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Abstract  
 
The effect of quasi-static pre-compaction on the mechanical and microstructural properties of 
Al7075/SiC and Al6061/SiC nanocomposites fabricated by dynamic compaction is investigated in this 
study. The increase in initial density by quasi-static pre-compaction plays an important role on 
properties of dynamic compacted metal powders. Pre-compaction is a useful operation in high velocity 
compaction (strain rates 105s-1 to 107s-1) which can improve the green density of final compacted 
sample. However, it is shown in this work that pre-compaction of powder followed by lower strain 
rates compaction process (101s-1 to 103s-1) may lead to lower density, hardness, and even strength of the 
compacts. Damage and embrittlement were observed almost in all of the samples compacted initially 
before dynamic compaction. Investigations show that intensive cold work on pre-compacted samples 
may be one of the reasons of lower densification. Also, less free space between particles in pre-
compacted specimens which may result in lower particles velocity and weaker bonding is believed to 
be another affecting factor. 
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1. Introduction  
 
Aluminum alloys have been widely used in last decades in different industries due to their high strength-to-
weight ratio. Al7000 and Al6000 series alloys are one the most applicable materials in aerospace, automotive 
and military fields having mechanical properties comparable with some of alloy steels. Reinforcing this ductile 
alloy with hard and stiff ceramic particles in micron or nano size can make composites with excellent properties. 
In this order, the resulted metal matrix composites (MMC) will have both properties of a metal like strength and 
high toughness and a ceramic like high temperature and wear resistance [1]. Ceramic nano particles like SiC, 
Al2O3, B4C and TiB2 have received great attention owing to their property advantages over conventional micron 
sized particles. Between these materials, SiC is one of the most promising of them which is used in Al-based 
composites [2, 3]. Many fabrication techniques are conducted to produce Al-based matrix reinforced by nano 
particles. Hot pressing [4], hot isostatic pressing (HIP) [5], hot extrusion [6] and cold pressing followed by 
conventional sintering [7] are some of the most used processing routes. Dynamic or shock wave consolidation 
and high velocity compaction (HVC) methods are other groups of powder metallurgy routes which are utilized 
fewer. These high strain rates compaction processes usually use explosion or compressed gas to accelerate a 
projectile for compaction the powder or use impact of a dropping weight for this purpose. 
These processes, unlike the conventional non-dynamic approaches, offer the possibility of producing the high 
temperatures necessary for adequate metallurgical bonding precisely where they are required (at the powder 
particle interfaces), while the reminder of the powder mass remains relatively cool. Therefore, using dynamic 
consolidation methods the microstructural changes due to temperature rise like particles agglomeration and 
grains growth can be minimized [8]. Wang. et. al. [9] applied dynamic consolidation to fabricate W-25%Cu 
nanocomposite. They used shock wave induced by explosive to compact the powders. Fredenburg et. al. [10] 
also used a three-capsule gas-gun to consolidate nanocrystalline 6061-T6 aluminum powders. They could 
produce compacts with 98-99% theoretical mass density and finally investigated their microstructural behavior. 
Other research works done by Wang and his coworkers [11] and Yi et. al. [12] used HVC to compact different 
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powders. In current research work, the pre-compaction effects on mechanical and microstructural behavior of 
the Al7075/SiC and Al6061/SiC nanocomposite samples are investigated and some results are concluded. 
 
