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Summary: Hot quasi-static pressing and dynamic compaction of Al7075-B4C composite 
powder using mechanical drop hammer and single-stage gas-gun are studied in this work. 
Micron-sized Al7075 and B4C particles are mechanically milled for 2 hours to obtain a 
mixture with uniform dispersion of B4C reinforcing phase. Samples with relative densities up 
to 97.5%, 99%, and 100% were fabricated using gas-gun, drop hammer, and  hot quasi-
statically compactions, respectively. The results also showed that the Vickers micro-hardness 
of the compacts improved with the increase of B4C content. The compression test revealed 
that adding B4C particles do not improve compressive strength in samples compacted by gas-
gun, but reduce the ductility of the samples significantly. However, the samples compacted 
using drop hammer and under hot quasi-static loading experienced about 25% and 11% 
enhancement in compressive strength, respectively, as B4C increased. The investigation 
indicated that the dynamic compaction using gas-gun is more successful if it is performed 
after quasi-static pre-compaction and under warm compaction process. Results also show 
quasi-static pressing is the best fabrication technique to achieve the highest density, micro-
hardness, and strength. However, in this case the fabrication process is significantly longer 
than dynamic techniques.  

 
 
1 INTRODUCTION 

Aluminum matrix composites are widely used in industries such as aerospace, automotive, 
and microelectronics due to their excellent properties and high strength-to-weight ratio. 
Al7075 with excellent mechanical properties, has received more attention especially in 
aerospace industry among other Al alloys. The properties of this alloy can be improved by 
reinforcing it with ceramic particles such as SiC, Al2O3 and B4C using powder metallurgy 
(PM) processes. The reinforced Al alloy enjoys the properties of a metal such as strength and 
high toughness and the properties of a ceramic such as high temperature and wear resistance 
[1]. Various PM techniques such as hot pressing and hot extrusion which employ quasi-static 
loading and different dynamic compaction processes can be used for fabrication of the 
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composites. Dynamic or shock wave consolidation is one of these techniques which use the 
energy of an impact for compaction. The main advantage these techniques is that hot 
sintering is usually eliminated from the production cycle and it is replaced by cold sintering. 
Therefore, the micro-structural changes such as particles agglomeration and grains growth 
which may happen due to high temperature rise, can be minimized [2]. The dynamic 
compaction techniques usually use explosion  or compressed gases as propellant to accelerate 
a projectile for compaction of the powder or use the impact of a dropping hammer for this 
purpose [3].  

In some studies the consolidation of various powders have been accomplished using the 
shock-wave induced in the compact by a gas-gun [4] or explosion [5]. Dai et al. [4] studied 
the shock-compression response of nano-Fe3O4 powder using a plate-impact gas-gun setup. 
Fredenburg et al. [6] consolidated Al6061-T6 powder using a light gas-gun at a  velocity of 
about 730 m/s. In the present work, Al7075-B4C composite is produced by warm dynamic 
compaction using a single-stage gas-gun and mechanical drop hammer, and also by quasi-
static hot pressing using an Instron universal testing machine. The compaction tests using 
gas-gun are conducted with and without pre-compaction. Moreover, the effects of volume 
fraction of reinforcing phase on density, compressive behavior, micro-hardness, and micro-
structural behavior of the specimens are investigated. 

 

2 EXPERIMENTS 

2.1 Materials 
Al7075 powder as the matrix (gas atomized, -100 m , irregular morphology, Khorasan 

Powder Metallurgy Co., Iran) and B4C as the reinforcing particles (average 10-100 m , 
nearly spherical morphology) were milled in a planetary ball mill at room temperature and in 
the inert argon atmosphere. The milling media consisted of 22 hardened chromium steel balls 
with a diameter of 10 mm confined in a 125 ml steel vial. The milling process performed at a 
rotation speed of 300 rpm and took about 2 hours. About 30 g of the powder mixture along 
with 0.5 wt.% of stearic acid as process control agent (PCA), to decrease the unwanted 
adhesion, were subjected to the milling [7]. The number and total weight of the steel balls 
were also chosen in a way to attain more collisions between the balls and the powders and to 
achieve a ball-to-powder mass ratio of 3:1, respectively. In order to investigate the structural 
changes during milling, the XRD patterns of samples were recorded using a PHILIPS 
X’PERT PW3040 diffractometer (40 kV/30 mA) with CuKα radiation (λ=0.154059 nm). 

