
 

 

 

 Trans. Nonferrous Met. Soc. China 26(2016) 3205−3218 

 
Formation and characterization of self-lubricated carbide layer on 

AA6082 Al−Mg−Si aluminum alloy by electrical discharge alloying process 
 

Wang-Chih CHEN1, Hung-Mao LIN2, Jun-Yen UAN1 
 

1. Department of Materials Science and Engineering, National Chung Hsing University, 

145 Xingda Rd., South Dist., Taichung City 40227, China; 

2. Department of Mechanical Engineering, Far East University, Zhonghua Rd., Xinshi Dist., Tainan City 74448, China 
 

Received 30 December 2015; accepted 11 March 2016 

                                                                                                  
 

Abstract: The surface modification on the AA6082 Al−Mg−Si aging-hardenable aluminum alloy was investigated by electrical 

discharge alloying (EDA) process. Kerosene, used as a dielectric fluid, was pyrolytically decomposed into carbon for the formation 

of a self-lubricated carbide layer on the aluminum alloy surface during EDA process. Transmission electron microscopy (TEM) 

image found that the self-lubricated carbide layer was a multi-phase material with carbides and graphite. As a result, the 

EDA-modified aluminum alloy had a negligible wear rate of ~210−4 mg/m (c. f. ~1.110−2 mg/m for aluminum alloy substrate). 

Notably, a new characteristic was found that the EDA-processed carbide layer was a soft magnet, which improved the 

electromagnetic interference (EMI) shielding performance of the alloy. 

Key words: Al−Mg−Si aluminum alloy; surface modification; electrical discharge alloying; self-lubricating; pyrolytic carbon; 

electromagnetic interference shielding 

                                                                                                             

 

 

1 Introduction 
 

AA6××× Al−Mg−Si aluminum alloy has been 

extensively studied because of its technological 

importance in the automotive industry [1] and its 

structural applications, for which demand is high [2]. 

The age-strengthening response of the alloy is 

considerable, and appropriate precipitation heat 

treatment considerably improves its strength [3−5]. 

Among the 6 series of alloys, AA6082 Al alloy is 

one of the strongest, and its other properties are only 

slightly poorer than those of other alloys in the series [5]. 

However, the automotive industry would like to see a 

wider range of tribological applications of aluminum 

alloys as guide bars, bearing plates or seat supports; 

these demands could be met if the alloy surface could be 

made stiff, hard and wear-resistant to provide favorable 

wear protection [6]. Although the 6082 Al alloy has 

many favorable properties, its surface cannot resist wear 

under a large load. The wear behavior of Al alloy is 

generally governed by extensive material plastic flow, 

and its plastic deformation limits its tribological 

applications [7]. A few studies [6,8−10] have 

investigated modifications to the surface of the 6082 

substrate. BARAGETTI et al [6] considered the effect of 

a physical-vapor-deposited (PVD) CrN film on the 

fatigue resistance of PVD-coated 6082 alloy. Other 

studies [8−10] have developed the plasma electrolytic 

oxidation (PEO) of 6082 alloy. PEO generally involves a 

pulse current at voltages up to 700 V in an alkaline 

silicate or aluminate electrolyte. According to    

KUHN [11], the PEO process consumes high energy and 

the process also suffers from requiring a stable 

electrolyte and complex equipment. This study develops 

a process for the metallurgical modification of the 

surface of 6082 substrate that does not use any 

electrolyte. The formed coating was thick, metallic and 

hard, and incorporated small graphite particles, which 

were hard and self-lubricated. The purpose of the coating 

on aluminum alloy is to improve its surface hardness and 

tribological properties. 

Electrical discharge machining (EDM) is a 

non-conventional material removal process in which the 

electrode material is anodic (positive polarity) and the 

workpiece is the cathode (negative polarity) [12,13]. A 
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series of discrete electrical discharges occur between the 

electrode and the workpiece, which are immersed in a 

dielectric fluid, and the electric energy is converted into 

thermal energy [14], yielding a temperature between 

8000 to 12000 C [15]. The high temperature initializes 

the melting of the materials on the surface of each pole. 

The surface material at the cathode is removed relatively 

quickly because the electrostatic forces and stress 

distribution act primarily on the cathode [16]. 

Importantly, in this work, reversing the polarity such that 

the electrode becomes the cathode and the workpiece 

becomes the anode changes the process of material 

removal, such that an appreciable amount of electrode 

material can be deposited on the surface of the  

workpiece [17−26]. SPADLO et al [27] investigated 

mathematical modelling of the electrical discharge 

alloying process to estimate the material transfer rate 

from electrode to workpiece surface. Despite the 

publication of EDA investigations of various electrode 

materials and workpiece substrates, the combination of a 

solid pure iron electrode with an AA6082 workpiece 

substrate has not been studied. STAMBEKOVA       

et al [23,24] addressed the EDA alloying of Si−25%Fe 

alloy electrode [23] or a pure silicon electrode [24] on an 

AA5083 substrate. Although silicon particles are 

distributed in the EDA layer, the hardness of this EDA 

layer is only in the range HV 300−HV 500 [23,24]. To 

improve the hardness of such a EDA layer on an 

aluminum substrate, special electrodes, such as titanium− 

aluminum (Ti−36%Al) [19], titanium carbide−copper 

(TiC−Cu) [28] and titanium−boron carbide (Ti−B4C) 

electrodes [29] have been used. These electrodes were 

green compact electrodes or semi-sintered compact 

electrodes [19,28,29]. Apparently, the low binding 

energy between the powder particles in a green compact 

electrode promotes melting on its surface and the 

deposition of the molten material on the substrate [22,30]. 