 
2. Experiments: 
2.1 Materials 
 
The starting materials were Al7075 (-100 µm, gas atomized, irregular morphology, Khorasan Powder 
Metallurgy Co, Iran), Al6061 (-100 µm, gas atomized, irregular morphology, Khorasan Powder Metallurgy Co, 
Iran) and SiC (average 50 nm, purity > 99.0%, specific surface area > 90 m2/g, nearly spherical 
morphology). SEM micrograph of as-received Al6061 micro particles and SiC nano particles are shown in 
Fig.1. Each of Al7075 and Al6061 powders were firstly blended manually with 5 and 10 vol% of silicon carbide 
nanoparticles (SiCnp). To obtain a uniform distribution and also to prevent agglomeration, the mixtures were 
suspended in ethanol and were subjected to ultrasonic vibration for about 20 minutes. After drying at furnace, 
0.5 wt.% stearic acid as process control agent (PCA) was added to the mixture and finally the milling process 
using a planetary ball mill was started with 300 rpm velocity for 2 hours . The milling media consisted of 
twenty-two 10 mm diameter hard chromium steel balls and ball to powder ratio was adjusted to 3:1. The number 
and total weight of the steel balls were also chosen in a way to attain more of collision between ball and 
powders. Fig.2 shows typically the SEM images of Al6061 particle surface before and after mixing with SiC 
nanoparticles. As Fig.2 (b) suggests, SiC nanoparticles have covered completely the matrix particles surface 
after mechanical milling. This was also observed in Al7075/SiC milled powders. Fig. 3 also expresses the XRD 
patterns of 2 h ball milled Al7075/SiC mixture with different contents of SiC nano particles. These patterns are 
recorded using a PHILIPS X’PERT PW3040 diffractometer (40 kV/30 mA) with CuKα radiation 
(L 0.154059 nm). Due to short duration of milling, no new phases are produced after ball milling of the 
mixture. The SiC diffraction peaks for specimens having more fractions of nano reinforcements are apparent in 
Fig. 2 (compare graphs (a) to (c) in Fig. 3). 
 
 

  
 

Figure 1: FESEM micrograph of (a) as-received Al6061, and (b) SiC nano particles. 
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Figure 2: FESEM micrograph of (a) as-received Al6061, and (b) Al6061-5 vol% SiC after 2 h  
of ball milling. 

 
 

 
 

Figure 3: XRD pattern of specimens after 2 h of milling. 
(a) Al7075. (b) Al7075-5 vol% SiC. (c) Al7075-10 vol% SiC 

 
 

2.2 Dynamic Compaction Process 
 
To fabricate nanocomposite parts, a 1.2344 heat-treated hot-work steel die and a 15 mm diameter punch made 
of 1.2542 shock-resisting steel were used. Two small tablets of same material as the main punch and also same 
diameter with shorter length of 5 mm were inserted below and above the powder. These parts reduce the spring-
back effect of the specimen and improve the process by locking the powder bed during the compaction [13]. A 
bottom punch also located below the die to fix the tool set to the base. The impact needed to compact the 
nanocomposite powders was facilitated using a 2 kJ mechanical drop hammer (3.5 m height, 60 kg weight 
hammer, and delivery velocity 8 m/s). Since, the punch is lighter than the dropping weight, its velocity is 
obviously more than 8 m/s based on the principle of conservation of momentum [14]. Fig. 4 illustrates a 
schematic view of drop hammer device and used tool set. Finite element simulation using Autodyn program 
demonstrated that this impact caused a peak pressure of about 1.2 GPa in powder. This level of induced pressure 
between powders particles may lead to sintering under optimized condition. 
Using MoS2 high-temperature die wall lubricant, 5 g of the powder with tap density of about 55% of theoretical 
density (ρAl7075 = 2812 kg/m3, ρAl6061 = 2753 kg/m3, ρSiC = 3220 kg/m3) was dynamically compacted. It’s 
necessary to add that the theoretical density of nanocomposite powders were estimated using the rule of mixture 
as ρAl7075-5vol%SiC = 2832 kg/m3, ρAl7075-10vol%SiC = 2852 kg/m3, ρAl6061-5vol%SiC = 2777 kg/m3, and ρAl6061-10vol%SiC = 
2800 kg/m3. 
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Figure 4: Schematic view of warm dynamic compaction setup. 
 
 

In order to study this fabrication techniques comprehensively, an experiment design based on table 1 was 
considered. It’s necessary to add that the maximum considered temperature, 425 oC, is the sintering temperature 
of Al7075. It’s also known that sintering temperature of metal powders is about 0.75 of the material melting 
point. The required temperature was supplied using a 1000 W ceramic cylindrical heating element. Temperature 
inside the die was measured using a wire thermocouple connected to an analogue thermometer with a precision 
of +/-10 oC. As can be seen in table 1, to study the effects of initial compaction of powder, the powder was pre 
compacted under 0, 40, and 80 MPa uniaxial pressures. This initial compaction of powder was carried out using 
a hydraulic press machine (Avery Denison).  
 

