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AFM AND NANOINDENTATION STUDY
OF SELECTED ALUMINIUM ALLOYS

The structure of EN AW 6082 aluminium alloy is istigated in this paper. Atom

force microscopy (AFM) is used to identify presphases and their morphology.
AFM enabled to observe even the precipitates, gizgrand distribution. In the next

step, some structure constituent described by AFktewevaluated by the

nanoindentation process to determine their locaharical properties, such as na-
nohardness and reduced modulus.
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1. Introduction

Aluminium alloy of EN AW 6082 (AISi1MgMn) is a magn-strength alloy
with excellent corrosion resistance. Within thewdl series 6xxx has the highest
strength and is also known as a structural allay ifiused for construction parts
of various machines and equipment, also in themaottioe industry. The alloy has
excellent mechanical properties, wear resistandéaamndensity. The alloy, in the
form of plates, especially designed for machinifsg.a relatively new alloy, the
older EN AW 6061 has been replaced in many appbieator its higher strength.

Adding a large amount of manganese affects thia gize, which results in
an increase in alloy strength. It is rather diffico produce a thin wall or a com-
plicated extruded shape from the EN AW 6082 altoyd the finished surface is
not as smooth as that of similar 6xxx series alltyshe T6 and T651 heat treat-
ment, the EN AW 6082 alloy is well machined andvisrcontinuous chips.
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The EN AW 6082 alloy is mainly alloyed with magines and silicon. At
higher magnesium content, they tend to increassttbagth of the hardened alloy
by forming fine Mg@Si precipitates. Silicon improves mechanical prapsrby
a changing the shape of grains. Apart from majlmyadg elements, chromium
and manganese are added to the alloy, forming digmeparticles. These are
larger than other precipitates and can act as aticiepoints for precipitates and
concurrently have good thermal stability.

In aluminium alloys Fe is the most common impuyrithich is manifested
by formation of the intermetallic phases Al-Fe, Pd-Si and Al-Fe-Mn-Si, de-
pending on the type of alloy. The solubility of iReAl is very low, therefore, in
commercial aluminium alloys, primary Fe particlas always present. In the
6xxx alloy series containing Fe, Si and Mn, paegobf AkFeSi, Ak(FeMn(1x)s
Si and MgSi are formed during solidification [1, 2]. Castomistructures are den-
dritic; AlFeSi phases and coarse particles ot®lgre preferably secreted in the
interdendritic areas.

Improvement of the mechanical properties of thetof aluminium alloy is
possible by forming and also by means of heatrtreat consisting of solution
treatment, quenching in water, and natural or ieidif ageing. From unstable
saturated solid solution (SSSS), the alloy becairasst stable during aging. The
process precipitates formation should be accordinghe following scheme:
SSSS— GP zone— pref” ((Al+Mg)sSis) — B~ (MgsSis, AlsMgSis) —

B’ (MgsSis), B”, U1 (MgALSiz, MgAl4Sis), U2 (MgAl 4Sis, MgAISI) — B (M@2Si).
GP zones representing meta-stabile phases (omjtetes), are crystallograph-
ically coherent with the matrix and their fine disgion improving the mechanical
properties of the alloy. The coherent meta-stabésp B”, U1 and U2 coexist with
the transformation df [3, 4]. An increase it the ratio of Mg:Si alsoieases the
strength of the alloy [5]. Copper addition to thieyacreates a precursor Q" phase
(Al4.CuMgsSis) and stable Q phase @R&lu.MgsSiy). Due to the low diffusion of
Cu intoa-Al and subsequent coarsening of the Q" phaselliysare thermally
stable [6-8]. On the other hand, alloys with cogpere less corrosion resistance.

