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RESUMEN. 

 

La microscopía de fuerza atómica de amplitud 

modulada (AM-AFM), también conocida como 

tapping-AFM, se aplicó en la cuantificación de 

segundas nano-fases (zonas GP, ’ y ) en la 

aleación de aluminio AA 7075-T651. La 

información estadística a partir de las imágenes de 

contraste de fases de AFM se obtuvo con software 

especializado. Este método reduce enormemente 

el esfuerzo requerido para la preparación de la 

muestra, comparando con el que demanda la 

microscopía de transmisión de electrones, 

minimizando la manipulación de la muestra y, en 

consecuencia, reduciendo la probabilidad de 

pérdida de información relevante. Los resultados 

experimentales se comparan con los reportados 

por otros autores usando microscopía de 

transmisión de electrones, tradicionalmente 

empleada en la cuantificación de nano-partículas.   

 

ABSTRACT. 

 

Amplitude modulated atomic force microscopy 

(AM-AFM), also known as tapping-AFM, has 

been applied to the quantification of second nano-

phases in the AA 7075-T651 aluminum alloy (GP-

zones, ’ and  phases). Specialized image 

analysis software was used to obtain statistical 

information from phase contrast AFM images. 

The method here described drastically reduces the 

effort required for sample preparation, contrasted 

with the one demanded by transmission electron 

microscopy, minimizing sample handling and 

reducing the likelihood of losing relevant 

information due to sample manipulation. The 

experimental results are compared with those 

reported by other authors using transmission 

electron microscopy, traditionally used for 

nanoparticle quantification. 

 

NOMENCLATURE 

 

AR  Aspect ratio of the nano-phase 

EA  Equivalent area of the nano-phase (nm
2
) 

ED  Equivalent diameter of the nano-phase 

(nm) 

ND  Neighbor distance between nano-

particles (mm) 

PD  Particle density of the nano-phase (/ 

mm
2
) 

p-value  Anderson-Darling data normality test   

Si  Specimens (i = 5) 

Sij  Scanned zone (j = 3) of specimen (i = 5) 

Sa  Above zone of the specimens (Si) 

Sb  Bellow zone of the specimens (Si) 

Sc  Center zone of the specimens (Si) 

 

INTRODUCTION 

 

Due to its strength-to-weight ratio, the AA 7075-

T651 aluminum alloy, of the 7XXX designation, 

is one of the most important aluminum alloys 

developed for aerospace (Tajally, Huda, & 

Masjuki, 2011) and transportation applications. 

When processed by hot rolling, its strength and 

hardness are enhanced by the formation of 

extremely small second-phase particles uniformly 

dispersed within the original phase matrix in a 

process known as precipitation or age hardening, a 

well-established metallurgical hardening 

technique discovered and developed during the 

first third of last century (Merica et al., 1919). The 

microstructure developed – texture, grain size, and 

precipitates – plays a significant role in 

establishing the final properties of the finished 

product (Yan et al., 2010; Polmear, 2004; Totten 

& MacKenzie, 2003; Zielinsky et al., 2002).  

 

By now, the microstructure and physical 

metallurgy of the aluminum alloy AA 7075-T651 

has been well characterized. Several studies 

support evidence for the presence of intermetallics 

ranging in size from a few nanometers to several 

tens of micrometers. The nanometric particles, 

GP-zones (3–5 nm), ’-phase (5–10 nm), and  -

phase (30–75 nm), are uniformly dispersed within 

the aluminum matrix (Feng, Chen & Ma., 2010; 

Birbilis et al., 2005; Mahoney et al., 1998), all of 

them with chemical composition MgZn2. Larger 

particles, like the Al12Mg2Cr dispersoids (0.5–2 

m) and constituent particles (up to 30 m), 

observable by traditional metallography, have also 

been reported (Chayong, Atkinson & Kapranos, 
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2005; Totten & MacKenzie, 2003; Gao & Wei, 

1998; Wert, 1981).  

 

From a technological point of view, 

microstructure characterization of metallic alloys 

is essential in controlling the mechanical 

properties of the final product; the experimental 

techniques normally used for this purpose are 

optical microscopy (OM), scanning electron 

microscopy (SEM), and transmission electron 

microscopy (TEM). For the characterization of 

dispersoids and constituent particles OM and 

SEM are more than enough. Quantification of 

nanometric particles, however, has been 

traditionally performed by TEM, in spite of the 

elevated cost and complicated sample preparation 

procedures (Feng et al., 2006; Birbilis et al. 2005) 

involving the use of highly specialized cutting 

equipment and polishing techniques with the goal 

of obtaining electron transparent samples – 

between 10 to 200 nm thick, at the risk of particles 

being destroyed during sample preparation or 

falling out of the TEM foil (Birbilis et al., 2005).   

