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Metallurgical and Thermal Properties of S7TNi-40Ti-3Hf (wt%)

Malcolm K. Stanford
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract

Selected properties of 57Ni-40Ti-3Hf (wt%) were measured to further develop this material for use in
aerospace rolling-element bearings. The average grain size and microindentation hardness of the material
at room temperature were 90 um and 549 HV, respectively. From room temperature to 500 °C, electrical
resistivity increased from 8.9x1077 to 11.3x1077 Q-m, thermal expansion coefficients varied from
1.1x107° to 1.2x1075 mm/mm-°C, specific heat increased from 0.44 to 0.53 W-sec/g-K, thermal diffusivity
rose from approximately 0.003 to 0.005 cm?*/sec and thermal conductivity increased from approximately
0.09 to 0.19 W/cm-K. The behavior of the material can be explained by well-known metallurgical theory.
These results are expected to provide a basis for design and modeling of future aerospace components.

Background

57Ni-40Ti-3Hf (wt%) is a material developed by NASA for use in rolling-element bearings (Refs. 1
and 2). This material is a modification of 60-Nitinol (60Ni-40Ti (wt%)), having high-hardness, low
apparent elastic modulus and superior resistance to aqueous corrosion, with the hafnium serving to reduce
the temperature necessary to harden the material (Ref. 3). Due to its unique combination of properties,
57Ni-40Ti-3Hf is more resilient to transient overloads and to the marine air environment that exists at
U.S. spaceports, shipyards, and coastal airfields. There are several possible acrospace components that
could be developed for future applications. However, thermophysical properties of 57Ni-40Ti-3Hf are
needed to develop accurate models of components. The purpose of this study is to measure selected
thermophysical properties of 57Ni-40Ti-3Hf to improve design and modeling of future components.

In previous work, thermophysical properties of 60-Nitinol were reported (Ref. 4). These properties
are not expected to vary greatly for 57Ni-40Ti-3Hf due to compositional similarity. However, this study
is necessary for completeness and to improve accuracy of design and modeling of critical components.
Some properties have been found to follow estimates based on the Rule of Mixtures. Since this may be a
viable alternative for some screening studies, this topic will be addressed in the Appendix.

Test Methods

57Ni-40Ti-3Hf (wt%), hereafter referred to as Ni-Ti-Hf, was fabricated in powder form by electrode
inert gas atomization. Properties of the powder are shown in Table I. The powder was then consolidated
into ingots by hot isostatic pressing (HIP) by a commercial source (Ref. 5). The HIP cycle was 980+25 °C
at 103+£3 MPa for 4 h +0.25/-0.0 h followed by furnace cooling. The composition of the consolidated
material is given in Table II. Specimens were sectioned by wire electrical discharge machining from two
separate ingots, labeled C3520-3 and C3520-4. Specimens were heat treated by homogenizing under
argon at 1050 °C for 48 h followed by furnace cooling. The specimens were then heat treated by
hardening at 900 °C under argon for 2 h followed by water-quenching and then aging at 400 °C for
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TABLE I.—PROPERTIES OF PRE-COMPACTION Ni-Ti-Hf POWDER

Sieve designation® +200/-100
Flow time for 50 g° 4.6+0.7 sec
Apparent density® 4.07 g/em?
Tap density? 4.90/cm?

*ASTM B214, “Standard Test Method for Sieve Analysis of Metal Powders,”
ASTM Standards, 2022, vol. 02.05, American Society for Testing and Materials,
West Conshohocken, PA.

®PASTM B964, “Standard Test Methods for Flow Rate of Metal Powders Using the
Carney Funnel,” ASTM Standards, 2016, vol. 02.05, American Society for Testing
and Materials, West Conshohocken, PA.

°ASTM B212, “Standard Test Method for Apparent Density of Free-Flowing Metal
Powders Using the Hall Flowmeter Funnel,” 2021, vol. 02.05, American Society
for Testing and Materials, West Conshohocken, PA.

dASTM B527, “Standard Test Method for Tap Density of Metal Powders and
Compounds,” 2022, vol. 02.05, American Society for Testing and Materials, West
Conshohocken, PA.

