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Abstract 
Among the lightweight metals most prevalent in the powder metallurgy 
industry, aluminium parts cover the widest range of applications. 
Aluminium P/M parts are used in automotive, aerospace, business machine 
and appliance applications. Mostly, excellent mechanical properties are of 
primary importance, and here, Al-Zn-Mg-Cu alloys are particularly 
attractive, mainly because of their high strength as-heat treated. This 
article describes a study on densification and microstructural changes 
occurring during liquid phase sintering of Al-Zn-Mg-Cu mixed powder 
compacts. The objective was to find the optimum sintering temperature for 
obtaining higher densities and improved mechanical properties, the latter 
being further enhanced by a subsequent T6 heat treatment. The effect of the 
sintering temperature was evaluated by measuring sintered density, 
dynamic Young's modulus, transverse rupture strength and macrohardness. 
It could be observed that the sintered density increases with higher 
sintering temperature up to a certain limit, particle rearrangement as well 
as pore elimination due to liquid phase sintering being helpful. On the other 
hand, too high sintering temperatures are unwelcome either, apparently as 
a consequence of microstructural changes such as grain growth. It was 
found that the maximum sintered density for this material is attained by 
sintering at about 610°C at which temperature the amount of liquid phase 
is satisfactory. Furthermore, the behaviour of dynamic Young’s modulus 
with respect to sintering temperature is very similar. The results of 
transverse rupture strength and hardness measurements indicate that the 
sintering temperature has a crucial effect on the mentioned mechanical 
properties of this alloy, and proper heat treatment improves both transverse 
rupture strength and apparent hardness compared to the as sintered state. 
It can also be concluded that during heat treatment, the alloying 
constituents are first dissolved in the matrix, then on cooling/aging 
precipitate from solid solution as a fine dispersion of intermetallic phases 
in an attempt to reach equilibrium. For this material under the defined 
aging the equilibrium T phase, Mg32(Al,Zn)49, was formed. 
Keywords: Al-Zn-Mg-Cu, sintering temperature, heat treatment, 
sintered density, transverse rupture strength, hardness. 
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INTRODUCTION 
Efforts to produce cheaper but high quality aluminium components have 

traditionally addressed attractive markets and also aimed towards wider introduction into 
the automobile industry [1,2]. There is a promising future for PM aluminium in the 
automotive business, with the promise of weight savings, increased fuel efficiency and 
reduced exhaust emissions. Improvement in sintered properties for PM aluminium products 
will allow the use of net-shape powder metallurgy as a viable processing alternative to 
those of casting, hot/cold working or machining operations [3,4].  

It is well known that sintering of aluminium is complicated by the presence of a 
thermodynamically stable oxide layer that covers the Al particles. Magnesium is known to 
react with the oxide, and it therefore plays a major role in the sintering of aluminium. The 
atmosphere is also known to be important, and nitrogen is widely regarded as necessary [2, 
5, 6]. Sintering in reducing atmosphere such as H2 is not feasible, since the stability of 
Al2O3 is much too high, and the maximum reduction temperature is limited by the low 
melting point of aluminium. Furthermore, H2 has been found to strongly inhibit sintering of 
Al base compacts [7].  

Significant improvements in the sinterability of aluminium alloys have been 
reported by liquid phase sintering, leading to improved densification of the alloys [8, 9]. 
Activation by liquid phase is helpful here [10], Al-Cu mixes having been found to work 
well already in the 1960s [11, 12]. With prealloyed powders, no transient liquid phase is 
formed and therefore no liquid phase activation is attained (unless the hetero-supersolidus 
route is chosen, see e.g. [13]). Therefore, the use of proper elemental/masteralloy powder 
mixes [14, 15] can remove this obstacle. However, formation of transient liquid phase, 
which is necessary for attacking the oxide layers, initially results in pronounced expansion. 
Here, the solubility of the alloying elements during sintering is the critical point. 

The powder used in this work was produced by Ecka Granulate GmbH, Germany, 
under the designation of Ecka Alumix 431 (original version, not the newer 431D) which 
corresponds to the 7xxx series of Al alloys. Zinc and magnesium are the main alloying 
elements in this powder. High Zn: Mg ratios produce the best strength and response to heat 
treatment, but together with the highest susceptibility to stress corrosion, at least in the fully 
aged condition. Low ratios produce the best weldability and the lowest quench sensitivity 
[16]. The progress of sintering and the final porosity in this system depend on the process 
variables such as alloy element particle size, heating rate and final sintering temperature. In 
this investigation, it must be considered that in the intermediate sintering temperature range 
of <580°C the alloying elements are soluble in the base metal while their solubility 
decreases at higher sintering temperatures in favour of persistent liquid phase formation.  

