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Abstract: The application of chemical conversion coatings (such as chromate, oxide, phosphate, etc.) on various
metals and alloys is widely used technology that provides adequate corrosion protection and improves paint adhesion.
Most common conversion protective layers are produced by chromating processes using hexavalent chromium
containing electrolytes. Although the chromating process has many technological and economic benefits, due to the
high toxicity and carcinogenic nature of the used hexavalent chromium the use of chromate conversion coatings is now
restricted and it is necessary to find alternative coating materials with relevant properties.

The main purpose of this study is to compare the mechanical properties of traditional chromate conversion coatings
with a suggested as their alternative chromate-free cerium-containing conversion coating. For this purpose two
chromate-containing and one chromate-free coatings with different thicknesses were deposited on the same Al
substrate. As a result of the nanoindentation tests the indentation hardness and modulus of the studied "film-substrate"

systems were determined and their relevance to the mechanical properties of the coatings is discussed.
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1. INTRODUCTION

It is known that the native oxide layer (with a
thickness of only a few nanometers), formed on
aluminum and its alloys provides a certain level of
corrosion protection in neutral pH environment.
Under aggressive conditions, such as acidic and
alkaline environment however, this protection is
insufficient which requires the formation of a
much thicker surface oxide layer on the order of a
few microns (in case of heavy exploitation
conditions, including sea conditions — up to
~200 pm). Such layers could be obtained by
anodic electrochemical treatment (“anodizing”),
using relatively complex, expensive and energy
consuming technologies. An alternative of this
process are the chemical methods of applying
protective and protective-decorative layers on
aluminum and its alloys. The main advantages of
such chemically “conversion” coatings are the
fairly simple equipment design, practically
negligible energy costs and significantly reduced
complexity and labor intensity of the entire
process. This type of coatings, obtained on
aluminum and its alloys, are preferably used as an
intermediate layer before applying the paint and
other functional organic coatings, as their porous
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structure determines the required adhesion. The
application of such protective system (Al/oxide
layer/functional organic layer) fulfills one of the
main requirements for protecting aluminum and its
alloys — to suppress, as much as possible, the
electrochemical  activity of the  highly
electronegative basic metal.

The chemically deposited layer serves as an
intermediate buffer layer which determines the
bond strength between the organic coating and the
aluminum substrate. Therefore, when thermal and
mechanical stresses are applied to the system
Al/functional layers, the mechanical properties of
the chemically deposited intermediate oxide layer
determines the bond strength between the top
organic coating and the aluminum substrate.
Among the most commonly used conversion layers
with proven properties are those obtained from
hexavalent chromium-based electrolytes [1]. Due
to their carcinogenic and toxic nature however [2],
their usage has been forbidden by the European
regulations [3]. During the past few years,
extensive research to develop new,
environmentally- and health-friendly compounds
and technologies for deposition of functional oxide
layers on Al and its alloys has been conducted.

The purpose of this study is to determine and
compare mechanical properties of chemically
deposited oxide layers on aluminum, considering
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the layer composition and processes technology.
Three different coatings and technologies were
used:

- “Alodine 1200” electrolyte and
technology by the German brand Henkel (widely
used current trade product);

- classical chromate electrolyte and
technology (adopted as reference case) and

- thin cerium oxide layer free of toxic Cr®*
ions and simple electrochemical technology
allowing cathodic deposition of these coatings that
we developed (environment-friendly composition
and technology).

2. THEORY OF NANOINDENTATION -
BRIEF INTRODUCTION

Nanoindentation, also known as “depth sensing
indentation” and “instrumented indentation” is a
kind of mechanical test, which allows
simultaneous registration of the applied load and
indenter penetration depth. This method allows
testing of small volumes, surface layers and very
thin coatings against their mechanical response to
the indenter penetration. As a result, an indentation
curve that represents the relation between the
applied load and the indenter penetration depth is
obtained. Using analytical relationships and
approximations, it is possible to derive mechanical
characteristics such as indentation hardness (H7)
and indentation modulus (E;;) of the tested
material from this curve.

The modern nanoindentation instruments allow
registering of very small loads and displacements
with very high accuracy and precision. Figure 1
schematically  presents the nanoindentation
experiment as well as depicts the main parameters,
derived from the “load-displacement” curve.

