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Abstract  Al-Zn-Mg based alloys without and with Sc were prepared by remelting the base alloy without and with Al-Sc 
master alloy in  a pot furnace fo llowed by casting in  metal mould. Fe and Si often remain as impurities in Al-Zn-Mg alloys. By 
using optical, scanning electron and transmission electron microscopy, the presence of intermetallics and the hardening 
effects of micro -alloyed Sc on the microstructure of super-high-strength Al-4.5Zn-2Mg alloys were observed and 
structure-property relationship was studied. The microstructures of the alloys were investigated for different heat t reatment 
conditions (natural and artificial ageing). Scandium added alloys were harder compared  to base alloys in  the naturally  aged 
condition by virtue of presence of large number of fine Al3Sc precip itates generated at the time of casting and could not be 
dissolved during subsequent homogenization treatment. These particles are h ighly effective in  refining the microstructures, 
retarding recrystallisation, pinning dislocations and low angle grain boundaries. These Al3Sc precipitate act as potent 
nucleating site for hard η΄ precipitate at the time of artificial ageing and hence suppresses GP zone formation as noticed from 
the differential scanning calorimetry study. However, the morphology of AlFeSi intermetallics present in cast Al-Zn-Mg 
alloys was not altered in presence of Sc. 

Keywords  Al-Zn-Mg, Scandium, Ageing, hardness, Precipitates, Intermetallics

1. Introduction 
AA7xxx series comprising of Zn as main alloying 

element along with Mg and Cu in  Al-base are widely used 
in the aircraft industry[1,2] due to  high strength to density 
ratio and good hot workability. Aluminum-zinc-magnesium 
alloys have the ability to undergo natural ageing resulting 
higher strength. The strengthening process can further be 
accelerated by artificial aging. These materials can reach 
their peak strength through proper T6 aging treatment[3]. 

In spite of high cost, addition of scandium in Al-matrix is 
done as it has a unique precipitation hardening behavior 
where it  fo r ms  a h igh  melt ing  eu tect ic, very  fine 
precip itates[4], retards the recrystallizat ion[5], fo rms a 
coherent equ ilib rium. p recip itate[6] and improves the 
weldab ility [7,8]. The st rengthen ing  effects  o f A l3 Sc 
precip itates as well as harden ing due to grain refinement 
were reported[9]. In 7xxx series also, these effects can be 
exp lo ited  to  improve the fat igue res is tance by  g rain 
refinement  as well as fo rmat ion  o f s maller and more 
distributed precip itates and improv ing fractu re toughness 
cons iderab ly . Literatu re[10] als o  suggests  that  A l3 Sc  
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precipitates influence kinetics of precipitation in age 
hardenable alloys by acting as preferential nucleation sites 
hence affecting the size and morphology of the precip itates. 
They also act as recrystallization inhibitor and 
homogeneously distributed all over the matrix. 

There have been many studies of precipitation hardening 
in these alloys[11,12]; however, the small precipitate size 
makes determination of the crystallographic and chemical 
characteristics difficult[13], hence some ambiguity remains 
over these details and the precipitation sequence. In the 
present investigation, an effort  has been made to study the 
effects of Sc addition on precipitation characteristics and 
hardening effect along with the investigation on presence of 
other precipitates in cast Al-Zn-Mg alloys with the help of 
DSC, SEM and TEM. 