However, green compact (semi-sintered) materials, 

unlike solid electrodes (such as iron), exhibit poor 

strength and almost no machinability. A solid iron 

electrode, with higher strength and machinability, can be 

used with a large workpiece and/or a workpiece with 

complex surface morphology in the electrical discharge 

alloying process. 

In the formation of a hard EDA layer on an 

aluminum substrate using a solid electrode, pyrolytic 

carbon is a critical element. This carbon is generated by 

pyrolysis in an electrical sparking gap, with kerosene as 

the dielectric fluid. CHEN et al [31] investigated the 

effect of the dielectric fluid that is used in EDM; they 

found a hardened and carbonized layer could be formed 

on the machined surface when the dielectric fluid was 

kerosene, and that a softened layer was formed when the 

dielectric fluid was distilled water. In surface 

modification using a Cu−W semi-sintered electrode on 

an electrical discharge machine in kerosene, the pyrolytic 

carbon that was decomposed from the kerosene can be 

compounded with molten tungsten to form tungsten 

carbide (WC), which is deposited on the substrate [32]. 

TSUNEKAWA et al [19] and CHEN et al [32] found no 

Ti2AlC in the electrical discharge-alloyed layer on Al 

substrate when a Ti−64%Al green compact electrode was 

used. The above results may be due to the extremely low 

solubility of carbon in the molten Ti−Al electrode, based 

on experimental results concerning the solubility of 

carbon in molten metal by COX and PIDGEON [33]. In 

the present work, solid pure iron was used as a consumed 

electrode because not only does it have a relatively low 

melting temperature of 1538 °C (which should be 

compared with 3422 °C for tungsten and 1668 °C for 

titanium) but also the carbon is highly soluble in molten 

iron. At a temperature of over 1538 °C, molten iron 

dissolves up to ~25% carbon (mass fraction) [34]. 

Additionally, both Fe and Al are carbide forming 

elements [35]. During electrical discharge in the sparking 

gap to break down the dielectric fluid into pyrolyzed 

carbon [36], carbonization in the molten iron may occur, 

and the carbonized molten iron may mix with the molten 

aluminum on the surface of the aluminum workpiece to 

form Fe−Al−C carbide and/or Al−C carbide. 

Briefly, this work is the first to use the EDA process 

to modify AA6082 aluminum alloy with solid pure iron 

as an electrode. The modified layer was hard (HV~1450) 

and self-lubricated. The EDA coating thus formed was 

characterized. A soft sublayer in the substrate 

immediately beneath the modified layer was formed, 

owing to the high temperature that was produced by 

electrical discharge sparking. An effective EDA process 

for forming not only a hard EDA layer but also a 

re-precipitation hardenable sublayer immediately 

beneath the EDA layer was developed. Interestingly, 

experimental evidence reveals that the EDA layer 

obtained herein was a soft magnet. The electromagnetic 

interference shielding performance of the EDA layers 

was measured. 

 

2 Experimental 
 

2.1 Substrate material and electric discharge alloying 

(EDA) process 

The chemical composition  (mass fraction) of the 

AA6082 aluminum alloy was: 0.78% Mg, 0.97% Si, 

0.47% Mn, 0.22% Fe, 0.05% Cu, 0.02% Cr, 0.02% Ti 

and Al balance. As-received aluminum alloy 6082 

(as-received 6082-T651) and solid solution-treated 

6082-T4 (Solu_6082) were used as substrates herein. 

The hardness of the as-received 6082-T651 was about 88 

on the Rockwell Hardness F scale (HRF), and that of  
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the solid solution-treated 6082 (Solu_6082) was 

approximately HRF 42. Solid solution treatment was 

performed at 570 °C for 4 h, followed by quenching in 

ice water. 

Figure 1(a) schematically depicts the process and 

the equipment that were used in electrical discharge 

alloying. The AA6082 alloy (the workpiece) was the 

positive electrode, and the negative electrode was a piece 

of iron. The size of the workpiece specimen used herein 

was 13 mm in thickness, 30 mm in width and 50 mm in 

length. Figure 1(b) illustrates the electrical discharge 

waveform used herein. It is square-wave, where p 

represents pulse-on duration. The surfaces of both Fe 

electrode and workpiece specimen were ground using 

600-grit SiC sandpaper to ensure that all of the surfaces 

had the same roughness before EDA process. In this 

work, various conditions, including discharge current (15, 

20 and 30 A) and pulse duration (0.5−3.0 ms), were set. 

Table 1 presents the experimental conditions and detail 

parameters. As indicated in Table 1, the working 

time is 30 min for each sample. At least three tests for 

 

 

Fig. 1 Schematic of apparatus used to carry out electrical 

discharge alloying process, with electrical discharge occurring 

between solid iron electrode () and 6082 work piece () (a) 

and electrical discharge square waveform used (b) (Electrical 

discharge square wave form was used) 

each parameter set were performed, and an error bar for 

each test was determined for standard data deviation. By 

taking discharge current 30 A as an example, Table 2 

shows the pulse durations 0.5 to 3.0 ms versus their 

corresponding single pulse energy in the electrical 

discharge alloying process. 

