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Thermal spray coatings are widely applied as antiwear
solutions in a variety of industries. In such applications,
the coatings are frequently susceptible to two compet-
ing mechanical responses, (a) indentation deformation
and (b) fracture, caused by erodent, abrasive, and debris
originated from the environment or produced during use
[1-4]. Microhardness and fracture toughness can quan-
tify the resistance to deformation and fracture, respec-
tively [5]. Thus indentation tests, especially Vickers in-
dentation tests for determining the microhardness and
fracture toughness of materials, are commonly used
as quality control tools. Correspondingly, the Vickers
hardness of thermal spray coatings considering mea-
surement locations, directions, and indenter loads were
studied [6-8]. The fracture toughness values of some
coatings were measured employing the Vickers inden-
tation technique and correlated with the friction and
wear behaviors of the coatings [4,9, 10]. However, no
attempt was made so far to combine the Vickers hard-
ness and fracture toughness into a common description
for thermal spray coatings.

Thermal sprayed Cr3C,-NiCr coatings are often used
in high temperature applications such as in turbine en-
gine and steel industry [2, 4, 11, 12]. Several studies
have contributed to the processing, characterization,
mechanical, and tribological properties of this type of
coating [2, 4, 8, 11-18]. Plastic deformation [15], inter-
lamellar boundary sliding [8, 17, 18], and intralamellar
cracking, [19] were proposed to explain the mechan-
ical properties and wear behavior of these coatings.
In the present study, a universal deformation/fracture
diagram, based on the methodology developed by
Lawn and Marshall [5], has been presented for plasma-
sprayed Cr3;C,-NiCr coatings using several feedstock
materials. The threshold loads and crack dimensions
that the coatings might sustain in a contact event, with-
out the onset of fracture, are obtained from the universal
deformation/fracture diagram. The purpose of this pa-
per is to assess the susceptibilities to deformation and
fracture of the coatings with respect to the starting pow-
ders, coating microstructure, and indentation direction,
S0 as to provide a physical insight into the mechanical
and tribological properties of the coatings.

The Cr;C,-NiCr coatings were applied onto
FeCr18Ni9Ti stainless steel plates using a Sulzer-
Metco F4-MB gun mounted on an ABB S3 robot with
different starting powders and substrate dimensions
(Table I). The starting powders and plasma parameters
have been described in detail in the previous papers
[16, 18-20]. Prior to indentation tests, all the samples
were first ground using 7-10 wm emery, and then were
further polished using 1 to 0.5 um diamond paste.

It was experimentally confirmed that the Knoop hard-
ness measured on cross sections was in between and
very close to the Vickers hardness measured on cross
section and surface (sample V75T1200) at different
indenter loads [8, 19]. Therefore, the Knoop indenta-
tion tests were first carried out on the cross sections
of the coatings using an HX-1000 microhardness tester
(Shanghai Second Optical Instrument Factory, China)
at a load of 1 kgf to determine the hardness (H) and
simultaneously the elastic modulus (F) of the coatings
[19, 21]. For each coating, 20 indents were performed
and results were averaged out to obtain hardness and
elastic modulus.

The Vickers indentation tests were then performed
using an Akashi Avk-A indenter to determine the inden-
tation parameters associated with radial cracking. The
radial crack lengths, 2C, were measured with an op-
tical microscope immediately after releasing the load.
Sample V75T1200 was tested both on cross section and
surface, samples V50T520 and V100T1250 were tested
only on cross sections, and the other samples were
tested only on surfaces. The indenter load chosen for
indentation tests on the cross sections was 10 kgf, and
that for indentation tests on the surfaces was 30 kgf. For
each test, the measurement series comprised 10 read-
ings, which were randomly located on the surface or the
cross section and separated by a distance greater than
the diameter of the radial cracks. The fracture tough-
ness of the coatings was calculated from the following
equation [9]

Kc = 0.016(E/H)*(P/C)*? (1)

where the radial crack dimension, 2C was obtained
from the mean of the 10 readings. For the tests on the
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TABLE I The Cr3C,-NiCr coatings chosen for indentation analysis