2. Experimental 
Al-Zn-Mg base alloys (BA) were p repared by remelt ing 

the alloy in laboratory scale from industrially produced ingot. 
0.3 wt.% Scandium was added by addition of A l-2 wt.% Sc 
master alloy in the molten base sample before pouring 
molten alloy in  to the metal mould. To study the kinetics of 
natural ageing (NA), both BA and Sc added alloys were 
homogenised at 475℃  fo r 48 h  followed  by air cooled. 
Surface roughness was removed by machining and 
subsequently solutionized at 475℃  for 1 h and water 
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quenched before naturally aged for 10 days. In order to have 
a better understanding about the effect of Sc on precipitation 
sequence and kinetics, both BA and Sc added alloys were 
artificially aged. Following the same treatment as performed 
before NA, the alloys were art ificially aged at  160℃ for 1 h 
and water quenched. Age hardening response of the alloys 
was recorded by Vickers hardness tests using 10 kg load. 
Samples were polished in cloth followed by etching in 
modified Keller’s reagent. They were init ially characterized 
by optical microscopy (OM) using Zeiss Optical Microscope. 
SEM (JEOL-JSM 4000) was used to understand the grain 
structure and precipitate distribution. The composition of the 
precipitates was measured by EDX on the fracture surface. 
Both  alloys were investigated by thermal analysis using 
differential scanning calorimetry (DSC- Mettler T400) 
following standard methods[13] in  order to compare the 
major transformat ions that occur during heating. To identify 
the effect of Sc on morphology and size of precip itates, TEM 
investigation was done on artificially aged BA and Sc added 
alloy. Slices of 200-250 µm th ick were sectioned from both 
alloys (base and Sc-modified one) using an Isomet low 
speed precision cutting saw (Buehler Inc., IL, USA). These 
slices were further thinned by mechanical polishing on a 600 
mesh silicon carbide paper until the thickness was around 80 
µm. After cleaning the specimens with acetone and methanol 
circular d isc-shaped samples with 3 mm d iameter were 
punched using a disc punch (Gatan, USA). These discs were 
subsequently thinned on a dimple grinder (Gatan, USA) 
using diamond suspension to reduce their thickness to 20 µm. 
Subsequently, argon ion milling was carried out on a 
precision ion polishing system (Model: 691, Gatan, USA), 
by operating the argon ion guns with energies up to 5 KeV at 
a low angle of about 3-4°. The electron transparent 
specimens were then examined on a transmission electron 
microscope (Model: JEM 2100, JEOL, Japan) operated at an 
acceleration voltage of 200 kV. Table 1 shows the chemical 
composition of the investigated alloys. 

Table  1.  Chemical composition of the studied alloys (wt%) 

Alloy Zn Mg Mn Fe Si Ti Zr Sc Al 

BA 4.5 2.0 0.3 0.2 0.2 0.009 0.08 0.0 Bal 
Sc 

added 4.8 1.8 0.3 0.19 0.2 0.011 0.07 0.3 Bal 

3. Results and Discussions 
3.1. Comparison of Natural Ageing 

Fig. 1 depicts the natural ageing response for the BA and 
Sc added alloys. Sc added alloy possesses higher hardness 
values compared to the BA irrespective of ageing time. The 
hardness values were recorded immediately after 
solutionizing and quenching and continued for 10 days at 24 
hours interval. The hardness values of the two alloys increase 
with  ageing time t ill they saturate after 125 hours of natural 
ageing and show a plateau. Because the rate of increase of 

hardness with ageing time are clearly very similar for both 
alloys, occurrence of higher hardness profile for Sc added 
alloy is principally due to higher value obtained immediately 
after quenching. Therefore, it can be said that NA response 
for both alloys are similar. The difference at the beginning is 
probably due to difference in precipitate nature influenced by 
presence of Sc.  

 
Figure 1.  Natural ageing response of the BA and Sc added alloy 

3.2. Optical and Scanning Electron Microscopy 

In order to reveal the morphology of dispersoids and 
precipitates, optical and scanning electron microscopy was 
performed. The microstructures of the alloys are shown in  fig. 
2. Both optical and scanning electron micrographs for the 
BA (fig. 2a, fig. 2c and fig. 2d) revealed presence of 
precipitates on the grain boundary as well as in the matrix. 
However, dispersoids are also present in random. Presence 
of large amount of precip itates was observed for the Sc 
added alloys on the grain boundaries after NA for 240 h (fig. 
2b). 