TABLE I.—COMPOSITION OF COMPACTED Ni-Ti-Hf POWDER

----------------------- Ingot C3520-3 Ingot C3520-4
Composition, wt% 57.6 Ni-39.0 Ti-3.42 Hf 57.3 Ni-39.3 Ti-3.42 Hf
Tmpurities, ppm | O (457), N (24), C (109) | O (442), N (15), C (102)

30 min followed by water quenching. Heat treatments of this material are typically carried out under
vacuum but because the vacuum furnace was undergoing repairs, these heat treatments were conducted in
argon.

After heat treatment, cylindrical specimens approximately 12 mm in diameter were prepared for
metallographic examination while specimens for thermophysical testing were surface ground to achieve
dimensional tolerances and to remove surface oxides. The coefficient of thermal expansion, specific heat,
thermal diffusivity, thermal conductivity, and electrical resistivity of hardened Ni-Ti-Hf specimens were
measured from room temperature to 500 °C by a commercial source.! The test temperature range was
selected based on anticipated service temperatures for this material. The evaluation methods are described
below.

The porosity was measured using an optical microscope equipped with commercially available image
analysis software in 24-bit color. The software was calibrated so that each pixel corresponded to
approximately 177 nm in both the horizontal and vertical directions. Thresholding was selected from 88
to 255 to count the reflective (non-pore) area of the material. Grain size of the studied material after heat
treatment was measured using the planimetric method (Ref. 6). A total of six specimens were taken from
the top, middle, and bottom of the two ingots. A circle approximately 120,000 um? was superimposed on
each optical image that was captured at 100x magnification so that the number of grains within the circle
and intersecting the circle could be counted manually. Fifteen measurements were taken from each
specimen and the average value of the equivalent diameter was reported. Overall imaging of the
microstructure was done using a field-effect scanning electron microscope (SEM).

Microindentation hardness, the resistance of the material to penetration by a pyramidal diamond
Vickers indenter, was measured based on a standard test method (Ref. 7). A load of 200 gf (=1.96 N) was
used with an indentation spacing of 0.1 mm. Ten measurements were taken from each of three
representative hardened specimens and the average hardness value was reported.

'Thermophysical Properties Research Laboratories, Inc. (West Lafayette, IN).
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Electrical Resistivity

Electrical resistivity, the resistance a material imposes to the flow of electrons, was measured using
the four-point probe technique (Ref. 8). In this method, four probes are aligned and affixed to a face of an
approximately 57 by 9 by 9 mm (2.25 by 0.35 by 0.35 in.) specimen. The two outer probes supply a
current, while the two inner probes measure the resistance to that current along a specified length between
the inner probes. The test was performed in argon gas using a heating and cooling rate of 2 °C per minute.
The change in specimen length with respect to temperature was not accounted for in this measurement.

Coefficient of Thermal Expansion

For most materials, an increase in heat input causes the vibrational amplitude of its atoms to increase
such that their effective atomic radii increase. This results in the expansion in material volume. For
isotropic materials, this expansion is the same in the three orthogonal directions and the expansion in one
of these directions is often used for basic comparisons. This method is used here with the assumption that
the studied multiphase material is isotropic.

Two specimens measuring approximately 51 by 6.35 by 6.35 mm (2.00£0.005 by 0.25 by 0.25 in.)
were machined. The linear coefficient of thermal expansion a for each specimen is determined by
measuring the relative change in length AL/L with respect to the change in test temperature by the
following relationship:

AL
a:L/(T—TO) (1)

where T 'is the test temperature and 7 is room temperature. Measurement of thermal expansion was
performed in a helium atmosphere using a dual push-rod dilatometer at a heating rate of 2 °C per minute
based on a standardized test method (Ref. 9). The instrument was calibrated using six reference materials
with a range of expansion coefficients, which were obtained from the National Institute of Standards (NIST).

