diameter of 38 ± 7 nm with the distribution of Figure 

7-d, while the clusters are characterized by mean dimension of about 2 µm (Figure 7-a). 
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Figure 7. Test case 4: TEM images of graphite clustered nanoparticles at different magnifications (a, b 

and c) and mean diameters distribution (d), measured by Euclidean Distance Mapping (EDM) on the 

thresholded TEM images. 
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Table 4. Test case 4: SAED analysis: nanoparticles diffraction image and experimental diffraction 

diameters. 

 

Experimental diameter (A) 

D1 = 3.40 

D2= 2.10 

D3= 1.81 

D4= 1.25 

 

In the 80 bar 270 CA° bTDC injection conditions (test case 4), as also detected in the previous test case 

1, several polycrystalline clusters have been found on the copper grid (see Figure 8), but unlike the 

previous point, this kind of particles have a higher number of nano-crystals and higher mean dimension 

(6 ± 1 nm).  

 

 
Figure 8. Test case 4: TEM images of metallic nanoparticles at different magnifications 
 

Although, the diffraction image inserted in Figure 8-b shows a higher number of intensity spots with 

respect to the test case 1, also in this instance, the measured inter-planar distances resulted in the range 

of 2 – 3 A, confirming the previous result. Besides, the EDX spectrum of metallic nanoparticles in Figure 

9 shows Cu and Si peaks, compatible with the piston material, but unlike the previous case, these peaks 
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are more numerous and more intense, suggesting the presence of a growing piston wear phenomenon 

(the higher the counts, the higher the particles concentration in the specimen which are removed from 

the piston). Finally, Sulphur traces were founded on the specimen, probably related to fuel. 

 

 
Figure 9. Test case 4: Metallic nanoparticles EDX spectrum. 

 

In conclusion, the 80 bar, 270 CA° bTDC operative point (test case 4) was characterized by the 

production of carbonaceous and polycrystalline clusters, having higher dimensions with respect to the 

test case 1. 

By further increasing of the rail pressure up to 120 bar (test case 8), more particles on the copper grid 

were observed; besides, the higher rail pressure influenced their dimension reducing them below the 

value of 2 µm (Figure 10-A). Also in this case, filament-like particles seem attached on bigger PM 
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particles, but unlike the previous pressure set points (50 and 80 bar), at 120 bar rail pressure several 

stand-alone not aggregated filament-like particles have been observed (Figure 10-B). 

 

 
Figure 10. Test case 8: SEM images of two different particles at 15000 magnifications. In background 

the copper specimen can be observed. 

 

The TEM analysis (Figure 11) showed 2 main different structures, despite the test cases at 50 and 80 

bar: 

• Crystal lattice nanoparticles of non-carbon metallic particulate matter, characterized by bimodal 

distribution of diameters, with small particles of 9 ± 4 nm and bigger particles of 27 ± 10 nm, 

uniformly distributed on the copper grid. 

• Graphite structures with different morphology, aggregated into micro structures: 

1. one dimension structures nano-belt kind with core-shell morphology; 

2. nanotube structures; 

3. textured nano-foils structures. 
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Figure 11. Test case 8: TEM images of nanoparticles (a), diameters bimodal distribution (b), measured 

by Euclidean Distance Mapping (EDM) on the thresholded TEM images. 
 

The diffraction image of the nanoparticles (reported in Table 5) is similar to a polycrystalline material, 

as can be deduced from the reticular distances. Indeed, some circles values cannot be associated to 

carbon particles, but to metallic oxides, such as aluminum or copper. Besides, the presence of several 

white spots on diffraction circles reveal the high variability of the material constituting the particles.  

 

Table 5. Test case 8; SAED analysis: nanoparticles diffraction image and experimental and indexed 

diffraction diameters. 

 
 
 
 

Exp. diameter (A) Indexed diameter (A) hkl value 
D1 = 5.40 5.43 (Si) 100 

D2 = 3.59 3.54 (Cu) 100 

D3 = 3.45 3.37 (C) 002 

D4 = 2.89 2.89 (Cr) 110 

D5 = 2.77 2.82 (Al) 220 

D6 = 2.60 2.66 (Zn) 100 

D7 = 2.11 2.13 (C) 100 

D8 = 1.83 1.80 (C) 102 

D9 = 1.23 1.21 (C) 111 

D10 = 1.08 1.04 (C) 20 (l=0) 
 

By considering the interpretation of the data in Table 5, it can be assumed that, due to the high injection 



 

19 

pressure of 120 bar, piston abrasion occurred in relevant manner: the metallic compounds particles, in 

fact, are compatible with the piston material. In conclusion, the 120 bar and 270 CA° bTDC operative 

point seems to be very heavy in terms of piston abrasion, as confirmed by the high number of metallic 

particles found at the exhaust. 