The at least slightly heterogeneous microstructure of sintered aluminium made 
from premixed powders, however, makes possible improved properties of the aluminium by 
a heat treatment suitable for the sintered materials [2,4,8]. The properties are strongly 
determined by the main phases in the alloys, i.e. GP zones, η′, η, T, S, Mg2Si and Fe-rich 
intermetallic phases [17] so the main strengthening mechanism in these alloys is 
precipitation hardening by structural precipitates formed during aging. The equilibrium 
precipitate η is hexagonal and has the composition MgZn2. The intermediate precipitate η ′, 
which is also hexagonal, is semi-coherent, and the Mg:Zn ratio is between 0.7 and 0.9. In 
alloys with a Zn: Mg ratio >1, the semi-coherent, hexagonal phase T′ may form instead of 
η′ or η. The equilibrium T phase is Mg32(Al,Zn)49 and this may form from T′ or η at high 
aging temperatures [5]. Consequently, investigation into these intermetallic precipitates in 
7xxx alloys with an aim to predict the properties is of key industrial interest. 
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MATERIALS AND METHODS 
The material used in this work was the commercial Al base 7075 powder mix 

(ECKA Alumix 431, original – mixed - grade) the characteristics of which are summarized 
in Table 1.  

Tab.1. Typical chemical composition and physical characteristics of Ecka Alumix EA 431 

Typical chemical composition 
Material Alloy Cu% Mg% Si% Zn% Wax 

Lubricant 
ECKA 

Aluminium 
Alumix 

431 
AlZnMgCu 1.5 2.5 - 5.5 1.2 balance 

Typical Physical Characteristic 
Apparent 
Density 
[g/cm³] 

Tap Density 
[g/cm³] 

Flowability 
[s/50g/5,0mm] 

Green Strength 
[N/mm²] 

Sieve Analysis 
[%] 

1.05 1.35 <30 >8.0 <0.2mm>97% 
 
The powder mixture was cold compacted at 400 MPa in a tool with floating steel 

die, ensuring double action pressing. The resulting green parts were bars with 12 mm in 
height, 12 mm in width and 100 mm in length. A minimum of three samples were tested for 
each sintering temperature to ensure data reproducibility. To remove the lubricant, delubing 
was carried out in a small laboratory furnace (Type, “AHT”) with gas-tight superalloy 
retort in flowing high-purity nitrogen atmosphere (5.0 quality = 99.999%) at 400°C for up 
to 30 min. The samples were then sintered at different temperatures between 580°C and 
620°C for 30 min nominal in the same furnace in flowing N2 of 99.999% purity (flow rate 2 
l/min) and cooled in the water jacketed exit zone, resulting in T1 state. The exact 
temperature-time profile was measured by inserting a thermocouple (type K) into a bore 
drilled into one specimen. Profiles for 2 different temperature settings are given in Fig.1; as 
is clearly evident, the real isothermal soaking time does not differ markedly from the 
intended 30 min.  

 The effect of sintering temperature was evaluated by measuring sintered density, 
dynamic Young's modulus (DYM), transverse rupture strength and apparent (= macro-) 
hardness. Densities of green compacts were determined from the mass and the dimensions 
of the compacts, while those of the sintered compacts were determined using Archimedes 
principle (DIN ISO 3369), i.e. the water displacement method. The dynamic Young’s 
modulus, Edyn, was determined using a resonance system, as shown schematically below, 
and evaluated according to ASTM E 1876-99. The arrangement of the instrumentation is 
shown in Fig.2. It consists of an impulser, a suitable pickup transducer to convert the 
mechanical vibration into an electrical signal, an electronic system consisting of a signal 
conditioner/amplifier, a signal analyser, a frequency readout device, and a support system. 
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Fig.1. Temperature-time profiles for sintering of Al-Zn-Mg-Cu bars, recorded through a 

thermocouple in one of the specimens. 

 
Fig.2. Block diagram of typical test apparatus for dynamic Young’s modulus. 

The resultant frequency reading was recorded, and the test was repeated until five 
consecutive values were obtained that differed < 1% of one another. The mean value of 
these five readings was used to determine the fundamental resonant frequency. By use of 
these data the dynamic Young’s modulus for a rectangular bar can be calculated from the 
following equation: 

E=0.9465(mff
2/b)(L3/t3)T1        (1) 

where: 
E - Young’s modulus, [Pa], m - mass of the bar, [g], b - width of the bar, [mm], L - length 
of the bar, [mm], t - thickness of the bar, [mm], ff - fundamental resonant frequency of bar 
in flexure, [Hz], T1 = correction factor. If L/t≥20, T1 can be calculated from the following 
equation: 

T1 = [1.000+6.585 (t/L)2]       (2) 
Edge geometries such as chamfers or radii are not considered in the analytical 

equations. Edge chamfers change the resonant frequency of the test bars and introduce error 
into the calculations of the dynamic modulus. It is recommended that specimens for this test 
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method not have chamfered or rounded edges [18]. To have proper samples, two ends of 
the samples were cut and then machined. To ensure reasonably flat surfaces, all sides of 
samples were wet ground with SiC paper with different mesh size (180, 320, 600, 1000 
mesh). Then the samples were dried at 110°C for 60 min.  

