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Preliminary Investigation of Surface Treatments to
Enhance the Wear Resistance of 60-Nitinol

Malcolm K. Stanford
National Aeronautics and Space Administration
Glenn Research Center

Cleveland, Ohio 44135

Abstract

The use of protective surface treatments on 60-Nitinol (60wt%Ni-40wt%Ti) was studied. Various
nitriding techniques as well as a (Ti,AI)N coating were evaluated visually, microscopically, and by
hardness and scratch testing. The chemical composition of the surface treatments was investigated by
x-ray techniques. The results indicate that very hard (greater than 1,000 HK) and adherent surface layers
can be produced on 60-Nitinol. Further work is needed to determine the tribological properties of these
surface treatments in relevant operating environments.

Background

60-Nitinol (60wt%Ni-40wt%Ti) is an intermetallic material with a unique combination of properties.
This material is immune to aqueous corrosion and is compatible with conventional oil-based lubricants
(Refs. 1 to 3). It has a low apparent elastic modulus, high elastic limit and is hardenable through a
relatively simple heat treatment to a hardness value equivalent to that of bearing steels (Refs. 2 to 5). This
blend of physical properties makes 60-Nitinol a candidate for a number of aerospace applications
including gears, bearings and other implements (Refs. 3 to 5).

Although 60-Nitinol performs well in lightly-loaded lubricated apparatuses, the wear behavior of this
material in non-lubricated systems has been essentially unexplored. The ability to apply a surface
treatment to increase the surface hardness and concomitant wear resistance of 60-Nitinol would enable the
use of this material in lightly-lubricated or dry-running tribological systems like those found in tooling,
seals, food processing equipment, cutlery and personal appliances even including jewelry. The purpose of
this study was to evaluate the physical characteristics of 60-Nitinol after application of several surface
treatments. These results will provide an indication of the feasibility of the use of 60-Nitinol in
lightly-lubricated and dry-running tribological systems.

Experimental Procedures

Induction skull melted 60-Nitinol was procured from Flowserve Corporation (Dayton, Ohio). The
nominal composition of the material was 60wt%Ni-40wt%Ti with the following impurities (in parts per
million): O (680), Fe (130), Al (200), N (40), Co (30), Cr (20). Disk-shaped coupons (approximately
25 mm in diameter by 6 mm thick) were machined from the material by wire electrical discharge
machining. The coupons were hardened by heat treating in air for 2 h at 1050 °C followed by water
quenching. This heat treatment is designed to harden the material to at least approximately 500 HV
(~50 Rockwell C) for increased wear resistance. Previous studies have shown that subsequent heating at
approximately 400 °C for 30 to 60 min can further increase hardness but prolonged exposure to elevated
temperatures results in over-aging and softening of the material (Ref. 6). Moreover, heating the material
at 1050 °C and allowing it to furnace cool results in annealed material that has hardness of approximately
350 HV (~35 Rockwell C). Therefore, the effects of substrate heating during surface treatment on
hardness should be considered.
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The coupons were ground and polished on one side to a mirror finish (R,<0.2 um), as shown in
Figure 1, prior to shipment to commercial vendors for surface treatment. The surface treatments used in
this study are listed in Table 1. Treatment A was a (Ti,Al)N coating applied by physical vapor deposition
(PVD) (Refs. 7 and 8). This surface treatment was applied by Hohman Plating & Manufacturing
(Dayton, Ohio). During the deposition process, the substrate temperature rises to approximately 500 °C
for 3 h. Treatment B was a gas nitriding surface treatment (Ref. 9). During this process, the substrate was
held at 380 °C for 30 min in a nitrogenous atmosphere to promote the growth of a nitride-rich surface
layer. Treatment C was an activated gas nitriding treatment where the substrate was heated to 570 °C for
approximately 30 min in a nitrogenous atmosphere (Refs. 10 and 11). The nitriding activation potential,
K, is defined as

DPNH,
Kn=— 72
H;

where pyy, is the partial pressure of ammonia and p,“z % is the partial pressure of hydrogen, was

