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Metallurgy and materials
Metalurgia e materiais

Analysis of precipitate 
density of an aluminium 
alloy by TEM and AFM
Abstract

The quanti�cation of nanometric precipitates in Al-Zn-Mg-Cu alloys has been 
performed by a series of experimental techniques. Especially in the AA7050 alloy, 
after ageing heat treatment, the particles responsible for the hardening become very 
thin. Typically, these precipitates of nanometric sizes are mainly characterized by 
transmission electron microscopy (TEM), which in this particular case, requires a 
very meticulous preparation. This study investigated a possible alternative quanti�ca-
tion of the precipitates by atomic force microscopy (AFM) to complement the tech-
nique by TEM. For this, three conditions for heat treatment of an aged aluminium 
alloy AA7050 were therefore chosen to produce different density and sizes of precipi-
tates. The experimental results showed that the AFM technique proved to be a valid 
qualitative tool and may complement the results obtained by TEM an exploratory 
analysis for the microstructures.

Keywords: aluminium alloy AA7050, interrupted ageing, secondary precipitation, 
TEM and AFM.
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1. Introduction

In the 7XXX series alloy, the 
base Al-Zn-Mg-Cu, is widely used 
in the aircraft industry. The me-
chanical strength of these alloys is 
increased through precipitation of a 
�ne dispersed phase through a heat 
treatment process called precipitation 
ageing. Consequently, Guinier-Preston 
(GP) zones and the η' (MgZn

2
) and 

η (MgZn
2
) precipitates are the main 

phases present in alloys of the 7XXX 
series, and the η' phase is primarily re-
sponsible for the increased resistance. 
The sequence of precipitation for alloys 
of Al-Zn-Mg-Cu is generally summa-
rized as: supersaturated solid solution 
(SSSS) → GP zones → intermediate 
precipitates η' → equilibrium precipi-
tates η (Berg et al., 2001; Katgerman 
and Eskin, 2003; Sverdlin, 2003).

The nucleation of these pre-
cipitates can occur homogeneously 
(uniform and non-preferential) and 
heterogeneously (preferential) in spe-
ci�c places such as grain boundaries, 

dislocations and vacancies. The size, 
morphology and distribution of precip-
itates can result in improvements in the 
mechanical properties (Katgerman and 
Eskin, 2003; Andreatta, 2004; Brent et 

al., 2004; Smallman and Ngan, 2007). 
Temperature and ageing time are the 
main parameters for the variation in 
the final formation of precipitates. 
This precipitation can be carried out 
only in a simple ageing stage (condition 
T6), in multiple steps at different times 
and temperatures, called double ageing 
(T7451 condition), or by secondary 
precipitation ageing known in the T6 
condition as interrupted followed by 
ageing for long periods at temperatures 
around 65 °C, as well as the so-called 
reversal treatment and re-ageing.

The quanti�cation of these pre-
cipitated particles in metallic alloys 
has been made by a series of charac-
terization techniques, especially by 
transmission electronic microscopy 
and scanning electronic microscopy 

(TEM and SEM). The technique 
that is most utilized to characterize 
nanometrics precipitates is the TEM. 
Unfortunately, this technique requires 
a careful sample preparation to obtain 
a very thin substrate, smaller than 100 
nm. In articles written by La Garza 
et al. (2002) and Garcia - Garcia et 

al. (2014), the use of atomic force 
microscopy (AFM) shows evidences 
of the quanti�cation of the η' and η 
precipitates with the collaboration 
of microscopy techniques (TEM and 
SEM). AFM is little explored regarding 
the characterization of the microstruc-
ture of metallic alloys.