After measuring DYM of the bars, all of them were cut into two parts, one piece of 
the two parts was heat treated. The applied heat treatment (T6) consisted of solutionizing at 
470°C for 1 h in high purity N2 followed by quenching in cold water and artificially aging 
at 130°C for 24 h. 

The transverse rupture strength was determined in 3-point bending, the distance 
between supports being 25.4 mm, using a universal testing machine Zwick 1474. Since the 
bars had a thickness of 11-12 mm as compared to 6 mm required in the ISO standard, the 
results should be taken rather as an indication and not as absolute values. Metallographic 
sections were prepared following standard procedures. To make sure that the pore structure 
was properly shown, the specimens were resin impregnated before polishing. The 
microstructure was investigated by optical microscopy. Etching was undertaken with a 
fresh Keller solution containing 190 ml distilled water, 5 ml of nitric acid (HNO3 65%), 3 
ml of hydrochloric acid (HCl 37%) and 2 ml of hydrofluoric acid (HF 40%). To determine 
apparent (= macro-) hardness values, Vickers tests were performed in the carefully 
sectioned and polished specimens on an EMCO M4U-025 tester. Hardness values were the 
average of at least 10 indentations obtained by applying 30 kg load. Fractographic analysis 
was done on a scanning electron microscope FEI Quanta 200. 

RESULTS AND DISCUSSION 
The optimum temperature for sintering EA 431 was defined on samples that were 

sintered for 30 min in N2 at different temperatures, criteria being the resulting properties 
such as sintered density, as-sintered transverse rupture strength, dynamic Young's modulus 
and apparent (=macro-) hardness of the sintered (T1) samples. The obtained sintered 
properties are presented in Fig.3. To give a good reference to the process taking place 
during sintering at different temperatures, metallographic sections were studied. 

 

  
a) b) 
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c) d) 

  
e) f) 

Fig.3. Effect of manufacturing parameters on properties of EA431 (Compacted at 400 MPa, 
sintered 30 min in N2; as-sintered: T1 state; as heat treated: T6), a) Sintered density, b) 

Dimensional change, c) Dynamic Young’s modulus (Edyn), d) Edyn vs. Density, e) Hardness, 
f) Transverse rupture strength. 

Density  
In Figure 3a the sintered density of samples prepared for measuring the transverse 

rupture strength and dynamic Young’s modulus is shown graphically. The average green 
density of uniaxially compacted Alumix 431 at 400 MPa is 2.65 g/cm3.  

The density for EA 431 sintered at 580°C is 2.44 g/cm3. The decrease of the 
sintered density compared to the green state is evident. It can be related to the expansion of 
the specimens due to the high solubility of the alloying elements in aluminium that form 
transient low melting phases which penetrate along the particle boundaries due to capillary 
effects, solidifying there, and lead to rapid swelling [19], which phenomenon is well known 
also from other systems sintering with transient liquid phase, e.g. known as “copper 
swelling” [20]. The EA 431 sintered at 580°C shows a length increment of ~1.68% 
compared to the green state. In the range of 580°C up to 610°C, as the sintering temperature 
is increased, the sintered density also increases since a larger amount of persistent liquid 
phase is produced, with resulting shrinkage, as indicated also e.g. by dilatograms given in 
[19] which are shown here for reference purposes (Fig.4). 
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Fig.4. Dilatograms of EA 431 taken in N2 atmosphere. Heating rate 10 K/min, different 

isothermal sintering temperatures [19]. 

The maximum increase in sintered density is found in the range of 610°C sintering 
temperature. Maximum sintered density is 2.76 g/cm3, which indicates that the 
densification value (Ф) as relative to the pore – free density (ρt) is 85.71% if taking the 
theoretical density calculated through the rule of mixture, i.e. 2.78 g/cm3 and the green 
density as 2.64 g/cm3. 
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The density of EA 431 after sintering at the optimum temperature is clearly higher 
than the initial green density. The decrease in length of samples sintered at 610°C 
compared to green ones is ~0.43% (Fig.3b). It stands out clearly from the obtained 
microstructures (as will be shown below in Fig.5), that the highest sintered density is 
attributed to sintering with persistent liquid phase that occurs at 610°C. Finally, a slight 
decrease of the sintered density is seen after sintering at 620°C. Here the main obstacle 
against densification seems to be Zn evaporation and the excessive increase of liquid 
volume fraction Due to the high vapour pressure of Zn and Mg these elements can easily 
evaporate. Increasing liquid volume fraction, on the other hand, enhances grain growth, as 
can be clearly seen in Fig.5. In general, the results demonstrate that high sintered densities 
are possible with controlled amounts of liquid phase formed during sintering [21]; in any 
case, oversintering should be avoided, as has been shown also for other Al based systems 
such as Al-Si-Mg-Cu [22].  