2.5 atm™"? (Refs. 12 and 13). Treatments D and E are nitrided by plasma discharge processes (Refs. 9 and
14). These processes modify the conventional gas nitriding process by generating nitrogen ions in a
plasma and then accelerating them into the substrate to create nitrides near the surface. Since the
acceleration of ions is unidirectional, the resulting treatment is essentially line-of-sight. Treatment D is a
direct plasma nitriding treatment. In this process, the substrate was heated to 540 °C in a partial pressure
mixture of nitrogen, hydrogen and argon at a base pressure of 2.45 mbar. A plasma is formed with a
voltage potential of 550 V pulsed for 40 psec. Treatment E used an indirect plasma nitriding treatment
where the substrate was heated to 730 °C in an atmosphere with a partial pressure of nitrogen at a base
pressure of 2.6 mbar. Surface treatments B to E were applied by Advanced Heat Treat Corporation
(Monroe, Michigan).

The treated surfaces were polished starting with a 0.5 pm diamond suspension on a vibratory polisher
followed by 0.05 um colloidal silica suspension. Cross sections of the surface treatments and bulk
material (perpendicular to the treated surfaces) were prepared for microscopy and testing using standard
metallographic techniques (Ref. 15). This procedure began with plane grinding with a coarse SiC abrasive
disk and ended with vibratory polishing on 0.05 pm colloidal silica. The thickness of each surface
treatment was measured using calibrated image analysis software. Each captured image pixel
corresponded to approximately 0.5 um vertically and horizontally. The average and standard deviation of
twenty thickness measurements per treated specimen was reported.

Hardness testing and scratch testing were used to evaluate the surface treatments in this study.
Hardness is the resistance of a material to penetration by an indenter. In this study, this property will also
be used as a preliminary indicator of its wear resistance. Microindentation hardness was measured for the
bulk substrate material with a Vickers indenter using a 200 gf load, based on a standard test specification
(Ref. 16). The average hardness measured at five locations was reported. Due to the thinness of the layers,
the hardness of surface treatments A, B, and C were measured using a Knoop indenter using a 50 gf load.
Compared to the regular pyramidal shape of the Vickers indenter, the Knoop indenter has an elongated
pyramidal shape that was developed for testing thin layers (Refs. 16 and 17). The case layers created by
surface treatments D and E, however, were too thin for reliable microindentation hardness testing.

Scratch testing, where a load is applied to a stylus as it is dragged across a surface, is also a
commonly used evaluation for coatings and surface treatments (Ref. 18). This test can be used as an
indication of the adhesion of a surface layer to a substrate, since a brittle or non-adherent surface
treatment will crack and expose the substrate. A CSEM Automatic Scratch-Tester with a Revetest
apparatus was used to perform single-pass scratch testing on the treated surfaces. The instrument used a
stylus with a conically-tipped scratching element. The normal force on the stylus increased from 10 to
80 N over the length of the scratch channel. The path traversed by the stylus was approximately 3.3 mm.
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The microstructures of the specimens, perpendicular to the treated surface, were observed using
optical or scanning electron microscopy. Scanning electron microscopy (SEM) was used to observe the
scratch scar on each specimen and the integrity of the surface treatment was determined by visual
observation. Energy dispersive x-ray spectroscopy (EDS) was used to examine the chemical composition
of selected specimen surfaces. The crystalline phases present at and near the surface of each treated
specimen were identified by x-ray diffraction (XRD) using Cu Ka radiation.

Results and Discussion
Visual Observations

Images of specimens after each surface treatment are shown in Figure 2. Surface treatment A appears
smooth (following the surface finish of the substrate) though slightly dull and dark grey. Treatments B
and C had matte light grey and medium grey appearances, respectively. Treatment D had a reddish-gold
color with a somewhat mottled surface finish. Treatment E left a yellow-gold, diffuse surface finish. After
fine polishing, the surface roughness of each surface treatment was noticeably lower, resulting in higher
reflectivity. Images of each surface treatment after polishing are shown in Figure 3. Treatment A had a
smooth and reflective medium grey surface. Treatments B and C had a somewhat reflective surface with a
faintly golden hue. Treatments D and E had deeply lustrous finishes with yellowish-golden hues. Previous
studies have demonstrated that surface treatments that produce TiN can vary in color from grey to gold to
brownish red depending on the amount of nitrogen available to the substrate during the surface treatment
(Refs. 19 and 20). These considerations would be most relevant if these treatments were used for aesthetic
purposes.

