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3. Scientific Progress and Accomplishments 

The objectives of this research program were to synthesize and characterize nanostructured thermal spraying coatings. (1) To 
synthesize nanostructured powders for fabrication of nanostructured thermal spraying coatings; (2) To develop the spray 
technologies to synthesize nanostructured coatings using nanostructured powders; (3) To utilize advances in process 
diagnostics and modeling to develop computer-assisted thermal spraying coatings; and (4) To characterize nanostructured 
materials—powder as well as coatings—for structure, composition, properties and performance. 

The research work involves the following four aspects: (1) Synthesis and characterization of diverse nanostructured feedstock 
powders, i.e. WC-Co, Cr3C2-NiCr, Ni, Inconel 625, and Cu-Al powders, using mechanical milling in different media, such as 
liquid nitrogen, Hexane and methanol; (2) Thermal spray processing for nanostructured coatings. Nanostructured powders 
were thermally sprayed, as well as conventional ones for comparison purpose using an HVOF facility equipped with in-flight 
powder diagnostics system. Combined with modeling results, the behavior of powders during spra)mg was investigated; (3) 
Characterization of the nanostructured coatings using microhardness, Nanoidentor, SEM, X-ray diffraction, and TEM, so that 
hardness, wear-resistance, and microstructures can be investigated. On the basis of the feedback of the physical properties of 
the coatings, the spraying parameters are modified and optimum spraying conditions can be reached for an individual 
nanostructured powder; and (4) Development of thermal treatment techniques to fiirther improve physical performance of 
nanostructured coatings. This final report covers the progress made during the period from October 01,1999 to October 31, 
2002. The primary accomplishments are briefly summarized as follows. 

3.1 Synthesis of diversified nanostructured feedstock powders. 
Preparation of nanostructured feedstock powders is the first step for synthesis of nanostructured coatings. Mechanical milling 
is used to produce large quantities of nanostructured powders of varying compositions for possible commercial use. Under 
this program, nanostructured WC-Co, CraCz-NiCr, Ni, Inconel 625, and Cu-Al powder systems have been successfully 
synthesized. It is important for nanostructured powder processing to identify powder characteristics, such as particle size, 
powder morphology, grain size, phase constituents and deformation faults as a function of milling parameters, thus the 
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Fig. 1 Dependence of average particle size of Cr3C2-25 (Ni20Cr) powder and Inconel 625 superalloy powder on milling time. 

dependence of powder characteristics on milling time has been established for each powder system. Figure 1 reveals the 
dependence of the average particle size of two representative powder systems, ductile single-phase powder and brittie 
composite powder on milling time. In Figure 1, Cr3C2-25 (Ni20Cr) powder is milled in hexane [H3C(CH2)4CH3], and Inconel 
625 superalloy powder is milled in liquid nitrogen. As milling time increases, the average particle size of Cr3C2-25 (Ni20Cr) 
powder decreases and approaches a relatively constant value of 5 |um, while that of Inconel 625 increases and approaches a 
constant value of 84 |U,m. The commonality of the average particle size of the two powders is that a drastic change occurs 
within the first four hours of milling, and subsequendy stabilizes as milling time increases. The fact that the average particle 
size changes as milling time increases and approaches a constant value is an indication of fracture and cold welding occurring 
during milling. Regardless of the initial morphology of as-received powders, milling causes a drastic change in morphology of 
the powders that undergo severe plastic deformation during milling. Figure 2 reveals the morphology of milled Inconel 625 
powder and milled Cr3C2-25 (Ni20Cr) powder.   The boundaries of milled Inconel 625 powder particles are well defined. 



whereas the boundaries of milled composite powders consisting of a britde phase constituent and a ductile binder constituent, 
such as CrsCa-NiCr and WC-Co systems, are not clear and powder particles are loosely agglomerated. 

(a) Inconel 625 milled for 20 h; (b) Cr3C2-25 (Ni20Cr) milled for 20h; (c) Magnification of (b). 

Fig.2 Morphology of milled Cr3C2-25 (Ni20Cr) powder and Inconel 625 superaUoy powder. 

