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Abstract: In view of new environmental directives, hexavalent chromium baths can no longer be
used to electroplate thick hard chromium deposits. To meet these industrial and environmental
challenges, deposits are developed from trivalent chromium electrolytes. Cr(III) coatings are usually
studied from the point of view of the use properties and hardness, but their intrinsic properties
remain widely unknown. The novelty of this work consists in the mechanical characterisation of these
coatings. Properties such as hardness, stiffness, yield strength, and toughness of trivalent chromium
deposits are determined by combining instrumented hardness tests, in situ FEG–SEM observations,
and finite element simulations. These are explained according to the microstructure of the deposits,
which is determined by scanning electron microscopy and X-ray diffraction. Their composition was
characterised by glow discharge spectrometry. The structure characterisation deposits showed a
more severely fractured coating of trivalent chromium than in the case of hexavalent chromium.
Non-post-treated trivalent chromium deposits have a higher hardness (13 ± 1.7 GPa) and yield
strength (5 GPa) than hexavalent chromium deposits. However, their stiffness (191 ± 13 GPa)
and toughness (1.37 ± 0.13 MPa

√
m) are lower. Its mechanical behaviour is elastofragile. These

differences in mechanical properties can be explained by the amorphous structure of the deposits
and their high carbon content.

Keywords: coatings; trivalent chromium bath; hard chromium; stiffness; yield strength; toughness

1. Introduction

Chromium electroplating coatings have been used in a variety of engineering applica-
tions or simply for aesthetic purposes since the early 20th century [1]. The process was first
commercialised and patented in 1926 with bath chemistry of chromic acid and sulphuric
acid, mainly based on the work of Fink and Eldridge in 1924. This surface treatment is
essential, in particular, because of its ability to obtain a chromium deposit with remark-
able antiwear and anticorrosion properties, its ease of production, and its low production
cost. It can be found in the aeronautics, space, automotive, and arms industries [2–4]. Al-
though the hard chromium coating does not present any particular danger, its production
raises serious issues. Indeed, this process uses a chromium trioxide-based bath that is
now listed in Annex XIV of the European REACH regulation (Registration, Evaluation,
Authorization of Chemicals), similar to all hexavalent chromium-based substances that are
classified as carcinogenic, mutagenic, and reprotoxic [5]. In order to definitively eliminate
hexavalent chromium deposits, the main lines of research are [1,6,7] electrolytic composite
deposits, vacuum deposits, thermal spray deposits, or chromium deposits from trivalent
chromium baths.

Unlike the preparation of hard chromium coatings based on hexavalent chromium,
which is very well known at the present time, the preparation of these same deposits of
trivalent chromium is still at the development stage. The formulation of the electrolyte
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used is not yet agreed upon in the literature; many formulations are used by different
authors [8–11]. This adds an additional difficulty to the identification of the mechanisms
involved in the growth of the deposits and their characterisation. Depositing chromium
from Cr(III)-containing electrolyte leads to coatings with lower crystallinity. In addition,
their thickness is small, well below 100 microns [8]. These main differences between
coatings made from either Cr(III) or Cr(VI) ions can be explained by their different growth
patterns [12,13]. In aqueous solution, Cr(III) forms a stable [Cr(H2O)6]3+ complex, which
implies a different reduction mechanism than in Cr(VI) solutions. Thus, the use of Cr(III)
solutions requires the introduction of a complexing agent into the electrolyte such as
formate (HCOO−) [14], oxalate (HOOC-COO−) [15], acetate [16], glycinate (C2H4NO2) [17],
or carbamate (CO2NH2) [8].