 

On the other hand, atomic force microscopy 

(AFM)  stands up for its versatility and ease of use 

on a wide range of applications in scientific and 

technological areas, such as: metallic materials 

(García & Pérez, 2002; Heymann, Möller & 

Müller, 2002; James et al., 2001; Pang, Baba-

Kishi & Patel, 2000; Dukhyun, Woonbong & 

Euisung, 2007); electrochemistry (Kleber & 

Schreiner, 2003;  Kleber et al., 2002); 

nanocomposites (Lee et al., 2010), 

nanoelectronics (Rajwade et al., 2007); and life 

sciences (Fragoso-Soriano et al., 2009; Andrade et 

al., 2007;  Chen & Bhushan, 2005; Nagao & 

Dvorak, 1998).  

 

In modern instruments, is common to find 

different modes of AFM operation. A clear 

description of them may be found in the book by 

Meyer et al (Meyer, Hug & Bennewitz, 2004). In 

dynamic force microscopy, the amplitude, the 

resonance frequency and the phase shift of the 

oscillation link the dynamics of a vibrating tip to 

the tip–surface interactions. In particular, in 

Amplitude Modulated AFM (AM-AFM), also 

known as tapping–mode, a stiff cantilever is 

excited by a piezoactuator to oscillate at or near its 

resonance frequency. The oscillation amplitude is 

used as a feedback parameter to measure the 

topography of the sample surface (García & Perez, 

2002). Additionally, by recording the phase shift 

between the driving force and the tip oscillation, 

significantly dependent on material damping 

(Wang, 1999), provides an imaging contrast 

mechanism between material phases, i.e. material 

properties variations could be mapped. The 

mappings thus obtained do not provide any 

chemical information regarding the surface 

sample or its mechanical properties; yet, they can 

be used for the purpose of quantification if two 

clearly distinct material phases are present in the 

scanned area. 

 

The expediency of using AM-AFM for 

quantification of nano-precipitates in a metal 

matrix comes from its capability to distinguish 

between phases in multi-phase sample surfaces. In 

particular, for the nanoparticles present in the AA 

7075-T651 aluminum alloy – GP-zones, ’ and  

phases– should be possible to use AFM for 

quantification of these particles, as long as the 

scanning area is small enough to hold only the 

nano-precipitates and the aluminum metal matrix.  

For the present study, AFM was used in air, in 

tapping mode. Precipitate size and distribution 

parameters were obtained directly from raw data 

AFM phase-contrast images using specialized 

software developed for nano- and micro-scale 

image processing to produce statistical data for 

particle size and space distribution, further 

analyzed using MINITAB™. The quantification 

results obtained using the method here proposed 

are compared against those reported by Birbilis et 

al., in a thorough TEM study of second-phase 

precipitates on aluminum AA 7075-T651 (Birbilis 

et al., 2005). 

 

EXPERIMENTAL PROCEDURES 

 

A)  Sample preparation 

Specimens were obtained from an as received 

6.35 mm thick commercial plate of AA 7075-

T651 aluminum alloy, cut with a metal cutting 

band saw equipped with a cooling system. After 

removing 100 mm from the edge, six 40×10 mm
2
 

small bars were obtained, the long side oriented in 

the direction of rolling. At all times the specimen 

temperature was kept below 300 K. A long-

traverse (LT) face on each specimen, 40×6.35 

mm
2
, was wet ground with subsequently higher 

grades of silicon carbide abrasive paper – P240 

trough P2000 grit. Finally, the sample surface was 

finished with MOTHERS® Mag & Aluminum 

Polish (Mothers Polish, Huntington Beach, USA); 

an alumina based polishing formulation, soluble in 

suds and alcohol. After polishing, the sample was 

soaked in suds and rinsed abundantly in water, 

then in alcohol. Afterwards, high-pressure bottled 

dried air was blown over the surface to dry it and 
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remove any particles left over. Following the 

described procedure, a final surface roughness less 

than 50 nm was achieved, suitable for AFM 

measurements. At no time alumina suspension 

was used for sample preparation neither any 

chemical etchant. It is quite common in traditional 

metallography to expose the surface to the action 

of chemical etchants for long periods of time, i.e. 

60 seconds, in order to obtain better optical 

contrast from the microstructure. However, this 

procedure is rather impractical for AFM, since the 

surface left by severe chemical etching is too 

craggy to be of any use. On the other hand, using 

MOTHERS® Mag & Aluminum Polish as a final 

polishing step leaves a final surface average 

roughness less than 300 nm, with much of the 

aluminum matrix intact. 