 

2.2 Fabrication of composite samples  

2.2.1  Quasi-static hot pressing 
At the beginning it was necessary to obtain the optimized conditions of hot pressing 

process to  reach the highest density. Effects of parameters such as the magnitude and 
duration of pressure application on density were examined. In this regard, four Al7075 
specimens without nano reinforcement were hot pressed at 698 oK and in a uniaxial die under 
250 and 500 MPa pressure and 15 and 30 min time duration. Obtained results show a 
compaction pressure of 500 MPa applied for 30 minutes can lead to the highest density 
(density measurement was done using the Archimedes principle). Therefore, this pressure 
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and its time duration were designated to fabricate the main samples with 0-10 vol% B4C 
reinforcement. The rate of loading was selected to be 5 mm/min which created strain rates 
about 8.0×10-3 s-1 in the samples. In order to avoid pore formation, the pressure on specimen 
was removed when the compaction temperature fell below 573 oK [8]. It should be 
mentioned that we may get higher densities at higher pressures, but the problem is that the 
stresses induced in the die and the punch due to very high pressure may significantly exceed 
the stress levels which can be tolerated by the materials of the punch and the die and lead to 
their destruction. This remark has also been observed by most of researchers [9] in their 
investigations. In fact, they pass up 1-2% increases in the density to protect their die against 
damages due to high pressures . 

2.2.2 Dynamic compaction using drop hammer  

A mechanical drop hammer was used for compaction process of composite powder. The 
drop hammer utilizes a 60 kg falling weight to reach the impact velocity of 8 m/s ( 2V gh ) 
for a falling height of 3.5 m. It can be worked out that this impact velocity produces a strain 
rate of 1.0×103 s-1 and 2 kJ energy (E=mV2/2) which is delivered to the powder for 
compaction. The weight is selected to produce the highest density for the samples. A 
schematic view of drop hammer is illustrated in Fig.1. Here, the compaction was performed 
under 698 oK and without quasi-static pre-compaction. More details about this process also 
can be found in the references [1, 8]. 

 

 
Figure 1: The schematic view of the mechanical drop hammer. 

 

2.2.3 Dynamic compaction using gas-gun  

A single-stage gas-gun with compressed air as propellant, 100 mm-bore diameter and 3 m-
long barrel supplied the required impact loading for compaction. About 180 bar pressure 
which released by means of a pneumatic actuated valve and tearing of a PTFE diaphragm 
could accelerate a 1.05 kg projectile up to 160 m/s velocity. This impact velocity corresponds 
to a strain rate of about 1.6×104 s-1 and produced about 12 kJ energy. Two-dimensional finite 
element (FE) simulation in AUTODYN was used to predict the stress-histories at different 
locations in the sample and the die set. The nonlinear dynamic analysis was performed for a 
2D axisymmetric model and was solved explicitly. Densification behavior of powder was 
introduced to the software using p-α equation of state (EOS) [10]. The basic form of this 
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equation is a polynomial in P, given as follows [11]:  
2 3

0 1 2 3   P P P      (1) 

In this equation, P is the compaction pressure, α0 to α3 are the calibrated coefficients, and 
α is the porosity which is related to compaction density and is defined as follows [10]: 

  S

S

V
V





 (2) 

where V and ρ are the specific volume and density of the porous material, respectively. Vs 
and ρs are also the specific volume and density of its corresponding solid material. p-α model 
was obtained from load-displacement curve of the powder compaction under quasi-static 
loading. The FE analysis showed that the peak pressure of incident stress in the punch loaded 
by gas-gun and drop hammer compaction are about 2.2 and 1 GPa, respectively. This stress 
wave varies within the compact and causes powder particles to be bonded. Fig.2 depicts 
contours of induced axial stress along impact direction in the model. 

 

 
Figure 2: Contours of axial stress induced by the impact using gas-gun. 

 
The projectile is made of St37 steel with 80 mm diameter and 20 mm length. The 

projectile is mounted in a 100 mm-diameter and ~ 300 g PTFE sabot (Fig. 3). The sabot 
keeps the projectile horizontal during firing inside the launch tube and enables the operators 
to adjust the required tolerance between the projectile and the launch tube. Dynamic 
compaction using gas-gun can be accomplished in two ways depending on the impact 
velocity. At low impact velocities say of order of few hundred m/s which is the case in this 
investigation, the energy of the projectile is delivered to the compact and this energy is 
responsible for compaction of the powder. At high impact velocities of order typically more 
than five hundred m/s the stress waves induced by the impact of the projectile are responsible 
for the compaction of powder [4]. In this work, a punch-die assembly was designed for 
compaction of the powder.  The components of the assembly are depicted in Fig. 3. The die 
was made of 1.2344 hot-work steel. A 1.2542 shock-resisting steel punch with 15 mm 
diameter was also used to transfer the impact energy from the projectile to the powder. Two 5 
mm-thick tablets made of the punch material and with the same diameter were placed 
beneath and on the top of the powder to reduce the spring-back effect of the specimen and to 
improve the compaction procedure [12].  