Therefore, with the objective to 
explore the AFM technique, the pres-
ent work made a correlation between 
results of surface roughness in AFM 
with the density of a precipitated phase 
in matrix on an AA7050 aluminium 
alloy obtained by TEM. Three dif-
ferent conditions of ageing heat treat-
ment were chosen to produce different 
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densities of the precipitated phase in 
an aluminium alloy matrix: one was 
overageing and two, underageing:

1) the condition as received T7451 
(overageing with double ageing);

2) T6 (underaged condition with 

simple ageing); and 
3) T6I4-65 (underaged condition 

with interrupted ageing).

2. Experimental procedure

Samples were prepared from a plate 
of aluminium AA7050-T7451 supplied by 

Embraer S.A. The chemical composition of 
this alloy in T7451 as received condition is 

described in Table 1. Samples were taken in 
the rolling direction and along its thickness.

Table 1
Chemical composition (wt.%) 

of AA7050 alloy used in this research.

Zn Mg Cu Zr Fe Si Cr Mn Al

5.59 1.87 2.01 0.13 0.07 0.03 0.0004 0.015 Balance

The heat treatment was performed 
in the following sequence: solution heat 
treatment (485 ºC for 4 hours), quench in 
water and ageing. The T6 condition is a 
simple process of ageing; the sample was 
solubilized and aged at a temperature of 

130 °C for 2 hours. The T6I4-65 condition 
is an interrupted condition; the sample was 
carried out in two stages. The �rst ageing 
step was performed at temperature 130 ºC 
for 30 min. The second stage of ageing was 
performed at a temperature of 65 °C for 24 

hours. The T7451 condition was analysed 
as received condition, as shown in Table 
2. The ageing times and temperatures 
applied in T6I4-65 and T6 conditions are 
described in Table 2. These features were 
based on the studies of Buha et al. (2008).

Table 2
Description of ageing heat treatments.

Ageing Heat treatment Solution treatment First step Second step

T7451

485ºC for 4h

as received as received

T6
Ageing at 130ºC for 

120 min
-

T614-65 130ºC for 30min
Ageing at 65ºC for 24 

hours

To analyse the thin disks for TEM, a 
TECNAI G2F20 brand device was used. 
The samples were sanded and polished 
with the polishing ionic low temperature 
to avoid heating of the samples and to 
obtain a thin disk of approximately 100 
nm, which is ideal for this type of analysis.

The samples were analysed under 
atomic-force microscopy (AFM). All 
samples were studied under a Shimadzu 
SPM-9600 microscope with 400 nm 
minimum resolution, equipped with a 
125 μm scanner operating in non-contact 

mode. Small samples were cut and sanded 
with water silicon carbide-based (SiC) 
sandpaper and polished with alumina 1 
and 0.3 μm, and then etched with Keller's 
reagent (HF 2 ml, HCl 3 ml, HNO

3
  

5 ml, H
2
O 190 ml). The samples were 

immerged into Keller’s reagent during 10 
seconds at room temperature. After this, 
the samples were cleaned with water and 
isopropyl alcohol.

In the present work, �rstly the pre-
cipitate feature was identi�ed through its 
morphology, distribution and size using 

TEM analysis according to references. 
Thus, the precipitate size was measured 
with AFM analysis for three conditions. 
In this way, once measured the precipitate 
size, the same was classi�ed and compared 
with the TEM analysis and then identi-
�ed. Moreover, to measure the precipitate 
size from the 2D AFM image analysis, 
ImageJ software was used. This soft-
ware permits the conversion of a known 
distance in (μm) to distance pixels to be 
able to measure the precipitate length for 
the three conditions investigated.

3. Results and discussion

It was possible to identify the GP 
zone, η' and η phases based on literature 
(Berg et al., 2001; Buha et al., 2008; 
Garcia et al., 2014). The GP zones pre-
sented in T6 and T6I4-65 conditions are 
small clusters of atoms coherent with 
the aluminium matrix. MgZn

2
 (η' and 

η) is identi�ed as precipitates that have 
a size between 1 and 100 nm and in-
termetallic particles that have a size be-
tween 1 and 20 μm (Andreatta, 2004), 
which are also present in all the three 

conditions. The TEM microstructural 
analysis identi�ed the size, morphology, 
distribution and chemical composition 
of these phases. In the analysis by TEM, 
it was possible to assess which condition 
showed a higher density of hardening 
phases. Hence, the results obtained by 
TEM served as a basis for the analysis 
of the density of precipitates, obtained 
through surface roughness by AFM.