Specific Heat

Specific heat ¢, is the energy required to increase the temperature of a gram of material by one degree
at constant pressure. The specific heat of the studied material was measured in argon with a differential
scanning calorimeter using a sapphire reference material according to a standard test method (Ref. 10).
The test exposes an approximately 5.8 mm diameter by 1.5 mm thick (0.23 in. diameter by 0.06 in. thick)
Ni-Ti-Hf specimen and the reference material (with known specific heat) to the same heat flux. The
difference in power needed to heat both materials at the same rate is used to determine the specific heat of
the studied material.

NASA/TM-20240001961/REV1 3



Density, Thermal Diffusivity, and Thermal Conductivity

Thermal diffusivity D is the rate at which heat flows through a material. The laser flash method was
used to determine thermal diffusivity in vacuum (Ref. 11). With this method, the front face of an
approximately 12.7 mm diameter by 2.5 mm thick (1/2 in. diameter by 0.1 in. thick) disk was heated by a
laser pulse and the rise in temperature at the back face was recorded. Calculating the bulk density p of
each specimen, determined using their mass and geometry, thermal conductivity k was calculated using
the following relationship:

szch )

where ¢, is the specific heat at constant pressure. The reader should recall here that, since density p is a
function of temperature 7, and this temperature dependence is not accounted for in this study, the effect of
density on properties like thermal conductivity will not be accounted for in this study.

Results

SEM micrographs of the microstructure of the studied Ni-Ti-Hf alloy are shown in Figure 1. Though
not the subject of this investigation, the parent phase has been identified as Ni-Ti-Hf and secondary
phases have been identified as NisTi; and small amounts of HfO, (Ref. 12). Porosity was approximately
0.2 percent. The average equivalent grain size was approximately 90 pm. There was some variability in
the grain size results from location to location on each specimen, likely due to variations in the etching
rate across the surface of the specimens. The average Vickers hardness was 549+18.5 HV.

Electrical Resistivity

Electrical resistivity increased monotonically from room temperature to 500 °C for both specimens,
as shown in Figure 2. This trend is expected for metals according to Bloch-Griineisen model of resistivity
with respect to temperature (Ref. 13). The reader may note that this report has avoided characterizing this
data trend (or any of the trends discussed previously) as “linear,” though they appear to be so over the
studied temperature range. This is because a rigorous statistical analysis of the data would need to be
performed to determine the form of the best fitting curve. Moreover, Bloch-Griineisen resistivity predicts
cubic proportionality to temperature, so it is possible that temperature dependence merely appears to be
linear because the studied temperature range is too narrow to show the overall trend. Nevertheless, the
electrical resistivity for the studied specimens has the same order of magnitude of typical engineering
metals (1077 Q-m).

To provide some context, the thermophysical properties of Ni-Ti-Hf are compared to those of other
engineered bearing materials in Table III. Because the microstructures of intermetallic materials like
Ni-Ti-Hf tend to contain higher densities of imperfections (e.g., point, line and area defects) compared to
conventional alloys, these imperfections tend to scatter electron waves, increasing resistivity as described
by Matthiessen’s rule (Ref. 14). This may explain the relatively high electrical resistivity of the studied
material.
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Figure 1.—SEM micrographs at (a) low- and (b) high-magnification showing
the parent phase (grey) and secondary phases (light grey) in the studied
alloy. Pores are visible in the microstructure, as indicated with arrows.
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TABLE III.—THERMOPHYSICAL PROPERTIES OF SELECTED ENGINEERED BEARING MATERIALS

[At room temperature except where noted.]

Material Electrical resistivity, Linear coefficient of Thermal Specific heat
Qm thermal expansion, conductivity, capacity,
107/°C W/m-K J/kg' K

Cobalt 6.2x108 13.1 (RT-200 °C) 69 (RT-100 °C) 414 (RT-100 °C)
Nickel 8.0x1078 13.9 (RT-200 °C) 92 (RT-100 °C) 440 (RT-100 °C)
M350 (bearing steel) 1.8x1077 12.1 (RT-260 °C) 25.9 (RT-100 °C) 462 (RT-100 °C)
Titanium 4.2x1077 9.5 (RT-300 °C) 22 (RT-100 °C) 519 (RT-100 °C)
440C stainless steel 6.0x1077 10.8 (0-315 °C) 41.9 (RT-150 °C) 460 (0-100 °C)
304 stainless steel 7.2x107 17 (RT-300 °C) 15.1 (RT-100 °C) 500 (0-100 °C)
Ni-Ti-Hf 8.95x1077 11.3 (RT-300 °C) 9.8 (RT-100 °C) 452 (RT-100 °C)
60-Nitinol 9.63x1077 11.2 (20-200 °C) 9.4 (50-100 °C) 462 (RT-100 °C)

