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Abstract. In this paper, we report on the effect of nitrogen injection time on formation of AlN 

crystal particles in aluminum matrix by in-situ gas-bubbling method. The magnesium content 

with 15 wt.% was added into Al matrix as a catalyst. The results show that AlN polycrystalline 

particles were formed with hexagonal structures, featuring lattice constants c = 4.969 Å and a = 

3.107 Å. The crystallite size was decreased as increased nitrogen injection time,while the AlN 

particles density and micro-hardness were increased. The SEM images indicated that the AlN 

particles size varies from a few hundred nm to several µm. The micro-hardness testing was 

conducted using ISOSCAN HV2 AC instrument, and the highest value of sample obtained was 

120 HV at nitrogen injection of 4 hours. The fabrication of AlN/Al composite using the in-situ 

gas-bubbling method is still a potential application for manufacturing industrial large scale. 

Keywords: aluminum nitride; in–situmethods, metal composite, microstructure, gas injection, mechanical 

properties. 

Classification numbers: 2.5.1, 2.9.1, 2.9.4.  

1. INTRODUCTION 

In recent years, aluminum composite materials include reinforcement particles have been 

significantly attracting because it possesses unique physical, chemical and mechanical 

properties. Therefore, it has potential applications in the automotive, aerospace and defense 

industries [1]. Among them, the AlN/Al composite has superior properties compared to other 

aluminum composites because the AlN material has special properties: It crystallizes in the 

hexagonal wurtzite structure with lattice constants a = 3.110 Å, c = 4.980Å [2]. It has a large 

band gap of 6.3 eV that makes it a good insulating material. It has a low density (3.026 g/cm
3
), a 

low coefficient of thermal expansion (4.5 × 10
−6

 K
−1

, in the temperature range 293 - 673 K and a 

very good thermal conductivity (110 - 285 W m
−1

 K
−1

 ), high electrical resistance (10
9 

- 10
11                 

Ωm), high Young's modulus (E = 348 GPa), high compressive strength (2700 MPa) and 
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hardness (12.6 GPa), good thermal stability (up to 2000 K) [3 - 4]. The AlN/Al composites were 

still studying by two methods: ex-situ and in-situ [3 - 23]. The technologically advanced features 

of the in-situ method compared to the ex-situ are such as: i) the AlN reinforcement particles 

were formed during reaction processing, which enhanced the bondability of the reinforced 

particles to Al matrix; ii) the formation of AlN reinforcement particles is more uniform; iii)  the 

production cost of AlN/Al composite is cheaper than by other methods since the technological 

generation of AlN powder is still a difficult problem. The in-situ gas-bubbling method is still a 

potential fabrication method. Although the knowledge of this method was studied quite early [3, 

6, 10 - 15] but to have optimal technology with mechanical properties, and physical-chemical 

properties there is still a problem. Kumari et al. reported on the influence of nitrogen injection 

time, the role of magnesium on the formation of AlN paticles and AlN/Al composition’s micro-

hardness. The results indicated that the hardness increases as the injection time increases, and 

the role of magnesium in composites generated AlN formation more fastly, thereby improving 

the composite’s hardness [3]. Zheng et al. showed that the rate of formation of AlN increased 

slightly with the increase in the reaction temperature and increased significantly whenthe 

increase in gas flow rate, and kind of gaseous precursor when using NH3 gas will generate AlN 

formation more than compared to using N2 [6, 10]. Pradhan et al. reported that the AlN/Al 

composites were made using a mixture of NH4Cl + CaO to produce NH3 gas that have the role as 

gas-bubbling to form AlN, resulting in composites with a hardness of 61.3 HV [5]. 

In this paper, we investigated the influence of nitrogen injection time on the structural and 

mechanical properties of AlN/Al composites using the in-situ gas-bubbling method. The 

structural properties will be discussed through the results of X-ray diffraction (XRD), scanning 

electron microscopy (SEM), and energy dispersive X-ray (EDX). Micro-hardness was 

investigated using ISOSCAN HV2 AC equipment. 

2. MATERIALS AND METHODS 

The experimental procedure was reported in our previous publication [14, 15]. The process 

details can be described as the following: Firstly the aluminum raw material and experiment 

tools were dried at 100 
o
C to clean organic contamination. Next step, 1 kg of Al-15 wt.% Mg 

was melted at 680 
o
C. After degassing, refined 0.35 kg Al-Mg alloy was poured into Al2O3 

crucible and put in the reaction chamber. Raising temperature inside reaction chamber until 

achieved 1150 °C, the nitrogen injection processing began at a rate of 0.2 liters/minute, which 

was monitored by a flow meter. Before injecting nitrogen gas into reaction chamber, the gas 

was passed through a drying, dehumidification and deoxidation equipment. Before closing the 

furnace, Ar gas was introduced to protect the Al-Mg alloy liquid and prevent oxidizing or 