There are three main parameters that can be
derived from the curve shown in Figure 1: 1)
maximal load P 2) maximal displacement
(penetration depth) hy.x and 3) the elastic stiffness
at unloading [5]. The elastic stiffness, or contact
stiffness is determined as the slope of the tangent
at the upper part of the unload curve during the
initial stage of unloading and is equal to S = dP/dh.
The first portion of the unloading curve can be
described by a simple power law relationship
P=K(h-hy)", with K and m being fitting parameters
[6]. The deformation during unloading is assumed
to be linear elastic and the indentation modulus of
the tested material can be described by the contact
theory of elasticity [6]. Following the Oliver and
Pharr’s theory [6], the contact compliance in case
of axisymmetric indenter penetrating elastic

isotropic half-space is described via the equations:
1_dh_Jz 1 1 1)
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where A is the projected contact surface area, C; is
the ductility of the specimen and P — the applied
force. In these formulas E, is the elastic reduced
modulus explaining the elastic deformation of both
the indenter and the specimen. E\r, E;; vs and v; are
the modules of elasticity and the Poisson ratios of
the specimen and the indenter, respectively. The
following relation is used to determine the reduced
modulus employing the information provided by
the measured load-displacement curve P(h):
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Figure 1. Scheme of the nanoindentation experiment, “load-displacement” curve and main analytical relationships [4].
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For Berkovich indenter tips the
coefficient 5 =1.034. The projected area of the

contact between the indenter and the specimen as a
function of the contact depth h. is introduced by
the following approximation [6]:

Alh, )=

~C,hZ +C,h, +C,h¥* +C,h¥* +C,hY® +C h}*®

(4)

The coefficients in equation (4) are determined by
a calibration procedure that consists of a
nanoindentation experiment on standardized quartz
sample (fused silica) with known elastic modulus
and hardness, independent of the indentation depth.
Finally, the indentation modulus and hardness are
calculated using the following equations [6]:

Hy =~ s —Kkm(h, ~h ™ (5)

Alh,)

A28 [Ah) 1-v2]" 6
Ey =f-v2) = e
T i

3. EXPERIMENTAL

A series of nanoindentation tests on samples
coated by three different conversion protective
layers were performed. The purpose was to
determine the basic mechanical characteristics of
the thin layers — indentation hardness and
indentation modulus — in order to compare
chemical compounds and used technologies. The
device used for the purpose is Nano Indenter
Agilent G200 (Keysight Technologies) with a
standard XP indenter head, which provide depth
accuracy of <0.01nm and applied load accuracy of
50 nN. The tip of the head is sharp tree-sided
Berkovich pyramid. The performed calibration of
the indenter tip according to equation (4) gave
Co=24.5, C;=191.949, C,=9.1145, (C;=2.9682,
C4=1.9721, C5=16836

The three thin coatings that are studied obey
different thickness and chemical composition — the
details are given in Table 1. The samples were
prepared in the following way. First, specimens

with dimensions 2x1x0.1cm, were cut from sheets
of the conventional structure material -
“technically pure aluminum AD-3”. The specimens
were decreased in advance in organic solvent,
etched after that for 1 minute in aqueous solution
of NaOH (60g/L), then heated to 60°C and
“enlightened” and finally put in aqueous solution
of HNO; (50%). After they were washed with
distilled water they were processed in the solutions
and under the conditions given in Table 1. On the
surface of the sample piece with Cr®*-free coating
it was observed a spot and in order to have
representative data we performed indentation test
in the spot area (Spot) and outside it (No Spot). It
is expected to have difference in the quality and
properties of the film in the colored (Spot) area.
More detailed information about preparation
conditions, structure and anti-corrosion behavior of
these systems is given in [8].

We used two methods for indentation testing
and these methods were applied to each of the
three coating-substrate systems.