 

Table 1 Conditions of electrical discharge alloying process 

Parameter Condition or value 

Electrode Fe 

Specimen (Work piece) AA6082 

Working area/mm2 1500(50×30) 

Discharge current, IP/A 15, 20, 30 

Pulse duration, P/ms 0.5−3.0 

Duty factor/% 50 

Initial voltage/V 70 

Pulse generator RC-type 

Dielectric fluid Kerosene 

 

Table 2 Pulse durations (0.5−3.0 ms) vs their corresponding 

single pulse energy in EDA process (taking discharge current 

30 A as an example) 

Parameter Value 

Pulse duration/ms 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 

Single pulse energy/J 1.5, 3.0, 4.5, 6.0, 7.5, 9.0 

 

2.2 Analyses of microstructure and tribological 

properties 

A scanning electron microscope (SEM: JEOL 

JSM−6700F) was used to examine the microstructure of 

the alloyed layer, and an electron probe microanalyzer 

(EPMA: JEOL 8900R) was utilized to analyze the 

distributions of chemical elements within the alloyed 

layer. The thickness of the alloyed layer was measured 

by SEM cross-section view. 

A field emission gun (FEG) transmission electron 

microscope (TEM: Tecnai G2), equipped with a 

high-angle annular dark field (HAADF) detector, was 

utilized to analyze the microstructure of the alloyed layer 

on the specimens. The intensity of the HAADF image is 

strongly related to the atomic number (z contrast) [37]. In 

the TEM analysis, an accelerating voltage of 120 kV was 

used. The TEM was equipped with an energy dispersive 

spectrometer (EDS) system that supported semi- 

quantitative elemental microanalysis of a selected area. 

TEM samples were prepared using the focus ion bean 

method (FIB: JEOL JIB−4601 F). TEM foils from the 

alloyed layers and from positions close to the 

heat-affected zone were taken. Before the FIB approach 

was implemented, a gold (Au) film was deposited on the 

area of interest of the surface of the sample to protect it 
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from ion damage. The thickness of the TEM foil sample 

was around 80 nm. 

Surface roughness, Ra (m), of each sample was 

measured by Kosaka surfcorder SE3500 (Kosaka Lab. 

Ltd., Tokyo, Japan). The tribological properties of 

AA6082 and the EDA-layered 6082 alloys were tested 

on a standard pin-on-disc tribotester with a load of 8 N 

over a total sliding distance of 2100 m. The counterface 

material was silicon nitride (Si3N4) with a hardness of 

HV 1500, in the form of a ball with a diameter of    

6.35 mm (0.25 inch). This tribotester was used for pure 

sliding with rotational motion at a constant speed of   

50 r/min. The torque that was developed between the 

surfaces in sliding contact was detected using a torque 

measuring system, so the value of the friction coefficient 

throughout the test was determined. The mass loss was 

measured for each specimen by weighing the specimen 

before and after each wear test. At least three tests for 

each kind of specimen were performed, and then their 

wear rates (mg/m) were calculated. 

 

2.3 Precipitation and high-temperature re-solid 

solution in sublayer beneath EDA coating 

As described above, the two types of substrates used 

herein were as-received 6082-T651 and solid solution- 

treated 6082-T4 (Solu_6082), both with dimensions of 

50 mm  30 mm  13 mm. The matrix of the as-received 

substrate specimen contained precipitates. When electric 

discharge occurred between the electrodes, the 

precipitates in the substrates immediately beneath the 

newly formed alloyed layer may have been over-aged or 

re-dissolved into solid solution. In the latter case, the 

heat input during electric discharge may have been high 

enough to have preserved the solid solution under the 

alloyed layer. This work considers phase stability in 

relation to precipitation and solid solution, with reference 

to the relationship between precipitation and the hardness 

of the material. Discharge currents of 15, 20 and 30 A 

were applied. Aging treatment was performed by placing 

the alloy specimens in a circulating silicone oil bath at a 

constant temperature of 170 °C for 4 h. The macro- 

hardness of each sample was evaluated on the Rockwell 

F scale by indenting the alloyed layer normal to the 

surface of the sample using a steel ball indenter with a 

diameter of 0.159 cm (1/16 inch) and a test load of 600 N. 

A Vickers micro-hardness tester was used to measure the 

hardness of cross-sections of the polished specimens. 

The measurements were made using a load of 25 g for  

15 s at 10 μm intervals from the alloyed layer to the 

substrate. 

 

2.4  Hysteresis curve and EMI test of EDA layer on 

aluminum alloy 

No previous investigation has measured the 

magnetic properties of an alloyed layer that is formed 

using an electric discharge machine. Herein, the 

magnetic hysteresis of an alloyed layer was analyzed 

using a superconducting quantum interference device 

(SQUID). The hysteresis loop of the substrate (AA6082) 

was also measured for comparison. The effectiveness of 

EMI shielding was measured using a vector network 

analyzer (R&S ZVL) at frequencies from 9 kHz to     

1 GHz, based on IEC standard 61967-6. Figure 2 

schematically depicts the apparatus for measuring EMI. 

The samples were obtained under different electric 

discharge conditions, and all had dimensions of 50 mm × 

30 mm × 2 mm. The alloyed layer on each sample had an 

area of 50 mm × 30 mm. 