burning of Mg. The reaction chamber was sealed and protected by Ar gas to facilitate the 

favorable formation AlN. The variable injection times changed from 1 to 4 hours. The samples 

in the experiment are labeled as S1, S2, S3, and S4, corresponding to the nitrogen injection 

times as shown in Table 1. After injection time finished, the crucible was taken out from the 

furnace chamber and poured into the mold with size of 20 mm diameter. The sample was cut 

into specimens for structural and hardness characterization. The crystal structure was 

characterized by X-ray diffractometer EQUINOX 5000 Thermo Scientific (France) with Cu-Kα 

radiation, λ = 1.54056 Å. The lattice parameters were determined using Si as a standard 

deviation (± 0.002 Å). The composition of the sample was determined by EDX with standard 

deviation (± 5 %), surfaces morphology were characterized using scanning electron microscope 

SEM-SU3800. The ISOSCAN HV2 AC with standard deviation (± 0.025 HV) was used to 

determine the microhardness (Vickers Hardness Number, VHN) at different test loads of 0.25, 
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0.5, 1 and 2 N, dwell time of 13 s. The average values of 4 - 5 readings were taken as a measure 

of the representative hardness of the AlN/Al composite. 

 

Figure 1. Experimental procedure and schematic illustration of reaction furnace for fabricating                 

AlN/Al composite. 

Table1. Sample fabrication conditions with variable injection times. 

Sample 
Gas injection rate  

(liter/min.) 

Injection  time 

(hour) 
Reaction chamber condition 

S1 0.2 1 sealed 

S2 0.2 2 sealed 

S3 0.2 3 sealed 

S4 0.2 4 sealed 

3. RESULTS AND DISCUSSION 

3.1. XRD results of AlN/Al composites 

Figure 2 shows the X-ray diffraction patterns of samples with different blow times. There 

are three phases in all samples, as shown in Figure 2a): Al, Al-Mg, and AlN. Al phase marked 

by green color symbol, Al-Mg phase  by square dot and AlN phase  by black color symbol. The 

presence of Al-Mg phase in the sample may indicate that the injection time is not long enough 

for the whole reacting of Mg content in Al-Mg composite. In this case magnesium acts as 

catalysts to prevent aluminum oxidation reactions. Borgonovo et al. indicated that magnesium 

reacted to oxygen easier than aluminum [24]. Hou et al. showed the role of Mg to act as an 
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intermediate in the reaction between the nitrogen gas phase and the aluminum liquid phase to 

form AlN [8]. The samples S1, S2 with shorter nitrogen injection times, exhibited a more 

pronounced appearance of the Al-Mg phase with higher diffraction peaks. Kumari et al. 

reported that the content of 4 wt.% Mg added into Al matrix during nitrogen blowing time of 

4 hours without the appearance of Al-Mg phase [3]. Dyzia et al. reported that the content of 3 

wt.% Mg added into Al matrix after anhour nitrogen blow time without Al-Mg phase [7]. Shin 

et al. reported that 10 and 20 wt.% of Mg amounts wereadded into Al matrix, after the reaction 

time of 16, 32 hours respectively, there are no appearance of the Al-Mg phase [13]. The 

appearance of the AlN structural phase significantly shows on sample S4 as in Figure 2b), with 

the diffraction angles at 33.3
o
, 36.1

o
 and 38.0º corresponding to the diffraction plane (100), 

(002) and (101). Comparing, all of the received peaks of sample S4 to the diffraction peaks of 

the AlN bulk are matched to those ofthe standard card JCPDF#893446. TheXRD results show 

that the AlN phase is polycrystalline and adopts a wurtzite hexagonal structure [25]. The lattice 

constant of hexagonal structure can be calculated following the formula: 

 

      
   

 

 
(
        

  )  
  

       (1)  

where        is the distance between the diffraction planes and Bragg's law of diffraction with 

the angle of incidence of diffraction θ: 

              .     (2) 

Based on formula (1) and (2) the lattice constants 

   
 

√          
      (3) 

   
 

         
      (4) 

The calculated a and c of AlN in this case were 3.107 and 4.969 Å, respectively. These 

values are quite consistent with previous reports [2, 25].  

 

Figure 2.(a) X-ray diffraction pattern of AlN/Al at different N2 blow times. (b) The  enlarged patterns                

for the diffraction angle from 30 to 40 degree. The inset of (b) is crystallite size of AlN calculated at     

(101) peak. 
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The inset in Figure 2b) shows the AlN crystallite size calculated based on the diffraction 

peak (101). This value decreases as the blow time increases with the maximum crystallite size 

value of ~9 nm and the smallest value of ~5 nm. The crystallite size was calculated using the 

Debye Scherrer formula: D = kλ/βcosθ [25], where D is the nanoparticles crystallite size, the k 

represents Scherrer constant, λ denotes the wavelength, β denotes the full width at half 

maximum (FWHM), the θ represent the Bragg angle. The obtained values of D are significantly 

lower than the reported crystal size of 46, 55 nm AlN in an AlN/Al composite fabricated by                

ex-situ method - ball milling during 20 hours [19]. 

