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Abstract 

Aluminum/Graphite composites (Al/C composites) have the advantages of Al (light weight, easy 
machinability and good heat conduction) in combination with the advantages of C whiskers (High 
Young’s Modulus, small to negative CTE, high tensile strength and high thermal conductivity). 
However, Metallographic analysis, EDX and microhardness profile revealed that fibers react with 
molten aluminum to form the detrimental Al4C3 phase in the HAZ and fusion zone. In order to gain 
information about temperature transformation and formation conditions, scanning electron microscopy, 
and termochemistry analysis were used. For experiments, were used power density (I), pulse width (t), 
frequency (F), travel speed (S) and filler material (M) as independent variables. Thereby, was found 
that the main process variables that influence the formation of Al4C3 are pulse duration and welding 
speed, and that the effect of these variables cannot be explained only by using a thermodynamic model, 
requiring a subsequent kinetic analysis. 

Keywords: Laser welding; Aluminum/Graphite composites; Al4C3. 

1. Introduction 

Interfacial reaction in Al/C whiskers reinforced composites is a major limiting factor in the 
development of sound welds. Reactions between the whiskers and the metal during welding can lead to 
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matrix embrittlement, fiber degradation and appearance of interfacial brittle phases. These phenomena 
produce materials of poor mechanical properties and which are susceptible to corrosion [1]. 

Several researchers have suggested that the  and  carbides produced by various chemical 
reactions existed in the AlC system but, further investigations at atmospheric pressure have supported 
the existence of the  carbide only [27]. 

Carbon fibers in Al/C composites, are thermodynamically unstable at temperatures above the melting 
point of aluminum matrix (855K) and reacts with the molten aluminum to form Tetraaluminum 
Tricarbide, () according to the reaction (1), the  formation is due to the interaction of two 
main causes, temperatures above the melting point of the matrix and exposure time of the fibers under 
these temperatures [210]. 

4 + 3〈〉 →  〈〉                                                            (1) 

Aluminum carbide crystals are not only brittle, but also highly sensitive to moisture contact and thus 
promote accelerated fatigue crack growth rates due to their hydrophilic nature. The dissolution of 
tetraaluminum tricarbide in water or in contact with water vapor (2) decomposes to release methane 
[2]. 

AlC〈〉  +  12HO  →  4Al(OH)〈〉  +  3CH()                                   (2) 

The formation of tetraaluminum tricarbide is also due to a higher graphitization of whiskers at extreme 
temperatures used to reinforce, which causes a more unstable interface. This phase forms by the 
 +  ↔  peritectic reaction at temperatures ranging from 2230 to 2630 K. The phase diagrams 
of the AlC system based on the recent experimental results indicate the peritectic equilibrium 
temperatures of 2253 ± 293K or 2429K. The second nonvariant equilibrium in the system is the 
 ↔  +  eutectic equilibrium and in this case, the eutectic is degenerated due to lack of 
experimental data, Figure 1. 

Figure1.   melts following the peritectic reaction  →  + ℎ at 2330K with the 
decomposition enthalpy 341.531kJ/mol and entropy 140.371 J/mol*K.  Dotted lines indicate 
metastable continuations of the stable equilibrium 
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Information about the formation of  at low temperatures is important; since it would allow us 
adjust the power density to a minimum value. 

The power density is related to the heat input and hence the temperature reached in the fusion zone by 
the laws of thermodynamics [17], according with: 





 

 + 



  

 +  = 

                                                  (3) 

where r and z refer to radial and axial directions; k, ρ, and Cp respectively refer to thermal conductivity, 
density, and specific heat of material; T and τ refer to temperature and time variable respectively, and 
Q depicts internal heat generation per unit time and unit volume 

However, the information regarding to the temperature of carbide formation is slight, and therefore, it 
was necessary to perform an analysis at low temperatures. 