The mechanical properties of trivalent chromium deposits are still poorly understood.
Only hardness data are given, as well as usage properties such as wear or corrosion
resistance. Electrolytic deposits made from trivalent chromium have a Vickers hardness
of over 800 HV overall, which is slightly higher than the values for deposits made from
hexavalent baths [18–22]. A large disparity in published hardness values is found for
untreated (200 to 1400 HV) and post-treated (up to 1800 HV) trivalent chrome deposits.
This disparity can therefore be explained by the influence of several factors: the test device
and measurement methodology, the different bath chemistries used, the deposition and bath
temperature parameters, or the heat treatment parameters. According to the properties of
interest of these deposits, the wear resistance of trivalent coating is similar to the hexavalent
one [23], and better than other alternatives such as PVD chromium deposits [24]. In
addition, some authors show that trivalent chromium deposits could be improved by
adding charges (aluminium oxide) or bath chemistry [25–27]. The corrosion resistance
properties of trivalent deposits seem similar or even better than hexavalent chromium
coating [4]. However, the structure of trivalent chromium, showing through-thickness
cracks, strongly limits its corrosion resistance [3]. The mechanical behaviour of chromium
deposits is not very well specified. Moreover, no data on yield strength or even toughness
are given in the literature concerning trivalent chromium deposits. These data are necessary
to understand the microcracking of these deposits and their mechanical resistance to wear.
While many techniques and tests exist to determine fracture toughness for solid materials,
it is more difficult to apply them to characterise the toughness of thin films. Nevertheless,
several approaches specific to thin films have been developed. Among these approaches,
the most widely used are scratch and indentation tests for hard coatings [28]. Methods
based on the machining of microgeometries using a focused ion beam (FIB) have been
developed [29–32]. This allows only the deposit to be stressed. There are several geometries
commonly used: the single notched beam bending [29,33], the double cantilever [34] (very
close to the geometry classically used in the determination of the toughness of solid parts),
or the indentation of a pillar [35].

As we pointed out previously, hardness alone does not provide a detailed under-
standing of the mechanical behaviour of coatings. Therefore, in this study, in addition
to hardness, we propose for the first time to characterise the mechanical behaviour of
chromium deposits electroplated in electrolytes containing trivalent chromium ions. This
work confirmed the higher hardness values of these new deposits compared to reference
chromium deposits obtained in hexavalent chromium baths. They also allowed the stiff-
ness, yield strength, and toughness of these deposits to be specified in comparison with
hexavalent chromium deposits.

2. Materials and Methods
2.1. Materials

The chromium coatings were developed by direct current electrodeposition on either
1.0402 unalloyed steel substrate or 1.6747 low alloyed steel. The plates used have a thickness
of 1 mm. To establish a basis for comparison with the properties of coatings currently used
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in the aerospace industry, hexavalent chromium deposits were obtained from an aqueous
solution containing chromium trioxide (CrO3) and sulphuric acid (H2SO4).

The trivalent chromium deposits were electrodeposited in electrolytes containing
trivalent chromium salt (CrCl3, H2O), glycine, sodium chloride (NaCl), and aluminium
chlorohydrate (AlCl3, 6H2O). The deposits were prepared in 85 L tanks. The pH of the
solution varied between 0 and 2. All the coatings were produced at a deposition rate of
one micron per minute. After elaboration, a thermal degassing post-treatment at 190 ◦C
was carried out for 3 h in order to limit the influence of hydrogen embrittlement.

2.2. Methods

The samples were previously polished by abrasion to a mirror finish to limit surface
effects, without significantly reducing the thickness. The polishing process began with
SiC paper from a size up to 4000 and followed by diamond polishing from 3 to 1/4 µm.
Cross-sectional micrography are also operated by successive polishing.

The mechanical behaviour of the trivalent chromium deposits was determined by
Brinell indentation. The tests were carried out using an instrumented hardness tester
(Zwick ZHU/zwickiLine +, Zwick/Roell, Paris, France). Two Brinell indenters were
used, a 1 mm diameter ball and a 5 mm diameter ball. A test series was carried out with
maximum applied loads of 5, 10, 50, 200, 300, 500, 750, and 1000 N. The determination
of the mechanical behaviour of the deposits was based on the interpretation of the
load–unload curves given by the hardness machine and postmortem observations of the
indentations by classical optical microscopy (PMG3 microscope, Olympus France SAS,
Rungis, France) and 3D optical microscopy (VHX-950F 3D microscope, Keyence France
SAS, Bois-Colombes, France).