Microstructure and Composition

Photomicrographs of cross sections of each specimen are shown in Figure 4. The surface treatment is
positioned near the top of each image with the substrate beneath. In the case of the (Ti,AI)N coated and
the plasma nitrided specimens, the treated surfaces had to be nickel plated prior to mounting and
polishing for adequate edge-retention. The approximate thickness of each surface treatment is listed in
Table 1. The layers deposited plasma nitriding methods (treatments D and E) had less uniform thickness,
resulting in relatively large statistical variation compared to the average thickness values. This is
especially true for surface treatment D, which is possibly the reason this surface treatment had the mottled
as-deposited appearance noted previously.

An image of the (Ti,AI)N coating, visualized approximately 45° from normal to the coating is shown
in Figure 5. In the image, the coating resembles a peninsular land mass with white mounds and similarly-
sized depressions. The substrate can be seen beneath the coating. Analysis of the coating confirmed that it
was composed of N, Ti, and Al. X-ray diffraction identified the crystalline phase of the coating as
Ti-Alx76-Nig24 (at.%). A cross section of the coating is shown in Figure 6. EDS analysis of the cross
section indicates that the composition of the coating varies in the concentrations of Ni, Al and N within
the coating. There is a nitrogen-rich layer just above the Ni-Ti substrate but further work would be
necessary to determine its stoichiometry due to the interference between N and Ti x-ray peaks.

An SEM image of a specimen with gas nitrided surface treatment B is shown in Figure 7. XRD
detected the presence of cubic TiN that was formed on the surface of this specimen during the surface
treatment (see Table 1). Further work would be needed to characterize the apparent voids within the case
layer, ostensibly formed during the nitriding process. XRD detected the presence of TiN as well as cubic
Ni, which may indicate a depletion of the Ti from the Ni-Ti matrix, resulting in monolithic Ni.
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Figure 8 is an SEM image of a cross-section of a specimen after treatment C. Based on the
EDS analyses, the darker regions are titanium-rich, while the lighter regions are nickel-rich. As with
treatment B, XRD detected TiN and cubic Ni. Also similar to treatment B, voids can be seen within the
case layer and further work would be needed to determine what affect, if any, they have on the
performance of the surface treatment.

EDS analysis of surface treatment D (direct plasma nitriding) is shown in Figure 9. As mentioned
previously, the treatment layer varies in thickness. Based on the EDS spectra (Figs. 9(b) and (¢)), it is rich
in nitrogen, nickel and titanium, which, according to x-ray diffraction (see Table 1), is present mainly in
the form of TiN and NisTi, a precipitate phase in Ni-rich Ni-Ti compounds. The carbon detected by EDS
is from the metallographic mounting media and not present in the specimen. The surface treatment is thin
enough that the x-rays from the diffractometer pass through to the substrate.

A cross section of a specimen given surface treatment E (indirect plasma nitriding) was analyzed by
EDS, as shown in Figure 10. The treated area is rich in nickel and titanium, as would be expected, but this
area has a slightly higher titanium concentration than the substrate. X-ray diffraction detected TiN, as
well as the expected crystalline phases present in the substrate (NiTi, Ni3Ti, and NiTi,).

Hardness

Hardness values of control specimens after the hardening heat treatment (673 HV = 59 Rockwell C)
and after annealing (366 HV = 37 Rockwell C) are compared to those of the cross-sectioned substrates
after each of the studied surface treatments in Figure 11. Treatments A and E reduced the hardness of the
substrate noticeably, suggesting partial annealing of the substrate during the surface treatment process.
Reduction of the substrate hardness would not render a surface treatment ineffective, however, if some
other benefit (such as increased surface hardness) were obtained. It is also possible that the surface
treatments considered in this study could be optimized for 60-Nitinol to prevent annealing, though that is
beyond the scope of the present work. In any case, treatments B, C and D resulted in little appreciable
softening of the substrate.

