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The thermal stability behavior of nanostructured Cr;C,-NiCr coatings was investigated. The nanostructured
Cr3C,-NiCr coatings, synthesized using mechanical milling and high-velocity oxygen fuel (HVOF) thermal
spraying, werethermally exposedinairat473,673,873,and 1073 Kfor 8 h. The results showthat microhardness
of the conventional coating increased slightly with increasing temperature, while that of the nanostructured
coatingdrastically increased from 1020 to 1240 H¥,for the same temperature increases. Heat treatmentled to
increases in scratch resistance and decreases in the coefficient of friction for the nanostructured{s-NiCr
coatings. A high density of CrO; oxide particles with average size of 8.3 nm was found in the nanostructured
coatings exposed to high temperatures, which is thought to be responsible for the observed increase in
microhardnessandscratchresistance andthe decreaseinthe coefficientoffriction ofthe nanostructured coatings.

chemical compositions of the nano-structured and the conven
tional (as-received) GE,-NiCr powders are shown in Table 1.
These two powders were used as feedstock powder to sy
. thesize nanostructured and conventionaC&NiCr coatings,
1. Introduction respectively, by HVOF thermal spraying. To prepareCgr
L . . . . NiCr coatings, a Sulzer Metco Diamond Jet HVOF thermal
The intrinsically high physical and mechanical properties of spray facility was used. The main constituents of this facility are|

nanostructured materials have led to a significant interest in they . S in detail elsewhe?él The spraying parameters are
research and development of various nanostructured material%ummarized in Table 2 '

applications. Through a combination of high-velocity oxygen The as-sprayed coatings were thermally exposed in air at 473
fuel (HVOF) spraying technology and ball milling, a process 673, 873, and 1073 K for 8 h. The average microhardness was
that allows for production of nanostructured feedstock powders,take’n on 'Ehe cross section using a Buehler Micromet 2004 Micro-
several l_T]anostructured coatings hgve been .S.uccessml%ardnesstester(BuehIer, Lake Bluff, IL) withaload of 300g. The
sprayed:— Coatings based on aQ'N'Cr gomp05|t|qn are friction coefficient and scratch resistance of the nanostructured
commonly used for wear and corrosion resistant applications atcoatings were measured at Center for Tribology, Inc. (Mountain
elevated temperatur@st! therefore, the thermal stability re- View, CA) using a CETR Micro-Tribometer Thé scr.atch head
sponse of these coatings is a critical factor in determining thewasésapphire ball with a radius of 0.75 mm .andthe scratch test
coating’s performance. Thus, the primary objective of the Pres-\vere performed under a scratch rate of 535'mm/min and scratc
ent paper is to rgport on_the thermal stability behavior of NaNoS-,5rmal load of 5 N. The examinations for cross-sectional mi-
tructured C4C,-NiCr coatings. crostructure of the coatings and x-ray mapping were conducteq
using a Philips XL 30 field emission gun (FEG) scanning electron
microscope (SEM) (Philips Electronic Instruments Corp., Mah-
wah, NJ). After removal of the substrate by polishing, TEM spec-

Prealloyed GiC,-NiCr powders (Dialloy 3004 blended §3;- imens were prepared by cutting out a section of the coating ang
25 (Ni20Cr), produced by Sulzer Metco Inc. (Westbury, NY, US) forming 3 mm diameter disks. The disks were dimpled to ap-
were chosen for this study. The powders were immersed in Proximately 30um in thickness using a dimpler fitted with dia-
Hexane (Union Process, Akron, OH)JE(CH,),CH,] and me- mond grinders. The grinding size descended progressively fro
chanically milled with a modified Szegvari attritor model B ata & 6#mgrade, to gum, andfinally to a um grade. The final thin-
rate of 180 rpm for 20 hin a stainless steel tank with stainless steel"iNg perforation process was performed using an argon ion mill.
balls. X-ray diffraction and transmission electron microscope With the prepared samples, TEM observations were carried ou
(TEM) observations indicated that the as-milled powder is a N @ Philips CM20 microscope operated at 200 keV.
nanocomposite of the NiCr phase and@particles. The aver-
age grain size of the nanostructured powder was 18%ithe
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2. Experimental Procedure