2. Material and methods

As an experimental material, EN AW 6082-T651 alunmi alloy was used
in this paper. The heat treatment was set to T6&dlution heat treatment, stress
relief by stretching and then artificially ageifithe examined samples were pre-
pared in the longitudinal and transverse directiing to the fact that the objec-
tive of the article was to examine the precipitatesst attention was paid to
examination of the sample prepared in the transvenction. Basic chemical
composition of the experimental material measuse8ectrolab Jr CCD spectral
analyserisin Tab. 1. Microstructure of the expental sample observed by using
optic metallography is in Fig. 1. White base matixhe solid solutior (Si in
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Al) with regularly distributed MgSi dark particles are visible only at the 1000x
magnificence. Morphology or presence of other fmsgihases is one of the goals
in the presented experiments.

Table 1. Chemical composition of EN AW 6082-T651. fa)t

Element Si Mg Mn Fe Zn Cu Ti Cr Al
wt.% 0.947 | 0.619| 0.551 0.495 0.119 0.0fy8 0.025 9.p297.02
—. 3 ;“.
g ’ - =
Fig. 1. Mictrostructure of EN AW 6082-T651 in trarsse ‘-\_‘ 7',,'—1 A s saur: i
direction il e  ER TS

AFM (Atomic Force Microscopy) is an uncommonly dseethod for inves-
tigating the micro and nano structures of metaiiaterials. The principle of this
microscope is to scan the sample surface with ya small tip, which has a tip-
radius of only a few nanometers. Thanks to thiis, ffossible to obtain a surface
image with depth information; the height of artttaon the surface, also known
as topography of surface. With the developmentff¥Aother ways of scanning
the surface have come, together with the possitifitexamining other surface
properties of samples, such as electrostatic, #lesmmagnetic ones. In the ma-
terial sciences, the most interesting modes aisethitat measure Young module,
indentation, hardness or dissipation. The Oxfostrirments MFP-3D Infinity
AFM microscope on which measurements have been éoables exploring ma-
terial properties using the AM-FM Viscoelastic MagpMode.

The AM-FM mode can register nanomechanical pragserof materials
across a wide range of Young modules (from legs thdPa to hundreds of GPa),
from biomaterials to metals and ceramics. The AM-Fdde obtains results by
working at two cantilever resonances simultaneo(fSilg. 2). As the name sug-
gests, the first resonance is used for tapping nmadging, also known as ampli-
tude modulation (AM), while the resonance mode warith frequency modula-
tion (FM). In the case of resonances, the cantileeguency and phase respond
sensitively to changes in sample properties.
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Fig. 2. Schematic of the operation in AM-FM mode

The AM-FM mode has its roots in multi-frequencyddsmodal AFM mi-
croscope modes. Signals from two oscillators anensarized and sent to a piezo
element that operates in two selected modes atthe time. The first and second
bending resonance are most often used, but adhegen higher resonances can
be used. The cantilever reaction is analyzed inwags. The lower cantilever
resonance operates in AM mode. The amplitude aadepht a fixed frequency
are measured by a lock-in amplifier. The AFM alsesithe amplitude for feed-
back control, adjusting the cantilever’s vertigadigion to maintain the amplitude
at the setpoint value. The second lock-in meadinephase operates in the FM
mode. An automatic gain control circuit monitore tthase and adjusts the drive
frequency to maintain the phase at.9the output drive voltage signal contains
information on viscous or dissipative forces. Thepat response frequency de-
scribes the elastic tip-sample interactions. Bégichigher frequency means
greater stiffness or modulus. A parameter desgibiechanical properties of the
surface is also the indentation. Indentation repressdeformation of the surface
when the tip is tapping on the surface. Larger miakgon or deformation means
less surface hardness. It is also possible toigktdurface resolution based on the
mechanical surface properties in the dissipatedirdla This channel measures
the amount of energy dissipated from the tappinomito the sample. All of these
channels often provide much better resolution anndige a better view of the
sample surface than just ordinary height channel.