The hardness of surface treatment A, measured on the cross-sectioned surface treatment, was
approximately 374 HK. The gas nitriding treatments (surface treatments B and C) generated markedly
higher hardness values (1,018 and 1,094 HK, respectively). As mentioned previously, since the plasma
nitrided surface treatments (treatments D and E) were too thin for hardness testing of the cross section,
hardness of these treatments was measured on the polished, treated surface (perpendicular to the surface).
Surface treatment D had a hardness of 574 HV, while surface treatment E had a hardness of 365 HV.
These values are not comparable to the hardness measurements that were made parallel to the surface
because the compliance of the substrate has a great influence on the measurement but they are reported as
mere indicators of the integrity of the surface layer.

Scratch Testing

SEM photomicrographs of the scratch channel profiles from surface treatments A to E are shown in
Figures 12 to 17. The scratch channel for the (Ti,AI)N coating, shown in Figure 12, showed signs of
separation and delamination after the stylus had traversed approximately 3,178 pm, corresponding to a
load of approximately 78 N, calculated with a linear correlation. EDS analysis of regions near the end of
the scratch (see Figs. 12(b) to (e)) confirmed coating spallation where high concentrations of Ni were
detected at cracks in the surface layer.

The scratch channel for surface treatment B, shown in Figure 13, begins to show cracking
approximately 1,099 um from the start of the channel, corresponding to a load of approximately 33 N.
The scratch channel for surface treatment C was examined by SEM, as shown in Figure 14. The surface
treatment showed cracking approximately 120 um from the start of the channel, corresponding to a load
of approximately 23 N. Cracking is an indication of the brittleness of the surface layer. There was no
decohesion from the base material, nevertheless, which indicates that the surface layer is fairly tenacious.
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The scratch channel on surface treatment D, shown in Figure 15, remains adherent to the substrate
and shows indications of plastic deformation at the end of the scratch channel (note the ridge of displaced
material). As shown in Figure 16, the EDS dot mapping at the end of the wear channel indicate that the
disturbed material is composed of evenly distributed Ni, Ti, and N with no indications of cracking.
Similarly, surface treatment E appears to remain adherent to the substrate until the end of the scratch
channel where there is some separation along the edge of the channel, which can be seen in Figure 17. For
comparison, a baseline scratch channel profile on a hardened (673 HV), polished, and untreated 60-NiTi
surface is shown in Figure 18. This scratch channel shows scoring that runs parallel to the direction of the
scratch. There is a mass of displaced material at the end of the scratch channel, which indicates abrasive
wear of 60-Nitinol.

It should be noted that, since the surface roughness of the treated specimens was not controlled and
the coefficient of friction between the scratching element and the treated specimen was not measured,
these results only represent an initial screening of the integrity of these surface treatments. Further work is
needed to determine their tribological properties in relevant operating environments.

Summary

The purpose of this study was to perform a preliminary investigation of surface treatments for
60-Nitinol to assess the feasibility of further developmental work. The major findings from this study are
summarized below.

Surface treatment A (the Ti-Al-N coating) had a grey appearance and was primarily composed of
Ti-Als 76-Nio24 (at.%). This coating had relatively low hardness (374 HK 0s) but adhered to the substrate
at up to a scratch test load of 5ON. The coating process partially annealed the substrate, reducing its
hardness to 460 HV,. The nitriding techniques produced surface layers of various golden hues due to the
formation of TiN. Gas nitriding generated case layers that were hard (1,018 to 1,094 HKy s for surface
treatments C and B, respectively) without appreciable softening of the substrate. However, due to their
brittleness, the cases cracked at moderate loads (23 to 33 N). Plasma nitriding produced ductile surfaces
that adhered to the substrate up to approximately 80 N. Direct plasma nitriding did not soften the substrate
substantially but indirect plasma nitriding softened the substrate to approximately 348 HV. Further work
is needed to measure the hardness of the plasma nitrided surfaces, which were too thin for microindenta-
tion hardness testing of their cross sections.