Hardness and stiffness measurements were carried out using the nanoindentation
system (Nano Indenter® XP, MTS, Paris, France) equipped with a Berkovich indenter.
The penetration speed was set at 0.05 s−1. The measurements were carried out at room
temperature at an imposed depth of 2000 nm. The results presented for each coating
are based on an average of 50 tests. In addition, for each test, an average stiffness and
hardness value were determined for depth values between 500 and 900 nm using the CSM
(continuous stiffness measurement) mode available on this equipment [36]. For the stiffness
calculation, Poisson’s ratio value of 0.21 was taken [37]. The samples were previously
polished to a mirror-polished state to limit surface effects, without significantly reducing
the thickness. No data were retained below 500 nm to avoid the influence of polishing or
surface roughness. The maximum limit of 900 nm corresponds to the maximum load for
which we have no cracks in the layer.

The yield strength was determined by inverse methods. We used the experimental
force–displacement curves to fit a numerical simulation model. The Berkovich indentation
at low load was used to avoid cracking as much as possible. The method used was
inspired by the work of Sebastiani et al. [35]. A trial-and-error method was used to calibrate
the curves.

The simulation of the loading/unloading curves was modelled using Abaqus® FEM
software (Abaqus/CAE 2021). A three-dimensional model consisting of a rigid pyramidal
Berkovich indentor in contact with a deformable cylinder of sufficient size to neglect the
impact of boundary conditions was implemented. Owing to the symmetries of the problem,
only one-sixth of the geometry was modelled (Figure 1). C3D8 linear brick elements were
used to model the layer. The indentor is described as rigid. The brittle behaviour of
our material was modelled by an elastic perfectly plastic law according to the work of
Sebastiani et al. [35].

The toughness of the chromium deposits was determined by an indentation test
performed on FIB-machined micropillars. Sébastiani et al. established a simple relationship
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between the critical load at failure, the radius of the pillar, and a coefficient that was
calibrated using a finite element simulation (Equation (1)):

KIC = γ
Pcrit

R1.5 (1)

where KIC is the (mode 1) toughness, γ a dimensionless coefficient from the simulation,
Pcrit the critical load, and R is the radius of the pillar. The advantage of this technique is
that it is not necessary to measure geometry or crack size after the test. Furthermore, it
has been shown that from a height to diameter ratio greater than 1, residual stresses are
almost entirely relaxed in the upper part of the pillar [38]. This geometry strongly limits
the potential influence of the substrate by locating the stresses at the extreme surface. The
dimensionless coefficient was set to 0.3 as defined by Sébastiani et al. [35]. The critical load
(Pcrit) was obtained using the MTS Nano Indenter® XP system with a Berkovich indenter.
The pillars were made by FIB machining (Helios 600i, FEI France, Paris, France). The
diameter of the pins is 7 microns with a pin height-to-diameter ratio of 1. The results
presented for each coating are based on an average of 3 to 7 trials.

Figure 1. Illustration of the mesh and boundary conditions of the numerical model used for the de-
termination of the yield strength by parametric identification: (a) view in a radial plane, (b) top view.

3. Results
3.1. Microstructure

The morphology of the coatings was examined both in surface and cross-section.
Figure 2 compares the resulting SEM micrographs of the hexavalent and trivalent
chromium deposits.

Figure 2. Cont.
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Figure 2. SEM microstructural observations in surface and cross section of deposits: (a,d) hexavalent
chromium, (c,d) trivalent chromium.

The surface of the hexavalent chromium deposits shows a more pronounced nodular
morphology than the trivalent chromium deposits (Figure 2a,c). Whatever the type of
deposit, a network of cracks is observed on the surfaces. The cross-sectional observations
show the presence of multiple cracks distributed throughout the thickness of the deposit
(Figure 2b,d). In the case of trivalent chromium, we also observe the presence of cracks
crossing the entire thickness of the deposit (Figure 2d).