5 g of different powders Al7075, Al7075-5 vol% B4C, and Al7075-10 vol% B4C with 
initial density of about 55% of theoretical density were selected for these processing 
techniques. MoS2 high-temperature die wall lubricant was also used to minimize the 
frictional force of the die and to improve the surface quality of the samples.  
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Figure 3: Projectile and compaction setup used in gas-gun assisted compacted smaples 

 
The flyer plate (the projectile) impact on the punch induces a stress waves which travels 

down the punch towards the powder. A perpendicular impact between the flyer plate and the 
punch gives rise to quite a one-dimensional propagation of shock wave through the powder 
without being attenuated [4]. The tolerance between the two 5 mm-thick tablets (see Fig. 3) 
and internal diameter of the die cavity is of great importance and the effect of bulging which 
may occur in the tablets due to the impact must be taken into account. By trial and error, the 
best tolerance for fabrication of samples with highest relative density was determined as 0.2-
0.3 mm.  

Moreover, when a powder is heated up to a certain temperature, its yield stress and strain 
hardening reduce and the material become more ductile. Therefore, higher values of relative 
density can be reached compared with the compaction at room temperature. The 
experimental results also indicated that compaction at room temperature did not yield 
desirable results. Therefore, all compaction tests were carried out at 573 oK using a 1000 W 
ceramic heating element. In order to examine the effect of pre-compaction on the final 
compact quality, some of the samples were pre-compacted up to 77% of relative density. This 
initial compaction of powder was carried out quasi-statically using a hydraulic press 
machine. In order to remove any remaining defects such as micro-crack, a post-compaction 
sintering was performed on the specimens. This treatment was performed at 873 oK for 105 
minutes.  

 

3 RESULTS AND DISCUSSION 
In this section, the characteristics of the composite powder before compaction are studied 

using XRD, SEM and EDS. The results are given in section 3.1. The characteristics of the 
compacted composite powder are also investigated by using SEM, hardness measurement 
and performing compression test on the specimens. The results are provided in section 3.2. 

3.1 Composite powder characteristics 

Fig. 4 shows the Al7075-B4C composite powder after 2 h mechanical milling. The gray 
regions seen on the Al particles are B4C particles which are indicated by EDS point analysis. 
The B4C particles are larger than nano and as a result, they are not distributed 
homogeneously between Al particles which are considerably larger than B4C particles. 
Generally, nano sized particles are preferred in case of obtaining more uniform distribution 
between matrix particles [8]. The XRD analysis of the composite powder indicated that the 
milled powder includes only Al and B4C and no new phase are produced as a result of 
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milling. These may be attributed to short duration of milling.  

 

 
Figure 4: FESEM-backscattered micrograph of 2-h  

milled Al7075-5 vol% B4C composite powder. 

3.2 Bulk composite characteristics 

In dynamic compaction process the kinetic energy delivered to specimen increases as the 
impact velocity increases. Therefore, the fine particles are easily pushed into pores between 
the coarse particles leading to reduction of porosity and the increase in green density [3]. 
Density is one of the measures 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 micro-structure is the most important factor affecting density and 
mechanical properties such as strength and fracture toughness [8]. Variation of relative 
density of compacted samples versus volume fraction of B4C is presented in Fig. 5. The 
maximum compaction densities achieved for each of compaction using gas-gun, drop 
hammer, and quasi-static pressing is 97.5%, 99%, and 100%, respectively. As the figure 
indicates, the variation exhibits a reducing trend for gas-gun assisted compacted samples 
when B4C content increases from 0 to 10 vol% while, for hot quasi-static pressing this trend 
is increasing and for drop hammer compacted samples, a uniform variation cannot be 
observed. In general, quasi-static hot pressed samples show higher relative density than 
dynamically compacted ones. This is obviously due to longer time duration of exposing 
pressure and temperature in hot pressing, while in dynamic compaction, the compaction is 
performed in a very short period of time. Generally, the presence of hard and non-deformable 
particles in a ductile matrix reduces the press-ability of the material [8]. Porosities in the 
compacted sample in Fig. 6 demonstrate also this behavior. As it is known, relative density is 
the ratio of compact density to theoretical density of the material. Reinforcing Al7075 with a 
density of 2812 kg/m3 by different volume fractions of B4C with a density of 2520 kg/m3, 
reduces the final composite theoretical density, based on the rule of mixture (theoretical 
density of Al7075-5 vol% B4C and Al7075-10 vol% B4C is calculated as 2797 and 2782 
kg/m3, respectively). As demonstrated by Eq. 2, for Al7075-B4C composite samples the 
numerator and the denominator reduces and so the ratio does not have a definite trend. 
Therefore, as observed for drop hammer compacted samples, this ratio can be either 
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increasing or decreasing and is dependent on the rate of variation of compact and theoretical 
density.  
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Figure 5: Variations of relative density versus B4C volume fraction for the three processing techniques. 