   

B) AFM Measurements 

An EasyScan 2 AFM (Nanosurf AG., Liestal, 

Switzerland) was used in air, with scan heads of 

nominally 10×10 m
2
 and 70×70 m

2 
scanning 

area, and maximum z-range of 2 and 14 m, 

respectively. Aluminum coated cantilevers model 

Tap 190AL-G (225×38×7 mm) from Budget 

Sensors (Innovative Solutions Bulgaria Ltd., 

Sofia, Bulgaria) were used. The AFM tip is micro-

machined, monolithic Silicon probe, with radius 

less than 10 nm. The nominal resonance 

frequency of the cantilever is 190 ± 60 KHz, with 

force constant 48 N/m. In all images, the AFM 

data acquisition parameters were optimized for 

phase contrast; i.e. the quality of phase contrast 

images is much higher than for topography.  The 

reason for this is that quantification using the 

specialized software was performed on phase 

contrast raw-data images, rather than topography.  

 

AFM measurements were performed on the five 

specimens of the AA 7075-T651 prepared as 

indicated above. For these measurements, three 

different points on the LT face were chosen: the 

center point (Sc), located 1 mm off the geometrical 

center, along the center line; two areas located 0.5 

mm above (Sa) and below (Sb) the first point. A 

total of 9 images per sample were acquired 

completing a total of 45 measurements.  

 

C) Quantification and statistical analyses 

Particle geometry, size, and distribution 

parameters were obtained directly from raw data 

phase-contrast images using the Scanning Probe 

Imaging Processor software (SPIP™) from Image 

Metrology. All the phase contrast images were 

processed with the glitch and noise filters of the 

EasyScan 2 AFM driver, and the plane correction 

filter provided by the SPIP™ software. The 

statistical analysis of variance (ANOVA) of the 

SPIP™ results was performed with MINITAB
®
. 

 

RESULTS 

 

A) AFM measurements of nano-precipitates 

 One of the greatest advantages of the EasyScan 2 

AFM for the intended purpose is that it can 

accommodate relatively large specimens. 

Therefore, sample manipulation is reduced to a 

minimum, contrary to what happens with TEM, 

where particles are lost during sample preparation. 

It was found that the preparation procedure 

described in the present work leaves a layer of the 

as cast aluminum matrix where nano-precipitates 

are uniformly dispersed.      

 

Topography AFM images of the aluminum AA 

7075-T651 alloy are shown in Fig. 1. The scanned 

area (2×2 m
2
) is small enough to hold only the 

smallest precipitates (GP-zones, ’ and  phases) 

dispersed within the aluminum metal matrix.  

 

 
Fig. 1. AFM topography of AA 7075-T651 aluminum alloy. 

 

In Fig. 1 a sub-grain boundary runs across the 

image. The largest precipitates observed are -

phase located at the sub-grain boundary; the 

smaller particles, ’-phase, are located inside the 

grain and near the sub-grain. At this scale is 

difficult to distinguish topographical features of 

the surface, although the smaller, isolated particles 

are clearly distinguished. When found in 

conglomerates, they are hard to make out. 

However, in phase contrast imaging nano-

precipitates are clearly distinguished as shown in 
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Figure 2. At this level of magnification only nano-

precipitates and aluminum matrix are present; 

where the phase contrast images correspond to the 

topography images of Figure 1. 

 

 

 
Fig. 2. AFM corresponding phase contrast to Figure 1. 

 

The topographical features indicated in Fig. 1 are 

shown also in phase contrast in Fig 2. Note that 

the grain boundary of Fig. 1 does not show in its 

corresponding phase contrast image due to lack of 

material contrast at the sub-grain boundary. The 

large topographical features labeled A and B in 

Fig. 1, look like a conglomerate of nanoparticles 

in Fig. 2. Similar features may be observed in the 

topography of the Fig. 3 and its corresponding 

phase contrast Fig. 4.  

 

 

 
Fig. 3. AFM topography of AA 7075-T651 aluminum alloy. 

Finally, the raw data phase contrast images go into 

the SPIP™ image analysis software for particle 

quantification.  
 

 
 

 
 Fig. 4. AFM corresponding phase contrast to Figure 3. 

 

 
 

B) Quantification of nano-precipitates  

Table 1 summarizes the SPIP™ results for 

precipitate parameters obtained for each of the 

five samples of the AA 7075-T651 alloy polished 

with MOTHERS® Mag & Aluminum Polish, 

where Sia, Sib, and Sic refer to the measurements 

performed above, bellow, and at the center of the 

i-th sample, as described in sections A and B of 

the experimental procedures. Size filters were set 

to discriminate for particles larger than 200 nm, 

i.e. only particles less than 200 nm are statistically 

accounted for. The statistical parameters are 

defined as follows: the diameter, or Heywood 

diameter, is expressed as the diameter of a circle 

having an area equivalent to the shape’s area; the 

equivalent area is calculated from the shape’s 

periphery, i.e. the closed polygon that surrounds 

the feature; the aspect ratio is defined as the length 

over breadth ratio, it will always be greater than or 

equal to 1.0; neighbor distance is the distance 

between geometric centers of the actual shape and 

its nearest neighbor; particle density is the average 

number of particles per m
2 
× 10

6
.   