XP\G-Series Basic Hardness, Modulus at a
Depth: allows indentation test program consisting
in one single load — unloading cycle under
displacement control. The indenter tip approaches
the sample surface starting from prescribed Surface
Approach Distance with a velocity defined as
Surface Approach Velocity. After the indenter tip
touches the sample surface, according to the
criterion given by the Surface Approach
Sensitivity, it starts to penetrate the material
following a loading program with a Strain Rate
Target until Depth Limit is reached. The Depth
Limit defines the maximum applied load for the
particular test and this load is kept constant for
defined by the user Peak Hold Time. When the
Peak Hold Time is exceeded the unloading starts
up to a prescribed percentage (Percent to Unload)
from the maximum achieved load followed by
Drift Test Segment before the indenter to be
completely withdrawn.

Table 1. Characteristics of the coatings and their processing parameters.

No. | Electrolytes Concentration | Time of formation, T,°C Colour Thickness, pm
min
1 |Alin air media - >1 Room Colourless 3x107 [7]
temperature
2 |Alodine 1200 (9 ml/l A 1 25 Light yellow 1.1
89/l B

3 |CrO; 8 g/l 1,5 25 Golden 1
(NH )HF; 2 g/l brown
Ks[Fe(CN)gl 1.5¢g/1

4 |CeCl;.7H,0 66 g/l 60 12 Pale yellow 0.78
CuCl, 1x10° g/l (CD=1mA/cm?)
C,HsOH dissolving agent
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XP\G-Series Basic Hardness, Modulus, Tip
Cal, Load Control. This method allows within one
indentation test to perform loading-unloading
cycles up to prescribed maximum load and number
of cycles. The indenter approaches the sample
surface with Surface Approach Velocity starting
from the predefined Surface Approach Distance.
The cyclic load algorithm starts when the criterion
Surface Approach Sensitivity is satisfied. The
maximum load for the i-th cycle of the loading
program is defined as:

(Maximum Load/Time to Load )*(2"i /2"Number
of Times to Load )

The loading stage of each cycle ends when
Load on Sample reaches the values Maximum Load
*(2™ [2"Number of Times to Load). At the
maximum load for each of the cycles the Load on
Sample is kept constant for time equal to the Peak
Hold Time. After that the indenter is withdrawn
with a rate defined as Load Rate Multiple for
Unload*Loading Rate, until Load on Sample
reaches Percent to Unload*Load Limit. This
process of loading and unloading is repeated until
reaching the specified number of cycles (Number
of Times to Load).

Besides the mechanical characteristics of the
coatings, the characteristics of the substrate are
determined too. A single method was used for
conducting the experiment following the program
with 10 cycles to maximum indenter load (method
- XP\G-Series Basic Hardness, Modulus, Tip Cal,
Load Control).

3.1. Indentation testing program A

The method applied in testing program A is
XP\G-Series Basic Hardness, Modulus at a Depth.
Each testing procedure consists of 25 indentation
tests per sample with 70 um distance between the

centres of the imprints and prescribed maximum
penetration depth approximately quarter of the film
thickness — 250 nm for Alodine 1200 and Cr®*-
containing film and for 200 nm for the Ce-
containing film (the chosen indentation depths are
~25% of films thicknesses). The peak hold time at
maximum reached load is 20 s.

3.2. Indentation testing program B

The testing program B employs the method
XP\G-Series Basic Hardness, Modulus, Tip Cal,
Load Control with 4 loading cycles with maximal
loading of 0.95mN providing this way
experimental data at indentation depth close to that
prescribed in testing program A. The distance
between imprints is 50 um and the total number of
indentations is 25. The aim of this type of
nanoindentation testing program is to investigate
the influence of the cyclic loading on the results
when penetrating the coatings under low force.

3.3. Indentation testing program C

The testing program C employs the same
method as B testing program with prescribed
parameters for the method given in Table 3. The
distance between the centers of the imprints is
again 150 um and the number of the indentation
tests per sample is kept 25 for checking the
repeatability.

Figure 2 presents the comparison between the
results obtained within A and B testing programs.
We compare the results when cyclic and no-cyclic
load is applied to the specimens. The maximum
indentation depth - hy. for each specimen in both
cases (A and B programs) is ~25% of film
thickness. Figure 3 presents the results from
Indentation testing program C.