 
Figure 6: FESEM micrograph of gas-gun compacted 

 Al7075-10 vol% B4C composite with impact velocity 
of 140 m/s (relative density about 96%).  

 
The hardness of the samples was measured by applying a 100 gf to the specimen for 15 

seconds using a tetragonal indenter. Variations of Vickers micro-hardness versus B4C vol% 
are illustrated in Fig. 7. The figure indicates that the hardness slightly increases with the 
increase of B4C vol% for all of the compaction techniques. The results also reveal that the 
hardness of quasi-statically pressed samples is typically 20% higher than that of dynamically 
compacted specimens which is due to stronger particles bonding in those samples. Hardness 
improvement can be an indication of material strength improvement too. This improvement 
is due to the second-phase hardening effects of added phase and its intrinsic hardness [13]. 
Similar observations have already been reported by Alizadeh [13] and Dong [14].  
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Figure 7: Variations of Vickers micro-hardness versus B4C  

volume fraction for three processing techniques. 
 

The compressive true stress-strain curves of the Al7075-B4C composites for different B4C 
contents were obtained from a number of compression tests. The results are depicted in Fig. 
8. As it is observed, a maximum increase of about 11% in the strength of the compaction is 
obtained for the specimen with 10% B4C and compacted under hot quasi-static pressing (see 
Fig. 8(a)). Strength improvement for drop hammer compacted samples, as can be seen in Fig. 
8(b), is about 25% and is generally lower than the corresponding curves in Fig. 8(a). For gas-
gun assisted compacted samples (Fig. 8(c)), however, the addition of B4C to the aluminum 
not only doesn’t make any improvement in the composite strengths but gives rise to around 
10% reduction (for 10% B4C) in the strength too.  

For all of the compaction techniques, the addition of B4C reduces the ductility of the 
samples. The reason for ineffectiveness of the reinforcing phase on compressive behavior of 
the dynamically compacted composites may be due to non-uniform dispersion of B4C and 
weak bonding of particles which may occur during the short duration of an impact with a low 
energy. This is while, in hot pressed samples, both of elastic modulus and the strength 
improve with the increases in B4C content. A few investigations [14, 15] have also reported 
undesired effects of the second phase reinforcement.  

The effect of quasi-static pre-compaction in dynamic consolidation using gas-gun was also 
investigated in this work. Fig.9 depicts the effect of pre-compaction on dynamic compaction 
process and final samples quality. As this figure suggests, the perfect sample with the length 
and diameter of 8-9 mm and 15 mm, respectively, has been produced using a pre-compaction 
process. A compacted sample without pre-compaction is also presented in the figure. The 
imperfect sample suffers from delaminating, fragmentation and is generally not fully 
compacted such that most of it remains in powdery status after the impact. Basically, in 
dynamic compaction process due to the very high velocity of compaction the air trapped 
between the particles has not enough time to escape. This gives rise to formation of voids 
inside the powder. The voids in turn become the barrier against the full densification of the 
powder. Therefore, with one-stage compaction high density will not be obtained. In order to 
eliminate this deficiency, at the beginning and before conducting the dynamic compaction, 
the powder is usually pre-compacted by quasi-static pressing to compress out the trapped air 
slowly. Then the pre-compacted specimen is subjected to the dynamic compaction process 
[16].  
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(c) 

Figure 8: Compressive behavior of Al7075-B4C composite samples fabricated by (a) quasi-static hot 
pressing, (b) dynamic compaction using drop hammer, (c) dynamic compaction using gas-gun. 

 
 

 
Figure 9: Pre-compaction effect on quality  

of gas-gun compacted samples. 
 

4 CONCLUDING REMARKS 

From the results of this investigation, the following conclusions may be derived: 
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1. Reinforcing Al7075 with B4C using gas-gun compaction method reduces the relative 
density by about 1.5%.  This parameter, for quasi-static pressing, has increasing trend and 
for drop hammer compaction, a consistent behavior cannot be observed.  

2. Relative density of quasi-static pressed compacts are higher than dynamic ones due to 
longer time duration of being exposed to pressure and temperature. 

3. The micro-hardness of Al7075-B4C composites increases by about 15-22% with respect 
to the monolithic material for the employed processing techniques. The micro-hardness of 
the compacted specimens was higher for quasi-static pressing than those obtained from 
gas-gun and drop hammer assisted techniques.   

4. Incorporating B4C particles in Al7075 matrix enhances compressive strength about 11% 
and 25% for quasi-static hot pressed and drop hammer assisted compacted samples, 
respectively. For dynamic compaction using gas gun, the strength reduces by about 9%.  

5. The highest compressive strength was obtained for quasi-static pressing.  
6. In order to produce perfect samples in dynamic compaction process the powder must be 

pre-compacted by quasi-static compaction. 
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