On the same specimen, together with metallic-compound nanoparticles, carbonaceous structures have 

been identified. In Figure 12 typical nano-belt graphite particles are shown, while their diffraction image 

and lattice dimensions are reported in Table 6. These structures have a typical core-shell morphology 

with a crystalline core (as evident from the typical bend contours) and an amorphous shell. 

 

 
Figure 12. Test case 8: TEM images of nano-belt graphite structures with core-shell morphology 

 

Table 6. Test case 8; SAED analysis: nano-belt particles diffraction image and experimental diffraction 

diameters. 

 

Experimental diameter 
(A) 

D1= 3.40 

D2= 2.13 

D3= 1.76 

D4= 1.19 
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Other typical structures found on the copper grid at 120 bar - 270 CA° bTDC operative point were 

nanotube-like particles, as reported in Figure 13. 

 

 
Figure 13. Test case 8: TEM images of nano-onion graphite structures 

 

These particles are similar to those already observed by SEM analysis (Figure 10), presenting a filament-

like morphology. Their mean diameter is about 20 nm. The planar lattice distances obtained from the 

diffraction image (Table 7) are in agreement with the carbon lattice in a graphite phase. 

 

Table 7. Test case 8; SAED analysis: nano-onion particles diffraction image and experimental diffraction 

diameters. 

 

Experimental diameter (A) 

D1= 3.40 

D2= 2.13 

D3= 1.76 

D4= 1.19 
 

The third carbon structures observed on the copper specimen were nanofoils textured particles (see 
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Figure 14). These structures were composed by different graphite carbon layers, with a hexagonal lattice 

structure and a regular alignment of the hexagons edge. The textured nature of these structures has been 

deducted from the diffraction image in Table 8, in which discontinuous rings with maximum of intensity 

along specific angular directions (white lines in figure) can be observed. In this case, the preferred 

orientation of the nanofoils was read by the lack of the main diffraction ring of the (002) lattice plane at 

3.4 A. This lack indicates that the structure was oriented along the hexagon axis c perpendicular to the 

plane of the sample and the crystal growth occurred into a perpendicular direction to the specimen. The 

first Miller index in this configuration was equal to zero for each reticular plane. The bright field image 

of Figure 14 shows interfering Moire fringes due to the overlap of the (100) and (200) lattice layers. 

 

 
Figure 14. Test case 8: TEM images of nanofoils graphite structures 

 

Table 8. Test case 8; SAED analysis: nanofoils particles diffraction image and experimental and 

indexed diffraction diameters 

 

Exp. diameter (A) Indexed (A) 
carbon hk (l=0) 

D1 = 2.13 2.13 10 

D2 = 1.13 1.23 11 

D3 = 1.04 1.06 20 

D4 = 0.82 0.81 12 
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In order to analyze in depth the relationship between ECU parameters and particulate morphology, the 

rail pressure was set to 50 bar, and 2 more SOI CAs were tested (test cases 11 and 15 in Table 2). Two 

SEM images at different magnifications of the copper grids at the exhaust for the test case 11 are reported 

in Figure 15. 

 

 
Figure 15. Test case 11: SEM images of two different particles at 7000 magnifications. In background 

the copper specimen can be observed. 

 

At 7000 magnifications, it can be observed a high number of small filament-like aggregates of about 5 

µm, with branched organization and well-defined small filament aggregations. Furthermore, in Figure 

15-B, a sample of higher dimension PM particle of about 2 µm can be detected whit other small linear 

particles attached on the grid surface, which can be assumed to be carbon particles, as confirmed by the 

next TEM/SAED analysis. 

In Figure 16 (a-b-c) several particles detected on the copper grid are shown for different magnifications. 

In this case, the main particles dimension is 28 ± 5nm with a mono-modal distribution as reported in 

Figure 16-d. A main cluster dimension between 100-350 nm has been measured on the specimen. The 

diffraction image in Table 9 demonstrates that the observed particles are carbon particles. Particularly, 

their structure seems a typical soot structure with carbon spheres aggregated together to form branched 

microparticles. 