Quasistatic nanoindentation tests involve pushidgamond tipped indenter
head into a material under either load or displasgroontrol. The displacement
(h) is monitored as a function of the lode) throughout the load-unload cycle,
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where the resulting relatioR-h is called the nanoindentation curve. However,
elastic — plastic contact occurs in real materigiere were both plastic and elastic
deformations during the indentation test on themérad material surface. Once
the forces are no longer applied, the elasticqfatéformation is recovered, where
the plastic part remains in a form of indent (ingxeon the material surface [9].
The plastic part of deformation is typically useddietermine Young's Modulus,
while the elastic-plastic part both with indentedface is used to evaluate the
hardness. The area bounded by both loading anadinkp curves is equivalent
to dissipation energy. Hardnes$) (is defined as the contact pressure under the
indenter:

H=%X 1
whereP is the load and\ is the projected contact area calculated at ahdefpt
indentationh. The initial slope (S) of the unloading curve danrelated to the
elastic modulus of the material using the equation:

_dP _ 2E.JAc
S=EmTTm )
where:Sis the initial slope of the unloading curve or tzmm stiffnessP is the
applied load ané; is the reduced modulus.

As the measured displacement in a nanoindentakperenent is a combi-
nation of the displacement of the indenter tip &l as the specimen, the speci-
men modulusKs) can be related to the reduced modul$ (sing equation 3
provided the indenter modulu;) is known and the Poisson’s ratios of the spec-
imen and indentern{ andv; respectively) are known or can be estimated:

1 1-vE | 1-v?

E_r = + (3)

Es E;

When determining material properties such as lemsland elastic modulus
a three-sided diamond pyramid (the angle betweertreceaxis and faces
o = 62.25°) indenter known as the Berkovich indeatatip is commonly used.
According to some authors [10, 11] the diamond imele behaves rigidly and
equation 3 can be reduced to equation 4 by assusginghen determining ma-
terial properties such as hardness and elastic lomdLthree-sided diamond pyr-
amid indenter known as Berkovich indentation tign(@e seen in Fig. 4) is com:
monly used:

2= @
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3. Results and discussion

AF-FM Viscoelastic mode was used to show nanottras and precipitates
in the EN AW 6082 aluminum alloy, in which it is ggible to differentiate the
particles on the sample surface on the basis of difeerent mechanical proper-
ties. From the measurement point of view, it iSgnable to measure relative fre-
quency shifts as the absolute amplitude or heigtit measurement. Relative
measurements reduce common sources of systemattis,evhile smaller band-
widths in frequency selective methods also measinesse. Both effects lead to
greater accuracy and better resolution [12].

AFM images were created with AC 160TS cantilevéhwa resonance fre-
quency of 200-300 kHz. For images with a large $&290um) and relatively
small magnification, it was best to use the oufpuh the frequency channel that
provided the best sharpness of contrast. Figute®s the Al(Fe,Mn),Si, phase
from the frequency channel. This phase in the haighnnel cannot be identified
flike optical microscopy without surface etchindhelpicture also shows that the
phase has a greater stiffness than the surroundéigSi) matrix. Figure 4 shows
the output from the channels obtained in the AM-Fidde with relatively large
magnification. As it can be seen from in the imagles height channel provides
a non-sharpened image of particles of differerdgssiZConversely, other channels,
such as dissipation, frequency and indentationigeosharp particle imaging as
well as very fine precipitates of only a few doremometers.

A similar magnification and resolution would orthg possible with TEM
microscopy (Transmission Electron Microscopy), tet preparation of the sam-
ple is much more complex than for AFM, as a stashgalished metallographic
sample is sufficient. In Fig. 3b-d it is possibtedee larger particles of several
hundred nanometres, which may be intermetalliaglestand larger precipitates.
Furthermore, very dispersive spherical precipitatas be seen there. These par-
ticles should represent GP zones or other intermtegirecipitations.

The size and distribution of very small precigtatwas evaluated using
a grain and particle evaluation program on AFM ism@Gwyddion. In Fig. 5 one
can see indicated red precipitates from which thetigde size distribution was
constructed. The particle size was evaluated wsineguivalent radius of circular
particle having the same surface area as a rei@tlpailhe particles were meas-
ured and selected from a surface of ir®.