Dynamic Young's modulus 
The change in dynamic Young’s modulus (DYM) with sintering temperature is 

shown in Fig.3c. The DYM was in the range of 49 to 67 GPa. At lower sintering 
temperature, in the range of 580-590°C, the DYM does not change visibly and the results 
are approximately the same. Above 590°C to around 610°C the DYM increases as a result 
of decreasing porosity and better interparticle bonding. The maximum level of DYM is 
found in the range of 610°C sintering temperature. The phenomenon is due to the fact that 
at this higher sintering temperature the pores will be eliminated and consequently the load 
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bearing cross section gets higher [23]. With sintering temperatures above 610°C, when 
higher volume fraction of liquid phase is formed but grain growth occurs in parallel, the 
DYM decreases, apparently due to lower sintering activity of the coarser structure. 
Comparing the measured values with the microstructure shown in Fig.5 reveals that DYM 
is sensitive to porosity and microstructure and within similar microstructure (610 and 
620°C) the samples with a smaller grain size show higher elastic modulus (not because of 
the grain size itself but due to the superior interparticle bonding resulting from higher 
sintering activity). Therefore the technique of measuring DYM can be employed for 
surveillance of sintering conditions. 

Figure 3d shows the dynamical (resonance frequency measured) Young’s modulus 
as a function of the sintered density. There is a linear relationship between dynamic 
Young’s modulus and sintered density; as can be seen, the Young’s modulus increases at a 
constant rate with increasing sintered density, which behaviour has been shown to hold also 
for sintered Cr-Mo alloy steels [24]. A linear regression correlation was performed for all 
calculated data, and excellent correlation with a correlation coefficient of R2 = 0.993 was 
recorded as: Edyn = 54.231 ρs - 83.635  

Generally the above technique for Edyn can be used to measure resonant 
frequencies e.g. for the purposes of non-destructive characterization and especially 
considering the similar response of DYM and density to the sintering temperature, it can be 
employed for surveillance of sintering conditions. 

Hardness and transverse rupture strength 
The results of macrohardness measurement (HV 30) for sintered samples are 

shown in Fig.3e. It is seen that up to 610°C the hardness increases with rising sintering 
temperature, which apparently follows the same trend as the density. It is due to the fact 
that a high contiguity, as a consequence of optimum liquid phase sintering and enhanced 
rigidity of the solid-solid contacts, increases the hardness. High sintering temperature 
(> 610°C) results in decreasing hardness, since grain growth as a consequence of excessive 
sintering temperature is detrimental. Regarding the hardness values, it stands out clearly 
that the heat treated hardness of the EA 431 is markedly higher compared to the as-sintered 
one, as shown in Fig.3. It may be appreciated in comparison to Fig.5 that most of the 
secondary phases optically visible after sintering were dissolved into solid solution which 
causes strengthening. It is also visible that the effect of heat treatment is pronounced only 
for the well sintered samples; for undersintered specimens apparently both the high porosity 
and the heterogeneous alloy element distribution counteract the hardening effect of the 
precipitates.  

The transverse rupture strength follows a similar trend with sintering temperature 
as the hardness and the sintered density. The transverse rupture strength was measured in 3-
point bending using equipment according to ISO 3395, with 25.4 mm span length. As 
stated above, the results should be taken rather as an indication and not as absolute values, 
due to the unfavourable ratio between span and thickness. Nevertheless, the trends stand out 
quite clearly, in particular the TRS maximum at 610°C sintering temperature, as visible 
from Fig.3f.  

It is important to notice the significant increase in transverse rupture strength of 
as-heat treated samples at 610°C compared to the as-sintered values. This can be attributed 
to precipitation hardening by secondary phases. Here the increment in transverse rupture 
strength in consequence of heat treating the sintered samples was around 150 MPa. 



 Powder Metallurgy Progress, Vol.15 (2015), No 2 210 
 

Microstructural analysis 
When studying the microstructure of the sintered samples, the main interest was 

focused on the interparticle bridges as well as on sintering effects such as rearrangement, 
contact flattening, pore elimination and grain growth.  

By considering the composition of current material (listed in Table 1) and related 
phase diagrams (shown e.g. in [25, 26]), it is revealed that the sintering behaviour of EA 
431, based on the formation of liquid phases –first transient and then persistent - , is 
characterised by the spreading of the liquid and the homogenization of the alloy by the 
diffusion of elements from the liquid phases into the aluminium grains.  

The sintering results including microstructural studies suggest that there are large 
amounts of transient liquid phase formed either as binary, ternary, etc., within the sintered 
EA 431. The earliest event during sintering seems to be the evaporation of lubricant. Then, 
at about 420°C, a liquid is formed by melting of the Zn particles. Since the solubility of 
zinc in the aluminium lattice is very high (83.1%) while the maximum solid solubility of 
aluminium in zinc is only 1.2%, the liquid phase during sintering of aluminium with zinc is 
highly transient. Martin et al. [27] have reported the formation of a liquid between Mg17Al12 
and Mg at about 437°C. In other words, the contact between adjacent particles of 
magnesium and aluminium could cause low melting phases. This is well known already 
from the early days of Al PM; the eutectic temperature Al-Mg limits the maximum 
temperature for dewaxing of Al-Cu-Mg-Si since contact between wax residues and the Al-
Mg liquid must be definitely avoided (see [28]). At 450°C, the formation of Al-Zn-Mg 
intermetallic phases thus contributed to the densification and the formation of the sintering 
contacts, as suggested by Shahmohammadi et al. [29]. 