 

 

Fig. 2 Schematic of apparatus used to measure samples’ 

electromagnetic interference (EMI) shielding effectiveness 

(This is a magnetic probe method based on IEC standard 

61967-6) 

 

3 Results and discussion 
 

3.1 Cross-sectional and surface microstructural 

observations and analysis of EDA layer 

Figure 3 shows the microstructures of the EDA 

layers under discharge currents of 15, 20 and 30 A with 

pulse duration of 3 ms. The EDA layer and the substrate 

are indicated in the figure. Figure 3(a) (discharge current 

of 15 A) shows a damaged alloyed layer on the 6082 

substrate. When the discharge current was increased to 

20 A (Fig. 3(b)), the thickness of the EDA layer 

increased; this layer contained both an alloyed layer (A) 

and a heat-affected zone (B). Figure 3(c) shows a 

relatively thick EDA layer on the sample that was 

processed using a discharge current of 30 A. The EDA 

layer comprised an alloyed layer (A) and a heat-affected 

zone (B). Figure 4 shows the effects of discharge current 

and pulse duration on the thickness of the alloyed layer. 

The thickness of the EDA layer increased with the 

increase of the pulse duration, regardless of the discharge 

current. The thickest alloyed layer, with a thickness of 

(29±3) μm, was obtained using a discharge current of  

30 A and a pulse duration of 3.0 ms (Fig. 4). When the 
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Fig. 3 SEM images of cross-section of alloying layers owing to 

various discharge currents used (all having the same pulse 

duration of 3.0 ms. The EDA layer was composed of alloy layer 

(denoted as A) and heat-affected zone (denoted as B)): (a) 15 A; 

(b) 20 A; (c) 30 A 

 

discharge current exceeded 30 A, surface cracks were 

formed on the alloyed layer (data not shown here). 

Therefore, a discharge current of 30 A was used to obtain 

the following experimental results. Figure 5(a) shows the 

mass loss of the Fe electrode as a function of pulse 

duration under the same discharge current of 30 A. For 

comparison, the mass loss of each workpiece under the 

same EDA process was also illustrated in Fig. 5(a). As 

shown in Fig. 5(a), the mass loss of Fe electrode is 

evidently larger than that of workpiece, fulfilling the 

basic concept of EDA process. Figure 5(b) plots the 

effect of pulse duration on the surface roughness of the 

alloyed layer that was processed using a discharge 

current of 30 A. The surface roughness of the specimens 

declined as the pulse duration increased; the roughness, 

 

 

Fig. 4 EDA layer thickness of samples respectively processed 

by 15, 20 and 30 A, showing relationship between thickness 

and pulse duration 

 

 

Fig. 5 Mass loss of iron electrode () and workpiece sample () 

as function of pulse duration after EDA process (a) and surface 

roughness (Ra) of EDA layer versus pulse durations 0.5 to   

3.0 ms under discharge current of 30 A (b) 

 

which was specified as Ra value, declined from (7.5±0.8) 

(at 30 A for 0.5 ms) to (5.6±0.5) μm (at 30 A for 3.0 ms) 

(Fig. 5(b)). STAMBEKOVA et al [24] utilized a pure Si 

electrode in an electrical discharge alloying process to 

modify 5083 aluminum alloy, and found that the surface 
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roughness (Ra) increased from 3.1 to 3.8 μm as the pulse 

duration increased from 0.1 to 1.0 ms at a discharge 

current of 30 A. KIYAK and ÇAKIR [38] found that, in 

the application of EDM to a steel sample, as the pulse 

duration was increased from 2 to 100 μs, the surface 

roughness (Ra) increased from 2 to approximately 10 μm. 

Thus, the findings of the present study, which reveal that 

the surface roughness declined as the pulse duration 

increased, differed from those obtained in previous 

studies. A current of 30 A and a pulse duration of 3 ms in 

the electric discharge alloying process between the solid 

Fe electrode and the 6082 aluminum alloy workpiece 

were found herein to yield not only a thick EDA layer 

but also a relatively smooth surface. 

Figure 6 shows the distributions of Al (Fig. 6(a)), Fe 

(Fig. 6(b)) and C (Fig. 6(c)) elements in the EDA layer 

and the substrate, which were obtained by electron probe 

microanalysis (EPMA) of a cross-section of the sample 

at 30 A and 3.0 ms. At the top of the figure, “A” denotes 

the alloyed layer and “B” denotes the heat-affected zone. 

The Al intensity map that was obtained by EPMA 

revealed that Al exhibited a gradient from the substrate 

(high Al content, in red) to the heat-affected zone 

(reduced Al content, in green), and finally to the alloyed 

layer (even lower Al content, in blue). Importantly, the 

black spheres (indicated by arrows) in Fig. 6(a) 

contained almost no Al. The element Fe, as displayed in 

Fig. 6(b), was present at a relatively high content in the 

alloyed layer (red); the Fe content was lower in the 

heat-affected zone (green) and the lowest (blue) was 

close to the substrate (Fig. 6(b)). The black spheres in 

Fig. 6(b) are in the same positions as in Fig. 6(a)), 

proving that these local spherical regions contained 

almost no iron and no aluminum. The carbon map in  

Fig. 6(c) reveals that those spherical regions contained 

high content of carbon. The high-carbon spherical 

regions were observed in both the alloyed layer and the 

heat-affected zone. Those spherical regions were 

probably graphite particles because they contained nearly 

all carbon and almost no Fe and Al. 