These results are encouraging and, based on this study, further development of surface treatments for
60-Nitinol is warranted. Based on the results of this study, it would be useful to investigate the friction
and wear behavior of the gas nitrided coatings at low loads and the direct plasma nitrided coating at both
low and moderate loads. The tribological behavior of these treatments should be studied under both
lubricated and unlubricated conditions. The availability of this technology would enable development of
instruments such as cutting tools and other wear-resistant apparatuses that also employ the beneficial
properties of 60-Nitinol.
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—
20 pm
Figure 1.—(a) Photograph of untreated (60-Nitinol
substrate) specimen and (b) image of substrate

microstructure (swab etched with an aqueous
solution of 1 vol% HF and 10 vol% HNO3).
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Figure 2.—Photographs of the as-deposited treated surfaces after surface treatments (a) A, (b) B, (c) C, (d) D, and
(e) E.
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Figure 3.—Photographs of the polished treated surfaces after surface treatments (a) A, (b) B, (c) C, (d) D and (e)
to (f) E. The light haze around the edge of the disk in 3(e) is merely residue from the polishing process, which
has been removed in 3(f).
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20 pm

Figure 4.—Cross sectional photomicrographs of each of the studied surface treatments: (a) surface treatment A
(Ti-Al-N coating), (b) surface treatment B (gas nitriding), (c) surface treatment C (activated gas nitriding),
(d) surface treatment D (direct plasma nitriding) and (e) indirect plasma nitriding.
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Figure 5.—(Ti,AI)N coating on 60-Nitinol substrate with EDS analysis of
composition in locations labeled A and B.
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Figure 6.—SEM photomicrographs at (a) lower- and (b) higher-magnification showing the coating-substrate interface
resulting from surface treatment A with areas indicating EDS analyses and the resulting EDS spectra (c) to (f).
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Figure 7.—SEM photomicrographs showing cross section of 60-Nitinol substrate
after gas nitriding (surface treatment B) at (a) lower- and (b) higher-magpnification.
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Figure 8.—SEM photomicrograph of cross section of 60-Nitinol with surface treatment C (a) along with EDS
spectra at the indicated locations (b) to (d).
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Figure 9.—SEM photomicrograph (a) and EDS spectra (b) to (c)
from cross-section of 60-Nitinol after direct plasma nitriding

(surface treatment D).
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Figure 11.—Microindentation hardness of the substrate material.
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Figure 12.—SEM photomicrographs of (a) scratch channel and (b) higher-magnification view at end of scratch

channel as well as EDS spectra at the areas (c) to (e) from Ti-Al-N PVD coating (surface treatment A) wear scar.
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Figure 13.—Scratch channel on surface treatment B, showing low levels of cracking beginning
where indicated (corresponding to a load of approximately 33 N).
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Figure 14.—Scratch channel on surface treatment C (gas nitride run M26758N) showing (a) entire
scratch channel, (b) beginning of scratch channel and (c) end of scratch channel.
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Figure 15.—SEM photomicrographs at (a) lower and (b) to (c) higher magnification of the scratch
channel on surface treatment D (plasma nitride run M26728T). The start of the scratch channel is
shown in b, while the end is shown in c. The surface treatment deforms plastically (see Fig. 15(c))
while remaining adherent to the surface.
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Figure 16.—SEM photomicrograph and elemental dot mapping at the end of the scratch scar
on surface treatment D indicating a relatively even distribution of nickel, titanium, and
nitrogen across the surface and in the scratch scar.
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Figure 17.—SEM photomicrographs (a) lower and (b) to (c) higher magnification of the scratch scar
on surface treatment E (indirect plasma nitride run 55613N). The start of the scratch channel is
shown in (b), while the end is shown in (c). The surface treatment appears to separate slightly
from the substrate near the termination of the scratch scar (see Fig. 17(c)) but appears to be
adherent to the substrate elsewhere.
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Figure 18.—Baseline scratch channel profile on untreated 60-Nitinol, hardened
to 673HV at (a) low magnification and (b) higher magnification. The end of the
scratch channel in (b) shows a mass of material that has been displaced by
the diamond stylus, indicating abrasive wear.
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