Finally, unlike the 50 bar 270 CA° bTDC, no significant concentration of metallic compounds and metal 

nanocrystals have been detected. 
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Figure 16. Test case 11: TEM images of graphite clustered nanoparticles at different magnifications 

(a,b and c) and mean diameters distribution (d), measured by Euclidean Distance Mapping (EDM) on 

the thresholded TEM images. 

 

 

Table 9. Test case 11; SAED analysis: nanoparticles diffraction image and experimental diffraction 

diameters 

 

Experimental diameter 
(A) 

D1= 3.36 
D2= 2.21 

D3= 1.75 

D4= 1.27 
 



 

24 

In the last test case 15, a SOI of 340 CA° bTDC leaded to an increment in particulate matter dimension 

up to 20 µm, covered with filaments and aggregates of filaments: in Figure 17, in addition to a big PM 

particle, a uniform deposition of filament structures characterized by low dimensions (about 500 nm 

length) can be observed. 

 

 
Figure 17. Test case 15: SEM images of two different particles at 4000 magnifications. 

 

From the TEM analysis on the specimen, in this last operative point, only low dimension filament-like 

structures were found having main dimension of about 500nm (Figure 18).  
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Figure 18. Teste case 15: TEM images of Graphite clustered nanoparticles at different magnifications 

(a,b ad c) and mean diameters distribution (d), measured by Euclidean Distance Mapping (EDM) on 

the thresholded TEM images. 
 

These particles are uniformly distributed on the copper grid and have a mean diameter of 43 ± 12 nm 

(Figure 18-d). Their structure is a typical soot structure, composed by carbon spheres aggregated in a 

random branched mode with linear dimension of about 1 µm. The diffraction image and the Miller 

indexes (Table 10) confirm that these particles are carbon aggregates. Finally, no metallic particles 

compounds have been found on the specimen. 
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Table 10. Test case 15; SAED analysis: nanoparticles diffraction image and experimental diffraction 

diameters. 

 

Experimental diameter (A) 

D1= 3.37 

D2= 2.13 

D3= 1.80 

D4= 1.21 
 

It can be underlined that, while for rail pressure variations from 50 to 120 bar, increase in concentration 

of non-carbon nanoparticles have been found on the specimen, in the SOI variations up to 340 CA° there 

was no evident traces of non-carbon structures, being the copper grids covered only by carbon particles.  

By coupling the SEM-TEM analyses it is possible to relate the main dimension of soot clusters with the 

single soot sphere dimension varying the injection strategies. Therefore, Figure 19 and Figure 20 

summarize the main dimensions of soot clusters and nanoparticles detected in the above-discussed test 

cases by means of TEM analyses, highlighting that: 

- an increase in rail pressure up to 120 bar leads to an increase in main cluster dimension (about 

1.5÷2 µm), while carbon soot nanoparticles diameter remains approximately stable around the 

value of 38 ± 7 nm; 

- an increase in SOI up to 340 CA° bTDC at constant rail pressure of 50 bar leads to an increment 

of both soot clusters dimension (about 1.5 µm) and carbon nanoparticles main diameter (43 ± 12 

nm). 

The obtained values for soot dimensions are in good agreement with other researches on GDI emissions 

[11],[17]. 

 



 

27 

 
Figure 19. Main dimension of soot clusters and soot nanoparticles as a function of rail pressure at 270 

CA°. 

 

 

 
Figure 20. Main dimension of soot clusters and soot nanoparticles as a function of SOI °CA at rail 

pressure of 50 bar. 
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In conclusion, after the above-discussed SEM/TEM/SAED /EDX analyses, it can be affirmed that: 

- for a rail pressure of 50 bar and 270 CA° SOI, no significant PM/soot formation was detectable 

on the specimen; an increment in rail pressure up to 80 bar leaded to an increment in soot clusters 

dimension (about 2 µm with big particles up to 10µm) and quantity; Besides in this condition, 

soot and metallic particles depositions have been detected. At rail pressure of 120 bar, a further 

increment in number of soot clusters coupled with a reduction of their mean dimension (down to 

1÷2 µm) has been observed: in this case, the metallic particles depositions became relevant, 

highlighting a strong phenomenon of piston wear; 

- starting from 50 bar rail pressure and 270 CA° bTDC SOI, an increase in SOI angle up to 300 

CA° bTDC leaded to high sooting conditions; in this case, the clusters were characterized by big 

particles (dimension about 2÷5 µm) with branched structure and uniformly distributed sub-

micron linear dimension structures (about 500 mn). Finally, big soot particles aggregation up to 

5 µm have been observed for further SOI increase (340 CA° bTDC). 