2.  Thermochemical analysis at low temperatures  

The growth of fiber carbide crystals in liquid aluminum may be described as a threestage process: (i) 
dissolution of carbon fibers in liquid aluminum; (ii) carbon diffusion, producing a homogeneous 
distribution in the melt of aluminum and its transport to the growing carbide surface; (iii) deposition of 
carbon atoms in moving growth steps of the carbide crystal surface [9].   

Thus, to reduce or avoid the dissolution and diffusion of carbon is necessary to understand the 
thermodynamics of this stoichiometric reaction, and that can be defined through its free energy. Due to 
the lack of information at low temperatures, was made a basic thermochemical analysis, in order to 
evaluate this experimental part. 

 First, The Gibbs energy for room temperature is given by: 

 ∆
° = 

° +  
°

  − 
° −  


°




                                   (4) 

Where,  


° = −166941.6 /  (The heat of formation of ) [13] 


° = −25.008 / ∙  (Entropy of formation) [13] 


° =  0.069873 + 

  − 33. 388, / ∙   (The heat capacity of   reaction) 

Reverting to equation (4) for change in free energy with temperature. 

 ∆
° =  33. 352 − 192. 37  − .×

  − 3. 4934 × 10 − 1. 5126 × 10              (5) 

But (5), only applicable at temperatures between 298 and 932K, to evaluate the free energy of reaction 
above this temperature range, we must introduce the free energy of melting of aluminum [13, 14]. The 
equation for the change in free energy of melting of 4 moles aluminum is: 
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↔
° =   34. 48 − 177. 91  − 0.02477² − 32392                        (6) 

Where 


° = −43012 /


° = −46.15 / ∙ 

↔
° =   0.04954 − 34. 48, / ∙ 

To obtain the free energy of reaction (5) and (6) are added, giving 


° = 67. 832 − 370. 28  − 

  − 5. 9704 × 10 − 183650                  (7) 

Now, the new range is reliable up to 1273K.  

Figure 2 shows that, temperatures greater than 298K, the minimum Gibbs free energy occurs when all 
of the Aluminium is in liquid phase. This confirms that the interface Al/C is very unstable and under 
this premise, any level of power density eliminates carbide formation, because of this, the power 
density was fixed to the minimum value that allows the fusion of aluminum [15, 16].  

Figure 2. Temperature dependence of the Gibbs energy at low and high temperatures. Dotted lines 
show the energy of other carbides1

After finding theoretically that the carbide formation can not be eliminated completely. The next step 
of this research was to observe the influence of the time parameters (pulse duration and frequency) in 
the formation of carbide and try to find values that minimize. 

1 Temperature dependence of the Gibbs energy reliable up to 1273K. Verified using  Factsage® Software and 
databases (CINVESTAV, Dr. Martin Pech)   
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3. Experimental procedures 

3.1 Materials 

Samples of an Al–Si–Mg casting alloy (A413) reinforced with 0.30 volume fraction of 300 m average 
length graphite whiskers were studied. The Al/C composite was produced by Metal Matrix Cast 
Composites, LLC, by a proprietary molten metal method and then extruded in 216 x 165 x 12.7 mm 
plates. The chemical composition of the aluminum matrix examined in a JEOL scanning electron 
microscope (SEM) equipped with EDXS semi quantitative analysis is listed in Table 1.  

Al Sn Mg Cu Mn Fe Si Zn Ni 

BAL. 0.15 0.36 1.0 0.35 2.0 11.013.0 0.50 0.50 
Table 1. Aluminum matrix chemical composition (wt. %) 

Figure 3 depicts the general structure of the composite investigated. The thermal and mechanical 
properties of Al/C composites are directionally dependent since the graphite whiskers are aligned 
differently in a xy base plane than in the normal zdirection. These anisotropic properties, in some 
cases, would restrict the usage of thermal management Al/C composites to one or twodimension 
applications. 