3. Results and Discussion
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Fig. 1 Microstructure of GJC,-25(Ni20Cr) coatings.a) Conventional coatingb] magnification of (a),d) nanostructured coating, and) fnagni-
fication of (c)

Table 1 Chemical composition of CsC,-NiCr powders Table 2 Spraying parameters used to produce GE,-NiCr

(wt.%) coatings

Powder Cr Ni C N (0] Pressure

Conventional 70.0 19.2 9.83 0.20 0.21 Gas (MF’a) FMR(a) GSFR(b) Parameter Set“ng

Nanostructured 64.3 18.8 9.36 0.51 1.93 Air 0.69 48 6740 Powderfeedrate 0.315g/s
Propylene 0.69 40 1384 X-Ytraverse speed 1.016 m/s
Nitrogen  1.034 55 220  Spraying distance  0.203 m
Oxygen  1.034 40 4546 o ..

(a) FMR: flow meter reading
Fig. 1. The thickness of the coatings is approximately200 (b) GSFR: gas standard flow rate ¥sh

A uniform and dense microstructure is observed in the nano-
structured coatings, compared to the conventionglMiCr
coating that is observed to have an inhomogeneous microstruc-

ture. The TEM bright-field image of the as-sprayed nanostruc- The measured microhardness values, each microhardness
tured coating and the corresponding dark-field image are showrvalue being obtained from an average value of 30 tests, for both
in Fig. 2. The average carbide particle size is approximately 24conventional and nanostructurecsCxNiCr coatings are plot-

nm. This indicates that the coating is inherently nanostructured.ted in Fig. 3. The microhardness of the as-sprayed coatings in-
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Fig. 3 Variation of microhardness of §2,-25(Ni20Cr) coatings with
heat treatment temperature
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Fig. 2 TEM observation of nanostructured;Cs-25(Ni20Cr) coat- Time (s)

ings: @) bright-field image andb] dark-field image
Fig. 4 Influence of heat treatment temperature on scratch resistance ¢
nanostructured coatings
creases from a value of 846 for the conventional coating to 102C
HV 30 for the nanostructured coating. Hence, the nanostructured
coating exhibits a 20.5% increase in microhardness as compareThis is thought to be associated with the microstructural charad
with the corresponding conventional coating. It has been re-teristics of the coatings. The presence of a high volume fractio
ported that the hardness of nanostructured materials often exof porosity, oriented microstructural constituents, and interspla
hibits a two- to fivefold increase compared to that of the regions is believed to significantly influence the mechanical
corresponding conventional materials, although it is lower than properties of the coatings. In related studies involving nano
that predicated using the classical Hall-Petch equéfiof. structured Ni, Inconel 718, and AlISI 316 stainless steel coatingg
Farhatet al*¢l have also shown that Al with grain size in the microhardness values increased by 20, 60, and 36%, respe
range of 15 to 100 nm follows the Hall-Petch relationship and its tively, as compared to the corresponding conventional coat
hardness increases with decreasing grain size. Therefore, the olings!
served increase in hardness of the as-sprayed nanostructure The microhardness of the conventional coating exhibits a
Cr,Cs-NiCr coating is attributed to intrinsic high mechanical limited increase with exposure at entire temperature rangeg
properties of nanostructured materials. However, the observecwhile that of the nanostructured coating drastically increases
increase of hardness in the nanostructured coatings is evidentlfrom 1020 to 1240 Hyyin the temperature range 700 to 900 K,
less than the comparable increase reported for bulk materialsand then approaches a constant value.
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Fig.5 Precipitates in the nanostructured@#25(Ni20Cr) coating. Arrows O and P indicate original carbide particles and precipitates, respectively.
(a) Bright-field image andh) dark-field image