Moreover, the SOI CA° increase seems to be less harmful for pistons and engine abrasion, since it leads 

to no formation of metallic compounds at the exhaust but produce higher sooting conditions. 

 

3.2. Continuous gas sampling techniques: Photo Acoustic Detector and DICOM analysis 

In the last part of the present study, the relationship between morphology/structure of PM compounds 

and engine injection strategies has been investigated. Taking into account the results discussed in the 

previous section, 2 continuous gas sampling techniques, applied by means of 2 different instrumentations 

(soot concentration by means of AVL MSS and opacity by means of AVL DICOM) have been compared, 

to provide confirmation about soot/particulate composition. 

According to Table 2, all measures of soot concentration and opacity have been performed in 2 different 

points, before catalyst and at exhaust. Figure 21 and Figure 22 show the soot concentration 

measurements, carried out by means of AVL MSS, as a function of rail pressure and SOI, respectively. 
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Figure 21. MSS measurements: soot concentration as a function of rail pressure, before catalyst and at 

exhaust. 

 

By referring to Figure 21, a linear increment in soot production with the rail pressure can be observed 

before the catalyst. A similar behavior has been found at the exhaust, but with reduced values of soot 

concentration (about 3 mg/m3 at 120 bar of rail pressure). As told before, the rail pressure increment 

leads to formation of non-carbon structures, mainly evident in the 120 bar rail pressure case (Figure 11), 

and of high dimension carbon particles. As the MSS is able only to detect the carbon component of 

particulate, low influence of rail pressure variation in emission production was detected at exhaust.  

With regards to Figure 22, for low SOI values, the soot concentration increases linearly. Instead, over 

300 CA° bTDC a higher increment of soot production in SOI curve can be detected. 
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Figure 22. MSS measurements: soot concentration as a function of SOI CA°, before catalyst and at 

exhaust.  

 

This result can be explained taking into account that from this SOI value there could be a high piston or 

aspiration valves impingement. Furthermore, it is in accord with the previous TEM analysis: indeed, by 

referring to Figure 18 at 340 CA° bTDC SOI, the particulate produced by the engine is composed only 

by carbon particles, that are accurately detected by the MSS. Besides, due to the high quantity of carbon 

particles, the catalyst is not able to efficiently trap and oxidize the carbonate compound that have been 

detected also at the exhaust. 

In the same operative points, opacimetric measurements, before the catalyst and at the exhaust, have been 

performed via AVL DICOM 4000 and subsequently compared with MSS and SEM/TEM/SAED/EDX 

results (Figure 23 and Figure 24). 
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Figure 23. Opacity as a function of rail pressure, before catalyst and at exhaust.  

 

 
Figure 24. Opacity as a function of SOI CA°, before catalyst and at exhaust.  
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As can be observed, the opacity measured before catalyst increases almost linearly for both rail pressure 

and SOI increasing, although the influence in absorption coefficient is higher for an injection timing shift 

toward higher values with respect to rail pressure variation. This result can be explained taking into 

account that the AVL DICOM 4000 measurements are influenced by all particles producing light 

absorption, according to Eq. 1. At the exhaust, instead, no influence in emissions quantity has been 

detected by DICOM for rail pressure variation, while the SOI increment leads to opacity increase with 

higher values of 310 CA° bTDC. The opacimeter is not able to efficiently detect nanometric particles, as 

their cross section does not produce a considerable light absorption and, being in the Rayleigh scattering 

regime, the backscattered component of light (about 50%) produces a reduction of the acquired signal 

[65],[66]. 

In conclusion, the above-discussed results allowed to do the following considerations about the catalyst 

efficiency, expressed as reduction of soot and PM at the engine exhaust: 

- even working with different measurement principles and measuring different quantity, a good 

catalyst efficiency has been measured by AVL MSS and AVL DICOM 400, over all rail pressures 

under investigation (Figure 21 and Figure 23); 

- Figure 22 and Figure 24 demonstrate that catalyst efficiency can reach very good performance 

(about 90%) for values of SOI up to 300 CA°; over this injection condition, due to the high 

amount of soot particles, the oxidation reaction into the catalyst is not complete, thus allowing to 

soot to reach the exhaust. 