Figure 7(a) presents an SEM backscattered electron 

image (BEI) of the surface of the sample at 30 A and   

3.0 ms. Some phase regions are observed in strong 

contrast, and some are seen in weak contrast (e.g., see 

the circled region in Fig. 7(a)). Figures 7(b)−(d) 

respectively present EPMA mappings of Fe, Al and C 

signals from the area that is displayed in Fig. 7(a). 

Signals that are associated with Fe are intense on the 

sample surface. Some local regions (in red) exhibited 

intense Fe signals. The areas that yielded intense Fe 

signals were those appearing bright in Fig. 7(a). Figure 

7(c) presents Al signals of low intensity on the mapped 

surface. Again, most of the circled region yielded almost 

no Al signal (Fig. 7(c)). Carbon was mapped in Fig. 7(d).  

 

 

Fig. 6 EPMA mapping microanalysis of EDA layer for 

chemical elements (The EDA layer was composed of alloy 

layer (denoted as A) and heat-affected zone (denoted as B):   

(a) Al; (b) Fe; (c) C 

 

The dark regions (such as those in the circle in Fig. 7(a)) 

exhibited remarkably intense carbon signals (as shown in 

Fig. 7(d)). The pyrolysis of kerosene yielded the 

condensed carbon phase. As presented in Fig. 7(d), the 

condensed carbon phase was widely distributed on the 

EDA sample surface. 
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Fig. 7 Surface topography and elements distribution for EDA-processed 6082 Al alloy at 30 A with pulse duration of 3.0 ms: (a) BEI 

image; (b) Fe distribution; (c) Al distribution; (d) C distribution 

 

Figure 8 presents TEM images of the alloyed layer 

at 30 A and 3.0 ms. Figure 8(a) presents a dendritic 

solidified microstructure at low magnification. An 

HAADF image clearly reveals the differences between 

the Al and Fe contents of the dendritic core (dark) and 

those of the inter-dendritic phase (bright) (as shown in 

Fig. 8(b)). Figure 8(c) (a higher magnification image) 

clearly reveals the dendritic core (in dark) and 

inter-dendritic phases (in bright). Selected-area EDS 

analysis (Table 3) shows that the dendritic core contains 

~16% C, ~16% Al and ~69% Fe (mole fraction), whereas 

the inter-dendritic phase contains ~16% C, ~3% Al and 

~81% Fe (mole fraction). Figure 9(a) presents TEM 

image of the heat-affected zone, which reveal rod-like 

and round particles throughout the matrix. As shown in 

Fig. 9(b), a high-magnification image reveals that the 

matrix was polycrystalline, with a grain size of 

approximately 50 nm. EDS-1 and EDS-2 suggest that the 

matrix contained ~36% Al, ~48% Fe (mole fraction) 

(Table 4) and the remaining of carbon. EDS-3 presents 

the chemical composition of the white rod-like material 

(Fig. 9(b)), and suggests that the main chemical 

components are aluminum and carbon (with Fe at only 

~0.27%, mole fraction). Based on the mole fractions of 

Al and C in EDS-3, the chemical formula of the rod-like 

particles is Al2C (which are denoted hereafter as 

Al2C-like particles). CHERTIHIN et al [39] prepared 

di-aluminum carbide (Al2C) by reacting pulsed-laser- 

evaporated Al with C and C2H2. They only examined the 

carbide by FTIR, and did not elucidate its microstructure 

or morphology. JARFORS et al [40] studied the 

thermodynamics and kinetics of carbides in the 

aluminum-rich corner of the Al−Ti−C phase diagram. 

They considered only the carbides Al4O4C and Al4C3 and 

conducted no TEM or SEM examination and presented 

no EDS analysis. Hence, this work firstly discovered 

Al2C-like particles in the EDA layer. Most importantly, 

Fig. 9(c) shows a high-magnification image of the 

microstructure of the spherical particles, which revealed 

that the structure was radial. The results of the EDS-4 

analysis indicated that these spherical particles contained 

99% C, suggesting that they were graphite. KUMAR   

et al [41] prepared a carbon film on a substrate at 800 

1000 C by the high-temperature pyrolysis of kerosene. 



Wang-Chih CHEN, et al/Trans. Nonferrous Met. Soc. China 26(2016) 3205−3218 

 

3212 

 

 

Fig. 8 TEM images and EDS analysis of alloy layer:        

(a) Bright-field microstructure in low magnification;        

(b) HAADF (i.e., z-contrast) image, showing fine dendritic 

solidification microstructure; (c) HAADF image of dendrite 

core (black), with their EDS results listed in Table 3 

 

Table 3 EDS analysis obtained from zones A and B in Fig. 8(c) 

Element 
Mass fraction/%  Mole fraction/% 

Zone A Zone B  Zone A Zone B 

C 4.250 4.054  15.723 16.195 

Al 9.507 1.496  15.657 2.660 

Fe 86.242 94.449  68.619 81.143 

 

 

Fig. 9 TEM images and EDS analysis of TEM foil sample from 

heat-affected zone (see zone denoted in Figs. 3 and 6):           