It has been reported (e.g. [3]) that the diffusivity of Mg in Al at 482°C is 
significantly higher than that of Cu. Formation of a eutectic liquid phase and intermetallic 
phases in the range ~470-530°C due to temperature rise causes several possible eutectic 
reactions and further interaction between Mg, Cu and Al particles. Copper is also one of the 
constituents for EA431. The maximum solid solubility of copper in aluminium is 5.65% at 
548.2°C. However, the melting point of copper is almost double that of aluminium, and the 
liquid phase forms as a eutectic between Al and Al2Cu. Because there is some solid 
solubility of copper in aluminium, the liquid is partially transient. 

At lower sintering temperature - e.g. 590°C - the presence of grain boundary 
eutectic phase appeared as a few dark phases after etching, which looked like pores but in 
fact were not pores and happened to be a by-product due to the reaction between the 
aluminium surface and alloying elements. These, along with pores (macro-micro porosity) 
and powder particle boundaries can be seen within the microstructure (indicated by the 
arrows in Fig.5). The microstructures show that up to ~600-610°C, as a consequence of 
further diffusion and incorporation of the constituent alloying elements, further liquid phase 
is generated and the liquid reaches its equilibrium composition with the aluminium, i.e. 
persistent liquid phase is formed. 
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a) b) 

  
c) d) 

  
e) f) 

Fig.5. Microstructural evolution as a function of manufacturing parameters for EA 431, 
compacted at 400 MPa, sintered 30 min in N2 at indicated temperatures. Arrows in (a) show 

dark phases which looked like pores, red dashed arrow in (b) and (c) show interdendritic 
network of Al-X eutectics. Etched with Keller reagent a) As sintered (T1), ST 590°C, b) As 
sintered (T1), ST 610°C, c) As sintered (T1), ST 620°C, 5) As heat treated (T6), ST 590°C, 

e) As heat treated (T6), ST 610°C, f) As heat treated (T6), ST 620°C. 

At 610°C, a persistent liquid is formed, and accordingly the densification follows 
the persistent liquid phase mechanism. For better comparison the microstructure of sintered 
samples at 600, 610 and 620°C is shown in Fig.6.  



 Powder Metallurgy Progress, Vol.15 (2015), No 2 212 
 

The liquid phase leads to secondary (fragmentation) rearrangement, coarsening 
and eventual pore elimination (Fig.6). The coarsening effect by rising sintering temperature 
is evident by comparing the microstructures in Figs.5 and 6, in the coarse grains relatively 
thick rims are seen at the grain boundaries, arising from liquid phase sintering and 
subsequently precipitation of some alloying elements. These are the interdendritic network 
of Al-X (Zn, Mg, Cu) eutectic (dark region) that can be seen in the microstructure of EA 
431 sintered at 610 and 620°C, see Figs.5b, c and Fig.6b. 

 

  
a) ST 600°C b) ST 610°C 

 
c) ST 620°C 

Fig.6. Microstructure of EA431, compacted at 400 MPa and sintered at indicated 
temperatures for 30 min in flowing N2. Etched with Keller reagent. 

Heat treatment is a common means of optimizing the mechanical properties of 
aluminium alloys. The effect of T6 – artificial aging - heat treatment was observed through 
metallography, as shown in Fig.5. The as-heat treated microstructure differs from the as-
sintered ones insofar as the nucleation of another phase at powder particle boundaries and 
its growth with increasing sintering temperature occurs, which phase is virtually absent 
with the as-sintered specimens (or possibly obscured by the rims). Comparing as sintered 
and as heat treated microstructures suggests that there may also be a correlation between 
the pore elimination and the enhancement of T phases.  

As discussed above, with increasing sintering temperature pore elimination 
occurred. Another distinguishing feature is that the grains were rounded by heat treating. 
Also, T6 treatment resulted in the progressive reduction and elimination of the rim structure 
(diffusion layer) that has been created in the aluminium grains, as can be seen clearly in the 
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microstructure of samples sintered at 610 and 620°C. Generally the formation of this rim 
structure is somewhat surprising since the diffusion distances for Zn and Mg in Al at the 
sintering conditions that hold here should be sufficient to alloy the entire Al particles.  