3.2. Mechanical Behaviour

The identification of the mechanical behaviour of trivalent chromium coatings was
determined from instrumented Brinell indentation tests. The charge–discharge curves and
indentation observations for beads of 1 mm diameter and a deposit thickness of 100 microns
are shown in Figure 3a–d. For low applied loads, residual indentations are not visible
(Figure 3c). They are discernible for a load of 50 N for tests performed with the 1 and 5 mm
ball. The residual depth increases with the applied load (Figure 3b).

Instrumented Brinell hardness tests were carried out on a trivalent chromium-
coated substrate and on an uncoated substrate. The plastic and elastic strain works
were determined for each test from the measurement of the areas under the curves by
the trapezoidal rule (Figure 4a). In order to determine the mechanical behaviour of
the deposits (elastofragile or elastoplastic) during indentation, the percentage of elastic
deformation is, of course, very high for very low loads (load applied less than or equal
to 50 N) and low for high loads whatever the sample. However, the percentage of elastic
work decreases very quickly for the uncoated substrate (elastoplastic behaviour) while it
remains significant for the coated substrate. The percentage of elastic work decreases
slightly up to an applied load of 200 N for the coated sample and more significantly
thereafter. A stabilisation of the ratio at a value of 26% is observed at loads higher than
500 N, corresponding to the substrate uncoated for the same load level. This first result
seems to show that the deformation of the Cr (III) deposit is mainly elastic while the
substrate deforms elastically for low loads and then plastically. Further tests were carried
out with a 5 mm diameter ball on deposits that were 40 microns thick (Figure 3e–h).
No decrease in deposit thickness is observed in the indented area. Only an increase in
the cracking rate is recorded on the indentation flank with the applied load. It would
therefore appear from these results that the substrate behaves in an elastoplastic manner
and the trivalent chromium coatings behave in an essentially elastofragile manner, under
indentation solicitation. In order to clarify this elastofragile behaviour, the mechanical
properties of trivalent chromium deposits were determined.
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Figure 3. Instrumented hardness tests with a 1 mm ball: (a,b) loading–unloading curves,
(c,d) postmortem optical observations of indentations (thickness of 100 µm). Instrumented hardness
tests with a 5 mm ball: postmortem observations of indentations by optical microscopy (e,g) on the
surface and (f,h) in section (thickness of 40 µm).

Figure 4. (a) Determination of elastic and plastic deformation work from a loading–unloading curve.
(b) Evolution of the percentage of elastic strain energy expended during Brinell indentation tests as a
function of the applied load (with a 5 mm ball and a deposit thickness of 40 µm).

3.3. Mechanical Properties
3.3.1. Hardness and Stiffness

The hardness and stiffness values of trivalent chromium deposits produced at various
bath temperatures and thicknesses are given in Figure 5. These are compared with the
mechanical properties of a hexavalent chromium deposit. The modulus of elasticity is
relatively stable across the trivalent chromium formulations, with a minimum at 182 GPa, a
maximum at 211 GPa, and an average of 191 ± 13 GPa. A drop of about 15% is observed
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between the reference hexavalent chromium deposit (224 ± 8 GPa) and the average of
the values obtained for trivalent chromium deposits. Concerning hardness, the trivalent
chromium deposits are harder than the reference deposit. Their hardness varies between
13.03 and 14.29 GPa. The thickness of the layers does not appear to have a significant effect
on the measured properties (Figure 5). The standard deviations for the calculated H and E
values of the Cr(III) coating are higher than those of the Cr(VI) coating.

Figure 5. Hardness and rigidity of trivalent chromium deposits as a function of thickness and
electrolyte temperature.

3.3.2. Yield Strength

Figure 6 shows the results of finite element simulations of the nanoindentation tests to
determine the yield strength of the deposits. The loading curves obtained by simulation
for yield strength values between 1 and 10 GPa are compared to the experimental loading
curves. The loading curves obtained by simulation with yield stress values of 3.5 GPa
for the hexavalent chromium deposit and 5 GPa for the trivalent chromium deposit are
the closest to the experimental loading curves. These results are therefore selected for
each coating.