The relationship between scratch depth and time under a norshowed that the hardness on cross sections did not decrease even
mal load of 5 N is shown in Fig. 4. A reading of scratch depth though CsO;was detected by x-ray diffraction. The results pub-
(vertical ordinate of the scratch head) was taken every 0.01 s durlished by Fukuda and Kumé# showed that heat treatment at
ing the tests, which were automatically controlled by a com- 923 K for 1000 h yielded a maximum hardness value of 1100 for
puter; thus, a few tens of thousands of data illustrating theD-gun sprayed GE,-NiCr coatings. In their experiments, hard-
relation between scratch depth and time were recorded during iness was measured at 900 Hv for the as-sprayed coatings, 1100
single scratch run. The scratch depth values distribute in a rathefor the coatings heated at 923 K for 1000 h, and 1000 for the
wide range because of microvibration of the system during tests.coatings heated at 1123 K for 1000 hyG3fNiCr coatings with
The average scratch depth decreases with increasing heat treethe highest hardness offered the best abrasive and erosive wear
ment temperature. The as-sprayed nanostructured coating prcresistancé! Therefore, it can be concluded that, on the basis of
duces an average scratch depth of approximately.H0 published studies and the present experimental results, a suitable
whereas a depth of around 2ih is found in the nanostructured postspraying heat treatment is beneficial for properties of both
coating treated at 673 K. No scratch marks were found in theconventional and nanostructured@CxNiCr coatings.
nanostructured coating treated at 873 K under the present ex
perimental conditions. The results of scratch depths are sup-3 5 ppase Transformation in Coatings during Ther-
ported by the measured microhardness values. Coefficients 0, Exposure
friction, under the mode of the “ball on disk” friction, were also
obtained from the scratch tests and are 0.216, 0.205, and 0.18 Phase transformations in conventionaJ@NiCr coatings
for as-sprayed coating, coating exposed at 673 K, and coatincat high temperatures have been repoftéd Lail'>171 showed
treated at 873 K, respectively. Compared with the coefficient of that there are structural changes in carbides fraf,@ Cr,C;
friction in the as-sprayed nanostructured coating, reduced coefto CrsCs during exposure to elevated temperatures. Relative
ficients of friction are observed as heat treatment temperature inthermodynamic stability of carbides was determined by their

creases. standard free energies of formation;@rwas commonly de-
A number of publications report the application of@Gr tected by x-ray diffraction in the ¢Z,-NiCr coatings exposed
NiCr coatings at elevated temperatufedlin a related study! to air®19%high-pressure heliufiit*and N-3% H, ga$” at high

the CgC,-NiCr was heated at 1123 K for 2 h and the results temperatures.
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Fig. 6 TEM examination of precipitates and matrix in the nanostruc-
tured coating exposed at 1073 K) Bright-field image; If) SAD pat-
tern of area M in (aB = [112]; (c) Dark-field image of the precipitates
using the P spot in (b)d) Darkfield image of the matrix, using the M
(c) spot in (b), illustrating grains
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Fig. 7 X-ray oxygen element mapping of the as-sprayed coatiagSEM backscattered electron image of conventional coabhgp(responding
oxygen element mapg)(SEM backscattered electron image of nanostructured coatingd)acmtesponding oxygen element map