The identification of the intergranular new phases in the heat treated samples was 
aided by differential scanning calorimetry (DSC) and X-ray diffractometry. Fig.7 presents 
the DSC scan obtained at a heating rate of 10 K.min−1 (as a representative case) for EA 431 
immediately after solutionizing and quenching, i.e. without any natural aging effects in 
between. The earliest event, marked by the exothermic peak (A) starting at about 105°C, is 
related to the formation of GP zones. An endothermic peak (B) at 249°C then occurred. 
This process may be attributed to the dissolution of the GP-zones. According to the work of 
Lloyd and Chaturvedi [30], the shift in peak B (GP zone dissolution) to a higher 
temperature is believed to be a result of larger and more mature GP zones present in the T6 
specimen [31], in other words higher precipitation strengthening by GP zones. 

As the temperature increases during heating, a broad exothermic peak (C) at 
370°C is noticed. Formation of the coherent precipitates T' gives rise to this exothermic 
peak. After precipitation of the T' phase took place at 472°C (D) the incoherent T 
precipitates have been developed within the temperature range of this peak as indicated by 
the XRD given in Fig.7b. Finally, an endothermic peak (E) can be ascribed to the 
dissolution of T' precipitates and precursor precipitates.  

 

  
Fig.7. Structural analysis of the heat treated EA431 (a) DSC curve belonging to the sintered 
sample, heat treated to the T6 temper; (b) X-ray diffraction pattern for EA431-T6 following 

exposure at 130°C for 24 h. 

Fractography  
|The fracture surfaces obtained from TRS test specimens give a good reference to 

the corresponding properties achieved in consequence of pore elimination at different 
sintering temperatures. Significant changes in fracture morphology occur with increasing 
sintering temperature. Comparing the fracture surfaces of sintered EA 431 at different 
temperatures (in the range of 580 up to 620°C) in an overview showed that the sintered 
sample at 610°C has a smoother surface than the others. Such smooth fracture surface as a 
consequence of the sintering process at 610°C can be related to a proper amount of liquid 
phase during sintering and resulting pore elimination (Fig.8) as well as to excellent 
interparticle bonding [32]. Also, it should be remembered that the transverse rupture 
strength attains its maximum after sintering at about 610°C. 
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a) ST 580°C b) ST 590°C 

  
c) ST 610°C d) ST 620°C 

Fig.8. Fracture surfaces of sintered EA431, sintered at indicated temperatures. Compacted 
at 400 MPa, sintered 30 min in N2. 

In Figure 9 typical fractographs of specimens that have been sintered at different 
temperatures are shown in detail. It is clearly visible that the first indication of liquid phase 
formation is found in the low temperature sintered specimen. Evidently the aluminium 
grains have been surrounded by a light phase which is a remnant of the liquid phase. When 
comparing the fracture surfaces of samples sintered at different temperatures (Figs.9a, b), it 
is clear that the samples sintered at higher temperatures exhibit more solidified liquid phase 
than the low temperature sintered variant. The fracture surface of EA 431 sintered at 610°C 
differs from that sintered at lower temperature insofar as the aluminium powder particles 
are no more visible, which can be regarded as an indicator for sufficient liquid phase 
formation and its spreading along aluminium interparticle regions and in general for 
excellent interparticle bonding. A further indicator is the emergence of an increment in load 
bearing cross section [23], which is lower in the sample sintered at 590°C. The load bearing 
cross section tends to increase with rising sintering temperature, which is not surprising 
since it is evident that liquid phase formation is promoted by higher temperature.  

The effect of heat treatment on homogenization can be clearly seen by comparing 
the fractographs of as sintered and as heat treated specimens (see Fig.9). 
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a) As sintered (T1), ST 590°C b) As sintered (T1), ST 610°C 

  
c) As heat treated (T6), ST 590°C d) As heat treated (T6), ST 610°C 

Fig.9. Fracture surfaces of as sintered and as heat treated EA431; compacted at 400 MPa, 
sintered 30 min in N2 - T6 following exposure at 130°C for 24 h (arrows showing 

aluminium particle; dashed arrow showing interparticle network, which is mostly filled 
with solidified Al-X eutectic). 

The fracture mode of the alloy in both as sintered and as heat treated states is 
governed by the liquid phase itself. Microcracks are initiated in the former liquid phase (in 
the interparticle regions and their neighbourhood). The initiation of these microcracks has 
been attributed to the brittleness of precipitates in the mentioned regions. Elimination of 
these precipitates by suitable heat treatment should thus enhance the mechanical properties.  

There is a good correlation between the related microstructures and fractographs 
(Compare Fig.5 and Fig.9). The precipitated phases in the as heat treated samples are finer 
than they are in the as sintered specimens.  

CONCLUSIONS 
For sintering of Al-Zn-Mg-Cu (AA 7075, EA 431) compacts, liquid phase 

formation as a function of sintering temperature plays an important role in densification and 
resulting properties. The study of metallographic sections and fracture surfaces gives a 
good reference to the mechanism taking place during sintering. The sintering behaviour of 
this alloy is characterised by an initial swelling, at the earliest event, caused by spreading of 
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the transient liquid along the powder particle boundaries and then the homogenization of 
the alloy by the diffusion of the alloying elements from the liquid phases to the aluminium 
particles. Here, transient liquid phase formation either as binary, ternary, ... melts causes 
homogenization. As the sintering temperature rises more, i.e. above 600°C, the previous 
procedure is followed by the formation of a persistent liquid, reversing the dimensional 
effects towards shrinkage. Finally at higher temperatures (above 610°C) increased volume 
fraction of liquid increases the grain size and leads to slumping and generally to 
oversintering effects. 