The actual key point for GDI engines is to reduce production of sub-micrometric particles, since 

dangerous for human health. As seen from the SEM/TEM analyses and from the MSS/DICOM 

measurements, injection strategies (variation of rail pressure and SOI) can be considered as key factor to 

obtain an increase in soot/PM cluster dimension (Figure 19 and Figure 20) , even if total emission amount 

has to respect the regulation for light duty vehicles. Furthermore, the increase in cluster dimension can 

improve the gasoline particle filter efficiency, as observed by Viswanathan et al. [70],[71]. Operative 

points with high clusters dimension (1.5÷2 µm) and reduced amount of soot emission (1.2÷3.5 mg/m3) 

can be achieved by rail pressure value higher than 80 bar, although high values of rail pressure should be 

avoided, leading to relevant piston wear, as observed by means of the TEM analysis at 120 bar. 

 

4. Conclusions 

In the present work, several techniques have been used together, to analyze morphology, composition 

and concentration of particulate matter and soot at the exhaust of a commercial turbocharged, 1.4 litres, 
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90 kW GDI engine. Particularly, several electronic microscopy images (SEM and TEM) coupled with 

SAED/EDX analyses have been done. Furthermore, conventional exhaust sampling techniques have 

been used to measure soot concentration (AVL Micro Soot Sensor) and light absorption due to PM (AVL 

DICOM 4000). These measurements were carried out at low engine speed (1000 rpm) and loads (50 

Nm), by varying rail pressure for gasoline injection (from 50 bar to 120 bar at constant SOI of 270 CA° 

bTDC) and start of injection before TDC (from 270 to 340 CA° bTDC at constant rail pressure of 50 

bar).  

The results can be summarized as follows: 

• For engine standard conditions of 50 bar and 270 SOI CA°, at exhaust, soot carbon clusters of 

about 200-500 nm composed by nanoparticles of 25 ± 7 nm have been found. In this case, the soot 

structure was like a branched cluster. Metallic polycrystalline aggregates of about 600 nm of nano-

crystals with mean dimension of 4 ± 1 nm have been detected on the copper grid too. The EDX 

analysis on these particles revealed that they came from the piston, being compatible with its 

composition. 

• An increase in rail pressure up to 80 bar leaded to an increase in main cluster dimension (about 2 

µm) and carbon soot nanoparticles diameter (up to 38 ± 7 nm). The carbon clusters were composed 

by nanoparticles chains. Besides, higher density and mean dimension (6 ± 1 nm) of metallic nano-

crystals have been found. The EDX analysis revealed an increase in non-metallic particles 

concentration and subsequently a higher piston wear with respect the 50bar, 270 SOI CA° 

condition. 

• At rail pressure of 120 bar, a slight reduction in carbon clusters dimension down to about 1.5 µm 

has been detected and 3 main soot structures have been found: nano-belts with core-shell 

morphology, nanotubes and textured nanofoils. All the 3 structures were carbonate compounds, as 

revealed by the SAED analysis. 

• The start of injection up to 300 CA° bTDC at constant rail pressure of 50 bar leaded to an increment 

of soot with respect to the first operative condition. In this case, the main clusters dimension was 

about 300 nm, with nanoparticles diameter of 28±5 nm. All detected particles were carbonate 

aggregates (graphite) as revealed by the diffraction images. No evident presence of metallic 

particles have been found on the specimen. 

• A further increase in SOI up to 340 CA° bTDC leaded to an increment of both soot clusters 

dimension (about 1.5 µm) and carbon nanoparticles main diameter (43 ± 12 nm). Also in this case 

only carbonate branched chains have been detected with no metallic polycrystalline presence. 
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In conclusion, the results clarified the relationship between injection strategies, PM morphology, PM 

composition and catalyst efficiency: 

- increases in rail pressure lead to changes in cluster morphology (from simple nanoparticles chains 

to nano-belts with core-shell morphology, nanotubes and textured nanofoils), composition (only 

soot carbon clusters under low pressure condition and traces of metallic polycrystalline 

aggregates related to the piston wear phenomenon under high pressure condition) and dimension 

(up to 1.5÷2 µm); 

- increases in SOI lead to higher soot production, with negative effects on catalyst efficiency (due 

to the higher amount of soot particles, the oxidation reaction into the catalyst is not complete, 

thus allowing to soot to reach the exhaust). 
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