(a) Bright-field microstructure in low magnification; (b) Partial 

enlargement of red circle region in (a), where positions EDS-1, 

EDS-2 and EDS-3 have chemical compositions listed in  

Table 4; (c) High magnification of spherical particle in (a), with 

EDS chemical composition listed in Table 4 

 

Herein, when electrical discharge occurred between the 

electrode and the workpiece, high temperature plasma 

(8000 and 12000 C) can be generated [15,42]. At the 

sparking of the discharge, the dielectric fluid   

(kerosene) underwent pyrolysis on account of the high 
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Table 4 EDS analysis of TEM foil sample from heat-affected zone 

Element 
Mass fraction/%  Mole fraction/% 

EDS-1 EDS-2 EDS-3 EDS-4  EDS-1 EDS-2 EDS-3 EDS-4 

C 5.006 3.700 18.642 97.842  16.246 11.889 34.080 99.186 

Al 23.380 29.180 80.675 2.158  33.773 41.733 65.652 0.664 

Fe 71.613 67.118 0.681 0  49.979 46.376 0.267 0 

 

temperature [22,43]. Therefore, a strong carburizing 

atmosphere was generated, causing carburization in the 

alloyed layer. Carbides were thus formed, and excess 

carbon became graphite (Figs. 6, 7 and 9), existing in the 

recast surface layer on workpiece. 

 

3.2 Hard EDA layer on aluminum alloy and recovery 

of hardness in sublayer region 

Figure 10(a) shows the effect of aging at 170 C on 

the microhardness from the alloyed layer to the substrate. 

The sample was as-received AA6082 aluminum alloy, 

which was treated by electric discharge alloying at 15 A. 

This sample was specified as as-received EDA-15 A 

before it was aged at 170 C for 4 h, after which the 

sample was denoted as as-received EDA-15 A/        

4 h_aging@170 C. As presented in Fig. 10(a), the 

EDA-modified layer had a microhardness of HV ~1450. 

The hardness of the EDA layer was almost equal to that 

of as-received EDA-15 A/4 h_aging@170 C. The 

hardness of the sublayer in the as-received EDA-15 A 

sample was much lower, being HV ~110 (which was less 

than that of the substrate, HV ~130). Since the 

as-received substrate alloy was originally precipitation 

hardening (HV ~130), the heating energy that was 

generated during a electric discharge at 15 A may have 

caused over-aging of the sublayer. Our earlier 

investigation [44] of the over-aging of Al−Mg−Si 

aluminum alloy found that over-aging slightly reduced 

the hardness of the material. Therefore, further treatment 

of the sample at 170 C (i.e., as-received EDA-15 A/   

4 h_aging@170 C in Fig. 10(a)) reduced the hardness of 

the sublayer region to HV ~100 because this sublayer 

was then aged twice. FARHANI et al [45] suggested that 

a hard surface layer may break out if the sublayer 

beneath it provides only weak support. For the purposes 

of this work, knowing how to recover the hardness of the 

sublayer following the EDA process on the 6082 alloy is 

important. A high electrical discharge current (30 A) was 

used in the EDA process. The heating energy that was 

generated during a electrical discharge at 30 A may have 

been sufficiently high to turn the sublayer into a solid 

solution. As presented in Fig. 10(b), the hardness of the 

sublayer in the as-received EDA-30 A was considerably 

reduced to HV 50, probably because the original 

precipitates in the sublayer dissolved into solid solution 

during the EDA process. The thickness of the sublayer  

 

Fig. 10 Microhardness profiles from EDA layer to subsurface 

under pulse duration of 3.0 ms, showing effect of 170 C   

aging treatment on profiles: (a) Discharge current of 15 A;   

(b) Discharge current of 30 A 

 

was ~50 m. Importantly, the hardness of the sublayer 

was recovered to ~HV 240 after aging treatment at   

170 C for 4 h (i.e., the sample of as-received EDA-   

30 A/4 h_aging@170C in Fig. 10(b)), owing to 

precipitation hardening from solid solution. Figure 11 

reveals the importance of the sublayer hardness in 

determining the HRF hardness of the EDA sample. The 

dotted line in Fig. 11 represents the HRF hardness of the 

6082 aluminum alloy substrate that was firstly 

solution-treated and then aged at 170 C for 4 h. This 

sample was denoted as solu_4 h_aging@170 C, and had 

a hardness of HRF ~86. The solu_as EDA-30 A samples 

in Fig. 11 are the 6082 samples that firstly were 

solution-treated and then underwent the EDA process 

with pulse durations of 0.5−3.0 ms at a discharge current 
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of 30 A. A Rockwell hardness indenter was pressed 

normally into the surface of the sample. As presented in 

Fig. 11, the hardness of solu_as EDA-30 A was only 

HRF 40, independently of the pulse duration that was 

used in the EDA process. Importantly, aging treatment at 

170 C for 4 h was performed to improve the EDA 

sample’s sublayer hardness, and thus could greatly 

increase the sample’s hardness to HRF ~92. 