Figure 1 (a) and (b) obtained in 
bright �eld shows the microstructure 

with arti�cial ageing heat treatment in 
the T7451 condition. In Figure 1 (a), 
second phase particles can be observed 
in the grain boundaries, as within the 
matrix, the presence of η precipitate is 
noted and a region where particles are 
not observed along the grain bound-
ary are identified in the precipitate 
free zone (PFZ) about the size of 80 
nm. A distinct precipitate-free zone 
is evident near the grain boundaries 
(Epler, 2004).
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Figure 1
TEM micrograph in bright field (BF) 
(a) microstructure of alloy AA7050 in 
artificially aged condition T7451 with 
second phase particles precipitating in the 
grain boundaries and within the matrix; 
(b) a fine distribution of 
precipitates within the aluminium 
matrix and the respective morphologies 
of platelets and needles.

A microstructure with a distribu-
tion of nanometric precipitates is shown 
in Figure 1 (b). The η phases are primar-
ily formed in the regions of defects such 
as grain boundaries, generating evidence 
for identi�cation. The structures formed 
inside the grain have predominantly η 
stable phase morphology, which have 
platelets and needles (Brent et al, 2004; 
Epler, 2004). Note the aligned particles 
are quite spaced, showing low density 
of precipitates with an average size of 
the precipitates in the form of platelets 

around 38 nm and 42 nm for needles. In 
this overaged condition, it is not possible 
to notice the presence of GP zones and η' 
that have been transformed into a more 
stable phase, η.

Figure 2 (a) and (b) shows a mi-
crograph by TEM in the aged sample 
T6 condition. This condition presents 
a PFZ region of approximately 60 nm 
formed adjacent to the grain boundary, 
characterized by lack of precipitates. 
Figure 2 (a) shows grains of various 
sizes, and the presence of large amounts 

of precipitates in both grain boundary 
and inside the matrix. Also note that 
the �ne precipitates are present inside 
the grains and the size of precipitates is 
higher in the grain boundary. Precipi-
tates formed at high-angle grain bound-
aries are usually in the equilibrium 
phase (η) and larger than those formed 
in the matrix (η'), owing to preferred 
nucleation and accelerated growth, 
due to faster diffusion of solute along 
grain boundaries than in the matrix 
(Rometsch et al.,2014).

Figure 2
TEM micrographs in 
artificially aged condition T6:
(a) dark field (DF) showing 
the variation in grain size and 
nanometric precipitation at the 
grain boundaries and within the matrix;
(b) bright field (BF) showing a 
fine distribution of precipitates and 
GPII zones within the aluminium matrix.

The fraction volume of precipitates 
in the T6 condition consists in a great 
quantity of GPII zone phases, also η' 
semicoherent phase, as shows Figure 2 (b). 
According Buha et al. (2008) and Berg et 

al. (2001) GPII zones are formed by one 
or a few rich Zn-rich atomic layers on {1 1 
1}

Al
 and exhibit a plate-like or needle mor-

phology. The metastable coherent η′ phase 
exhibit a platelets morphology. GPII zones 
are thinner and often also longer than the 
η′ phase. It is was found that the approxi-
mate size of the needle particles is 23 nm 
and the platelets is approximately 17 nm. 
The T6 is an underaged condition, which 
indicates a transition phase in GPII zones 
for the formation of the η' phase.