Coefficient of Thermal Expansion

A plot of thermal expansion coefficients for the studied specimens is shown in Figure 3. The value

rises from approximately 1.1x107 to 1.2x10° mm/mm-°C over the studied temperature range. Other than
a minor difference of less than 5 percent at room temperature, thermal expansion for the two specimens is
essentially the same throughout the studied temperature range.
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Figure 3.—Coefficient of thermal expansion for the two specimens.

Specific Heat

Figure 4 is a plot of specific heat for the two specimens from room temperature to 500 °C. The plots
increase monotonically from approximately 0.44 to 0.53 W-sec/g-K. However, at approximately 400 °C
the rate of change increases noticeably. The vertical axis is truncated to only show the range from
approximately 0.44 to 0.54 W-sec/g-K so the rate of change in this plot is more pronounced in Figure 5.
This “knee” is likely due to the formation of a precipitation phase similar to what was documented in the
binary NiTi alloy (Ref. 4).

Density, Thermal Diffusivity, and Thermal Conductivity

The average density for the studied specimens was 6.75+0.03 g/cm?. The thermal diffusivity, plotted
in Figure 6, rose monotonically from approximately 0.003 to 0.005 cm?*/sec as temperature was increased
from room temperature to 500 °C and was essentially the same for each specimen. As shown in Figure 7,
thermal conductivity also rises with temperature, in agreement with the relationship given in Equation (2).
The studied material has a significantly lower thermal conductivity than conventional engineering alloys,
which can be observed in Table III. The Wiedmann-Franz law states that electrons can transfer heat
through a material as well as phonons (Ref. 15). Therefore, we might expect that a material with higher
electrical resistivity (i.e., lower electrical conductivity) would also have lower thermal conductivity due to
the reduced availability of electrons to conduct heat. This may at least partially explain the relatively low
thermal conductivity of Ni-Ti-Hf.
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Summary

Selected metallurgical and thermophysical properties of aged Ni-Ti-Hf have been investigated. The
average grain size was 90 pm and the average Vickers hardness was 549 HV. Thermophysical properties
were measured from room temperature to 500 °C to represent the potential range of operating
temperatures. Over the studied temperature range, electrical resistivity increased from approximately
8.9x1077 to 11.3x1077 Q-m. Thermal expansion coefficients ranged from 1.1x107° to 1.2x10~°> mm/mm-°C.
Specific heat ranged from 0.44 to 0.53 W-sec/g-K. Thermal diffusivity increased from approximately
0.003 to 0.005 cm?/sec. Thermal conductivity rose from approximately 0.09 to 0.19 W/cm-K.

It should be noted that the microstructure of Ni-Ti-Hf is typically refined by hot work. Since the
material in this study was heat treated but not subjected to work, further study is needed to characterize
the defect structure with respect to thermomechanical work and to determine how the studied properties
are affected therewith.
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Appendix—Application of the Rule of Mixtures

Using the rule of mixtures for composite materials, certain properties like thermal conductivity,
density, and electrical resistivity can be estimated. For example, for electrical resistivity R:

R:Z(fi'Ri):fl'Rl"'fz'Rz +o.t fu R,

where f1, f2, -+ , f» are the volume fractions of each constituent and Ry, R», -+, R, are their respective
resistivities. Given the following densities of the constituents of 57Ni-40Ti-3Hf (wt%),

pni =89 g/cm®

pri = 4.5 g/cm®
pur = 13.09 g/cm?,

and the resistivities of the constituents,
Rni = 8.0x107 Q-'m
Rri=4.2x107 Q'm
Rur=3.51x107 Q'm,

the volume fractions for each constituent are calculated as follows:

o= wt%Ni/pyi
NE™ Wt%Ni/ pyi + wt%Ti/ pri + wt%HF/ g
57/8.9 6.4045
= = = 0.4126
57/8.9+40/4.5+3/13.09 15.5226
fri = wt%Ti/pr;
T Wt%Ni/ pyi + wt%Ti/ pri + wt%HF/ pye
40/4.5 8.8889
= = = 0.5726
57/8.9+40/4.5+3/13.09 15.5226
B wt%Hf/py ¢
Jur = wt%Ni/pyi + wt%Ti/ pri + wt%Hf/ pys
3/13.09 0.2292
= 0.0148