 

 

Fig. 11 Hardness data lines of solu_as EDA-30 A and solu_as 

EDA-30 A/4 h_aging@170 C samples showing importance of 

heat treatment on HRF hardness (For comparison, dotted line 

indicates the hardness of AA6082 alloy substrate that was 

solution-treated and quenched, followed by 170 C aging for  

4 h denoted as solu_4 h_aging@170 C) 

 

3.3 Tribological properties of EDA-layered Al−Mg−Si 

aluminum alloy 

Figure 12 shows the evolution of the friction 

coefficient during sliding tests over a distance of 2100 m 

with a normal load of 8 N. As presented in Fig. 12, the 

friction coefficient of the AA6082 aluminum substrate 

fluctuated as a function of sliding distance. The friction 

coefficients rapidly increased to 0.981 and 0.793 during 

the first 60 m of sliding, mainly owing to the highly 

plastic deformation that was caused by the sliding 

contact between the counterface material (Si3N4) and the 

Al alloy surface. Metallic aluminum adhered to the Si3N4 

ball, increasing the friction coefficient. Strain hardening 

reduced the plastic deformation, reducing the friction 

coefficient during sliding through a distance from 250 to 

2100 m. On the other hand, the EDA-layered sample had 

a much lower friction coefficient and wear rate than the 

Al substrate sample. The friction coefficient of the 

as-received EDA-30 A sample was initially ~0.054, and 

this very low value was maintained throughout the 

sliding test. The as-received EDA-30 A/4 h_aging@  

170 C sample also had a low friction coefficient of 

0.112 after the first sliding distance of 60 m, descending 

to 0.055 at a sliding distance of 2100 m. The wear rate of 

the 6082 aluminum alloy substrate after the tests was 

(1.070.09)10−2 mg/m. The wear rate of the as-received 

EDA-30 A sample was only (2.780.28)10−4 mg/m and 

that of the as-received EDA-30 A/4 h_aging@170 C 

sample was as low as (1.790.74)10−4 mg/m, both 

values are two orders of magnitude less than that of the 

AA6082 substrate. MALAYOGLU et al [9] studied the 

tribological properties of plasma electrolytic oxidized 

(PEO) and hard-anodized (HA) coatings on 6082 Al 

alloy. They investigated the wear behaviors of these 

coatings under dry and oil-lubricated conditions by 

performing ball-on-plate tests using an Si3N4 ball with 

diameter of 12.7 mm under normal loads of 10, 20 and 

100 N. The friction coefficient of the dry HA coating 

was ~0.8, and that of the dry PEO coating was also  

~0.8 [9]. The oil-lubricated PEO and HA coatings on 

6082 Al alloy had friction coefficients of only ~0.1 [9]. 

WANG et al [46] found a similar discrepancy between 

the friction coefficient of the non-lubricant anodic 

coating and that of the lubricated anodic coating: the 

anodic coating had a friction coefficient of ~0.6 and the 

oil-lubricated one had a coefficient of ~0.2. Based on the 

cited studies, lubricating hard oxide films on aluminum 

alloy reduces the friction coefficient to a relatively low 

value. In this work, the EDA process automatically 

generated both graphite spots on the as-EDA layer 

surface and graphite particles within the layer. The 

carbide in the layer was hard. Owing to the 

self-lubrication of the hard EDA layer, the friction 

coefficient of the EDA layer reached as low as ~0.07, 

following sliding wear through a distance of 2100 m. For 

comparison, the friction coefficient of the EDA layer 

obtained by LEE et al [22] and that of the EDA layer that 

was obtained by MORO et al [47] was one order of 

magnitude higher than those obtained herein. No 

graphite particles were generated in the modified layers 

in Refs. [22,47]. 

 

 

Fig. 12 Evolution of friction coefficient as function of sliding 

distance (sliding wear test under normal load of 8 N and total 

sliding distance of 2100 m) 
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3.4 Magnetic hysteresis of EDA layer and 

effectiveness of electromagnetic shielding by 

EDA-layered aluminum alloy plate 

This investigation is to study the magnetism of a 

surface modification layer on aluminum alloy using the 

electric discharge process. Figure 13 shows the magnetic 

hysteresis loops of the EDA layers that were obtained 

with various electric pulse durations (0.5−3.0 ms). For 

comparison, Fig. 13 plots the hysteresis of the AA6082 

aluminum alloy substrate. As shown in Fig. 13, AA6082 

aluminum alloy (substrate) is non-magnetic. All of the 

hysteresis loops of the EDA layers were very thin, 

suggesting that the EDA layer was easily magnetized. 

Therefore, its coercivity was fairly low and a small 

reverse field sufficed to reduce its magnetization to zero. 

Importantly, the saturation value of the magnetism of an 

EDA layer depends on the electric pulse duration. The 

saturation values of 1.5−3.0 ms EDA layers considerably 

exceeded those of the 0.5 and 1.0 ms samples. This study 

shows that the electrical discharge process can not only 

improve the surface mechanical properties of aluminum 

alloy but also easily yield a softly magnetic layer on a 

non-magnetic substrate. Figure 14 shows the effect of 

frequency on the effectiveness of EMI shielding by the 

EDA-layered AA6082 plate samples. For comparison, 

Fig. 14 also shows the effectiveness of EMI shielding by 

the AA6082 sample without EDA layer. When the 

frequency increased from zero to 0.3 GHz (Fig. 14(a)), 

the effectiveness of EMI shielding by the 3.0 ms 

EDA-layered AA6082 sample was approximately 28 dB, 

which slightly exceeded that of the AA6082 substrate 

sample. Aluminum alloy is well known to be one of the 

most useful lightmass materials. With respect to EMI 

shielding, aluminum and aluminum alloys are commonly 

used to protect against 50 and 60 Hz electromagnetic 

fields that are generated by transformers and other 

devices [48]. The 3.0 ms EDA surface treatment process 

improves the effectiveness of EMI shielding by 

aluminum alloy against electromagnetic fields at 

relatively high frequencies of ~0.2 GHz. Figure 14(b) 