From the phenomenon presented here can be concluded that EA 431 is sensitive to 
the sintering temperature – as are also other Al base systems, see [22] and it can be 
improved if its manufacturing is based on an understanding of the underlying sintering 
process and the characteristics of an ideal liquid phase sintering system. Generally, it shows 
rapid dimensional changes with sintering temperature. 

It has also been shown that the curves relating sintering temperature to sintered 
density, dynamic Young's modulus and macrohardness are qualitatively similar which 
suggests that all three properties are of about equal value for predicting the optimum 
sintering temperature. According to the obtained results, the optimum sintering temperature 
for Alumix 431 is around 610°C (at least for the equipment and conditions used here). 
Regarding non- destructive assessment of elastic modulus and integrity information as well 
as the excellent correlation between DYM and sintered density, the technique of measuring 
DYM can be regarded as promising means of reflecting sintering events. 

The EA 431 in the as-heat treated state, at least after high temperature sintering 
(>590°C) as employed here, shows markedly better properties than in the as-sintered state, 
in particular better transverse rupture strength values combined with higher hardness. These 
both properties indicate that the heat treating effect is more beneficial here, which is in 
good agreement with the fact that among the classical precipitation hardenable Al alloys, 
the 7xxx series offers the highest potential. It is because the main strengthening mechanism 
in these alloys is precipitation hardening by structural precipitates formed during artificial 
aging, which however comes to full effect only in the case of proper sintering. 

Acknowledgment 
The authors would like to thank Ecka Granulate GmbH, Germany, for supplying 

the starting powder used. 

REFERENCES 
[1] Metals Handbook. Vol.7: Powder Metallurgy. 9th ed. Metals Park OH : ASM, 1984 
[2] Martin, JM., Castro, F.: Journal of Materials Processing Technology, vol. 143-144, 

2003, p. 814 
[3] Showaiter, N., Youseffi, M.: Materials and Design, vol. 29, 2008, p. 752 
[4] Danninger, H. In: Leichtbau. Ed. HP. Degischer, S. Lüftl. Weinheim : Wiley-VCh, 

2009, p. 191 
[5] Lumley, R., Sercombe, TB., Schaffer, GB.: Metallurgical and Materials Transactions 

A, vol. 30A, 1999, p. 457 
[6] Lumley, R., Schaffer, GB.: Scripta Materialia, vol. 55, 2006, p. 207 
[7] Schaffer, GB., Hall, BJ., Bonner, SJ., Huo, SH., Sercombe, TB.: Acta Mat., vol. 54, 

2006, p. 131 
[8] Lumley, R., Schaffer, GB.: Scripta Materialia, vol. 35, 1996, p. 589 
[9] Schaffer, GB., Sercombe, TB., Lumley, R.: Materials Chemistry and Physics, vol. 67, 

2001, p. 85 



 Powder Metallurgy Progress, Vol.15 (2015), No 2 217 
 

[10] Kehl, W., Fischmeister, HF.: Powder Metall., vol. 23, 1980, p. 113 
[11] Storchheim, S.: Progr. Powder Metall., vol. 18, 1962, p. 124 
[12] Wantanabe, T., Yamada, K.: Int. J. Powder Metall., vol. 4, 1968, no. 3, p. 37 
[13] Neubing, HC. In: Pulvermetallurgie in Wissenschaft und Praxis. Vol. 20. Ed. H. 

Kolaska. Hagen : Fachverband Pulvermetallurgie, 2004, p. 3 
[14] Neubing, HC., Danninger, H. In: Pulvermetallurgie in Wissenschaft und Praxis. Vol. 

14. Hagen : VDI-Gesellschaft Werkstofftechnik, 1998, p. 266 
[15] Mühlburger, M., Paschen, P.: Z. Metallkunde, vol. 84, 1993, no. 5, p. 346 
[16] Knowledge Article from www.Key-to-Metals.com 
[17] Li, XM., Starink, MJ. : Mater. Sci. Techn., vol. 17, 2001, p. 1324 
[18] ASTM E 1876-99  
[19] Danninger, H., Neubing, HC., Gradl, J. In: Proc. PM 1998 Powder Metallurgy World 

Congress. Vol. 5. Granada, 1998. Shrewsbury : EPMA, 1998, p. 272 
[20] Dautzenberg, N., Dorweiler, HJ.: Powder Metall. Int., vol. 17, 1985, no. 6, p. 279 
[21] German, RM.: Liquid phase sintering. New York : Plenum Publishing Corporation, 