 

D) Statistical Analysis 

The significance level p obtained from the 

Anderson-Darling test of normality of the mean 

values was larger than 0.05, concluding that the 

mean values come from a normal distribution 

population.  
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Table 1. Precipitate size and distribution 

parameters. 

Specimen 
PD ×10

-7
 

/mm
2
 

ED 
(nm) 

AR 
EA 

(nm
2
) 

ND 
(mm) 

S1a 3.1 
 

59.7 1.49 3583 0.11 

S1b 2.0  52.7 1.37 3015 0.11 

S1c 2.5  42.7 1.68 1894 0.09 

S2a 2.9  58.2 2.08 3511 0.08 

S2b 2.7  55.1 1.99 3006 0.09 

S2c 3.5  68.5 1.65 4449 0.08 

S3a 8.8  58.2 1.39 3508 0.07 

S3b 3.8  50.8 1.50 2465 0.06 

S3c 6.2  60.2 1.56 3594 0.08 

S4a 4.2  53.7 1.70 2777 0.09 

S4b 5.9  50.9 1.82 2484 0.08 

S4c 2.8  48.4 1.62 2285 0.06 

S5a 5.2  41.9 1.63 1713 0.06 

S5b 5.3  46.8 1.58 2421 0.07 

S5c 5.3 47.0 1.63 2137 0.06 

 

 

In order to verify a statistically significant 

difference between the measured parameters in the 

three zones: Sa, Sb, and Sc, an ANOVA was 

performed for each parameter, in each zone.  

Table 2 presents the average values for each 

parameter and the corresponding 95% confidence 

interval (CI); the last row shows the p-values of 

the ANOVA. The results in Table 2 have been 

rounded off to the order of magnitude of the CI.  

 

The ANOVA p-values in Table 2 are greater than 

0.05, which means that there is no significant 

difference in the average values of the measured 

parameters in the different scanned areas; i.e. the 

aluminum alloy under study is homogeneous in 

size and distribution of the second-phase to 5% 

statistical significance.   

 

 

Table 2. Precipitate parameters ANOVA by zone 

of AA 7075-T651 alloy. 

Zone 
PD ×10

-7
 

/mm
2
 

ED 
(nm) 

AR 
EA 

(nm
2
) 

ND 
(mm) 

Sa 4.8 ± 2.4
 

54 ± 7 
1.66  

± 
 0.26 

3020 
±  

800 

0.080 
± 

0.019 

Sb 3.9 ± 1.7
 

51 ± 3 
1.65  

± 
 0.25 

2680 
± 

 300 

0.088 
± 

0.015 

Sc 4.1 ± 1.6
 53 ± 

11 

1.63  
± 

0.04 

2870 
± 

1100 

0.070 
± 

0.014 

p-value 0.731 0.795 0.976 0.802 0.245 

 

  

Since the difference between the measurements 

performed in the different scanned zones did not 

show statistical significance, the 15 average 

values from the total measurements of each 

parameter was used to calculate the grand average 

values and the same corresponding 95% CI 

presented in Table 3. The final results are rounded 

off to the order of magnitude of the CI. 

 

Table 3. Grand average values and 95% CI. 

Parameter 
AFM 

Measurements 
TEM 

(Birbilis et al.) 

ED (nm) 53 ± 7 52 

EA (nm
2
) 2856 ± 760 1700 

AR 1.65 ± 0.20 1.64 

PD ×10
-7
 /mm

2
 4.3 ± 1.9

 
3.4

 

ND (mm) 0.08 ± 0.017 0.1 

 

 

The values reported for the nano-precipate 

parameters in this work, using AFM, agree quite 
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well with TEM results reported by Birbilis et al. 

(2005), included in Table 3 for comparison. 

Unfortunately, these authors did not include an 

estimate of the statistical dispersion of their 

measurements; thus is not possible to make a 

comparison of the dispersion values.  

 

CONCLUSIONS 

 

Quantification of second phases in the AA 7075-

T651 aluminum alloy using tapping AFM is 

possible as long as a clear differentiation of the 

existing phases is made. Appropriate sample 

preparation and scanning area set up are necessary 

to achieve the experimental conditions in which 

only two phases coexist. The contrast mechanism 

provided by the phase lag caused by tip-surface 

interaction is enough for quantification purposes, 

i.e. no need of a detailed knowledge of the forces 

involved is required.  

 

The statistical analysis evinces the homogeneous 

distribution of the main nano-phases of the AA 

7075-T651 alloy. The values reported here for the 

second-phase parameters agree quite well with 

TEM results reported by Birbilis et al. (2005), 

which demonstrates that, with appropriate sample 

preparation, it is possible to use phase-contrast 

AFM for quantification of nanometric phases.    
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