X-ray diffraction and TEM measurement indicates that synthesi2ed powders have grain size in nanometer order. Figure 3 
exhibits TEM images of milled Inconel 625 superaUoy powder and Cr3C2-25 (Ni20Cr) powder. Average grain size for milled 
Inconel 625 superaUoy powder and Cr3C2-25 (Ni20Cr) powder are 30 and 15 nm, respectively. 

(a) MiUed Inconel 625 powder; (b) MiUed Cr3C2-25 (Ni20Cr) powder. 

Fig. 3 TEM dark field images of Inconel 625 superaUoy powder and Cr3C2-25 (Ni20Cr) powder. 

The presence of high density of deformed faults, such as dislocations and deformation twins, was observed by TEM. 
Moreover, deformation twins are discovered in materials having high stacking fault energy, i.e. Ni and Al, in which 
deformation twins had never been reported by others. A twinning mechanism is proposed to be that local lattice distortion in 
miUed powders assisted formation of twins in materials having stacking fault energy. Evolution of microstructure during 
mechanical milling was carefuUy investigated and results indicated that coarse grains are elongated, as like as microstructure 
observed in the material experienced conventional rolling processing, at the initial stage of milling, and then the elongated 
grains are fractured into fragments- eqmaxed nano-size grains. 

3.2 Thermal spraying for nanostructured coatings 

HVOF is characterized by its high particle velocity and low thermal energy when compared to plasma spraying. Therefore, 
the coatings developed under this program are synthesized using HVOF thermal spray technique. Utilizing process diagnostics 
equipment, thermodynamic characteristics of feedstock powders during flight and impingement were experimentaUy 
investigated, thus computer simulation of HVOF process can be carried out. Influence of particle size, fuel chemistry and 
fiiel-oxygen ratio on HVOF process has been also systematicaUy studied, and results for near nanostructured WC-18% Co 
coating are shown in Table 1.  From Table 1, it can be seen that powder characteristics and spraying parameters significantiy 



affect thermodynamic characteristics, subsequently mechanical properties of coatings. On the basis of experimental and 
molding studies, thermal spraying process for nanostructured feedstock powders has been optimized. Consequendy, 
nanostructured coatings with improved performances have been synthesized. 

WC-Co system coatings have been widely used in applications required wear resistances, however, decomposition of WC into 
W2C and W3C degrades mechanical properties of nanostructured WC-Co coatings. Figure 4 compares phase constituents of 
nanostructured WC-Co coating synthesized under this program by an optimized PfVOF process with that appeared in a 
Hterature \D. A. Stewart, P. H. Shipway, and D. G. McCartney, Wear, 1999, 225-229, p 789.] Although W2C and W3C brittie 
phases are potentially formed with nanostructured feedstock powder, an optimized combination of spraying parameters with 
powder characteristics is able to synthesize nanostructured coatings with very low amount of W2C phase and high 
performance. The result for the sample MP32 in Table 1 and 2 is a good example demonstrating that high performance of 
coatings is achieved under an optimized combination of spraying parameters with powder characteristics. 

Table 1. Influence of fuel-chemistry , fuel-oxy ̂ en ratios, and agglomerate size on near nanostructured WC-18% Co coatings 
Code Particle 

Size (nm) 
Fuel* Fuel/Oz T(K) W2C 

Cvol.%) 

Porosity 
(vol.%) 

HVikg(kg/mmZ) Sliding Wear Rate 
(xlO-*mm'/Nm) 

Abrasive Wear Rate 
(xlO-2mmVNm) 

SH62 20 H 2.8 1870 8.7 11 1000 028 1.50 
MH45 32 H 2.0 1520 1.6 25 N/A N/A N/A 
MH62 32 H 2.8 1810 3.8 12 830 0.32 1.20 
MH75 32 H 3.5 1840 4.7 10 1020 0.38 1.10 
LH62 39 H 2.8 1690 2.9 12 740 0.30 1.00 
MP32 32 P 0.24 2130 3.8 2 1240 0.19 0.78 
MP40 32 P 0.30 2290 6.7 2 1160 0.20 0.90 
MP48 32 P 0.37 2220 5.7 2 1120 0.36 1.10 

* H is hydrogen, and P stands for propylene. 
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(a)   Nanostructured WC-15% Co coating with high 

amount of W2C and W3C phases by D. A. Stewart et al; 
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amount of non WC carbide phase under this program. 