The size of very fine precipitates expressed enftiim of the equivalent ra-
dius is shown graphically in Fig. 6. It can be s#®at most precipitates (up to
18%) are about 2.5 nm (diameter 5 nm). With theeiasing size of precipitates,
their frequency of occurrence decreases. Tabl@®&siktatistical data of the size
of precipitates, the average equivalent precipitatius is 8.255 nm and the
median, i.e. the value about/below which 50% ofpaéicipitates are, amounts
5.42 nm.
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Fig. 5. Highlight of the precipitates 0.002

Nanoindentation analysis is focused on main mtoncture parts revealed
through the microstructure study by AFM and opticnascopy. Selected surface
area was scanned by SPM by using nanoindentatabedirst. In the next step,
nanoindentation process was performed on selectedidn in the SPM image.
There is an SMP image of a big My particle in Fig. 7a and little particles of
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Aly(Fe,Mn)Si;type phase in Fig. 7b. Nanoindentation positioesadso depicted
in both figures. The measured values of nanoindentdardnes$i and the re-
duced elastic modulus; for all evaluated positions and their descriptéwa in
Table 3. Some measured positions were placedsiolid solutiona (Al-Si).
A particle of MgSi has relatively higher hardness in comparisom rigatrix, but
its Young modulus is lower. The measured Alx(Fe y&iz type particles have
higher (but comparable) values of both hardnessnaodulus than the matrix.
Similarity between mechanical properties of thesegtructure constituents indi-
cate some coherency between their crystallic sirast
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100
15

10 50

Frequency [%]
Cumulative frequency [%]
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Equivalent radius of precipitates [nm]

Fig. 6. Frequency and cumulative frequency of pitaies in
a 1xlum?surafce

Table 2.Statistical evaluation of the precipitates sizeehyivalent radius

Parameter Mean Median
Radius of equivalent circle 8.255 nm 5.420 nm

Fig. 7. SPM image of M&i (a) and Al(Fe,Mn)Si; (b) type particles with
nanoindentation positions (both 10x10 pm) gradient
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Table 3.Nanoindentation hardness and reduced modulus plartistructure constituents

Nanoindentation hardnesps Reduced . . .
H [GPa] modulusEr | Nanoindentation position Phase
[GPa]
322 324813 Z; Mg2Si particle
1.50 78.18 a3
1.73 84.78 ad ¢
1.88 86.46 b1l Alx(Fe, Mn)Si; type
1.94 77.99 b2 particles
1.63 82.46 b3 o

4. Conclusions

As it is proven in the article, AFM microscopy tdeertainly replace TEM
microscopy in some cases of material structuresitiyation, for instance identi-
fication of present phases and their morphologydistlibution. Moreover, qua-
sistatic nanoindentation allows to measure locathaaical properties of these
material structure constituents. Aluminium alloyefl AW 6082-T651 is inves-
tigated in the paper. AFM microscopy revealed miéaies with mean radius of
8 nm. Evaluation of precipitates distribution ahélit size could be concluded that
with the increasing size of precipitates, theigtrency of occurrence decreases.
The applied nanoindentation device uses SPM talisimeasured area where
the nanoindentation tip oscillates and taps overattea. The principle is princi-
pally similar to AFM but SPM does not reach resolutand sensitiveness of
AFM. Therefore, more detailed phases like smaltipitates are not visible ob-
serving the alloy by using built-in SPM microscopjowever, other structure
constituens identificated by AFM were reliably maasl by nanoindentaiton and
their nanoindentation hardness and reduced moddus evlauated.
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ANALIZA AFM | NANOINDENTACJA WYBRANYCH STOPOW
ALUMINIUM

Streszczenie

W artykule opisano strukteistopu aluminium AW 6082. Mikroskopia sit atomowy@&FM)
stuzy do identyfikacji obecnych faz i ich morfologii.M umazliwit obserwacg nawet wtgcen,
ich wielkdéci i rozmieszczenia. W naginym etapie niektore sktadniki struktury opisaneegrAFM
zostaly ocenione w procesie nanoindentacji w céh@stenia ich lokalnych wigciwosci mecha-
nicznych, takich jak nanotwaréibi zredukowany modut.
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