Table 2. Input parameters for indentation testing program B

Input parameters for indentation Units Value 1
testing program B 09 f H
Percent to Unload % 90 08 f
Surface Approach Velocity nm/s 10 E 07 ¢
Maximum Load of 0.095 %Eigg’
Number of Times to Load integer 4 % o4
Peak Hold Time s 20 Sosf
Surface Approach Distance nm 5000 Soaf
0.1 F  IRTTTHTHTO
Poisson’s Ratio [-] 0.3 0 0 100 2(;0 300
Time On Sample (s)
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Table 3. Input parameters for indentation testing program C.
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Modulus Hardness Disp at Max
Sample at Max Load at Max Load Load Max Load
GPa GPa nm mN
A 6+ -
ﬁlud;;gl200 (Cr” -containing) / AD-3 55 888 0.725 259 7 1.136
max nm
7 Alodine1200 (Cr®'-containing) / AD-3

A 4 cycles up to 0.095gf (0.95 mN) 58.717 0.917 220.6 0.918
Cr®-containing film / AD-3
1 250 nm 19.419 0.44 267.4 0.687
Cr®'_containing film / AD-3
4 cycles up to 0.095gf (0.95 mIN) 21.228 0.472 347.4 0.913
(Crﬁ+—free) Ce-film NoSpot / AD-3 .
Hae 200 M 53.542 0.802 214.1 0.826

2 (Cr6+—free) Ce-film NoSpot / AD-3

ﬁ 4 cycles up to 0.095gf (0.95 mN) 40.261 0.573 288.8 0.915
(Cr®-free) Ce-film Spot / AD-3

1 200 nm 67.815 0.714 211.1 0.755
(Cr°"-free) Ce-film Spot / AD-3

4 cycles up to 0.095gf (0.95 mN) 68.643 0.682 256.9 0.915

Figure 2. Indentation modulus and hardness at max load for all samples — test programs A and B

Table 4 presents the comparison between the
determined indentation hardness and modulus for
all samples and for the substrate at maximum load
500 mN (results obtained from experimental
program C).

4. DISCUSSION

The main feature of the obtained data is that at
small displacements of the indenter (up to about
25% of the thickness of the tested coatings), there
is relatively large scatter of the experimental data.
This can be seen in Figure 2 where the error bars

68

are given. The main reasons for this scatter in the

mechanical characteristics are most probably

related to:

- non-uniform or non-homogeneous coating;

- severe roughness of the substrate surface, which
determines severe roughness of the coatings as
well;

- difference in the particular thickness of the
tested coatings or/and varied coating thickness
along the particular sample piece.

Increasing the depth of the penetration, when
the indenter reaches the substrate and penetrates it,
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Figure 3. Indentation modulus and hardness for all samples — test program C.

Table 4. Indentation hardness and modulus for all samples and the substrate at maximum indentation load 500 mN

(data obtained from indentation testing program C).

Modulus Hardness Displacement
Sample at Max at Max at I\aax Load Max Load,
P Load, Load, nm ’ mN
GPa GPa
Alodine 1200 (Cr®*-containing) /AD-3
10 cycles up t0 50 gf (500 MN) 80.211 0.467 6642.3 483.578
Cr*-containing film / AD-3
10 cycles up to 50 gf (500 mN) 72.901 0.481 6557.2 483.266
(Cr®-free) Ce-film NoSpot / AD-3
10 cycles up t0 50 gf (500 mN) 82.288 0.477 6589.2 484.937
(Cr®-free) Ce-film Spot / AD-3
10 cycles up to 50 gf (500 mN) 80.940 0.488 6512.5 484.045
Al: AD-3
10 cycles up to 50 gf (500 mN) 85.722 0.481 6543.3 483.384

the scatter in the data gradually decreases. In this
case, the obtained mechanical characteristics of the
system are determined by the characteristics of the
aluminum substrate, Figure 3.