In Figure 3 (a), the ageing micro-
structure interrupted T6I4-65 condition 
is obtained in dark �eld. It is possible 
to notice in Figure 3 (a) a high density 
of GPII zones and precipitated inside 
the grains and at grain boundaries. The 
T6I4-65 temper increases the density of 
the η' platelets in alloy 7050 compared 
to the T6 temper (Buha et al., 2008). The 
TEM observations showed that the pre-
cipitates formed in the interrupted peak-
aged microstructures were �ner, more 
densely distributed, more closely spaced, 
and present in greater numbers than they 
were following the T6 temper (Buha et al., 
2006). Precipitates observed in Figure 3 
(b) present in the grain boundary are pos-

sibly of η equilibrium phase, evidenced 
by their size of around 32 nm and needle 
morphology. PFZ observes a region of 
approximately 25 nm, near the grain 
boundary, characterized by the absence 
of precipitates. Inside the grain, there is a 
predominance of GPII zones. It is possible 
to notice a signi�cant presence of coher-
ent clusters identi�ed as precursor GPII 
zones of the metastable phase η', which 
is present in about the size of 14 nm. That 
is, within the aluminium matrix, there is 
a predominance of a thin homogeneous 
distribution of precipitates of nanometric 
size with a high volume fraction of phase 
transition to GPII zones η'.

The TEM microstructure obser-

(a) (b)

(a) (b)
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vation for conditions T7451, T6 and 
T6I4-65 showed that the density and 
size of the precipitates were signi�cantly 
different between the three ageing 
treatment conditions, as can be seen 
in Figure 4. Thus, one of the objectives 

was achieved as expected in work; that 
is, a difference in the density and size 
of the precipitates.

Consequently, the results of analy-
ses carried out in the T7451 condition 
showed the predominance of a η phase, 

about the size of 40 nm, due to the 
fact of being an overaged condition. 
Whereas, the T6 condition showed up 
as underaged, as it showed the presence 
of GPII zones and η', with approximate 
sizes of 20 nm.

Figure 3
TEM micrographs of (a) and (b) dark 

field (DF), showing the overall microstruc-
ture of the alloy AA7050 in artificially aged 

T6I4-65 condition, with second phase 
particles precipitating in the grain boun-

daries and within the matrix.

Similarly, the condition T6I4-65 
showed predominantly �ne GPII zones 
identi�ed as zones homogeneously dis-
tributed in the matrix and approximate 
size of 14 nm; thus, it was con�rmed 
that this condition lies in an underaged 
state. The difference in sizes of PFZs 
being 80, 60 and 25 nm for the T7451, 

T6 and T6I4-65 conditions, respec-
tively is also noticed. It is known that 
the width of the PFZ in�uences the loss 
of ductility; it promotes the heterogene-
ity of properties in the microstructure, 
and the matrix has a higher resistance 
than the grain boundaries (Porter and 
Easterling, 1996). The results of the 

microstructure in T6I4-65 condition 
suggest that it may provide greater 
resistance to movement of dislocations 
than larger and more widely spaced 
precipitates as T7451 and in the T6 
temper and, consequently, a higher 
mechanical resistance, as shown in 
Lima (2014).

Figure 4
TEM microstructure showing 

the variation in the volume fraction 
of precipitates under the conditions 

(a) T7451, (b) T6 and (c) T6I4-65.

Figures 5 (a), (b) and (c) show the 
three-dimensional AFM images of the 
artificially ageing samples obtained 
from the conditions T7451, T6 and 
T6I4-65, respectively. The difference 

can be seen in the surface roughness and 
precipitate size of the three conditions 
investigated. It was possible to correlate 
the density of precipitates with surface 
roughness found for each condition. 

Table 3 shows the roughness parameters 
(Ra) and the measurement of precipitate 
size detected by AFM. In each case, it 
proceeded to the overall measurement 
of a 1x1μm2 �eld.

Table 3
Surface roughness 

parameters and quantification 
of the size of precipitate detected by AFM.