Figure 6. Comparison of the evolution of the applied force as a function of the indented depth
determined experimentally and by simulation: deposits of (a) hexavalent and (b) trivalent chromium.
Loading curves obtained by simulation for yield strength values between 1 and 10 GPa.
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3.3.3. Toughness

The fracture surfaces of micropillars machined from trivalent and hexavalent chromium
coatings and the loading curves during the indentation tests are shown in Figure 7. The
micropillars obtained from trivalent chromium deposits fracture at a load of between 30
and 35 mN. In contrast, micropillars machined from hexavalent chromium deposits do not
fracture during indentation tests. Their loading curve consists of several sections. The first
section corresponds to the compression of the micropillar only. The indenter is always in
contact with the upper surface of the pillar. The second section of the curve corresponds to
a lower loading rate. The indenter continues to move vertically, but part of the tip is in the
gap around the pillar, indeed it exceeds the area of the micropillar. Finally, the third part
of the curve corresponds to an increase in the loading rate induced by the contact of the
indenter with the rest of the deposit beyond the gap.

Figure 7. Example of a toughness test carried out on (a) trivalent and (b) hexavalent chromium
deposits: SEM fractography of a pillar after failure and loading curve allowing the identification of
the critical load.

The toughness values of the hexavalent and trivalent chromium deposits are 1.37 ± 0.13
and 5 MPa

√
m, respectively. These values are low for metallic materials. They seem to

reinforce the hypothesis of a purely elastofragile behaviour without a plasticity domain of
trivalent chromium deposits in particular. The value of the toughness calculated for the
hexavalent chromium deposit is a minimum value because it corresponds to a maximum
load applied to the indenter before it comes in contact with the rest of the deposit, thus
preventing the pillar from cracking.

4. Discussion

The lower stiffness value of the trivalent chromium deposits compared to the reference
hexavalent chromium deposit can be explained by the difference in microstructure between
the two deposits. Hexavalent chromium generally has a fine-grained polycrystalline struc-
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ture, whereas trivalent chromium has an amorphous and/or nanocrystalline structure [39].
To analyse the structure of our coatings, X-ray diffraction analyses were performed us-
ing a diffractometer (X’Pert MRD, Panalytical France, Paris, France, λKα = 0.154056 nm).
The trivalent chromium deposits show a single very broad peak at an angle of 44.392◦

(Figure 8). These deposits are therefore considered amorphous (or possibly nanocrystalline).
In contrast, hexavalent chromium shows distinct diffraction peaks, typical of a crystalline
material. By studying the position of the peaks and their intensities, the body cubic cen-
tred structure corresponding to JCPDS sheet no. 060694 was identified for the hexavalent
chromium deposit.

Figure 8. Diffractograms of trivalent chromium and hexavalent chromium deposits.

The lattice parameter of the BCC structure is 2.883 nm. In the literature, an increase in
mechanical properties and in particular in the modulus of elasticity is classically observed
following the crystallisation of an amorphous bulk material [40,41]. Alexis observed
the same phenomenon on nickel–phosphorus deposits [42]. Willis and Hammond show
that a heat treatment between 200 and 350 ◦C leads to the recrystallisation of a trivalent
chromium deposit [39]. We therefore carried out a heat treatment at 300 ◦C for one hour
on the trivalent chromium deposit before analysing its structure and then measuring its
rigidity. The trivalent chromium deposit is crystalline after heat treatment. The structure is
BCC with a crystal parameter of 2.883 nm (Figure 8) [43]. Its stiffness value increased by
40% (251 ± 14 GPa). It is therefore comparable to that of the hexavalent chromium deposit
(224 ± 8 GPa).