Code Starting powder® Substrate dimension (mm?3) Coating thickness (y«m) Porosityb (%)
V75T1200 Sulzer-Metco 82VF-NS, mechanically 50 x 30 x 2 1200 2.6
V50T520 blended Cr3zC,-NiCr (7 wt%NiCr) 50 x 30 x 2 520 3.6
V100T1250 50 x 30 x 2 1250 32
82VF-NS 30x7x6 1000 54
AMDRY308 Sulzer-Metco AMDRY308, mechanically 30x7x6 1000 6.8
blended Cr3C,-NiCr (15 wt%NiCr)
81VF-NS Sulzer-Metco 81 VF-NS, mechanically 30x7 x6 1000 49
blended Cr3C,-NiCr (15 wt%NiCr)
SHANGNAI Pre-sintered Cr3C;-NiCr (25 wt%NiCr) 30x7x6 1000 8.8
CRCI15NI Ni-clad Cr3C, (15 wt%Ni) 30x7x6 1000 2.8
CRC20NI Ni-clad Cr3C, (20 wt%Ni) 30x7x6 1000 29
CRC25NI Ni-clad Cr3C; (25 wt%Ni) 30x7x6 1000 3.8

2Except for the commercially available Sulzer-Metco powders, the other powders were prepared by the authors [18, 20].

bPorosity values were measured using the microscopic count method [16].

cross sections, K¢ was calculated as K¢ csp and K¢ csv
respectively from the radial cracks parallel to and per-
pendicular to the interlamellar boundary direction, i.e.,
Ccsp and Ccsy (Fig. 1). Considering the directions of
crack propagation and strain stress at the crack tip, the
elastic moduli measured using the Knoop indentation
tests on the cross sections were adopted to calculate
Kc.sur and K¢ csy, and those performed on the sur-
faces to calculate K¢ csp.

Fig. 2 presents the universal deformation/fracture
diagram of the various Cr3C,-NiCr coatings, drawn
according to the procedure developed by Lawn and
Marshall [5]. Here, a deformation zone is described
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Figure I Schematic representation of sharp indentation induced crack
patterns in the coatings.
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Figure 2 Universal deformation/fracture diagram of plasma sprayed
Cr3C,-NiCr coatings.
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P/a* = agH )

where « is an indenter constant, for the character-
istic dimensions of imprint, a, and crack, C, versus
load P. The fracture can be separated into the initia-
tion and propagation stages. At the propagation stage,
well-developed median cracks extend to penny-like ge-
ometry under near center-loading conditions and ac-
cordingly satisfy the following equation

P/C*? = ByKc 3)

where fy is another constant. It should be pointed out
that this universal deformation/fracture diagram was
developed for reasonably homogenous materials. Fig. 2
implies that all the fully developed median/radical
cracks of 2Ccsp, 2Ccsv and 2Csyr attained the half-
penny configuration in spite of the highly anisotropic
behavior of the coatings, which originates from the
typical lamellar structure of thermally sprayed coat-
ings [21]. From Fig. 2, the geometrical constants of
Ao = 4.2 x 103 and o = 46 are obtained from a min-
imum load P* that crack initiation occurs, according
to:

P* = hKc(Kc/H)? (4a)
C* = po(Kc/H) (4b)

When compared with Ag = 1.6 X 10* and g = 120
reported by Lawn and Marshall [5] for bulk materials
and Ao = 2.2 x 10* and po = 44 given by calculations
based on an ideal half-penny shape median/radial crack
nuclei [22], the present Ao value appears significantly
lower. According to Equation 4a, this result demon-
strates that the threshold loads that the coatings might
sustain in a contact event without the onset of fracture
are lower than those of the corresponding bulk mate-
rials with identical H and K¢ values. This is probably
related to a number of defects, such as pores, inter-
lamellar boundaries, and intralamellar cracks [19, 21]
existing in the coatings, and which may act as origins of
crack nucleation. Substituting the obtained Ay and pg



TABLE II Deformation/fracture parameters and threshold parameters of median crack development

Deformation/fracture parameter

Threshold parameter

Code Crack direction H?* (GPa) E (GPa) Kc (MPa,/m) H/Kc (um=1/2) P* (N) C* (um)
V75T1200 Ccsp 8.5(8.4) 110.6 33 25 0.8 7
Csv 8.5(8.4) 126.8 6.1 1.4 9.4 24
SUR 8.5 (8.7) 126.8 6.9 12 15.8 31
V50T520 CSP 7.4 100.4 23 32 0.3 5
Ccsv 7.4 115.1 5.6 13 10.2 26
V100T1250 CSp 7.7 91.7 2.4 3.2 0.3 4
Ccsv 7.7 105.1 5.4 1.4 7.6 22
82VF-NS SUR 7.1 85.8 6.1 1.2 15.9 34
AMDRY308 SUR 5.8 81.0 5.8 1.0 243 46
81VE-NS SUR 5.9 106.7 6.2 0.9 30.1 51
SHANGNAI SUR 6.0 86.0 52 1.2 13.7 33
CRCI15NI SUR 6.1 169.6 8.4 0.7 50.3 58
CRC20NI SUR 6.0 273.3 8.7 0.7 60.5 65
CRC25NI SUR 55 266.1 9.8 0.6 122.9 96

2The values in the parentheses are the corresponding Vickers hardness.

in Equations 4, the threshold parameters, loads P*, in
the range of 0.3 to 122.9 N, and crack lengths C*, from
5 to 96 um, for the different coatings were calculated
and listed in Table II.