Fig. 4. XRD spectra for nanostructured WC-Co coatings 

3.3 Characterization of the nanostructured coatings 

Microstructures of synthesized coatings were examined by using SEM and TEM to confirm the preservation of nanostructures 
of nanostructured feedstock powders in the coatings. Results shown in Figure 5 indicated that synthesized coatings still have 
nanostructures. 



Mechanical properties of nanostructured coatings have been significantly improved. For example, the average microhardness 
of the nanostructured Cr3C2-25(Ni20Cr) coating increases from a value of 846 for the conventional Cr3C2-25(Ni20Cr) coating 
to 1020 HV300 for the nanostructured coating. Hence the nanostructured coating exhibits a 20.5 % increase in microhardness 
and as compared with the corresponding conventional coating. A 28% increase in wear-resistance with nanostructured 
coating is also measured. In addition to improved hardness and wear-resistance, the apparent toughness of nanostrutured 
coatings also increased. Figure 6 shows the indentation on Cr3C2-25(Ni20Cr) coatings under a load of 1000 gram. Many 
cracks caused by an indentation along the phase interface of carbide phase with metal matrix phase were observed in the 
conventional coating, and only a few cracks were found in the nanostructured coating. This indicates that nanostructured 
coatings have higher apparent toughness than conventional coatings. 

•j  

(b) Nanostructured Ni coating. (a) Nanostructured Cr3C2 Coating; 

Fig. 5 TEM images of coatings synthesized using nanostructured feedstock powder, indicating the presence of nanostructure 
in coatings. 

(a) Conventional coating; (b) Nanostructured coating; 

Fig. 6 Indentation crackings on Cr3C2-25(Ni20Cr) coatings under a load of 1000 gram 

3.4. Development of thermal treatment techniques for nanostructured coatings 

Thermal sprayed nanostructured coatings have non-equilibrium microstructure, which results in subsequent precipitation 
during aging, and thus provide a potential approach to further improve physical performances of nanostructured coatings. 

For example. Figure 7 depicts influence of thermal exposure on hardness of Cr3C2-25(Ni20Cr) coatings. Microhardness of the 
conventional coating only increased sUghtly with increased exposure to all temperature ranges, while that of the 
nanostructured coating drastically increased from 1020 to 1240 HV300 in the temperature range 700 to 900 K, and then 
approached a constant value. 

TEM examination shown in Figure 8 indicates that during thermal exposure, high density of ultrafine particles are precipitated 
in the nanostructured matrix. Figure 8 reveals spherically shaped precipitates in the nanostructured coating treated at 1073 K 
that were likely to have formed by nucleation and growth in the matrix. In addition to original carbide particles, some very 
fine precipitates were observed.   The average size of the original carbide particles increased from 24 nm in the as-sprayed 



nanostructured coating to 39 nm in the nanostructured coating exposed at 1073 K, whereas the precipitates had an average 
size of 8.3 nm, and precipitating hardening not only compensate the loss in hardness caused by slight grain growth of original 
carbide, but also provide extra hardness, subsequent wear-resistance for nanostructured coatings 
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Fig. 7   Variation of microhardness of Cr3C2-25(Ni20Cr) coatings with heat treatment temperature. 

Fig. 8. TEM image of nanostructured Cr3C2-25(Ni20Cr) coatings exposed at 1073 K for 8h, "P" indicates precipitates, and 
"O" indicates matrix grains. 

4. Technology Transfer 

Potential applications of thermal spraying coatings span the entire spectrum of technology, from thermal barrier coatings for 
turbine blades to wear resistant rotating parts. For example, there are approximately 1500 weld overlays in a single ship. The 
anticipated life cycle of these welds could be significandy extended if a nanostructured coating, with the associated 
improvements in hardness and wear characteristics, could be used. Moreover, it has been estimated that a significant 
proportion of the valve stems that fail in ships are due to steam erosion. The improved wear properties of nanostructured 
coatings are ideally suited for this particular application. This and other examples suggest that the applications of thermal 
sprayed nanostructured coatings can extend to a broad range of industries, including Navy, aerospace and automotive, and 
cover a wide spectrum of materials that could be used to fabricate diverse components. The potential economic impact is 
several billions of dollars per year. 