Table 1: Experiments design 
 

Pre-compaction Stress (MPa) SiC Content (vol%) Temperature (°C) Powder Type 
0,40,80 0,5,10 25, 225, 425 Al7075/SiC 
0,40,80 0,5,10 25, 125, 225 Al6061/SiC 

 
 
3. Results and Discussion 
3.1. Density 
 
Density is one of the measurements to qualify the consolidation of powder materials. The properties of a 
composite depend not only on the properties of the matrix itself, but also on the reinforcement material and its 
interaction with the matrix. Volume fraction of hard phase particles in a multiphase microstructure is the most 
important factor affecting density and mechanical properties such as strength and fracture toughness [3, 15]. In 
order to study the relation between compacted samples density with process parameters like SiC volume 
percentage, temperature, and pre-compaction pressure, density of all samples were measured using Archimedes 
principal. Variations of relative density for different pre-compaction stresses and process temperatures are 
depicted in Fig.5. Although in some cases the relative density has increased when the powder is initially 
compacted (for example, 25 oC column in Fig.5 (a)), the general behavior for relative density is decreasing as 
pre-compaction stress increases. Basically, in high velocity compaction processes due to very high velocity of 
compaction the entrapped air between particles has not enough time to exit. These voids resist against full 
densification of powder. Therefore, with one-stage compaction high densities will not be achieved. To fix this 
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problem, the powder is usually imposed by uniaxial quasi-static pressing at first to bring out the entrapped air 
slowly and then the dynamic compaction will be carried out [12]. As stated before, in current study the samples 
were pre-compacted quasi statically up to 40 and 80 MPa. These stress levels enhanced tap density of about 
55% to 70 and 80%, respectively. Unlike to other studies, in this research work initial quasi-static compaction 
couldn’t increase final relative density of dynamic compacted samples, as Fig.5 demonstrates. This behavior is 
also evident in Fig.6. As this figure suggests, pre-compacted samples after dynamic compaction are not fully 
compacted and some voids are still existed in them. Fig.7 compares two samples with same conditions which 
one of them is subjected to pre-compaction pressure. As can be observed, the sample with pre-compaction has a 
brittle behavior with powder like surfaces which some cracks and fractures are occurred in it. It is obvious that 
lowering the initial density causes a decrease in shock velocity and increase in material velocity. Higher 
material velocities promote better mechanical bonding between particles due to a greater amount of plastic flow 
occurring for higher velocity impacts [10].  
In dynamic compaction process (strain rates about 101 s-1 to 103 s-1), performing pre-compaction which leads to 
higher initial densities, reduces free space between particles. So, velocity increase of particles due to dynamic 
impact will be limited. As a result, particles kinetic energy reduces and strong mechanical bonds between them 
will not be occurred. Conversely, in shock-wave consolidation processes which uses explosive or gas-gun 
accelerated projectile (strain rates about 105s-1 to 107s-1), pre-compaction stage cannot prevent particles velocity 
increase (compare velocity of 2-30 m/s in dynamic compaction processes to velocity of a few hundred m/s in 
shock-wave consolidation processes). So, strong mechanical and metallurgical bonds can be created between 
particles and higher relative densities will be reached.  
 