Highly anisotropic behavior of the coatings is clearly
shown by the variation in the threshold loads P* and
crack lengths C*, i.e., much lower P* and CP* are
observed for cracks parallel to the interlamellar bound-
aries direction than those perpendicular to them. The
former cracks actually initiate and extend along the in-
terlamellar boundaries of the coatings, which result in
interlamellar boundaries opening. Their threshold loads
P* are lower than 1 N and the threshold crack lengths
C* are smaller than 10 um for all three tested coat-
ings. The latter is intralamellar cracking. Thus, the in-
terlamellar boundaries opening occurs much more eas-
ily than the intralamellar cracking.

Previous studies concerning the CrzC,-NiCr coat-
ings exhibited that the Vickers hardness decreased with
increasing indenter loads [7, 8], and flake off of lamel-
lae occurred during sliding due to intensive adhesion
[17]. These results can now be explained in terms of in-
terlamellar boundaries opening, whose threshold load
and crack are rather low. For the Vickers hardness test-
ing, the interlamellar boundaries opening commonly
took place and increased with the increase in the in-
denter load, which led to the fact that the elastic re-
covery of indentation after loading was relatively re-
duced, and hence that the Vickers hardness decreased
with increasing loads. For a sliding contact, interlamel-
lar boundaries opening would also occur because the
adhesive force would lead to a stress perpendicular to
the boundary direction; boundaries opening would then
occur and result in flake-off of lamellae.

Cracks Csur are also intralamellar cracking. When
trying to correlate the threshold parameters of cracks
Csyr Wwith starting powders (Tables I and II), one
can find that the coatings deposited using the Ni-clad
Cr3Cjapparently have higher threshold loads P* and
crack lengths C*, indicating that these coatings can
sustain larger deformations without fracturing than the
others. For the coatings issued from the three com-

mercially available powders and those issued from the
Ni-clad CrzC, powders, it is observed that P* and C*
increase with increasing NiCr (or Ni) content in the
powder.

Fig. 3 shows the SEM micrographs of some coating
cross sections. Clearly, nickel is more homogeneously
distributed in the CRC25NI coating than in the other
coatings. However, it is difficult to quantitatively com-
pare the amount of wider interlamellar boundaries and
interlamellar cracks among the coatings. Combining
the results shown in Fig. 3 and Table II, it can be seen
that the SHANGNALI coating has more pores and hence
lower threshold load P* and crack length C* than the
other coatings. However, P* and C* seem out of pro-
portion with the porosities of the coatings. For exam-
ple, sample AMDRY?308 has larger porosity than sam-
ple 82VF-NS, but its P* and C* are higher. Except
for SHANGNAI coating, the more homogeneously the
NiCr alloy (or Ni) is distributed in the coatings, the
larger the threshold loads P* and crack lengths C* are.
Therefore, P* and C* appear to be mainly related to
NiCr (or Ni) content and distribution and secondarily
to the porosities of the coatings.

Therefore, it can be concluded that the threshold
loads of the coatings were significantly lower than those
of the corresponding bulk materials considering iden-
tical hardness and fracture toughness. The threshold
loads were in the range of 0.3 and 122.9 N, while the
threshold crack lengths varied from 5 to 96 um for
the different coatings and testing directions. Highly
anisotropic behavior of the coatings is clearly shown
by the threshold parameters, with much lower threshold
loads and crack lengths for cracks parallel to the surface
than those for cracks perpendicular to it. The former
threshold loads were lower than 1 N and threshold crack
lengths were smaller than 10 um for all tested coating
samples. These threshold loads and crack lengths were
mainly related to NiCr (or Ni) contents and distribu-
tions and with less extent to the porosities of coatings.
A homogeneously distributed nickel chromium alloy
(or nickel) matrix in the coatings clearly improved their
threshold parameters.
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Figure 3 SEM micrographs of some coating cross sections: (A) AMDRY308, (B) 81 VF-NS, (C) SHANGNALI, and (D) CRC25NI.
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