3.2. The morphology of AlN/Al composite at various gas injection times 

 

Figure 3. The SEM images of specimen with different N2 injection times: (a)-S1, (b)-S2, (c)-S3, (d)-S4. 

The insetsare SEM images with smaller magnification. 

Figure 3 shows SEM image with the SE mode of AlN/Al composite’s surface with different 

nitrogen injection times (a)-S1, (b)-S2, (c)-S3, (d)-S4. The samples possess particle sizes 

ranging from few hundred nm to several µm. The surface is free of pore and crack.With the 

same in-situ gas-bubbling method the previous reports showed particle sizes of less than 10 μm 

[11 - 13]. The AlN formation tends to agglomerate discontinuously into Al-Mg compound, 

which have the biggest particle size below 5 µm. The characteristic particle shapes are more 

exhibited in S1 sample with polygon shape. As the nitrogen injection time increased the particle 

density increased, distribution is more uniform and the particle size tends to be smaller. The 

inset image in Figures 3(a)-(d) shows SEM images with BSE mode at smaller magnification. 

Based on these images, the particle density of AlN formation increases. The distribution of AlN 

particles on sample S4 is fairly uniform in Al-Mg compound.  
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3.3. The composition of AlN/Al composite 

 

Figure 4. (a) The EDX point spectrum, (b) the EDXmapping, (c) EDXscan line of  specimen with                    

N2 injection  time of one hour. 

Figure 4 shows the EDX point spectrum (a), EDX region spectrum (b), and EDX line 

spectrum (c) of sample S1. The Al/N atomic ratio of this samplewas 47.2/44.1 = 1.07, and those 

of samples S2, S3, and S4 were 0.97, 0.97 and 1.11, respectively. These results are quite 

consistent with the results of X-ray diffraction. The results in Figure 4(b-c) show more clearly 

the AlN particles formed on the Al-Mg compound. 

3.4. Effects of micro-hardness property of AlN/Al composites 

Figure 5(a) indicates the hardness value (HV) of some AlN/Al composites made by in-situ 

method and ex-situ method in recent years and Figure 5(b) is the micro-hardness value of 

samples with different nitrogen injection times compared to the hardness value of Al. The micro-

hardness values were measured at different loads of 0.25, 0.5, 1 and 2 N by the Isoscan HV2 AC 

equipment. The results show that as injection time increasesthe hardness of the sample increases. 

This is due to the increased amount of AlN particle formation. Moreover, the crystallite particle 

size decreases to resist the deformation of the Al matrix, thereby increasing the hardness of 

AlN/Al composites. The hardness value of S4 sample is greater of 2.5 times than that of the pure 

Al. According to our previous report, the content of AlN particles during nitrogen injection time 

of 4 hours was about 6.32 % [14]. Kumari et al. measured a micro-hardness of 115 HV with a 

load of 0.25 N of AlN/Al composite with 4 wt.% Mg–Al during nitrogen injectiontime of 4 

hours by in-situ gas–bubbling method [3]. Using the same measurement condition for S4 sample 
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the achieved microhardness was 98.4 HV. By ex-situ methods, the added AlN content is quite 

high [23, 26]. Liia et al. reported that with an AlN content of 70 wt.% in the AlN/Al composite, 

the hardness values measured with a load of 50 N were up to 145 HV [26]. Xiu et al. reported 

that an AlN content of 45 wt.% in the AlN/Al composite with a load of 250 N, the hardness 

values achieved at 127 HV [23]. The micro-hardness values in our samples were lower 

compared to those byex-situ methods. This result may be due to the low AlN content in AlN/Al 

composite. However, based on this method the AlN/Al composites’s hardness can be changed by 

controlling nitrogen injection time. 

 

Figure 5.(a) The Vickers hardness of some AlN/Al composites fabricated by in-situ and ex-situ method. 

(b) The Vickers hardness of Aluminum and AlN/Al composite with different N2 gas blow times. 

4. CONCLUSION 

In conclusion, in this paper we have analyzed the influence of nitrogen injection time on 

AlN particle formation in Al matrix. As a result, the formated AlN particles are polycrystalline 

with hexagonal structures. The density of AlN particles is uniform distribution on the Al-Mg 

compound with particle sizes ranging from a few hundred nm to several μm. The micro-hardness 

increases gradually with the nitrogen injection time and the maximum value of 120 HV is 

achieved when the sample is injected at 4 hours. By these results, the fabrication of AlN/Al 

composite using the in-situ gas-bubbling method is of great promising in industrial large scale. 
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