5. CONCLUSIONS

In this study the mechanical properties of
environment-friendly thin oxide layers of CeO, on
aluminum substrate are determined via nano-
indentation testing. The importance of the obtained
results is related to the fact that the CeO, coatings
may be considered as a long-term alternative to
toxic and carcinogenic chromate conversion films,
currently used to protect Al and its alloys. The
comparison of the mechanical properties of the
chromate and the newly proposed chromate free
coatings determined by nanoindentation shows that
the properties of the cerium oxide layer are not

inferior to those of Alodine 1200 and, moreover,
are better than the mechanical characteristics of
chemically applied classic chromate layers. The
next outcome is that the results show that
instrumented  indentation is a  promising
experimental technique giving the opportunity to
determine mechanical properties of these coatings,
which is an important addition to the complete
characterization of the chemical and mechanical
behavior of metal-functional layer systems.
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CPABHUTEJIHO U3CJIEJAIBAHE YPE3 HAHOUH/IEHTALIS HA MEXAHUYHUTE
CBOMCTBA HA KOHBEPCUOHHU 3AILLIUTHU CJIOEBE BBPXY AJTYMUHUI,
OTJIO)KEHU OT CBABPKAIM 1 HECHJIBPKAILLM Cré*PA3TBOPHU
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HanacsiHeTo Ha XMMHMYHU KOHBEPCHOHHM IOKPUTHUS (XpOMAaTHH, OKCUAHH, (ocdaTHH W 1p.) BBPXY pazIHyHU
METaJIM U CIUIABH € IIMPOKO M3IOI3BaHA TEXHOJIOTHS, OCUTYpsIBallla KOPO3NOHHA 3aIlIUTa U MOJ00psIBaHE HA aIXe3MsTa
TpY HAHACSHETO BHPXY TAX HA JAKOBO-OOSMKHICKH 1 APyrH mokpuTHs. Haii-uecto u3momspanu B npakTukara ca Cré*-
ChIbpJKaluTe (T.HAap. XpOMAaTHH) KOHBEPCHOHHU TOKPUTHS, KOUTO CE€ XapaKTEePU3UpaT ¢ MHOTO JOOpH KOPO3HOHHO-
3aIIMTHU CBOMCTBA. BBIIpEeKH U3BECTHUTE TEXHOJOTMYHN W MKOHOMHYECKH MPEeANMCTBA 00ayue, M3MOI3BAaHETO UM, KbM
HACTOSIIINSI MOMEHT, € MPEKPaTeHO MOpaJy TSIXHATa BHCOKAa TOKCHMYHOCT M KaHuIeporeHHocT. HeoOxoammo e na ce
HaMepAT JOCTAThYHO JOOPH AITEPHATUBH Ha TE3HM NOKPHUTHSI, YUMTO CBOMCTBA B MaKCHMallHA CTEIICH J1a ce J0OIKaBaT
0 Te3W Ha XpoMaTHHTe. B HacTosmoTO M3CieaBaHe, Ype3 EKCIepUMEHT Ha HAHOMHJICHTAIUS, ca OIpeleleHH
MEXaHHYHHUTE XapaKTePHUCTUKU HAa TPU CHCTEMH OT THIA ,IOKPUTHE - MOJUIOKKA”. B 11Be OT Te3u CHCTEMH, BBPXY
OTJIENTHH MOAJIOKKH OT TeXHUYECKH 9ucT anyMuHui AJ] 3 ¢ nebennHa 1MM, ca HaHECEHH J1Be KOHBEPCHOHHH MOKPUTHS
¢ pa3nuuHu AebenuHu. B Tperara cucrema, BEpXY MOAJOXKKA ChC CHIIUTE XapaKTEPUCTUKH, € HAHECEHO HEChIbPIKAIIIo
Cr® HepHeBOOKCHIHO MOKPHTHE, KOETO € NpHMep 3a HOBO EKOJOTMYHO KOHBEPCHOHHO mokputie. Llenta Ha
M3CIIe/IBAHETO € /1a 0BT CPAaBHEHN MEXaHWYHHUTE XapaKTEePUCTUKH Ha JIBE PA3JINYHU 110 ChCTAB XPOMATHH MOKPUTHS C
MPE/I0KEHOTO HOBO, HECHIBPIKAIIO XPOM LIEPUEBOOKCHIHO MTOKPHUTHE. B pe3ynraT oT npoBeseHNTE eKCIIEpUMEHTH ca
OTIpeZIeTIeH! ¥ CPaBHEHHM JIBE€ OT OCHOBHUTE MEXaHMYHM XapaKTEPUCTHKH Ha PasIIIeKAaHUTE CHCTEMH — TBBPIOCT MPHU
ungenrtanus (Hr) u uagentannonaust Moy (Er).
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