Figure 3. Optical micrographs of the Al/C composite investigated. 
A) Section polished normal to the device mounting surface (throughplane, or “z” section 

B) Section polished parallel to the device mounting surface (inplane or “xy” section) 

3.2 Welding procedures and parameters 

Laser welding was accomplished by using a BU 160 NdYAG laser which is capable of operating at a 
maximum average output power of 160W. Specimens of 12.7mm X 25.4mm X 3mm dimensions were 
prepared for bead on plate welding; the surfaces for welding were prepared by fine grinding on 1200 
grit size emery paper then ultrasonically cleaned using alcohol. Argon was used as shielding gas and 
ejected by a backward nozzle inclined at 60° with respect to the laser beam axis. Figure 4 shows the 
experimental setup for metallographic analysis. In this investigation, 34 full factorial design was used, 
and Table 3 shows this parameters. Focal length, Argon flow and focus area was fixed for all welds. 

100µm 100µmA B
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Figure 4. Experimental setup 

I (MW/cm2) F (Hz) t (ms) s (mm/s) L (mm) f (L/min) A (cm2) 

0.95 10 3 1 200 3 0.003 

1.00 15 4 3    

1.05 20 5 5    
Table2. Design of welding experiments. Power density (I); Pulse width (t); Frequency (F); travel speed 
(s); Focal length (L); Argon flow (f); Focus area (A). 

3.3 Scanning electron microscopy 

Prior to examination, all specimens where heavily etched with a Keller’s solution. These specimens 
were then examined in a JEOL scanning electron microscope (SEM) equipped with EDXS semi 
quantitative analysis using an accelerating voltage of 15 kV, spot size of 40 and a working distance of 
11 mm. Regions within the fusion zone were examined and the morphology of the major phases 
present identified. 

4. Results and discussion  

4.1 Optical Microscopy. 

Structural changes in the Al/C composite as a result of Nd:YAG Laser welding are presented in 
Figures 5 and 6. Figure 5 shows that the fusion zone has three distinct regions. The A region, in the 
middle of bead, is dominated by an acicular microstructure. In the intermediate region B, the 
population density of the graphite whiskers is redistributed and a band of voids is present. The D 
region, nearest to the base material, is defined by a distribution of graphite whiskers particles retained 
their original clear cut edges without any evidence of interfacial reaction phases. 

Figure 5. Optical microscopy image of a transverse section in a Nd:YAG weld. Capital letters indicate 
central (A), fusion (B) and base material (D) regions. 
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When moving toward the centre of the bead, the composite structure underwent a clear modification 
with evident redistribution of the graphite whiskers and the corresponding presence of coarse Al4C3
needles (Figure 6). Microhardness profiles (Figure 7) taken across the weld bead showed a remarkable 
increase of hardness with peak values of about 250 HV in the central region (zone A) and this was 
confirmed by the EDX analysis (Figure 7). 

Figure 6. Light micrograph of the base material, heat affected and intermediate fusion zone region in a 
pulsed Nd:YAG weld. 

# I 
(MW/cm2)

t 
(ms)

s 
(mm/s)

3 1.4 2,5 0,5 

4 1.4 3,5 2,5 

12 1.4 3,5 0,5 

14 1.4 4,5 1,5 

11 1.1 4,5 0,5 

Figure 7. Effect of parameters on microhardness and Al4C3 formation. The hardness of the weld joint 
increases with the quantity of Al4C3. (I) Power density; (t) Pulse width; (s) travel speed.  

The microstructure in the center region of the fusion zone is shown in Figure 8. This microstructure is 
dominated by large Al4C3 plates. The coarseness and distribution of Al4C3 plates were observed to 
change as a function of position. Another thing we noticed was that power intensity, pulse width and 
speed have strong influence on microhardness due to Al4C3 formation. 