Figure 5(a) and (b) show the TEM bright-field image, dark- M spot is shown in Fig. 6(d). The average grain size of the ma-
field image of the nanostructured coating treated at 1073 K, intrix is approximately 150 nm.
which arrows O and P indicate original carbide particles and pre-  X-ray mapping was conducted using the Philips XL 30 FEG
cipitates, respectively. The spherically shaped precipitates nu-SEM; the results, shown in Fig. 7 and 8, show that in the as-
cleate and grow in the matrix rather than on the original carbidesprayed coatings, high oxygen content is observed in the nano-
particles. The average size of the original carbide particles in-structured coating, while there is a lower oxygen content in the
creases from 24 nm in the as-sprayed coating to 39 nm in theconventional coating. In the coatings exposed at 873 K, high
thermally treated coating, and precipitates have an average sizoxygen contents are found in both conventional and nanostruc-
of 8.3 nm. The relationship between the matrix and precipitatestured coatings. Thus, oxidation occurs in the carbide phases of
is shown in Fig. 6. Figure 6(a) shows a TEM bright-field image. Cr;C,-NiCr coatings exposed to air at high temperatures regard-
Arrow M indicates the matrix containing a high density of pre- less of original oxygen content in the coatings. Oxygen is absent
cipitates, and arrow A indicates an original amorphous pHase. in the NiCr binder phase. The observed difference in the oxygen
Figure 6(b) is a selected area diffraction (SAD) pattern of the content in the as-sprayed nanostructured and the as-sprayed con-
matrix M consisting of two sets of diffraction spots from the fcc ventional coatings is attributed to the presence of different oxy-
matrix and hexagonah(= 0.4954 nm, and¢ = 13.584 nm) gen contents in the starting powders, as well as oxygen
Cr,0; particles. The electron beam illuminates in tHe2]lori- entrainment during spraying. There is a high oxygen content
entation of the matrix. The P arrows indicate the diffraction spots (1.93 wt.%, Table 1) in the nanostructured powder. In a related
{220} of Cr,0;, and arrow M indicates diffraction spots {220} study, Lauet aliM indicated that the surface area per unit weight
of the fcc matrix; thus, the present results explicitly show that of the milled Ni powder increased by approximately 7 times
nanosized precipitates are,Os particles. The dark-field image compared with that of the corresponding conventional powder.
of the precipitates was taken using a P spot and is shown in FigThus, a larger surface area per unit weight of nanostructured
6(c); the spherically shaped precipitates are densely distributecpowder also increases the absorption of oxygen during spraying.
in the matrix. The dark-field image of the matrix taken using the In addition, oxygen entrainment increases with increasing pow-
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Fig. 8 X-ray oxygen element mapping result of the coatings exposed at 8@BBEN backscattered electron image of the conventional coating
(b) corresponding oxygen element mag),SEM backscattered electron image of the nanostructured coatingl) aodrésponding oxygen element
map

der temperature during spraying. Related study résliswed The CgO; phase, with the Gibbs free energy of formation of per
that WC-12% Co nanostructured powder experienced approxi-mole volume oAG = —251.70 kilocalorieg is relatively sta-
mately 400 K higher temperature than the corresponding con-ble. Third, the nucleation and growth of the@yrphase uni-
ventional powder during HVOF spraying. Therefore, oxygen is formly occurs throughout the coating, because most of the
pronouncedly entrained in the nanostructured coatings duringoxygen is primarily observed in the nangGrparticles (Fig. 7
spraying. and 8) that are uniformly distributed in the coating. Therefore,
On the basis of the distribution of oxygen in the coatings, it this internal oxidation process leads to the formation of fine (8.
is proposed that the observed@yparticles in the nanostruc-  nm) and dispersed ) precipitates in the nanostructured@Gr
tured coatings evolve as follows. First, there is high oxygen po-coatings.
tential in the as-sprayed nanostructured coatings, due to the The increase in microhardness ofG¥NiCr coatings ex-
presence of oxygen in the starting powder, as well as oxygen enposed to high temperatures is attributed to the precipitation o
trainment during thermal spraying. Second, oxygen reacts withoxide phases, as described above. Particularly, in the nanostru
chromium to form CrO, CrQ CrG;, Cr,0s, and CsO,; however, tured coatings, the high density of nanosized oxide particleg
CrO, CrQ, Cro,, and C§0, are metastable and/or present only Wwithin the matrix led to significant increases in the microhard-
under a high pressuiél Therefore, during thermal exposure, ness and, hence, an increase in scratch resistance.
Cr,0; is directly formed from the following chemical reaction:

4CrC, + 170, = 6Cr,0; + 8CO;, (Eq 1) 4. Conclusions

The formation of the GO; phase is confirmed by the TEM In conclusion, the experimental results show that microhard
analysis that reveals the presence of a diffraction pattern fromness of the conventional coating increased slightly with increas
the hexagonab(= 0.4954 nm, and = 13.584 nm) GO, phase. ing temperature, while that of the nanostructured coating
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