 

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

0 40 80

Re
la

tiv
e 

De
ns

ity

Precompaction Stress (MPa)

T=425 T=225 T=25

 
(a) 

0.82

0.86

0.9

0.94

0.98

0 40 80

Re
la

tiv
e 

De
ns

ity

Precompaction Stress (MPa)

T=425 T=225 T=25

 
(b) 

 

0.82

0.86

0.9

0.94

0.98

0 40 80

Re
la

tiv
e 

De
ns

ity

Precompaction Stress (MPa)

T=425 T=225 T=25

 
(c) 

 
Figure 5: Pre-compaction effect on relative density; 

(a) Al7075, (b) Al7075-5 vol% SiC, 
(c) Al7075-10 vol% SiC 
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(c)  (b)  (a)  

 
Figure 6: Optical micrograph of Al7075 compacted samples at 425 oC; (a) pre-compaction stress = 0, (b) 

pre-compaction stress = 40 MPa, (c) pre-compaction stress = 80 MPa 
 
 

 

 
(b) 

 
(a) 

 

Figure 7: Al6061-5 vol.% SiC compact;  (a) without pre-compaction,  
(b) initially compacted at 40MPa 

 
 
 
3.2. Ejection Force and Spring Back 
 
The maximum force needed to take out the compacted sample from die is called ejection force. These forces is 
influenced by some factors like powder specifications, friction between the sample and die wall, height-to-
diameter ratio of compacted sample, and residual radial stress inside the sample [11]. Samples were ejected 
using Avery hydraulic press with rate of 15 mm/min. The peak value of force-displacement curve for each 
ejection is ejection force. Stored elastic energy and residual radial stress in sample during the compaction 
process can change its dimensions after ejecting from the die. This phenomenon which is known as spring back 
effect can also cause transverse cracks in sample. The amount of radial spring back can be calculated using this 
equation:  
 

0

0

100 (1)


 
d d

d


 
Where δ is spring back amount, d is diameter of compacted and ejected sample, and d0 is die hole diameter. 
Although there is not a uniform behavior for ejection force for different amounts of process temperature and 
pre-compaction stresses in Fig.8, general view of these plots expresses almost a reduction behavior for ejection 
force as pre-compaction increases. In most of samples, increasing process temperature and pre-compaction 
stress have led to lowering ejection forces. Nevertheless, enhancing of ejection force for some others of samples 
may be due to quality of die wall lubrication. Reduction of ejection force as pre-compaction stress increases is 
in direct relation with spring back amount. Less spring back reduces normal forces between the sample and the 
die wall and thus friction effects will be reduced. Fig.9 (a) shows a typical plot of spring back for monolithic 
Al6061 for various process temperature and pre-compaction stresses. 
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(a) 

 
(b) 

 
(c) 

Fig.8 Effect of  pre-compaction pressure on ejection force of  
(a) Al6061, (b) Al6061-5 vol.% SiC and (c) Al6061-10 vol.% SiC 

  
 
3.3. Micro Hardness 
 
The Vickers micro hardness was measured by applying a 100 grams force for 15 seconds to the specimen using 
a tetragonal indenter. At least three measurements were made for each specimen. As can be seen in Fig.9 (b), 
samples reinforced with SiCnp have higher level of hardness. Increasing of microhardness as SiC content 
increases is believed to be due to second-phase hardening effects of added nanophase and its intrinsic hardness. 
Similar observations have already been reported by Alizadeh et al. [16], Dong et al. [17], and Canakci [18]. 
Basically, improvement of hardness can be regarded as a benchmark for enhancement of material strength as 
well. This figure also indicates that samples experienced higher levels of pre-compaction stress, which led to 
higher initial densities, have lower micro hardness. This finding is also compatible with other results previously 
mentioned in this paper (Fig.5 and 6). 
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Figure 9: Effect of pre-compaction stress on (a) radial spring back of monolithic Al6061, (b) micro hardness of 
compacted samples at 425 oC. 
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5. Concluding Remarks 
 
From the study carried out in this work, the following conclusions may be derived: 
1. Adding SiC nano reinforcement to Al7075 and Al6061 matrices reduces the relative density about 1-4%. 

These nano particles which are harder and stiffer than the matrix itself, reduce press-ability of the matrix by   
depositing at Al particles boundaries.  

2. Performing pre-compaction on samples leads to lower densities. It is believed that lowering the initial 
density causes a decrease in shock velocity and increase in material velocity. Higher material velocities 
promote better mechanical bonding between particles due to a greater amount of plastic flow occurring for 
higher velocity impacts. So, pre-compaction which increases initial density, is a detrimental factor for 
strong particle bonding and leads to cracked and damaged samples. 