1985 
[22] Jangg, G., Danninger, H., Abhari, K., Schröder, K., Neubing, HC., Seyrkammer, J.: 

Mat.-wiss. u. Werkstofftech., vol. 27, 1996, p. 179 
[23] Danninger, H., Spoljaric, D., Jangg, G., Weiss, B., Stickler, R.: Pract. Metallography, 

vol. 31, 1994, p. 56 
[24] Azadbeh, M., Gierl, C., Danninger, H.: Powder Metall. Progress, vol. 6, 2006, no. 1, 

p. 1 
[25] Metals Handbook. Vol. 3: Alloy Phase Diagrams. 9th ed. Metals Park OH : ASM, 1984 
[26] Du, Q., Eskin, DG., Katgerman, L.: Metallurgical and Materials Transactions A, vol. 

38A, 2007, p. 180 
[27] Martin, JM., Gomez-Acebo, T., Castro, F.: Powder Metallurgy, vol. 45, 2002, no. 2, p. 

173 
[28] Neubing, HC., Jangg, G.: Metal Powder Rep., vol. 42, 1987, p. 354 
[29] Shahmohammadi, M., Simchi, A., Danninger, H., Arvand, A.: Materials Science 

Forum, vol. 534-536, 2007, p. 489 
[30] Lloyd, DJ., Chaturvedi, MC.: Journal of Materials Science, vol. 17, 1982, p. 1819 
[31] Polmear, IJ.: Light alloys: Metallography of the light metals. 3rd ed. London : Arnold, 

1995 
[32] Neubing, HC., Gradl, J., Danninger, H. In: Adv. Powder Metall. and Partic. Mater. 

Proc. PM2TEC 2002 World Congress on Powder Metallurgy and Particulate Materials. 
Orlando FL, 2002. Part 13. Eds. V. Arnhold, et al. Princeton NJ : MPIF, 2002, p. 128 


	IMPROVING THE PROPERTIES OF SINTERED Al-Zn-Mg-Cu FROM MIXED POWDER THROUGH SYNCHRONIC EFFECTS OF SINTERING AND HEAT TREATMENT  
	M. Azadbeh , H. Danninger , C. Gierl-Mayer, G. Khatibi , A. A. Azadbeh  
	Abstract 
	Keywords: Al-Zn-Mg-Cu, sintering temperature, heat treatment, sintered density, transverse rupture strength, hardness. 
	INTRODUCTION 
	MATERIALS AND METHODS 
	Tab.1. Typical chemical composition and physical characteristics of Ecka Alumix EA 431 
	Fig.1. Temperature-time profiles for sintering of Al-Zn-Mg-Cu bars, recorded through a thermocouple in one of the specimens.
	Fig.2. Block diagram of typical test apparatus for dynamic Young’s modulus.


	RESULTS AND DISCUSSION 
	Fig.3. Effect of manufacturing parameters on properties of EA431 (Compacted at 400 MPa, sintered 30 min in N2; as-sintered: T1 state; as heat treated: T6), a) Sintered density, b) Dimensional change, c) Dynamic Young’s modulus (Edyn), d) Edyn vs. Density, e) Hardness, f) Transverse rupture strength.

	Density  
	Fig.4. Dilatograms of EA 431 taken in N2 atmosphere. Heating rate 10 K/min, different isothermal sintering temperatures [19].

	Dynamic Young's modulus 
	Hardness and transverse rupture strength 
	Microstructural analysis 
	Fig.5. Microstructural evolution as a function of manufacturing parameters for EA 431, compacted at 400 MPa, sintered 30 min in N2 at indicated temperatures. Arrows in (a) show dark phases which looked like pores, red dashed arrow in (b) and (c) show interdendritic network of Al-X eutectics. Etched with Keller reagent a) As sintered (T1), ST 590°C, b) As sintered (T1), ST 610°C, c) As sintered (T1), ST 620°C, 5) As heat treated (T6), ST 590°C, e) As heat treated (T6), ST 610°C, f) As heat treated (T6), ST 620°C.
	Fig.6. Microstructure of EA431, compacted at 400 MPa and sintered at indicated temperatures for 30 min in flowing N2. Etched with Keller reagent.
	Fig.7. Structural analysis of the heat treated EA431 (a) DSC curve belonging to the sintered sample, heat treated to the T6 temper; (b) X-ray diffraction pattern for EA431-T6 following exposure at 130°C for 24 h.


	Fractography  
	Fig.8. Fracture surfaces of sintered EA431, sintered at indicated temperatures. Compacted at 400 MPa, sintered 30 min in N2.
	Fig.9. Fracture surfaces of as sintered and as heat treated EA431; compacted at 400 MPa, sintered 30 min in N2 - T6 following exposure at 130°C for 24 h (arrows showing aluminium particle; dashed arrow showing interparticle network, which is mostly filled with solidified Al-X eutectic).


	CONCLUSIONS 
	Acknowledgment 
	REFERENCES 