The large standard deviation observed in the hardness and stiffness measurements
can be explained by the amorphous structure of the trivalent chromium deposits. The
phenomenon of “pop-ins” that appears on the load–displacement curves obtained by
nanoindentation is linked to the nucleation and propagation of shear bands in amorphous
materials [44]. In addition, the amorphous material is also sensitive to the indentation
size effect (ISE) [45]. The increase in defect concentration with increasing indentation
depth during nanoindentation causes a softening of the deformation, which resulted in
an indentation size effect. Finally, interstitial atoms such as carbon influence the pop-in
behaviour by blocking pre-existing dislocations. This phenomenon is very similar to the
Lüders deformation obtained in a macroscopic tensile test. The unlocking of dislocations
blocked by carbon atoms (Cottrell atmospheres) can also lead to pop-in [46].

A minimum value of 5 MPa
√

m was estimated for the hexavalent chromium deposit
through the micropillar indentation test. This value is of the same order of magnitude as
that given in the literature. Durut characterised this value from the volume of the plasticised
zone located at the crack tip. He estimates the toughness of these hexavalent chromium
deposits at 3.42 MPa

√
m [47]. Chen et al. determined a toughness value of 10.5 MPa

√
m for

their hexavalent chromium deposit using a tensile test, focusing on the stress in the coating
generating the first crack [48]. The value of trivalent chromium deposits is lower than
that of hexavalent chromium deposits. This is related to the higher cracking density of the
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trivalent chromium deposits. The surface crack density was determined for each coating
from the analysis of micrographic observations obtained by scanning electron microscopy
(SEM ZEISS EVO HD 15) at a magnification of × 100. The surface area of the analysed
zone represents a surface of 7 mm2. The measurement of the cracking rate is based on
the intercept method. The average distance between each crack is calculated as the ratio
between the total length of the lines drawn and the number of intersections. For hexavalent
and trivalent chromium coatings, the average crack distances are 74 ± 8 and 93 ± 11 µm,
respectively. Briant et al. have shown that chromium containing a high interstitial carbon
content is brittle at room temperature [49]. However, trivalent chromium deposits are
known to contain a high carbon content due to the additives added to the electrolyte to
destabilise the [Cr(H2O)6]3+ chromium complex. The evolution of the carbon and hydrogen
content in the hexavalent and trivalent chromium deposits was therefore measured by
glow discharge spectrometry with the GD-Profiler 2 spectrometer (GD-Profiler 2, Horiba,
Palaiseau, France) from HORIBA, which is equipped with a radio-frequency source and a
polychromator for the analysis of 42 chemical elements (Figure 9). These analyses attest to
high carbon content in the trivalent deposit and therefore justify their lower tenacity.

Figure 9. Evolution of the (a) carbon and (b) hydrogen content in trivalent and hexavalent
chromium deposits.

The presence of these chemical elements in interstitials can also lead to the generation
of residual stresses in trivalent chromium coatings. Their amorphous structural state, how-
ever, does not allow for their simple calculation by X-ray diffraction. Their determination
will be a future line of research in this study.

5. Conclusions

The aim of this research was to study the mechanical behaviour of deposits elec-
troplated in electrolytes containing trivalent chromium ions and to compare them with
the well-known hexavalent chromium deposit. This study allowed us to draw the
following conclusions:

• The elastofragile behaviour of the trivalent chromium coating was demonstrated by
spherical indentation.

• The modulus of elasticity was determined by nanoindentation tests. Depending
on the processing conditions, the values varied from 182 to 211 GPa on trivalent
chromium coatings. The average value was 15% lower than those of the hexavalent
chromium deposit.

• The lower measured stiffness value of the trivalent chromium coating was attributed
to its amorphous microstructure in contrast to the hexavalent chromium, which has a
fine-grained polycrystalline structure.

• Concerning brittleness, a lower toughness value was assessed for trivalent chromium
by the micropillar indentation test. Previously, for the hexavalent deposit, a minimum
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value of 5 MPa
√

m was estimated. Finally, the low toughness value of the trivalent
chromium deposit was attributed to its high interstitial carbon content.

The determination of the level and distribution of residual stresses in these deposits is
still very poorly known and constitutes an interesting avenue to complete the understand-
ing of the mechanical behaviour of these coatings.
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