reveals that the electromagnetic shielding effectiveness 

of the EDA sample exceeds that of the AA6082 substrate 

sample at frequencies of 0.4−0.8 GHz. At a frequency of 

0.5 GHz, the 2.0 and 2.5 ms EDA-layered 6082 exhibited 

shielding effectiveness of ~37 dB while the AA6082 

substrate sample provided a shielding effectiveness of 

only ~28 dB. For frequencies between 0.55 and 0.6 GHz, 

the 1.5 ms-EDA layered AA6082 sample provided a 

shielding effectiveness of ~40 dB while AA6082 

aluminum alloy exhibited a shielding effectiveness of 

only ~32 dB. In practice, industry typically requires an 

EMI effectiveness of 30−60 dB [49]. Electroless Ni−P, 

Ni−Co−P and Ni−P−La deposition coatings on 

aluminum substrates [49] and on plastic substrates [50]  

 

 

Fig. 13 Hysteresis curves of different EDA layers, each 

processed at discharge current of 30 A with different pulse 

durations (Data line of AA6082 aluminum alloy was also 

plotted in figure for comparison) 

 

 

Fig. 14 EMI shielding effectiveness of 2 mm-thick AA6082 

plates with and without EDA layer, tested in different 

frequency ranges: (a) 0.1−0.4 GHz; (b) 0.4−0.8 GHz 
 

have been examined mostly with respect to their 

effectiveness in shielding against the electromagnetic 

waves. Coating the surface of an 6082 aluminum plate 

sample using by EDA process with a discharge current of 
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30 A and a high pulse duration increased its 

electromagnetic shielding effectiveness by 1−9 dB. 

 

4 Conclusions 
 

1) An electrical discharge alloying method, using a 

metallic solid pure iron as a negative electrode (the 

consuming electrode), was successfully developed to 

form a hard self-lubricated layer on AA6082 Al−Mg−Si 

aluminum alloy substrate. A discharge pulse duration of 

3.0 ms and a discharge current of 20−30 A at ambient 

temperature in kerosene were found to optimize the EDA 

surface modification process. 

2) The hard self-lubricated layer was a multi-phase 

material containing carbides and graphite. TEM 

observation verified that the carbide in the EDA layer 

had a fine dendritic microstructure. The chemical 

composition of the dendrite core was ~68.6% Fe, 

~15.7% Al and ~15.7% C, while the interdendritic 

constituents had a chemical composition of ~81.1% Fe, 

~2.7% Al and ~16.2% C. Al2C-like carbide particles 

(~0.27% Fe, ~65.7% Al and ~34.1% C) were found in 

the modified layer close to the substrate. Small graphite 

particles were distributed throughout the carbide layer. 

Moreover, irregular graphite spots on the carbide layer 

surface were observed. 

3) The friction coefficient of the EDA layer surface 

remained approximately constant at a low value of ~0.07 

throughout the sliding wear test with a sliding distance of 

2100 m under a normal load of 8 N. The mean wear rate 

of the EDA-layered sample after the sliding wear test 

was as low as (1.790.74)10−4 mg/m. In contrast, owing 

to the heavy plastic deformation under the same loading 

on the AA6082 Al−Mg−Si substrate during the sliding 

wear test, the friction coefficient of the substrate metal 

reached ~0.9, and its wear rate was as high as 

(1.070.09)10−2 mg/m. 

4) The bulk Rockwell hardness (HRF) of the 

EDA-modified sample was not only attributed to the 

hard surface layer on AA6082 aluminum alloy but partly 

assigned to a strong sublayer which exhibited sufficient 

strength to support the EDA surface layer. Importantly, a 

high discharge current must be used to prevent 

over-aging precipitation in the sublayer. In this work, 

discharge currents of 20 and 30 A yielded sublayers in 

solid solution, thus hardness was recovered by a simple 

aging treatment at 170 C for 4 h. 

5) SQUID data reveal that modifying the surface of 

aluminum alloy by the EDA process increased its 

magnetization. Despite the fact that aluminum alloy is an 

effective EMI shielding material, the EDA coating layer 

on the aluminum alloy improved the EMI shielding 

effectiveness of the alloy by 1−9 dB. 
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放电合金化工艺在 AA6082 Al−Mg−Si 铝合金 

表面涂覆自润滑碳化物层的形成和表征 
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摘  要：采用放电合金化工艺对 AA6082 Al−Mg−Si 时效硬化铝合金进行表面改性。在放电合金化过程中，作为

工作液的煤油热解成碳，从而形成附着于合金表面的自润滑碳化物层。TEM 结果表明，合金表面形成的自润滑碳

化物层为由碳化物和石墨组成的多相材料。因此，经放电合金化改性铝合金的摩损率极小，约为 2×10−4 mg/m，

而铝合金基体的磨损率约为 1.1×10−2 mg/m。显然，在铝合金表面经放电合金化形成的碳化物为一种能改善合金抗

电磁干扰性能的软磁体。 

关键词：Al−Mg−Si 铝合金；表面改性；放电合金化；自润滑；热解碳；抗电磁干扰性能 
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