3. Because of work hardening effects of added nanophase and its intrinsic hardness, the hardness of particulate 
reinforced Aluminum matrix nanocomposite enhanced around 20% with respect to the monolithic material. 
Furthermore, micro hardness of samples is reduced as pre-compaction stress increases due to reasons 
pointed out in remark 2. 

4. Ejection forces are usually decreased after carrying out pre-compaction. This is probably due to reduction 
of height-to-diameter ratio for pre-compacted samples which reduces die wall frictional effects. 

 
 
References 

 
[1] Tavoosi, M., et al. (2009), Bulk Al–Zn/Al2O3 nanocomposite prepared by reactive milling and hot pressing 

methods. Journal of Alloys and Compounds, 475(1–2): p. 198. 
[2] Khadem, S.A., et al. (2011), Structural and morphological evaluation of Al–5 vol.%SiC nanocomposite 

powder produced by mechanical milling. Journal of Alloys and Compounds, 509(5): p. 6. 
[3] Atrian, A., et al. (2013), Mechanical and microstructural characterization of Al7075/SiC nanocomposite 

fabricated by dynamic compaction. International Journal of Minerals, Metallurgy and Materials, In Press. 
[4] Jafari, M., et al. (2012), Mechanical properties of nanostructured Al2024–MWCNT composite prepared by 

optimized mechanical milling and hot pressing methods. Advanced Powder Technology, 23(2): p. 205. 
[5] Ahmed, A., et al. (2010), Synthesis, Tensile Testing, and Microstructural Characterization of Nanometric 

SiC Particulate-Reinforced Al 7075 Matrix Composites. Metallurgical and Materials Transactions A, 41 A: p. 
1582. 

[6] Oñoro, J., et al. (2009), High-temperature mechanical properties of aluminium alloys reinforced with boron 
carbide particles. Materials Science and Engineering: A, 499: p. 421. 

[7] Mohanty, R.M., et al. (2008), Boron carbide-reinforced alumnium 1100 matrix composites: Fabrication and 
properties. Materials Science and Engineering: A, 498(1–2): p. 42. 

[8] Gourdin, W.H. (1986), Dynamic consolidation of metal powders. Progress in Materials Science, 30: p. 39. 
[9] Wang, Z., et al. (2010), Dynamic consolidation of W–Cu nanocomposites from W–CuO powder mixture. 

Materials Science and Engineering A, 527: p. 6098. 
[10] Fredenburg, D.A., et al. (2010), Shock consolidation of nanocrystalline 6061-T6 aluminum powders. 

Materials Science and Engineering A, 527: p. 3349. 
[11] Wang, J.Z., et al. (2009), High velocity compaction of ferrous powder. Powder Technology, 192(1): p. 131. 
[12] Yi, M.-j., et al. (2009), Comparative research on high-velocity compaction and conventional rigid die 

compaction. Frontiers of Materials Science in China, 3(4): p. 447. 
[13] Azhdar, B., et al. (2005), Development of a High-Velocity Compaction process for polymer powders. 

Polymer Testing, 24: p. 909. 
[14] Sethi, G., et al. (2008), An overview of dynamic compaction in powder metallurgy International  Materials 

Reviews, 53(4): p. 16. 
[15] ASM Handbook, Volume 7, Powder Metal Technologies and Applications (1998): ASM International. 
[16] Alizadeh, A. and E. Taheri-Nassaj (2011), Wear Behavior of Nanostructured Al and Al–B4C 

Nanocomposites Produced by Mechanical Milling and Hot Extrusion. Tribology Letters, 44(1): p. 59. 
[17] Dong, Y.L., et al. (2009), Fabrication and mechanical properties of nano-/micro-sized Al2O3/SiC 

composites. Materials Science and Engineering: A, 504(1–2): p. 49. 
[18] Canakci, A. (2011), Microstructure and abrasive wear behaviour of B4C particle reinforced 2014 Al matrix 

composites. Material Science, 46: p. 2805. 