At. % C O Al Si 

Al4C3 33.28 5.58 54.36 6.77 

Matrix 8.74 3.03 73.74 14.48

BM: Gr whiskers
Primary (A) + alpha

aluminum dendrites (B) 
+ with eutectic phases
(C) at the interdendritic

regions

HAZ: Gr whiskers (A) + 
AlSi cellular eutectic
solidification structure
(D)  + Tetraaluminum

Tricarbide (E)

FZ: Gr whiskers (A) + 
AlSi hypereutectic

structure (F) + 
Tetraaluminum
Tricarbide (E)
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P. Silicon   23.72 54.76

Figure 8. EDS analysis of AlSi hypereutectic structure (F) + Tetraaluminum Tricarbide (E)+  primary 
silicon (G) in the center fusion zone region of a pulsed Nd:YAG weld. 
4.2 Discussion 

During the welding process of aluminiumgraphite whiskers reinforced composites, aluminum carbide 
formation takes place at the interface between the aluminum matrix and the fiber. The presence of 
carbide needles may strongly influence the mechanical properties of the composite [11]. In this 
connection, essential information is likely to be obtained by investigating the peculiarities of the 
carbide formation with the aim of finding possibilities for a procedureprocess control. 

In a transverse section of a pulsed Nd:YAG weld made in this Al/C composite material, several distinct 
regions exist within the fusion zone. It was observed by SEM that the nature of these regions is a 
function of the stability of the graphite whiskers (in liquid aluminum), and basically, this stability is a 
function of temperature (power density) and contact time (pulse width, frequency and travel speed). 
This was in agreement with other researchers [1215]. See Figure 9. 

The results indicate that the main welding parameter reduces the amount of carbide is the power 
density, under this assumption is logical to think that the formation of carbide is stretch linked to the 
temperature reached in the weld pool. The next step of this study was to find out if there is a minimum 
temperature of formation (by a termochemistry analysis) in order to reduce the power density. 

Figure 9. A first observation showed that at low heat input, the dissolution of graphite reinforcement 
was minimized, and was found only a small region of Al4C3 + Si + eutectic cell structure in the middle 

of fusion zone. (a) General cross section using I = 1 MW/cm2, t = 5ms, F = 20Hz, s=3mm/s. (b) 
Central zone. This solidification structures are identify to as eutectic dendrites with 6% carbon. (c) 

External zone. Only traces of carbide are present. 

5m

(a)

5m(b) (c)
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And, that the rapid heating and cooling rates possible with minimal energydensity processes make the 
use of lasers attractive as a technique for welding whiskerreinforced, Al/C composites. In the present 
work, short pulse lengths and high frequency levels were used to affect rapid weld thermal cycles and 
low heat input levels to preclude the formation of Al4C3 as shown in Figure 10, however, this 
affirmation requires a kinetic analysis to explain how all of variables affect the formation of carbide. 

Figure 10. Formation of Al4C3 is a function of temperature (power density) and contact time (pulse 
width and frequency). This was in agreement with other researchers [115]a) t = 8 ms;  I = 1.6 
MW/cm2  b) t = 4 ms; I = 1.5 MW/cm2 

5. Conclusions  

This research studies effects of laser on Al4C3 formation of Al/Graphite composites. We found:  

• The hardness of the weld joint increases with the quantity of Al4C3

• During the welding of aluminumgraphite composites, aluminum carbide formation takes place 
at the interface between the aluminum matrix and the fiber, this is a function of temperature 
(power density) and contact time 

• According to thermodynamic analysis, carbide formation begins when the molten aluminum is 
in contact with graphite and during the weld process of AlC composites by means of pulsed 
Nd:YAG laser, carbides will grow predominantly at the time of fiber contact with liquid 
aluminum but not during matrix solidification and subsequent cooling. 

• The growth rate of carbide crystals is limited by the interface kinetics rather than by the 
thermodynamics. A kinetic analysis allows effective methods of welding process control to be 
found; for example, growth step retardation by means of shorts welding pulses and high levels 
of pulse frequency. 
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