 
Figure 2.  (a) light micrograph of BA after NA for 10 days (b) light 
micrograph of Sc added alloy after NA for 10 days (c) and (d) SEM image of 
BA as after NA of 10 days 

3.3. EDX Results 
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Figure 3.  (a) SEM of the BA after NA showing a large precipitate (b) EDX analysis at point 4 

The EDX study of the BA in naturally aged condition 
reveals the constituents of the coarser precipitate as shown in 
fig. 3. These precipitates contain considerable amount of Al, 
Fe and Si. Similar conclusions regarding the chemistry of the 
large precipitates for Sc added samples also holds true. Fe in 
presence of Si in Al base alloys sometimes produces this type 
of precipitates[15]. 

3.4. TEM results 

 
Figure 4.  TEM images (bright field) after artificial ageing (a) and (b) for 
BA (c) and (d) for Sc added alloy 

Fig. 4 represents the TEM micrographs of the artificially  
aged samples for both alloys. The microstructure of BA 
shows (Fig. 4a) dispersoids of different morphologies 
formed during casting and did not dissolve even after 
homogenizat ion. These elongated rod and spherical shaped 
dispersoids are AlFeSi intermetallics which has been 
confirmed  from the EDX analysis presented in fig. 3. These 
intermetallics show specific  habit and act as local stress 
raiser and accordingly in figure 4a, the strain field around 
these particles are clearly visible. The alloy matrix is 
considerably strained and the strain field is distributed more 
or less randomly. Necessary modification during melting is 

needed to avoid this type of precipitate formation which 
affects the mechanical properties of the alloy. A lthough no 
change is observed in the morphology of AlFeSi 
intermetallics due to addition of Sc, but larger number of 
very fine precip itates in the range of 4 to 6 nm are visib le in 
the Sc added alloy. 

3.5. DSC Results 

Carrying the knowledge of influence of Sc addition DSC 
study was performed to investigate the kinetics of 
precipitation and the results are documented in fig. 5 and fig. 
6.and DSC traces for BA and Sc added alloys showing major 
transformations during heating. The presence of pronounced 
endotherms is the indication of dissolution of various phase 
mixtures present in the microstructures. In the DSC curve for 
BA (fig. 5) the presence of first endotherm ind icates the 
formation of GP zones. At around 180℃, formation o f semi 
coherent η´ precip itates start by dissolving GP zone. 
However, such characteristics are not observed in Sc added 
alloys, which can be safely  extrapolated to the fact  that Sc 
increases precipitation kinetics thus suppressing GP zone 
formation. Davydov[12] discussed the anti-recrystallized 
effectiveness of Sc in Al alloys and attributed it to high 
density of fine A l3Sc dispersoids formed  during 
decomposition of solid solution homogeneously at 655℃ as 
stable spherical part icles fu lly  coherent with the matrix. The 
stable coherent Al3Sc precipitates suppress the formation of 
metastable coherent GP zones in Al-Zn-Mg alloys (Fig. 6]. 
The curve profile around 250℃ is strikingly similar, which  is 
because of dissolution of η´ precip itates start in both at 
similar temperatures. 

 
Temperature (℃) 

Figure 5.  DSC traces showing major transformations during heating of 
BA from as-solutionized condition 
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Figure 6.  DSC traces showing major transformations during heating of Sc 
added alloy from as-solutionised condition 

4. Conclusions 
Although both BA and Sc added alloy show similar NA 

response Sc addition show higher profile  due to init ial 
hardness obtained immediately after quenching. 

Well d istributed finer Al3Sc p recip itates gives better 
hardness in the Sc added Al-Zn-Mg alloy in naturally aged 
condition. 

Although, Sc modifies the size and number o f precipitates, 
but cannot alter the morphology of Al-Fe-Si intermetallics. 

Necessary modification during melting should be done to 
avoid formation of large hard Al-Fe-Si intermetallics, which 
create strain field around it. The strain field thus created may 
act as stress raisers in the cast products and adversely affect 
the properties. , DSC study clearly reveals the suppression of 
GP zone formation in Al-Zn-Mg alloy with addition of Sc. 
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