Condition R
a
 [nm] Precipitate size (nm)

T7451 26.6 38 - 641

T6 20.1 24 - 355

T6I4-65 11.7 16 - 196

(a) (b)

(a) (b) (c)

The average roughness values 
(Ra) were obtained from the topo-
graphic pro�le of 3D images of Figures 

5 (a), (b) and (c) of T7451, T6 and 
T6I4-65 conditions, respectively. It is 
possible to see that the T7451 condition 

has a rougher surface (R
a
: 26.6 nm) 

compared with T6 (Ra: 20.1 nm) and 
T6I4-65 (R

a
: 11.7 nm).
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Figure 5
Analysis by AFM topographical 
showing the surface roughness 

three-dimensional image of 
(a) the T7451 condition; (b) the 

T6 condition; (c) T6I4-65 condition.

The 2D images were used to quantify 
the minimum and maximum values of 
precipitate size using the ImageJ software 
shown in Table 3. It can be seen that the 
T7451 condition has precipitates with 
sizes in the range of 38 to 641 nm, which 
con�rms the observed TEM, which re-
vealed particles with an approximate size 
of 40 nm. A smaller roughness (R

a
: 11.7 

nm) is associated with larger density of 
�ner precipitates. Whereas, larger precipi-
tates tend to increase the roughness value  
(R

a
 = 26.6 nm), as shown in the phase 

contrast micrograph in Figure 6 (a) which 
shows lower density of precipitates due 
to larger particles. While the T6 condi-

tion has a roughness R
a
 = 20.2 nm and 

precipitate size in the range of 24 to 355 
nm, Figure 6 (b) showed an intermedi-
ated density of precipitates. The T6I4-65 
condition has a roughness R

a
 = 11.7 nm 

and particle sizes from 16 to 196 nm 
and Figure 6 (c) showed a higher density  
of precipitates.

Moreover, the minimum and maxi-
mum values of precipitate size (Table 3) 
show great scatter for three conditions. It 
was as consequence of measured interme-
tallic particles, that likely can contribute 
to higher scatter. This can be con�rmed 
in Figure 7, which displays the variation 
of the frequency versus precipitate size in 

the three ageing conditions in a 1x1μm2 
�eld. It is possible to notice the absence of 
greater precipitate size for the three condi-
tions investigated.

The condition T6I4-65 showed a 
high density of small precipitates, identi�ed 
as TEM (Figure 3) with GPs zones and η' 
phase, and homogeneously distributed in 
the matrix aluminium alloy in relation to 
the T6 condition that revealed particles 
of a few nanometers. Figures 7 (a) and (c) 
indicate that insertion of an interrupted 
aging stage at 65 °C into a typical T6 heat 
treatment for aluminium alloy AA7050 
that promotes the formation of high density 
precipitates in the �nal microstructure.

(a) (b)

(c)

Figure 6
Micrograph AFM, 

phase contrast, condition (a) T7451, 
(b) T6 and (c) T6I4-65, revealing the 
size and density of the precipitates.

(a) (b)

(c)
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4. Conclusions

The analysis by AFM allowed a 
qualitative and quantitative analysis of the 
surface of the three ageing treatment condi-
tions investigated in this work. Thus, the 
topographical evaluation results showed 
an average roughness (Ra) ranging from 
one condition to the other, as well as a 
particle size range. This indicated a higher 
density of small particles evenly distributed 

in the aluminium alloy matrix in T6I4-65 
condition, where it was possible to clearly 
distinguish the precipitated particles, con-
�rming what was observed in TEM for 
this condition. However, precautions are 
needed so that one does not mistake inter-
metallic particles for precipitates. Thus, the 
AFM technique proved to be a valid quali-
tative tool and can complement the results 

obtained by TEM for exploratory analysis 
of the microstructure, indicating a new and 
interesting method to perform the evalua-
tion of the density of nanometric particles. 
Moreover, the ease of sample preparation 
consists of basic metallographic techniques 
not requiring the making of thin �lms as 
in TEM, thus allowing the preparation of 
several samples in a short time.
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