T 57/89+40/45+3/13.09 15.5226

~R= Z(fi “R;) = fni* Rni + fri* Rri + fur - Rur
7

= (0.4126)(8.0x107 Q-m) + (0.5726)(4.2x107 Q-m) + (0.0148)(3.51x107 Q-m)
=5.76x107 Q'm.

So, by using the data for each individual element in this technique that will be referred to as the “solid
solution method,” the estimate is 36% lower than the measured Ni-Ti-Hf value for of 8.95x107 Q-m.
However, using the data for NiTi as a single constituent,
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Wt%NlTl/pNLTL

wt%NiTi/ pniTi + wt%Hf/ pys
97/6.66

~97/6.66 + 3/13.09

f NiTi =

= 0.9845

wt%Ht/py s

~ WE%NITi/ priry + WtY%HE/ pr
B 3/13.09 _ 0.0155
" 97/6.66+3/13.09

fut

and

Ruiti = 9.63x107 Q'm
Rur=3.51x107 Q-'m,
~R= Z(fi *R;) = fniri * Rnimi + fur - Rur
7

= (0.9845)(9.63x107 Q-m) + (0.0155)(3.51x107 Q'm)
=9.54x107 Q'm.

This estimate is approximately 7% higher than the measured value (8.95%107 Q-m). So, using the rule of
mixtures while incorporating NiTi as a single constituent (a technique that will be referred to as the
“composite method”), appears to provide a more reasonable technique for estimating the electrical
resistivity of NiTiHf than the solid solution method for the studied material.

For density, performing the calculation with each constituent incorporated separately (the solid
solution method), gives:

p= Z(fi “Pi) = fnitPni t frit Pri t fur Pur
7

= (0.4126)(8.9 glem?) + (0.5726)(4.5 glem?) + (0.0148)(13.09 glem?)
= 6.4 glem’,

which is within approximately 5 percent of the measured value (6.75 g/cm?). However, performing the
calculation where NiTi is a single constituent (the composite method), where:

Pniri = 6.66 g/cm?
pur = 13.09 g/cm?,

and using the volume fractions calculated previously (fyit; = 0.9845, fur = 0.0155):

p= Z(fi *pi) = fiti * PniTi t fure Pur

l
= (0.9845)(6.66) + (0.0155)(13.09) = 6.76 glcm?,

which is within 0.2 percent of the measured value. Therefore, the composite method is more accurate than
the solid solution method for the studied alloy.
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Similarly, to estimate thermal conductivity:

K= (fi )
l
using the following thermal conductivities:
KNiTi = 9.4 W/m'K
KN =92 W/m-K
xri =22 W/m-K
kur=22.3 Wm-K,

the solid solution method gives:

K= Z(fi &) = fi &ni t fric gt fuae Kar

=l(0.4126)(92) +(0.5726)(22) + (0.0148)(22.3) = 51 W/m'K,

which is more than 4 times the measured value (9.8 W/m-K). However, the composite method gives:

K= Z(fi * K;) = fniti * Animi T far Kur

L
= (0.9845)(9.4) + (0.0155)(22.3) = 9.6 W/m'K,

which is merely 2% lower than the measured value. So, the composite method gives a much closer
approximation for the thermal conductivity of this material than the solid solution method.

Overall, using the composite method of the rule of mixtures could serve as a method to estimate
certain properties for any new alloy composition (Ni-Ti-Zr, Ni-Ti-Ta, Ni-Ti-Nb, etc.), reducing the costs
associated with the development of new applications.
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